
alo

non

:em.

rich,
,5.

of
reat

1

1

1
~

1

1

1

-+

,~~

Chapter 3

A Comprehensive
Examination of Heat Transfer
Correlations Suitable

for Reactor Safety Analysis
D. C. Groeneveld and C. W. Snoek
Atomie Energy of Canada Ltd.,
Chalk River Nuclear Laboratories, Chalk River,
Ontario, Canada

1 INTRODUCTION

Fuel sheath temperatures in water-cooled nuclear reactors are
usually near the saturation temperature of water. However, during
an accidental increase in power 1 or a decrease in flow and pressure,
deterioration in heat transfer is possible. It occurs when the
surface temperature increases to such a high level that the heated
surface can no longer support continuous liquid contact. This
phenomenon is usually referred to as the bOiling crisis (or dryout)
and the corresponding heat flux as the critical heat flux (or CHF).
The boiling crisis is characterized by ei ther a sudden ri se in
surface temperature, caused by the heated surface being covered by
a stable vapor film (film boiling) 1 or by small surface temperature
spikes 1 corresponding to the appearance and disappearance of dry
patches (transition boiling).

Due to the vapor' s poor heat transport properties 1 high
heated-surface temperatures are often encountered in the post-CHF
or post-dryout region. Al though 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 (i) the blowdown
phase (when the fuel channel is voided) and (ii) the subsequent
emergency-core-cooling (ECC) phase. A variety of prediction
methods are currently used in accident analysis.

Heat transfer modes encountered during a LOCAi or any other
incident where the fuel dries out, depend on the fuel sheath
temperature. The boiling curve (Fig. 1) illustrates this departure
for a given set of flow conditions. (Note that the shape of the
boiling curve during flow boiling is similar but not identical to
the pool boiling curve.) The flow conditions will change along the
length of a heated channel, especially the fluid enthalpy. The
resulting change in heat transfer mode is illustrated in Fig. 2.

A variety of heat transfer correlations have been recommended
in the literature for each heat transfer mode. The choice of
correlation frequently depends on the geometry of the heat transfer
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Fig. 2. Map of forced convective heat transfer modes. Collier
(1980) .

surface, the orientation of the surface, the direction of the flow
velocity vector, and the local phase distribution. Common heat
transfer configurations encountered in the in- and out-reactor
components are shown in Fig. 3.

Due to the inadequate understanding of heat transfer
mechanisms, an empirical approach is often necessary. This approach
requires the derivation of empirical heat transfer correlations for
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Fig. 3. Heat transfer configurations.

each heat transfer configuration, resulting in numerous correlations
for each heat transfer mode. A simplification that is frequently
used is to combine these heat transfer, correlations (for one heat
transfer mode) using sorne suitably defined local parameters (e.g.,
X, Dhy, ~) to characterize the heat transfer process. These local
condition correlations, usually encountered in reactor safety codes,
will be discussed in this chapter.

The prediction methods considered here include analytical
models such as those currently used in modern reactor safety codes
as well as frequently used empirical correlations. The correlations
were examined wi th respect to (1) their applicabili ty to the
primary- and secondary-side heat transfer in in- and out-reactor
components, (2) their parametric trends, (3) possible discontinuities
or irregulari ties, and (4) behavior outside their recommended
range. Other heat transfer evaluation methods such as the table
look-up technique and graphical methods have also been considered.

Most heat transfer and fluid flow correlations are based on
tube data, since the simplest test geometry is a heated tube.
Extrapolation of tube correlations to other geometries (bundles,
annuli) is common practice in reactor safety analysis, as is
extrapolation outside the range of test conditions of the tube data
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base. However, there is often no justification for these
extrapolations. Improvements in the prediction accuracy may be
made using sui tably derived extrapolation factors. In this chapter,
parametric and asymptotic trends of the data are discussed ~ and
various correction factors used to extend the range of present
correla tions are examined.

2 SINGLE-PHASE HEAT TRANSFER

2. i Introduction
In current power reactor systems a common mode of energy

exchange between fuel and coolant is single-phase heat transfer,
e. g., water-cooled reactors, upstream from the point of onset of
nucleate boiling, and gas-cooled reactors. The heat transfer in
nuclear steam generators and preheaters is also due primarily to
single-phase heat transfer (except for the boiling and condensing
regions) . The prediction of the single-phase heat transfer
coefficient was significantly improved when Dittus and Boelter
(1930) published the now famous Dittus-Boelter correlation. ln
reactor safety analysis the availabili ty of accurate single-phase
correlations is imperative, especiallydownstream from a rewetting
front where the fuel cooling may be due primarily to superheated
steam.

2.2 Subcooled Water Beat Transfer

Commonly used correlations for single-phase liquid and vapor
heat transfer are listed in Table 1. Most of the correlations'
have the same basic form as the original Dittus-Boelter correlation,
which has been proven valid for many liquids and gases. Colburn' s
(1933) correlation differs from the Dittus-Boelter correlation
only by the exponent of the Prandtl number, while Sieder and Tate
(1936) included the influence of the thermal boundary layer.
More recently, Nixon (unpublished Chalk River Nuclear Laboratories
Report) derived a single-phase heat transfer correlation based on
water data from many different sources. This correlation is
recommended for use within the range of its data base (Re:
i 0 , 000 - 3 27 , 0 0 0; P r: 1. 9 -1 0 . 5) .

For free convecti ve conditions, the theoretical rela tionship
by Rohsenow and Choi (1961) or the empirical correlation of
Collier (1980) is recommended.

2.3 Superheated Steam Beat Transfer

During certain accident conditions the coolant in the core or
the steam generator (primary side) can be superheated steam. If
the steam does not contain entrained droplets, most of the
correlations of Table 1 will be applicable. Sorne of the
correlations are derived specifically for gases where the
temperature difference between wall and fluid may be significant
and where the effect must be included. For low wall superheats
the correlations derived for liquids may also be used. ln safety
analysis the heated surface temperature is usually the unknown
quantity; hence, the correlations often require an iterative
procedure.

The correlations of Heineman (1960), Bishop et al. (1964),
and Hadaller and Banerjee (1969) were specifically deri ved for

iI ~. J
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Table 1. Corre iations for Subcoo ied Water and Superheated Steam in Tubesa

Refereces

Dittus and Bo1te (1930)

COlb (1933)

Sied and Tate (1936)

Heinem (1960)

Rohsenow and Choi (1961)

Bishop et al. (1964)

Kutatelade and Borishaski
(1966 )

Nixon (unpublished Chlk
River Nuclea Laratories
Report)

Haaller an Baerjee
(1969)

COllier (1980)

-'
CItl

Correlation

NUb = 0.023 (Reb)0.8 (prb)0.4

NUb = 0.023 (Reb)0.8 (prb)1/3

NUb =0.027 RebO.8 Pr 1/3i"(1l / )0.14b b Ilw
Nuf = 0.0157 ReJ.84 Prjl3 (DIL) 0.04

(for LID ~ 60, Nuf = 0.0133 ReJ.84 prjl3)

0.036 Reb prb DIL
Nub = 4.36 + 1 + 0.0011 Reb Prb DIL

NU! ~ 0.0073 ReJ' BB6 prJ.61 (1 + ~ib6)

(T )0.55

Nu - ° 027 Re0.8 Pr°.4 ..b-' b b T
ùJ

Nuf = 0.024 ReJ.77 prJ.057

(i) NU! = 0.0101 Re0.8774 0.6112 (D)0.0328f prf i
(ii) Nuf = 0.0170 Re0.8216 0.625 'f Prf (1 + 0.9842 ~)L

NUb = 0.17 Re0.33 PrO. 
43 (Prb)0.25 Gr°.1b b Pr Dhy

ùJ

~or defintion an unts of all syls, see Noclature.

cc:ts
circu1ar geatr,
Re ~ 10,000, LID ~ 50

Simlar to Dittus-Bolter
(1930)

VaUd for may fluids

20,000 ~ Re ~ 370,000
2 ~ P ~ 10 MPa

Steam only

Laar flow in vertical tubs,
q = const; developing veloci ty
and teratu distribution

High-pressure steam only

1 ~ T~/Tb ~ 3.5, valid for
gases, T* in K

10,000 ~ Re ~ 327,000
1.9 ~ Pr ~ 10.5
Based on1y on water data

6.104 ~ Re ~ 6.105
295 ~ Tf ~ 5800C
2 ~ P ~ 21. 4 MPa
Steam only

,;,t

Re ~ 2000, LID ~ 50
Heatig in upflo; co1ing in"
dowlow
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superheated steami they also include an L/D term to account for
entrance effects. Hadaller and Banerjee' s (1969) correlation has
the widest range of application and is tentati vely recommended
within its data base range. outside this range, Kutateladze and
Borishanskii' s (1966) correlation may be preferable.

2 . 4 Bundle Geometry

The correlations of Table 1 are all based on experiments
inside tubular geometries. To characterize nontubular geometries,
both heated and hydraulic equivalent diameters (Dhe and Dhy) have
been used in the Nusselt number. Groeneveld (1973) concluded that
the Dhy was preferable since it resulted in less scatter in the
data.

To predict the heat transfer coefficients in a bundle from
tube correlations (or data), Groeneveld (1973) recommended two
correction factors

h
l g bundle, avghtube J g hbundle, minh

bundle, avg

where hbundle ,min is the minimum value of hbundle encountered
around the heated perimeter, and htube is evaluated froID Halaller
and Banerjee' s correlation (1969) for the same bundle-cross-section
average conditions and Dhy. Graphical representations of i and J
are gi ven in Figs. 4 and 5. Note that both factors become
sensitive ~o the rod spacing at low p/d values. In addition, the
higher degree of turbulence at higher Re appears to reduce the
nonuniformity in surface temperatures (i.e., J values closer to
unit y) .

Tong and Weisman (1979) suggested that the constant 0.023 in
the Dittus-Boelter equation is too general for rod bundles and
recommended the following constants:

. for triangular-pitch lattice: C = 0.026 p/d - 0.006

. for square-pitch lattice: C = 0.042 p/d - 0.024

variations in h around the circumference were found to be negligibleforp/d;:1.2.
2 . 5 Entrance and Spacer Effects

A change in upstream geometry can have a strong effect on the
local heat transfer coefficient, especially if the change in
configuration is located less than 20 diameters upstream. McAdams
(1954) suggested a development factor kd that accounts for the
entrance region effect

Nu/: entrance
kd = Nu

CX

b L C
= 1 + a Re (Dhy)

The coefficients a, b, and c depend on the wall boundary
condi tions (e. g., constant heat flux or temperature) as well as on
upstream conditions (developing thermal boundary layer and/or
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hydrodynamic layer¡ shape of upstream flow area change). Table 1
contains several forms of the entrance effect.

the

The effect of spacing devices on heat transfer depends alsó on
the radial location of the spacing device wi th respect to the
heated surface. At locations where the spacing device is in
contact with the heated surface, boundary-layer separation usually
takes place. This results in a significant increase in downstream
heat transfer felt over a considerable length LL/De ~ 30¡ Koram and
Sparrow (1978)J. ' Krall and Sparrow (1966) have shown that the
increase in heat transfer due to flow separation and reattachment
is much greater than that associated with a thermal entrance region
and is felt over a much longer distance downstream. At locations
around the rod periphery where no spacer-rod contact exists, the
increase in heat transfer is small (Koram and Sparrow, 1978) ¡ this
increase will probably depend on the shape of the leading and
trailing edge and on the fraction of the flow area being blocked.

.gible

ìams

s on

Spacers may cause considerable flow disturbances, depending on
how much they block the f low . Kidd et al. (1968) reported tha t,
in general, bundle-spacing devices do not cause much subchannel
mixing but improve the local heat transfer by tripping the boundary
layer, thus starting a new entry length¡ similar observations were
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made by Gasc (1966) and Hoffman (1970). Yao et aL. (1982), after
examining the effect of spacers on the downstream heat transfer in
tubes and bundles, recommended the following spacer correction
factor:
NULd 2 ( Ld)
Nu = L + 5. 55 s exp - 0 . 13 Ð-ref . e,
ln the spacer region the equation reduces to 1 + 5.55 s2 and

should be used as such over the length of the spacer.

3 NUCLEATE BOILING AND CONVECTIVE
EVAPORATION

3 . 1 Introduction
The transition from single-phase liquid heat transfer to

nucleate boiling takes place once the wall temperature exceeds the
TONB' The TONB can be predicted by many correlations (e.g.,
Collier, 1980; Tong, 1965; Ginoux, 1978). The same references also
contain correlations for partial nucleate boiling, an intermediate
heat transfer mode where both single-phase heat transfer and
nucleate boìling are important. In general, however, Ii ttle
accuracy is lost by replacing correlations for the ONB and for
partial nucleate boiling by the simple condition

h = max (h .Q' hNB) for Tw ;: Tsat

~, -
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where both h~ and hNB must be based on Tw - T~.

ln the saturated boiling region, at high void fractions, the
flow regime may be annular, characterized by a high vapor core
veloci ty and a turbulent liquid film. A highly turbulent liquid
film will result in a suppression of the nucleate boiling mechanism,
and the heat transfer will take place by evaporation at the
liquid-vapor interface. This heat transfer mode is usually
referred to as forced convective evaporation.

3 . 2 Prediction Methods

The prediction methods are summarized in Table 2. They may
be subdivided into two groups: Nucleate boiling only and saturated
boiling.
3.2.1 Nue ieate Boi iing On iy

1,5

Correlations for nucleate boiling frequently have the general
form aNB = a~T~ f (P), the most popular being those of Thom et al.
(1966) and Jens and Lottes (1951). Note that these correlations,
although valid for subcooled as well as saturated nucleate boiling,
are all based on TW - Tsat instead of on TW - T i.

Guglielmini et al. (1978,1980) surveyed the relevant
correlations for nucleate boiling heat transfer in forced convective
flow. They found that most partial nucleate boiling and fully
developed nucleate boiling correlations had a limited range of
application. After testing the correlations in five pressure
regimes, from 0.1 to 18.0 MPa, they concluded that for pressures
up to 7.0 MPa the correlation by Jens and Lottes (1951) was among
those giving the lowest discrepancies between predicted and measured
values by seven other authors. The Thom et al. (1966) correlation
was recommended at higher pressures.

104

105

:r
in

nd

More recently, Shah (1977, 1982) developed a general
correlation for nucleate boiling valid for a large number of fluids.
This correlation compares well with data obtained with Freons,
,water, and organic fluids for a wide range of flow conditions
(Re ~ 10,000) and pressures (0.005 ~ p+ ~ 0.76).

For nucleate pool boiling, correlations have been suggested by
Rohsenow and Choi (1961) and Forster and Greif (1959). These
correlations indicate a sensitivity to the fluid-surface combination
and generally predict lower heat transfer coefficients because
of the lower bubble removal rates (compared with forced convective
nucleate boiling).

the 3.2.2 Saturated Boiiing: Nueieate Boiiing and Foreed Conveetive
Evaporation

also
,ate ln the saturated boiling regime the heat transfer correlations

often have the form

hTP = hNB + hconv

where hNB = f (P, Bo) and hconv
*!(Xtt, ki).



r
..
IDo Table 2. Nue Leate Boi Ling and Foreed Conveetive Vaporizationa

Referenæs CotsCorrelation

Chen (1963)

Jen an Inttes
(1951 )

Thom et al.

(1966)

h = 0.023 klD (Re~)0.8 (pri)0.4 F

kO.79 0.45 0.49i cpi P i
+ 0.00122 0.5 0.29 0.24

a ~i hfg Pg

P = P t evaluated at TûJ sa ûJ
F = 1.0

F = 2. 35 (X;~ + 0.213) 0.736

an
S = (1 + 0.12(Re~ Fi.25)i.14r1

S = (1 + 0.42(Re~ Fi.25)0.78J-l

S = 0.1

where
C(l - X)Dhy

*Rei = \l
i

(T-T )0.24(p p)0.75ûJ sat ûJ - S

-1
for XTT S. 0.10

-1
for XTT ;. 0.10

for Re~ F1.25 ~ 32.5

for 32.5 ~. Re~ F1.25 ~ 70.0

for Re* F1.25 ;. 70i -

h = 0.00254 I(T _ T )~ e(1.61 x 10-4 p~4

L ûJ sat J
h = 1.9712 e(2P!8687) (T - Tw sat)

Lage range of diarter,
lengt, mas flux

50 ~ P ~ 3400 kPa
6.3 ~ q ~ 2400 kW m-2
o ~ X ~ 0.71

Upflow and downflow;
circular and anular;
water, rætho1, cyc1ohexe,
petane, heptane, bezene

Estimtes of F an S by
Bjornard (1977) i other
approxtions for F and S
gi ven by Butterwrt and
Shok (1975)

:Ì
~

For nucleate boiling of
water only

For nucleate boiling of
water on1y
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Schrock and h = 170 kiIDhY(Re~)0.8 (pri)1/3 F
Grossm (1959)

Wright' s (1961)
m:fication of
Schrock and
Grossm

Degler and
Addan (1956)

Sha (1976)

Mc et al.
(1949)

..
Il..

(Bo + 1.5 x 10-4 x-2/3Jtt

Exrirnts with upflcw of
water in circular geotries
0.3 ~ D ~ 1.1 (cm)

39.5 ~ L ~ 100 (cm)
286 ~ P ~ 3435 (kPa)
238 ~ G ~ 4447 (kg m-2 s-l)
289 ~ q ~ 4574 (kW m-2)

o ~ X ~ 0.57

h = 2.35(1: _ 6.70 x 103 (Tw - Ts)j-lx2/3 hi GÀtt
hi = 0.023 kflDhy (RetJO.8 (priJO.4

Exrirts with dawlcw of
water in circuar geatries
Dhy = 1.83, 1.4 (cm)
L = 1.72, 1.43 (m)
107 ~ P ~ 464 (kPa)
536 ~ G ~ 3417 (kg m-2 s-l)
43.5 ~ q ~ 277.6 (kW m-2)

o ~ X ~ 0.19

h Ih = 3 5 (11X ) O. 5TP fo . tt

hTPlht = f(Bo, ((1 -X)IX)0.8(Pg'ii)0'í;

fo = tot flow assur to
be liquid

Ths graphical correlation
smthy convees with
Sha's (1977) correlation
for lare values of the

quity-denity paamter.

for graphica approach, see Fig. 6

h* = 0 023 (Re*)0.8 P 0.4 k IDhi' i ri i y
h = 2.257 (T - T )2.86w s~ For nucleate boiling of

wate only

:Á
,¡
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Table 2 oontinued

Correlation cats
References

Sha (1977)
T - TIf s i
T _ coW ~ "

h

.: mi (2, 6.3 x 10-4 BI. 25), then h~ = iJOo ~
T - Ts 9-

If T _ T,W ö
, r~ -4 1.25J~ ma L¿' 6.3 x 10 Ba ,

Valid for subooled nucleate
boiling of water,
refrigerants and organc
fluids, Re9- ~ 10,000

h Ts-T~
then 'i~ = ijo + Tw - Tsat

!.

If Ba )0 0.3 x 10-4, th iJo = 230 Ba°'S

If Ba ' 0.3 x 10-4, then ijo = 1 + 46 Ba°'S

Rohsow (1952)
Pol boiling only

C (T - T) (~ ji:l/3P~m uJ sat _ C -- cr 2
. . .. - sI li~Hfg g(Pf - Pg) J

Fluid-heating suface
coination Cs f

Water-copper
Wate-platinur
Water-brass
Water-góud and

polished stainless
steel

Water-chemcally
etched stailess
steel

Water-mehancal y
polished stainlessstel

0.013
0.013
0.0060

O. 0080
:jl

0.0133

0.0132

~or defintion an unts of all syls see Narclature.
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The correlation most widely used in modern thermohydraulic codes
is that by Chen (1963). The value of his Reynold' s number factor
F and his suppression factor S were originally presented in gFaphical
form. Since graphical representations are cumbersome to use in
computer calculations, Bjornard and Griffith (1977) approximated F
and S in mathematical form, as shown in Table 2. The Chen
correlation predicts the heat transfer coefficients for many
different fluids with a standard deviation of 11 % (Rohsenow and
Hartnett, 1973).

Recently, a graphical prediction method based on many fluid-
wall combinations was proposed by Shah (1976, 1982). It is
basically an extension of Shah' s (1977) subcooled nucleate boiling
correlation and is very easy to use for hand calculation. Figure 6
shows Shah' s graphical correlation, where

hTP

h *
9,

= f (~ ~ ~ o. 8 (i: t . 5 Bo

Figure 7 shows various predictions of two-phase heat transfer
correlations. Shah' s prediction method is not shown, but it closely
follows Chen' s correlation.

Shah (1977) also developed a graphical method to predict the
reduction in hTP due to horizontal flow for liquid Froude numbers
up to FrL = 0.04. Shah (1981) reported that downflow heat transfer
data are lower th an the corresponding upflow data.

.
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E
~
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æ
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Schrock and Grossman (1959), Dengler and Addoms (1956), and
Wright (1961) also recommended correlations for saturated nucleate

..
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(1/x - 1 )0.8 (P9/PI)O.5

Fig. 6. Shah's graphical prediction method for hTP' Shah (1976).
Reprinted wi th permission.
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Fig. 7. Comparison of Chen' s correlation wi th Thom' sand
Jens-Lottes' s correlations. P = 10 MPa, G = 5.4 Mg m-2 s-1,
De = 0.3 cm. - Chen (1963), - - Thom et aL. (1966), ---
Jens-Lottes (1951).

boiling. However, their correlations appear to have a more limi ted
data base and should be used with caution.

Cooper (1982) has shown that most thermodynamxc properties
used in nucleate boiling correlations can be replaced by a simple
formulation using the reduced pressure p+ and reduced temperature
T+. The use of these reduced property terms significantly simplifies
the analysis of boiling heat transfer data. Eventually more data
are needed before the effect of the thermodynamic properties on ,the
boiling curve can be established.

3. 3 Conclusions and Final Remarks

The general consensus in the literature is that Chen's (1963)
correlation will resul t in the most accurate prediction of forced
convective boiling in the pre-CHF region. To obtain a quick first
approximation, Shah's graphical method is recommended. Thom's
correlation may also be used, but it applies only in the nucleate
Doiling region.

Due to small differences between wall and saturation
temperatures, discrepancies between measured and predicted boiling
heat transfer coefficients may appear quite large. These errors
usually represent only a few degrees in heated surface temperatures

~,,~! ~
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and are thus unlikely to have a large effect on the prediction of
the maximum surface temperature. However, the error in predicted
heat flux could be significant.

Subcooled nucleate boiling tends to be primarily a local
phenomenon and does not appear to be affected by geometry. Flow
direction will affect hTP at lower flows.

No general cross-flow correlation has yet been derived for
nucleate boiling since most experimenters have correlated only
their own cross-flow data. However, i t appears that the cross-flow
heat transfer coefficient falls in between the corresponding upflow
value and the pool boiling value.

4 CRITICAL HEAT FLUX

4. 1 Introduction

2 -1s ,

The prediction of CHF in nuclear fuel bundles is complex since
effects of radial and axial flux distribution, spacer location, rod
spacing, etc., all have a significant effect on the magnitude and
location of CHF. Even for a uniformly heated tube the resul ts of
different CHF prediction techniques are confusing. An early review
by Clerici et al. (1965) covered 87 CHF correlations. As of 1982
there were over 400 CHF correlations available. This proliferation
of correlations illustrates the sad state of the art in modelina the
CHF phenomenon. It creates a particular concern when reliable CHF
correlations are required for the evaluation of critical channel
power in reactor operating conditions. The general approach has
been to do ad hoc experiments - a feasible alternative since the
range of operating conditions is limited.

ited

For reactor accident conditions, however, i t often becomes
economically impossible to measure CHF using a representative
simulation of a reactor core. Instead, empirical correlations
based on tube CHF data (which can be obtained at a fraction of the
cost of an equivalent bundle CHF experiment) are frequently employed.
Unfortunately, even the range of conditions covered by experiments
in tubes is inadequate, 'as is illustrated in Fig. 8. This limited
coverage has resul ted in empirical CHF correlations commonly being
used well outside the range of their data base. Such practice
leads to predictions that are often meaningless, for example,
negative CHF predictions or high CHF values at steam quali ties
close to 100%.

le
re
lifies
ta
the

te

A large number of terms have been used in the li terature to
den ote the occurrence of CHF: burnout, dryout, boiling crisis, and
departure from nucleate boiling (DNB). The term DNB is usually
reserved for the CHF occurrence in the subcooling region caused by
microlayer evaporation under a bubble. Dryout frequently refers
to the CHF occurrence caused by evaporation of the wall liquid
film in the annular flow regime. Detailed descriptions of the CHF
mechanisms may be found in Collier (1980), Hewitt and Hall-Taylor
(1970), Tong (1972a), and Tong and Hewitt (1972).

63 )
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4. 2 Correla tions
ing
s CHF correlations may be subdivided into two main groups:
ures
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Table 3. CHF Corre Lationsa

COrrelation CCts
CHF = (2.002-0.0000624 P + (0.1722 - 0.0000143 P) e (18.177 - 0.000599 P)X)

((0.1484-1.596 X + 0.1729 X IXI) 0.0007347 G + 1.037J

(1.157 - 0.869 X) LO.2664 + 0.8357 e-124.1 DhYJ CO.8258 + 3.41 x 10-4 ~HinJ

CHF = (1 _ a) 0.131 (a g (Pf - P )jO.25P g Hfg . 2 g
Pg

CHF = 1.155 - 16.03 Dhy r3.7 x 107 (4.36 x 10-4G)B - 48.22 x H GJ4.03 x 103 (2.25 x 10-3 G)A fg
-5where A = 0.712 + 3 x 10 (P - 13,790)

B = 0.834 + 9.9 x 10-5 (P - 13,790)

8.585 H (G/1356)0.51(1 - X)
CHF = fg

1.444 DhyO.l

CHF = 25,487 (G/1356) (0.1775 in(X + 1))
(X + 1)3.3906 0.5356 pO.3234 RPF1.053

RPF = ma radial power factor for bune
..
tO-.

W-3 correlation (Tong, 1972a).
B:sed on a large data bae of tubs
and rectgular cross sections.
Data bae range:
G: 1356-6780 kg m-2 s-l
P: 6895-15860 kPa, X: -0.15 to +0.15
Dhy: 0.005-0.018 m, L: 0.25 - 3.66 m

Zubr-Giffith correlation
(Griffith et al., 1977).
Reded for G -( 300 kg m-2 s-l
and up- or dowlow. Underpredcts
CHF at high a-valueS.

B&W-2 correlation (Gellerstedt et
al., 1969). B:se on 207 bundle
CHF data.
Data base range:
P: 13,800-16,550 kPa
G: 1020-5424 kg m-2 s-l
X: -0.03 - +0.20

Macbeth (1963). Only for 10W-flow
tub CHF. Upr mass flux
bounda depeds on pressure and
is defined graphically in
original reference.

,)
¿.

RE 4-MJ-7 correlation (Condie
and Begston, 1978). B:sed on
5200 budle CHF data covering
follOWing ranges:
P: 690-15200 kPa
G: 100-4100 kg m-2 s-l
X: -0.1 - +1.0, no. of rad: ~ 9



~ Table 3 continued

Correlation

CH = CHW-3 t.76 (0.96 - "J l¡ + qdi

CHFW-3 given l: Tong (1972a), evaluate at X = 0

qdr = hDittus-Bolter (TCHF - T SAT)

( 4 J( f L
. 1.883 x 10 P _ X (low X)
(100 D)n (G/IO)0.167 (G/IO)0.167CI-I = greater of J

( 3.78 x 104 J h (1 - X) (high X)
(100 D) (G/IO) O. 6 P

where n = 0.4, if D ~ 0.01
n = 0.6, if D , 0.01

Corts
Hsu and Beer (1977).
Recmded for tranient CHF;
predcts a 30% higher CHF th W-3
correlation at low voids.

Biasi et al., (1967).
Data base range (tub data only) :
D: 0.003-0.0375 m
G: 100-6000 kg m-2 s-l
P: 270-14,000 kPa, X , 1.0

X - 1
mi - 1 + P Q,IP g

CH = 103 tO.3 - 17.5 P:r + 8.0 (p:SJ

3 -3f = 0.7249 + 0.99 x 10- P ex(-0.32 x 10 P)P -3 -3 0 09 P11? = -1.159 + 1.49 x 10 P ex(0.19 x 10 P) + '-- 2
10 + (P/100J

L£\a(0.008)~ -1.5 X
\1000; D e

-4
t,

Doroshchuk et al. (1975). Baed on
large mmiber of tub data obtained
at:

Pwhere a = 0.68 p- - 1.2 X - 0.3
cr

P: 2900-15,600 kPa, Tsu ' 500C-2 -1 '-
G ' 2000 kg m s , D: 0.004-0.016 m



Cl ~ 0,18 CHFPB GO,25 (1 - p:J'l (~;y t2 (1 - 0.06 GO.5 (~;yr2 X J

4 0.5 (( , )JO.25where CHFpB:: 0.1 Hfg ÇJ g ag ÇJ ¡¿ - ÇJ g

A-B H X
CHF:: - tg

2.317 (0.25 Hf¡ DG)Fi
whre A :: g *'

(1 + 0.0143 F2 D2 G)
C ::

0.077 F 3DG

(1 + 0.347 F (GI1356)nJ

B :: O. 25 DG
n :: 2.0 - 0.5 Pr

Pr :: 0.145 x 10-3 P

P .ç 6895 P )0 6895

Pr18.942 e20. 89 (1 - Pr) + 0.917F = ~ n~_
1 F - P -0.368 0.648 (1 - Pr)1 - r e

Pr1.316 e2. 444 (1 - Pr) + 0.309F IF :: , ~nn1 2 FilF2 = Pr-0.448 eO.245(1 - Pr)

Pr17.023 e16. 658 (1 - Pr) + 0.6671F - , rr~
'3 - F 3 :: Pr°.219

F4 = F3 PrL.649 F 4 :: F 3 prl. 649

..
(l(l

Levitan and Latsm (1977);
Tolubinkiy et al. (1977). Baed
on a lare nur ()o)olOOO) of
anuli data obtained at:
L: 0.5, D: 0.006-0.1 m
Dhy: 0.002-0.006 m
P: 5000-20,000 kPa
G: 250-5000 kg m-2 s-l, X .ç 0.3

Bcing (1972). Emirical
corrlation of 3800 tub CHF data.
RM eror for syste paramter
fonn of the correlation: 7%

Data base range:
G: 136-18,600 kg m-2 s-l
D: 0.002-0.045 m
L: 0.15-3.70 m
P: 200-19,000 kPa

,.
l.



l: Table 3 contiuedo

CHF =

Correlation

(A - BH X J
tg

c + Z y (1 _ 12,620 B 3154.6G Dhe )

7. 063 F 1 G Dhe

i + G F~ Dhe2~68.22 F2 Dhyl.3li + 0.0007373 G (0.8 Fp DIw/Dhy - i~r~

-4
B = 0.00312 G Dhe e-i.375 x 10 G

0.57 0.27 r y - 1 Lc = 69.448 Dhy G ~ + 0.0007373 G + Ij

Z = heated lengt te drout point

where A =

F = radial heat flux peaking factor = q /qP ma avg
y = average flux frOI entr to Z

loc radally aveaged flux at Z

Cots
J3ing' s (1977) mied-flow
correlation based on budle CHF
data covering the following ranges:
P: 600-15,500 kPa
G: 50-4000 kg rr2 s-1
Dhe: 0.0076-0.0366 m
L: 1. 5-4 . 6 m

F : 1. 0- 1. 32
P

Getr: pressure-tub cluster
NB: for square lattice clusters the

sar correlation is recoided
if p .( 8620

for p ? 8620 kPa:

A = A2 + (2.250 - 0.000145 P)

(Ai - A2)

Ai = value of A as calcuate for
the tub clusters at
P = 8620 kPa '.

.¡



Pi = (1 - 5.8028 x 10-6 P(l + 9.8913 x 10-9 p2)JiJ2

if P ~ 2861 P2 = 0.45 + 1.8134 x 10-4 P

2861 ~ P ~ 4482 F2 = 0.424 + 2.8419 x 10-4 P - 3.2746 x 10-8 p2

p ? 4482 F2 = (3.2 - 0.14507 x 10-3 P) (0.32 + 1.958 x 10-5 P)

CHF = f (D) = (bHf: /Bv _ Gli)g tg

A = 0.0132 G + 0.276 G Dhe.. - - -----'

-ln(l - X) + ln

(0.98 - i. EvB~ ) - ln (1 -X4 (B + 1) mm \

ln (ex + v)/vJ

k )
E (X + v) B 2

(1 - X) X~ (B + 1)

Becker et al. (1967)
Agree with tub data with the
following ranges:
P: 270-10,000 kPa, D: 0.004-0.025 m
L: 0.4-3.5 m, Xe: 0-0.50,
G: 120-5400 kg m-2 s-lwhere B =

E: , b are functions of pressure

For Xe ? O. 6 the rrs flux effect
decreases.
Agrees wi th large data base fran
eight different labratories
(Beke et al., 1972)

v = vf/Vfg

a)For definition and units of aIl symbols see nomenclature.

:I"
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1. Loca L conditions-type CHF corre lations where CHF = f (P, G, X,
or a, cross-section geometry). These correlations are
convenient to use for predicting the location of dryout and the
magnitude of the CHF. Effects of axial flux distribution,
spacers, flux spikes, and flow transients (e. g., flow stagnation)
often require a modified local conditions approach, i.e., a
local conditions approach combined wi th techniques that consider
the upstream flow history (e.g., boiling length, F-factor
method) .

2. Globa L conditions corre lations where the burnout power = f (P,
G, H in' Lh, cross-section geometry. These correlations predict
only the burnout power. They cannot be used to predict the
location of dryout or the magnitude of the CHF. These
correlations are also incapable of accounting for the effect of
axial flux distribution or flow transients. They are primarily
used to predict critical power during steady-state operation
for a given geometry and axial flux distribution.

Due to the limitation of global conditions correlations in a
LOCA analysis, local conditions correlations are emphasized in this
review. Table 3 con tains most of the currently popular CHF
correlations.

A limited comparison of the CHF correlations with the AECL
tube CHF data bank (containing 10,000 CHF data points) has been
made. The results of the comparison are shown in Figs. 9 and 10.
Figure 9 shows an error histogram. The .fraction of the data with
CHFpred/CHFmeas ~ 0 (below range) or CHFpred/CHFmeas ~ 2.0 (above
range) is also indicated. Of all the correlations tested, that of
Biasi et al. (1967) appears to be the most promising. Its
parametric and asymptotic trends are shown in Fig. 10. Even this
correla tion has signif icant shortcomings when compared wi th the
experimentally observed parametric and asymptotic trends, e. g. ,
increasing the flow always decreases the CHF according to Biasi' s
correlation. The experimentally observed trends are shown in
Table 5 and will be discussed in detail in Sec. 4.4.

4. 3 Al terna ti ve Prediction Methods

4.3.1 Analytical Methods

During the past 20 years, several analytical approaches to
predict the CHF have been developed. Two popular models are those
by Hewitt and Hall-Taylor (1970) and Tong (1965). Hewi tt and
Hall-Taylor 1 s model is a three-fluid model (vapor, liquid film,
entrained droplets). It is based on the commonly accepted
hypothesis that the boiling crisis in annular flow occurs when the
liquid film is depleted by evaporation and entrainment. Many
variations of this model may be found in the literature. The model
has been improved and extended to annuli (Whalley, 1974; Whalley
et al., 1975), to bundles (Whalley et al., 1978; Whalley, 1978)
and to transient conditions (Whalley et al., 1975). Tong (1965)
developed a two-fluid model for the prediction of CHF in the
bubbly flow regime. This model has been successfully used to
include the effect of upstream axial flux distribution. Zuber
et al.'s (1961) CHF equation is derived from a two-fluid model for
pool boiling on a horizontal surface. All these models are

l~
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basically valid for one flow regime and heat transfer configuration.

4.3.2 Table Look-Up Technique

for
Since most empirical correlations and analytical models have

a limited range of application, the need for a more general
technique is obvious. Attempts have been made in the USSR to
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Fig. 10. Parametric and asymptotic trends for Biasi et al.' s (1960) CHF correlation.

,,-= 1

Table 4. Estimated CHF Vaiues

Pressure G Quality
(kPa) (kg m-2

s-l) -0.15 -0.10 -O. 05 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0

100 0 3930 3430 2045 1200 1000 980 800 150 140 133 500 500 450 356 212 89 a100 50 Il 00 8 3500 240011001600150012501200 11501108 873 756 110 506 386 350 0100 100 4800 /l200 3100 2200 2100 2000 1450 1000 850 820 750 727 700 667 493 330 0100 200 5600 /l90 0 3600 2600 2550 2500 1500 1400 1350 1300 1200 1160 1108 863 532 407 0
100 300 6400 5600 4500 3000 3000 3000 2200 2100 2000 1978 1900 1774 1443 827 620 450 0100 500 1200 6300 5200 3600 3550 3500 3450 3350 3300 2486 2354 2318 1251 662 633 440 0100 150 dOOO 1000 5900 5500 5000 4700 4512 4105 3186 2986 2887 2394 1308 905 700 400 0100 1000 3800 7600 6600 4800 4600 /l/lOO 4200 3~52 3536 3400 3319 2534 1514 1100 600 300 0100 1500 9600 8200 7000 5500 4800 4200 4600 4500 4500 4000 3823 3266 2200 1100 600 300 0
100 2000 10000 8800 7700 5900 5400 5300 5260 5'00 5050 5000 4900 4840 2900 1100 600 300 0
100 3000 10500 9400 8400 7300 6~00 6000 5992 5400 5300 5200 sOi7 3500 2700 110C 600 300 0
100 q.OOO 11000 10000 9000 6800 6683 6500 6100 5300 5000 4600 4000 3000 2000 1000 500 300 0
100 5000 11500 10600 9500 8358 7951 7600 7400 5200 4400 3800 3000 2500 1500 900 500 300 0
100 7500 12000 11000 10000 9500 9200 9000 7500 5000 4000 3000 2200 2000 '200 800 400 300 0

150 0 q. 000 3')00 2400 1350 '200 1100 950 947 900 867 fi80 600 560 377 236 1 i, a
150 50 4100 3600 2700190018001100 1500 1400 1390'285 984 793 600 521 ilo 3 300 0
150 100 4800 il20 0 3200 2400 2200 2000 1900 1800 1400 1072 944 920 900 890 680 1l50 0
150 200 5400 4800 3800 2700 3600 2500 2100 '600 1500 1400 1325 1304 1200 1100 1000 500 0
150 300 6000 5400 44003000 3000 3000 2700 2400 2200 1700 1650 1600 1500 1400 800 500 0
'50 500 6600 6000 5000 3700 3600 3500 3100 2700 2227 1800 1668 1500 1300 1100 670 450 0
150 750 7200 6600 5600 '300 4150 4000 3500 2200 2000 1980 1~00 1700 1500 1170 650 400 0
150 1000 7800 7200 6200 5000 /l700 4~00 3700 3400 3100 29 0 2700 2300 2200 1100 600 350 0
150 1500 d400 7600 6800 5500 5200 4800 3800 3600 3400 3100 3000 2800 2500 1100 550 300 0
150 2000 9000 8200 6000 5500 4988 4529 4135 4000 3900 3700 3500 3400 3000 1000 550 300 0
150 3000 9600 6240 5800 5600 5400 5200 4600 4100 3800 3300 3250 3200 2500 1000 500 300 0
150 4000 10000 6636 6000 5766 5214 5000 4700 4200 3600 2800 2800 2600 2000 1000 tl50 300 0
150 5000 10500 9900 9100 6901 1254 6500 5700 4000 3100 2600 2300 2000 1500 900 450 300 0
150 7500 1'000 10400 97009000 8600 8000 6500 5000 3000 2200 1800 1600 1000 600 400 300 0

200 a 4820 3700 2774 1450 277 262 248 233 219 204 175 146 1'7 67 58 29 0
200 50 4955 4000 3094 2313 1794 164' 1562 1483 '405 1326 1244 1044 700 600 593 466 0 :A
200 1 JO 5000 4100 3200 2600 2300 2100 2000 1900 1300 1200 1065 900 751 700 650 315 0 l,

200 200 5200 4300 3400 2800 2500 2300 2150 1400 1350 1325 1300 1250 1200 1142 800 315 0
200 300 5400 4450 3500 3000 2700 2~OO 2200 2150 2100 2000 1810 1461 1000 700 600 350 0
200 500 5600 4650 3700 3150 2900 2500 2250 2100 2000 1800 1649 1500 1100 800 450 300 0
200 750 5600 4850 3900 3300 3000 2650 2350 2118 2066 1826 1761 1600 1000 600 450 300 0
200 1000 6000 5000 4000 3400 3000 2600 2350 2140 1956 1600 1700 1600 1000 600 450 300 0
2 00 1500 6200 4600 3800 3300 3000 2600 2350 2284 2119 1800 1700 1500 1000 600 450 300 0
200 2000 6400 4500 4000 3500 3000 2600 2350 2150 2050 1800 1700 1400 1000 600 450 300 0
200 3000 7000 5742 4287 3900 3000 2600 2350 2150 2050 1800 1700 1400 1000 600 450 -300 0
200 llOOO 6500 6411 4800 4500 3000 2600 2350 2150 2050 1800 1700 1400 1000 600 450 300 0

N 200 5000 6607 6120 5261 q845 3000 2600 2350 2150 2050 1800 1700 1400 1000 600 450 300 00 200 7500 6990 6465 5581507730002600235021502050 '800170014001000 600 450 300 0(l



N Table 4 (cont'd)0
ai

Pressure G Quali ty

(kPa) (kg m-2
s-l) -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0

.3 00 0 4650 3667 2683 1700 325 308 291 214 257 240 205 171 137 '03 68 31l 0

300 ') 0 5063 42Q 2 3296 2975 2481 2327 2248 2168 201' 1860 1551 1067 637 592 549 500 0

300 100 '5200 4500 3500 3400 3200 3000 2900 2800 2600 21100 1212 900 856 825 800 100 0

300 210 )600 4700 3600 3500 3200 2900 2800 1760 1717 1301 1209 1200 1170 1140 849 600 0

300 300 ii592 3324 3300 3250 3200 2800 2100 2600 2500 2400 2091 1146 1084 511 287 250 0

300 50 'l 1l634 3367 3300 3250 3200 2100 2600 2575 2550 2S00 1988 1373 945 ll 00 250 200 0

300 750 6000 5000 3900 380a 3200 2600 2500 2400 2337 2100 1681 "00 1396 386 281 200 0

300 10JO 6200 5200 4000 3900 3200 2600 2500 2400 2229 2100 1800 1500 1200 700 400 200 0

300 1500 61l0 G 4154 4100 4000 3200 2600 2 500 2~56 2301 2100 '800 1500 1200 100 400 200 0

300 20;) 0 6600 4300 1l200 4100 3200 2600 2500 2294 2200 2100 1800 1500 1200 700 1100 200 0

300 3000 7778 5690 4800 4706 3200 2600 2500 2294 1200 2100 1600 '500 1200 100 400 200 0

300 40JO aq.q.3 6302 451844003200 2600 2~OO 2294 22002100180015001200 700 400 200 0

300 ')0)0 '5419 4851 3967 3525 3200 2600 2500 2294 2200 2100 1800 1500 1200 700 4CO 200 0

300 75JO ') 316 519 8 4236 3630 3200 2600 2500 2300 2200 2100 1800 1500 1200 700 iioo 200 0

i+ 50 0 4.SflQ i.2¿2 1900 196d 380 360 340 3 :lO 300 280 240 200 160 156 93 90 0

450 Ii 0 5035 4627 2330 2250 2195 2115 2035 1993 1950 1610 1860 1625 896 633 567 500 0

Il SO 100 5200 4100 3.00 2900 2800 1100 1600 2550 1200 2000 1500 1234 1217 1090 949 585 0

Il 50 230 ') 600 4150 3400 3000 2800 2600 2550 2500 2200 1700 1£50 1600 1500 1243 84' 572 0

450 3JO 1l145 2896 2650 2d25 2dOO 2600 2500 2450 2400 2375 2358 1841 1677 7.. '.7 41 . 0

!l 50 500 il187 2939 2900 2650 2800 2600 2400 2400 2400 2400 2200 1738 1240 435 275 254 0

ll 50 750 6000 Q.300 340031002800 2600230021502000218514391024 876 395 300 256 0

1l50 10r)0 6200 4400 3400 3200 2800 2600 2100 1976 1821 1500 1300 1000 564 500 300 200 0

ll 50 'SJO 6400 4145 3060 3200 2800 2600 2000 2004 1849 1500 1250 673 450 SOO 300 200 0

IL 50 2000 6600 3521 3400 3300 2800 2600 2100 1aOO 1500 1300 1200 1000 700 500 300 200 0

Il 50 30JO 9216 '1752 4146 3116 2800 2600 220~ 1800 1500 1300 1200 1000 700 500 300 200 0

i 50 il 00 0 1.594 6210 4292407628002600220016001500130012001000 700 500 300 200 0

450 iO),) 6619 6002 5440 3500 2800 2600 2200 1900 1500 1300 1200 1000 100 500 300 200 0

Il 50 75)0 6878 6271 5707 3600 2800 2600 2200 2000 1600 1300 1200 1000 700 500 300 200 0

700 0 llll82 4264 2059 1488 ll46 ll 2 4 401 377 35" 330 283 236 189 97 72 41 0
:At

700 50 5021 1l66 Q 2486 1971 2212 20S6 1825 1594 1363 1133 971 809 496 363 424 472 0

700 1)0 5200 4200 3500 3000 2800 2600 2300 2000 1100 1400 1200 '000 842 764 691 572 0

700 200 5600 4250 3600 3200 3000 2900 2700 2600 2500 1900 16S0 1S89 1500 1450 947 641 0

100 ,3JO j600 1l3\.O 370034003000 2dOO 2700 2600255025002461240416001140 662 529 0

700 5JO 5900 aaOO 3800 3500 3000 2900 2800 2700 2650 2600 2500 2396 1376 645 Il 1 9 359 0

70J 150 6000 a600 3900 3600 3000 2700 2600 2500 2400 2300 2229 1419 711 412 410 316 0

700 1))0 6200 5060 4094 3600 3000 2dOO 2700 2690 2133 1593 1306 888 q.S4 269 250 200 0

700 15) 0 6400 499 , 4025 3600 3000 2500 2400 2380 1837 1022 1138 722 214 199 115 1 '50 0

700 20')0 6600 5200 4400 3600 3000 2500 2200 1800 1500 1300 1300 900 250 200 200 150 0

100 30) 0 1) 800 5400 460036003000250022001800150013001200 900 250 200 200 150 0

700 .. al) 0 7000 5bOO 4800 3600 3000 2500 2200 1800 1500 1300 1200 900 250 200 200 1S0 0

700 :'000 1200 5ßQO 4900 3fOO 3000 2iGO ¿¿OO 1900 1500 '300 1200 900 250 200 200 150 0

700 7'5)0 11L00 6000 5000360030002500220020001600'300'200 900 250 200 200 150 0
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1000 0 1f4óO 3866 3240 2620 509 463 456 429 402 375 322 268 214 161 107 S4 0
1000 50 5620 5092 4560 4105 3421 3211 31'4 3032 280' 2569 2330 1942 "04 875 814 426 0
1000 100 6000 5500 5000 4600 4400 4200 4000 3900 3600 3300 3000 2500 1400 1113 1050 550 0
1000 200 3000 7500 7000 6000 5800 5600 5400 5100 4700 4400 4300 4200 2327 1691 1139 702 0
1000 3)0 3000 7500 70CO 6500 6300 5600 5400 5100 4700 4400 4250 3914 2202 154. 918 683 0
1000 500 3000 7500 1000 6500 6200 5600 5400 5100 4800 4663 4500 3726 2083 1095 609 437 0
1000 750 6000 7500 7000 6500 6100 5600 5400 5000 4900 4785 3936 2291 1134 663 5'9 500 0
1000 1030 3000 7500 7000 6500 6000 5600 5300 5100 4845 4193 2934 1613 661 515 376 250 0
1000 lSDO 8000 1500 7000 6500 5900 5300 5000 ~800 4459 3354 2366 1307 624 276 188 100 0
1000 2000 8000 7500 7000 6500 5700 5200 4800 4400 3354 3300 3226 2493 800 250 150 100 01000 30QO 8000 7500 7000 6500 5500 5100 4700 4200 3573 3400 3326 1300 750 250 150 100 0
1000 "'000 dOOO 7500 7000 6500 5300 5000 4500 4000 3400 2800 1850 1150 700 250 150 100 0
1000 5000 6000 7500 7000 6500 5~00 4900 4400 3800 3300 2600 1650 1000 650 250 150 100 0
1000 7500 8000 1500 1000 6500 5500 4800 4300 3600 3200 2300 1500 900 600 250 150 100 0

1500 0 Il 525 4007 3488 2970 584 553 523 492 46 , 430 369 307 246 184 123 6' 01500 50 5781 5100 4922 4493 3596 3513 3356 3273 31'5 2883 2561 2327 1149 1021 879 426 0'500 , 0 0 6200 5500 5400 5000 4600 4500 4300 4200 4000 3700 3300 3000 1450 1300 1131 548 01500 200 7100 6900 6600 6400 6200 6000 5700 5~00 5000 4100 3600 3100 2131 2062 1314 779 01500 300 7400 7100 6700 6500 6300 6000 5700 5300 5200 l400 3800 3294 3000 2122 1334 843 01500 SJ 0 7700 7200 6700 6QOO 6100 5800 5500 5300 5000 4649 1500 4297 3152 1859 997 608 0
1500 150 dODO 7200 6700 6300 5900 5600 5400 5200 5150 5100 4551 2990 1765 1087 681 443 01500 i 000 8000 7200 6700 6250 5700 5600 5550 55005450 5169 37332"6 1125 793 450 366 0
i 5 00 '500 òOOO 7200 6100 6250 5500 5300 5275 5271 4969 4591 2913 1511 873 455 236 200 01500 2000 dOOO 1200 6700 6200 5500 5200 4900 4100 4000 3917 2505 1418 1000 800 400 200 01500 3000 7529 6720 6700 6100 5600 5100 4800 4813 4200 3700 2300 2100 1000 800 400 200 01500 IlOOO 7645 6836 67006100560050004700380038003100190018001000 800 400 200 01500 5000 :3 500 7500 690J 6300 5600 4800 4400 3600 3500 2600 1700 1500 1000 800 400 200 01500 7500 ~OOO dOOO 7100 6300 5500 4700 4100 3600 3300 2350 1600 1200 1000 800 400 200 0

2300 0 1l5d1 4130 3680 3230 643 609 575 1) /l 1 507 /l 74 406 338 271 203 135 68 0
2JOO 'i 0 5870 51l20 4970 4708 3836 3752 3S94 3510 3352 3118 2801 2710 1193 941 921 434 02000 , 0 0 6300 5850 540052004900 4BOO 1l600 4500430040003600 35001500 1287 1191 556 02000 200 7000 6900 6800 6700 f600 6300 6000 5600 5300 4800 4400 4000 2151 2020 1311 82 q. 02000 300 1600 7350 7200 6900 6600 6600 5900 5100 5500 5200 4950 4181 4313 2749 1500 869 02000 500 8200 1800 15007200 66006600620059645514518347504451368822221274 777 02000 150 3400 8000 7600 7200 7000 6981 6361 6200 6100 6096 5129 3590 2319 1281 954 586 02000 1000 8700 8400 7800 7762 7061 6718 630' 6047 5513 558' 4234 2769 1713 1029 601 479 02000 1500 ~800 8400 7600 7144 ~867 6~59 5649 5000 4900 4670 3239 1909 1041 704 316 300 02000 2000 " 200 5500 7800 7000 6500 5aoo 5078 4650 4395 4", 22'8 1073 481 415 q.oc 300 02000 1000 j91l4 d135 1800 7000 6200 5600 5506 4918 4717 4508 3211 1600 1200 1000 400 300 02000 1+00Q 9060 82:' , 7800 6900 5900 5500 5080 4900 4889 4415 2816 1400 1200 900 400 300 0 :A

l.2000 5000 10000 8500 7000 6500 5600 5500 5200 4600 4500 4202 2400 1400 1200 900 600 500 02000 7500 10300 8500 7200 6100 5500 5200 ~900 4500 4324 2800 1700 '500 1300 "00 800 600 0
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Table 4 ( con t 1 d)0

co

-
Pressure G Quali ty

(kPa) (kg m-2
s-l) -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.0

3000 0 /l650 ,.290 3930 3570 919 690 651 613 57') 536 460 363 306 230 149 147 03000 'j 0 6038 5573 5108 4868 4130 3997 3913 3753 3594 3359 3040 2721 2327 882 391 323 03000 1)0 ó500 6000 5500 5300 5200 5100 5000 4800 4600 4300 3900 3500 3000 1223 831 726 03000 210 8000 7500 7000 6600 7000 6100 6300 6000 5700 5400 4800 4000 3503 2055 1425 837 03000 300 9000 8500 7352 7029 7900 7100 7300 6970 6600 6260 5500 4133 4200 2614 1664 884 a3000 500 9600 9300 7966 7645 8000 7700 6734 6479 6272 5902 5589 4064 3719 2522 1769 1035 03000 750 j800 9300 6700 8410 7227 6~48 6945 6388 6175 6133 5519 3637 2825 1996 1281 663 03000 10JO 9800 8000 7187 7679 7010 6648 6500 6380 5755 5239 4174 3246 2257 1623 1074 1006 03000 1500 9800 7552 7184 7000 6749 6548 5690 5200 4771 4486 3410 2545 1787 1623 1500 1275 03000 20JO J900 9000 8500 8000 7500 6~75 5876 5125 437' 4107 2795 2099 '288 1000 1000 600 03000 3000 10000 9000 7600 8400 7~82 5986 5401 4973 4443 3043 1943 2109 1'33 1050 1000 600 03000 q.OJO 10500 9000 7500 6517 5754 5409 5014 4629 3915 2134 2000 1900 1750 1350 1000 600 03000 5000 10800 8342 71716020 536751644685 4117 3564 2100 1900 1900 1750 1350 1000 600 03000 7500 11200 8608 7200 5504 4590 4117 3779 3600 3424 2200 2150 2000 1800 1500 1200 700 0

4500 0 !l676 4400 4125 3850 1362 793 730 687 644 601 515 429 344 240 134 100 04500 'i 0 5669 5300 5006 4713 3941 3573 3482 3247 2711 2175 1629 1232 836 372 338 300 0tl500 100 6000 5600 5300 5000 4800 4500 4400 4100 3400 2700 2000 1500 1000 600 746 666 0tl500 200 7900 7300 6100 6000 5800 4900 4700 4600 4200 3700 3200 2800' 2500 1600 1419 954 0tl500 300 8100 7600 6490 6367 6300 5400 5300 5200 4700 4600 4440 3627 3480 2240 1620 10'9 04500 500 6200 7800 7106 6783 5900 5516 5035 4500 4181 3852 3480 3067 2500 2358 1691 1103 04500 750 ò300 8000 7500 6600 5593 5121 4802 4500 4300 4200 3923 2704 2602 2301 1631 965 04500 1000 :HOO 6500 6244 60f7 5803 4800 4622 4385 4350 4336 3731 3032 2554 2552 1400 875 0ri500 15GO 6900 6138 5724 5600 5)00 5407 4846 4511 4083 3974 3178 2663 1976 1713 1200 800 04500 20()O 6239 6484 5422 5422 5400 5233 4754 4204 3906 3821 2762 2064 1415 1300 1000 200 04500 3000 6580 6117 5453 5100 5054 4d1e 4606 4161 3743 3156 2013 1324 639 391 300 224 0llSOO 4000 8901 6682 6034 5248 4849 4506 4248 3849 3251 2446 1700 1600 1500 393 309 200 04500 5000 ~200 7836 6"53 ,.917 4528 4273 4018 3671 2975 2263 1700 1600 1508 1300 1100 980 04500 1500 9il00 8354 6800 4923 4375 3Q1S 3613 3600 3214 2770 2600 2200 180 1500 1300 10 0 0

7000 0 4538 4348 4160 3970 1921 1221 866 161 713 666 570 415 380 195 121 100 0 ..7000 ') 0 5485 5137 4790 4443 3780 3380 3142 2965 2576 1966 1_93 1169 920 525 288 200 0 ?
1000 100 5800 54-00 5000 4600 4400 4100 3900 3700 3200 2aOO 1600 1400 1100 900 668 660 07000 2J 0 6500 6000 5500 5093 4800 4600 4500 4400 4000 3500 3000 2300 1600 1450 1300 1165 07000 300 7000 6300 5600 5122 5000 4800 4700 4400 .100 4000 3500 2630 2568 1914 1521 1236 07000 SJ¡) 7250 6500 5800 5500 5300 5200 5000 4414 4293 3224 2662 2438 2235 2069 1587 1083 07000 750 1500 7000 6200 5700 5600 5~57 5044 3907 3692 327i 2839 2618 2292 1937 1497 iOa6 01000 1000 7700 5802 5626 5122 5100 4~16 '170 3575 3400 3215 2653 2557 2243 1431 1009 800 07000 151)0 7900 5453 4966 4600 47'7 4392 3915 3469 3206 3016 2505 1538 1482 721 690 400

87000 2000 5966 5889 4956 4638 4349 3680 3170 3167 2878 2659 1712 1013 634 313 1 6 115
7000 3000 6286 S85 il 5138 4213 3787 3205 3028 3076 2823 2178 1088 465 262 213 171 124 07000 !l 00 0 13217 6382 5757 4604 3737 2942 2687 2a37 2075 1668 1068 600 255 234 175 '10 07000 5000 8600 7a14. 6357 4465 3603 2857 2453 2428 2298 1770 1jÕ6 608 488 388 258 150 07000 1500 9100 8400 6903 4657 4046 3169 2478 2300 220 1953 1 0 70 5 4 30 200 0

._--_..~._-~~~~..."~.~-~.
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100 00 0 1l144 4019 3694 3770 2260 1584 l1ei 9 ie 748 698 598 498 399 300 250 200 010000 50 a48ti 1l230 4000 4018 3495 2146 2545 2180 1831 1524 1200 950 700 lL 50 400 391 0100 00 1 a 0 4600 4300 4200 4100 3500 2731 2680 2636 2469 1807 1716 1659 1~90 1067 800 754 0100 00 200 'i 000 4600 4450 4400 2861 2700 2bOO 2538 2398 2100 1800 1650 1S50 1327 1280 1150 010000 300 5100 4311 4300 4197 3938 3600 3575 3299 3139 2799 2396 '989 1698 1391 "20 84_ 0100 00 500 5873 5089 4460 4000 3700 3682 3426 £956 2603 2513 2259 1649 1371 1027 735 598 010000 750 5076 4815 4465 3635 3500 3475 3265 2910 2680 2227 1897 1443 1023 680 Il 3 301 0100 00 1 DG 0 4500 ll400 4385 4035 3671 3388 3329 3150 2731 2163 1556 1164 803 600 550 iiOO 0100 00 lSJO íl859 4606 4445 3919 3652 3393 3087 2596 2114 1678 1050 678 623 500 400 300 0100 00 2000 5900 5023 4783 4070 3602 2~6i 2233 1899 1670 1346 761 390 362 275 230 166 0100 00 3000 6400 5472 5174 3650 3256 2561 2024 1837 1611 1426 866 277 223 220 209 168 010000 flOOO 1100 6120 52003659306125391626160015641182 768 700 500 iiOO 177 160 010000 iODa 6322 715') 5532 4080 3113 2586 1961 1879 1700 1545 1262 800 500 400 177 160 0i 0000 1500 8835 7655 6052 4555 3681 2B72 2262 2200 2100 1800 1554 1000 500 aoo 170 160 0
15000 0 3103 3046 2967 2930 2206 1731 1395 1145 952 798 577 461 365 300 250 199 015000 50 3116 3087 2997 2908 2501 2156 1999 1786 1663 1549 1419 795 696 500 450 404 015000 100 3200 3100 3000 2900 2400 2200 1900 1800 1700 1615 1513 1308 1173 772 578 550 015000 200 3200 3200 3000 2500 1800 1600 1500 1417 1400 1350 1300 1200 1125 663 654 650 01':000 300 3300 2728 2700 2632 2573 2300 2284 2000 1878 1600 1500 1083 795 5_8 370 379 015000 500 3300 3200 29_6 2400 2200 2124 2090 1706 1578 1434 11163 796 465 289 21' 173 015000 750 3400 3400 3004 2447 2149 2214 2041 1560 1362 1127 744 _60 312 222 200 173 015000 10') 0 3100 3000 2976 2576 2257 1693 1646 1420 1299 1037 523 311 250 225 200 173 0150 00 1500 3272 30!i9 i 855 2340 2 on 9 1666 1 41 4 1 1 93 893 748 395 283 250 225 200 173 015000 2000 3819 3595 3107 2421 2171 1816 1~39 1009 726 694 565 586 530 225 200 173 015000 3000 4llOO 3847 3573 2661 2241 ia13 1457 1176 ',S0 954 685 800 530 225 200 173 015000 llOOO 5100 4200 3154 2860 2431 2031 1491 1362 '592 ',02 1033 900 700 225 200 173 0i 5000 5000 5583 46Sa 40563694297624382100 19831800149512911000 750 110 400 200 015000 75')0 579 i 530 i 4387 4480 3773 2822 2400 2274 2100 1877 1669 1100 950 910 400 200 0

20000 0 1107 1087 1066 1045 907 791 692 607 533 _67 357 269 200 150 100 50 020000 50 1133 1101 1069 1037 922 813 762 667 6ti 2 598 544 308 264 199 170 146 020000 100 1142 1 i 06 1070 1034. 921 820 785 113 678 642 606 321 285 563 368 399 020000 200 1142 114.2 1070 1034 927 1320 785 700 640 606 571 560 496 _88 420 40ii 020000 3:)0 1177 1150 1100 1000 900 í3S0 785 713 650 57' 535 4iiO 33ii 260 184 '50 020000 500 1177 1142 1013 1097 903 a20 813 722 652 547 415 290 211 122 '00 98 0
2 JO 00 150 1213 '213 1000 963 907 69') 755 636 475 401 361 250 158 110 100 98 0
200 00 1000 1280 1268 1251 999 901 ij 75 653 634 5'0 500 350 253 16 i i 10 100 98 020000 1500 1296 1260 1100 1050 1000 998 968 682 590 564 '12 340 189 110 100 98 020000 2000 1560 1408 1200 1190 1144 1143 1141 857 747 679 595 507 189 110 '00 98 020000 3000 1882 1700 1606 1550 1450 1400 1343 1267 113' 986 833 639 189 110 '00 98 0

Al20000 llOOO 2500 2400 2300 2200 2100 2000 1800 1517 1410 1248 983 f49 189 182 178 143 0 ~20000 5010 3085 2831 2771 2561 2373 2350 2180 1927 '689 1405 940 700 268 253 250 214 020000 7500 3268 2969 2900 2800 2156 2500 2412 2164 1950 1557 1016 7 ';0 B9 325 32 i 250 0

No(l
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210 D.e. Groeneveld and e.w. Snoek

construct a standard table of CHF values for a gi ven geometry
(Doroshchuk et al., 1975). The table approach has been continued
at the CENG in Grenoble and at the University of Ottawa using a
much more extensive data base (10, OOO-tube CHF data). Thetable
was completed at the Chalk River Nuclear Laboratories. The CHF
table for an 8-mm tube is shown in Table 4. It was derived by
statistically averaging experimentally obtained CHF values within
each P, G, and X interval. At conditions where the data were
scarce or unavailble, CHF values were obtained from extrapolations
using the factors and parametric trends described in Table 5. CHF
values for a tube of D ~ 8 mm may be obtained from CHFD = CHF8
(8/D) 1/3 for 4 ~ D ~ 16 mm. Table look-up techniques are accurate
(e.g., see Fig. 9), simple to use, and can easily be given the
correct parametric and asymptotic trends. They normally do not
require extrapolations since the range of conditions covered is
sufficiently wide. They do, however, require interpolation to
evaluate CHF at nonmatrix conditions. For very low flows and
downflow, the approach suggested by Groeneveld and Rousseau (1983)
is recommended.

4.3.3 Graphioal Teohniques

A number of graphical techniques for predicting CHF have been
developed by Katto and Shah. Katto's (1978, 1979a,b) method is
based on distinguishing between various flow regimes. For. each
flow regime, graphs were presented to find the CHF as a function of
flow and fluid properties. More recently, Katto (1980) presented
correlations for each graph. Shah (1979) also presented the CHF
in graphical form using a parameter Y, which depends both on flow
and fluid properties. For low Y values, local as well as inlet
conditions were required to evaluate the CHF. These graphie
techniques are valid for a wide range of fluids. They are
considered excellent for handbook applications and for obtaining
a first estimate of the CHF value, especially for fluids for which
no CHF data are available.

4.4 Parametric Trends

4.4.1 General

The correlations presented in Table 3 aIl have limi ted ranges
of application. Extrapolations are, therefore, frequently necessary
because of a mismatch of the data base range and the range of
reactor accident conditions.

Frequently, effects such as flux distribution, subcooling, or
spacer effects have been incorporated in CHF correlations using
the parametric trends suggested in Table 5. ln addition, the
correlations are sometimes modified to satisfy the following
commonly observed asymptotic trends:

. CHF approaches pool boiling CHF at low flows¡

. CHF approaches zero for X and a approaching 1.0 i

. CHF cannot be less than zero, not even for negative flow
(downflow) i

lI J
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TABLE 5. Parame trie Trendsa

w \1
CD
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Effect CommentaCorrection factor References

Spacing device

Diameter

Flow

~..

CHF with grids

CHF wi thout grids
0.1 exp (- ~)

40Dhy
1 +

CHF wi th grids

CHFwithout grids (-~\Dhy)1 + q,

( G )0'6Dh 0.28

K - e exp
1 - a

~, ~ are spacer and flow regime constants

K pressure 10ss coefficient of spacer

Lsp = spacer pitch

CHF(D) _ (Do)1/2
CHF (D ) - D

CHF(D) _ ao
(o. g08Yl3 - 1

CHF(D = 0.008) - 1 + CHF(D = 0.008)

CHF(D) Cojn
CHF(Do) = 'D n = 0.4, if D , 10 mm

n = 0,6, if D ~ 10 mm

CHF(D)
CHF (D = 0,01) ¡(D)

D(mm)
¡(D)

CHF (G)

CHF(G ~
__, ~ _ (G ~O'68!.

.,_ p -12
1000 el'. X - 0,3

CHF(G) _ (Go\1/2
CHF(Go) - GJ

CHF(G) _ 1 + 1.06 10-4 G
CHF(Go) - 1 + 1,06 10-4 Go

Smolin and
Polyakov
(1978)

Tong
(1975)

Doroshchuk
et al.
(1975)

Doroshchuk
and Lantsman

(1970)

Biasi et al.
(1967)

Becker
(1967)

25 1

0.90

Ðoroshchuk
et aL.

(1975)

Becker
(1967)

Griffe1
and Boni11a

(1965 )

Constants 0.1 and 40 mus t be dependent on spacer geometry.

Based on experiments using PWR-type bund1es and grids.

N. B. Increases in CHF of over 200% have been observed for
short spacer pitch. Spacers a1so improve post CHF heat
transfer

Val id for 4!~ D ~ 16 mm, for àTsub ~ 750C and burnout of
the first kind (not for very high qua1i ties).
Valid for positive qua1ities on1y; ao = ¡(P).

Ranges: D

From Biasi' s correlation.

G

0.003-0.0375 m, P = 270-14,000 kPa,

100-6000 kg m-2 s-l,. 1 1 ~ X ~ 1.0
+ Pi Pg

Ranges: D

G

From Becker 1 s porrelation.

0.004-0.025 m, P = 270-10,000 kPa,

120-5400 kg m-2 s-1, X = 0-0. S

Ranges: D

Derived fram Doroschuk's correlation. Large-tube data base.

:A
~

0.004-0.016 m, P = 290-15,600 kPa,

G ~ 2000 kg m-2 s-l, àT sub ~ SOoC

Ranges: X

P

From Becker l s correlation. Large-tube data base.

0-0.6, G = 120-S400 kg m-2 s-l,

270-10,000 kPa

Tube data covered: 368 ~ G ~ 10,000 kg m-2 s-l,

3.5 ~ P ~ 10.S MPa, and negative X(O ~ àTsub ~ 6SoC).
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Table 5 (cont' d)

EUect CommentsCorrection factor References

Pressure

Adj acent
Unheated
Surface

Void and
transients
(low flow)

Void and
transients
(blowdown)

Axial flux
distribution

Flux spike

CHF (P)

CHF (Po)

= (1 - PIPaI' )0,1 CHFpB(P)

1 - PolPer CHFpB(PO)

.. . 1/2 r J 1/4
wnere CI1FpB = 0,14 hfg Pg Log(Pi - Pg)

Cif' (P)
Cif' (F 0 ) =(:)0'3234

CHF PB (p)

CHF PB (Po)

CHF(P)
CHF (Po)

CIl adj unh surf
CIl ref f(Dhe ,Dhy, x,G,P)

CHF = (1 _ a)
CHFpB

CIl
CIlW_3 (X

1/2 qs team
= 1.33(0.96 - a) + CHF 3(X0) W- 0)

CHF non-UN

CIl UN
F = f(AFD, G, X)

CIl occurs when q BLA ' CHF UN

CHF\Vi th sp ike
CIl ref

~
D )f(G,x, ~aavg

Tolubinsky
et aL. (1977)

Levi tan and
Lantsman (1977)

Condie and
Bengston (1978)

Griffith et aL.

(1977)

Tong (1972a)

Griffi th et al.
(1977)

Hsu and Beckner

(1977)

Tong (1972a)

Groeneve1d
(198la)

Groeneveld
(1975 )

From Levi tan' S correlation based on a large number of
annuli data.

Ranges: P 5000-20,000 kPa, X ~ 0.3

250-5000 kg m-2 s-lG

From RELA 4-MOD 7 correlation, Based on large-bundle
data bas¡'.

Ranges: P

G

690-15,200 kPa, X = - 0.1-1.0

100-4100 kg m-2 s-1

From Griffi th-Zuber correlation for same void
fraction. Valid for low flows on1y.

Adjacent unheated surface robs liquid that would
otherwise be avai1able for cooliug of the heated
surface

At low f10w (also during CCF) flow qua1ity becomes
meaningless: a becomes a mu'ch better parameter to
describe the vapor presence.

From Hsu-Beckner correlation. Increaaes CHF due to
transient effect. Reference CHF (CHF at X = 0, W-3
correlation) is fairly arbitrary. Recommended for
high pressure, blowdown transients.

Upstream AFD has a weak effect at highly subcoo1ed
conditions (local conditions dominate) but becomes
important at higher enthalpies.

:J
~

ln the annular flow regime, use boiling length
average heat flux instead of local heat flux.

Short flux spikes can significantly affect CaF in
the subcooled region but usually have negligible
effect io annular flow regime.
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Local entlialpy
(X ~ 0)

Local enthalpy

(X ~ 0)

Cross section
geometry

"''' ,",) "' · "T,", (" r" (CE)= 0) .. hC~(".", B 0 00'l"g fa

1S0 i

o ~050

xmax - X
= 1. 0CHF(X) = _ X

xmaxCHF (Xo) xmax 0

4 MW
Y 10w G: Xmax = 1 - GDhyFor ver

CRY (Xl

CRY(X = 0)

MW = minimum wetting rate

e-l' 5X (_Q _)-1. 2X
1000

CHF annUIU5

CRY tube (D 8in)
K/¡;D

~8

Kp

K = min(l,e-2x)
X

CHF bundle = CRY aonulus having equi valent Di . Do

equiv, Di = d (= rod diameter)

q
equi v. D = (d(d + Dhe*)Jl/2,Dhe* = n ~d ~0 aavg

~or definition and units of aIl symbols, see Nomenclature.

Ivey and Morris

(1962)

Povarnin
(see Tong, 1972a)

GroeneveId
(1981b)

Doroshchuk
et aL. (1975)

Levitan and
Lantsman
(1977)

Barnett (1968)

---- 1~

Ivey' s correction is based on1y on pool boiling
resu1 ts and agrees wi th water data at P ~ 1800 kPa.

Povarnin 1 S correction 18 based on small-diameter
tubing (2-3 "~,ml and P = 2000 = 20, )00 kPa.

Only for high-quality, Xo is highest quality where CRY is
known, MW value reported by Norman and Mclntyre (1960).

From Doroshchuk t s correlation.

Ranges: P = 2900-15,600 kPa, ~TsUb ~ SOoC,

G ~ 2000 kg m-2 s-l, D = 0,004-0.016 m,

Burnout of the first kind on1y.

Based on large number of annuli data and on tuhe CRY
correlation from Doroshchuk et al. (1975) which was
equally based on a large-tube data bank.

Barnett obtained excellent agreement using the
equivalent annulus and his annulus CRY correlation.

~
~
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. CHF reaches a maximum within the approximate pressure range
of 3-4 MPa¡ and

. CHF approaches zero when P approaches Perit.

The various parametric trends of CHF are discussed in detail
in the following sections.

4.4.2 Cross-Section Geometry

Most correlations of Table 3 are based on tube data. The
correlations of Bowring, B & W-2 and RELAP4-MOD7 were derived from
bundle data, whereas Griffi th-Zuber' s correlation is based on pool
boiling and low flow annulus data. In general, the CHF in tubes
is greater than the corresponding value (at the same cross-section
average conditions and Dhy) in bundles because

1. The subchannel with the highest enthalpy usually reaches the
boiling crisis befoxe a subchannel at cross-section average
condi tions.

2. Of the cold wall effect: a cold wall reduces liquid available
for cooling heated rods (Tong and Hewitt, 1972).

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

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

Sorne of the above effects can be partially incorporated in
subchannel codes. An excellent review of subchannel-type analyses
has been presented by Weisman and Bowring (1975). Caution must be
exercised when using subchannel codes since verification data
frequently are lacking. Subchannel CHF correlations, based on
bundle CHF data and predicted subchannel conditions, are especially

'unreliable. Their application should be limited to the narrow
range of their data base. Subchannel codes currently under
development are based on 2- or 3-fluid models (e. g., Tahir and
Carver, 1982); they are expected to be capable of predicting the
bundle CHF with a much better accuracy than their predecessors.

Tube and annuli CHF correlations may be useful in predicting
the CHF behavior of bundles, especially for well-balanced bundles
having wide rod spacings. Correction factors should then be used
to include specifie bundle characteristics. Barnett (1966, 1968)
expressed the bundle cross-section parameters in terms of an
equivalent annular geometry. Levitan and Lantsman (1977) used a
correction factor based on quality, pressure, and diameter to
convert a tube correlation into an annulus CHF correlation.

McPherson (1971) accounted for the differences in enthalpy
rise rates and hydraulic resistances of subchannels in various
bundle geometries by using a bundle enthalpy imbalance factor.

~'~',
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4.4.3 Effeet of Rod-Spaeing Deviees

A number of researchers have investigated the effect of various
types of spacing devices on CHF. Groeneveld and Yousef (1980)
presented a sumary of these studies. Although these studies do
not always agree wi th each other, the following trends may be
obs erved :

1. ln general, a significant increase in local CHF was observed
j ust downstream of the spacers. This increase decayed slowly
wi th distance downstream.

2. A minimum 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: (1) the rings will strip the liquid film off
the heated rods, thus lowering the critical power; and (2) 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 neighboring subchannels and
hence increase the critical power. Gaspari et al. (1968) used
spacers of this type and observed small effects on CHF.

3. The largest increase in critical power does not necessarily
correspond to the grid spacer producing the largest flow
blockage. This is clearly illustrated by the resul ts of
Gaspari et al. (1968, 1970). Their plate-type spacers with a
flow blockage of 50% resul ted in an 8% lower cri tical power
than their ferrule-type spacers with a flow blockage of only 10%.

4. The maximum increase in CHF due to grid spacers usually occurs
at high flows, high qualities, and short axial grid spacings.
The majority of the studies (Groeneveld and Yousef, 1970)
support this argument. Kobori' s results (1976) 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 and
Hernborg, 1964; Groeneveld and Yousef, 1980).

5. Although an increase in CHF due to rod spacing devices was
observed in most studies, detrimental effects can also be
present. Both Ginoux (1978) and Janssen et al. (1969) reported
up to 20% reduction in CHF in a 16-rod bundle due to egg crate-
type spacers. ln most studies the detrimental effect of
spacers, etc.) is usually overshadowed by the much larger
beneficial effect (due to improved mixing and phase distribution
downstream of the spacer).

6. ln the majority of experimental studies, the CHF was found to
occur preferentially just upstream of a rod spacer. Only
Ginoux (1978) reported preferential CHF occurrence just
downstream of a rod-spacing device.

Table 5 presents correction factors that have been used to
incorporate the spacer effect into existing CHF correlations.
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4.4.4 Effect of Beat Flux Distribution

Many experimenters have studied the effect of axial flux
distribution (AFD) on critical heat flux (e.g., Tong, 1967, 1972a;
Todreas and Rohsenow, 1965; Groeneveld, 1975). The common
observation in these studies was that the AFD effect is strongly
dependent on the boiling crisis mechanisms, as indica ted in Table 6.

Table 6. Axial Flux Distribution Effect on CBF and Critical Power

Qual i ty Boiling crisis
mechani sms AFD Effect

Negative
(subcooled dryout)

DNB, microlayer
evaporation

CHF occurs when heat flux
exceeds CHF for uniform
heating on CHF versus X
plot.
No effect of upstream AFD
on local CHF.

Strong effect of AFD
on cri tical power for
constant inlet
subcooling.

High quali ty Film dryout Strong effect of upstream
flux distribution on local
CHF.

Magnitude and location of
CHF difficul t to predict.

Weak effect of AFD on
critical power for constant
inlet subcooling.

Zero-low quali ty Bubble clouding In between above effects.

Four prediction techniques are currently popular in predictirîg
the CHF or burnout power for a heated section having a nonuniform
AFD:

1. Oueral L power hypothesis: This hypothesis states that the
cri tical power is a function only of inlet conditions and
geometry. This technique does not _permi t the prediction of
location or magnitude of the CHF and hence is not useful for
accident analysis.

2. Local conditions hypothesis: This hypothesis states that the
CHF is a function only of local conditions (P, G, X, CIS) and
does not consider the effect of non-uniform upstream AFD.

3. Boi ling length average heat flux hypothesis, or Xc versus aBLA
approach: This method assumes that for a given P, G, and test

¡,,
i
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section CIS there is a unique relationship between the boiling
length average heat flux and the critical quality, i.e.,
averaging the heat flux over the boiling length properly
accounts for the effect of nonuniformi ty in upstream AFD.

4. F-factor approach: This approach corrects the CHF for
nonuniform heating using the correction factor shown in Table 5.

These methods may be applied in bundle geometries using either
a mixed flow or a subchannel-type correlation.

In a bundle having an optimum radial flux distribution (RFD),
the CHF occurs simultaneously on all elements. Experiments by
Gaspari et al. (1969) and Becker et al. (1967) suggest that the
preferential location of initial dryout occurrence in a rod cluster
having a uniform RFD is near the center of the bundle. The presence
of a flux depression across the rod cluster tends to shift the
location of initial dryout outward and increases the critical power
(Gaspari et al., 1968). _ This increase in critical power is strongly
dependent on the radial form factor (qmaxlqav~) and rod spacing,
both of which affect the subchannel enthalpy imbalance. Both the
Bowring (1977) and the RELAP4-MOD7 CHF correlations contain a radial
form factor.

4.4.5 Transient Effects

Leung (1978, 1980) presented an excellent assessment of
current predictions for transient CHF. He noted that times to
dryout, measured in bundles, were predicted reasonably well with
local conditions-type correlations, especially for early CHFs (i.e.,
dryout wi thin 1 s).

For annular flow, CHF predictions based on complete
vaporization (X = 1.0) also performed reasonably well. For delayed
CHF (times to dryout greater than 2 s), correlations based on void
fractions (Griffith-Zuber) usually resulted in better predictions,
especially at low flows. This was expected since the quality at
low flow transients no longer expresses the presence of the liquid
phase, i.e., a 100% quality could refer to a continuous stream of
vapor emerging from a tube filled with stagnant water. None of the
prediction methods in the codes surveyed include a parameter
describing the speed of the transient.

Very little work has been carried out in predicting the
maximum heat flux during rewetting. This partially reflects the
confusion with respect to the choice of a rewetting model, heat
transfer coefficient, and quench temperature during rewetting. For
very slow rewetting rates, no hysteresis effect is present. Cheng
et al. (1978) found that the maximum heat flux during rewetting
appeared to be in reasonable agreement with steady-state CHF
correlations, while Bennett et al. (1967) in his steady state
experiments did not notice any significant hysteresis effect on
CHF during return to nucleate boiling.

4.4.6 Other Effec ts

The discussion in this chapter has been limi ted to the most
common parametric effects. Other effects, which may be significant,
include flow direction, surface properties, and type of heating.
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Their significance depends on the heat transfer configuration and
accident scenario. Further details on parametric effects may be
found in CHF reviews by Tong (1972), Tong and Hewitt (1972), Collier
(1980), Hewitt (1978), Hewitt and Hall-Taylor (1970), and Bergles
(1977, 1979).

4 . 5 Final Remarks

CHF measurements are usually less accurate at high G, X, and
P because of the absence of a significant temperature excursion.
At these conditions, post-dryout heat transfer is excellent, and
the consequences of exceeding CHF are insignificant.

The local conditions approach is reasonable for most CHF
conditions provided the AFDis nearly uniform. However, for L/D ~
100, especially when combined wi th two-phase inlet conditions, the
CHF can become strongly dependent on length. The length effect is
least important at highly subcooled conditions.

The CHF table approach described in this chapter may be
useful to reactor safety analysts in two ways: (1) the standard
table may be incorporated directly into the reactor safety codes,
thus replacing CHF correlations, or (2) the table may be used to
check predictions of a CHF correlation, especially when the
correlation is used outside its range of applicability.

Zuber-Griffith' s CHF correlation C= CHFpB (1 - a)J appears
reasonable forup- and downflow for mass velocities less than 300
kg m-2 s-l and a ~ 0.8. However, for a ~ 0.8 this correlation
significantly underpredicts the CHF. At these conditions the
(1 - a) correction is no longer recommended by the authors (Griffith

et al., 1977). .
Caution should be exercised when using empirical CHF

correlations even wi thin the range of their data base. For example,
the highest flow CHF data are usually obtained only at low
qualities and the lowest flow CHF data only at high qualities,
because of experimental equipment limitations. Our analysis
indicates that CHF correlations, used within their data base, can
have prediction errors between -66% and +200%.

5 TRANSITION BOILING

5. i Introduction
Transition boiling is a rather unique heat transfer mode

because here the heat flux generally decreases wi th an increase in
surface temperature. It is basically a combination of unstable
film boiling and unstable nucleate boiling alternately existing at
any given location on a heating surface.

The transition boiling section of the boiling curve is bounded
by the cri tical heat flux and the minimum heat flux (Fig. 1). The
critical heat flux has been extensively studied, but, as was shown
in the previous chapter, there are still wide ranges of conditions
where data are virtually nonexistent. The minimum heat flux has
undergone less studYi it is known to be affected by flow conditions,
fluid properties, and heated surface properties.

-
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ln pool boiling, at surface temperatures just above the boiling
crisis temperature, the heated surface is partially covered wi th
uns table vapor patches, varying wi th space and time. The formation
of such dry patches is accompanied by a drastic reduction in heat
transfer coefficient corresponding to the change from nucleate
boiling to film boilingi the corresponding reduction in local vapor
generation permits the liquid to momentarily rewet the heated
surface. Liquid contact with the heated surface is frequent at
low wall superheats but becomes less frequent at higher wall
superheats. A similar heat transfer process takes place during
low-quali ty convective transition bOiling, but here the convective
velocities improve the heat transfer coefficient bath in film and
nucleate boiling.

ln the high-quality region, most of the heat transferred during
transi tion boiling is due to convection to the vapor and to droplet-
wall interaction. Initially, at surface temperatures just in excess
of the boiling crisis temperature, a significant fraction of the
droplets deposi t on the ~eated surface, but at higher wall
superheats the vapor repulsion forces become significant and repel
most of the droplets before the y can contact the heated surface.
The repelled droplets can contribute to the heat transfer by
disturbing the boundary layer sufficiently to enhance the local
heat transfer coefficient.
5.2 Data Trends

A thorough review of the transition boiling literature was
conducted by Groeneveld and co-workers (1976, 1977) and Fung (1978).
Since then, addi tional data have been reported by Ragheb et al.
(1981) . The data suffer from serious shortcomings and cover only
narrow ranges of conditionsi they are not considered sufficiently
accurate and plentiful to serve as a basis for deriving a
correlation. Parametric trends have been deduced from the data
(Groeneveld and Fung, 1976). ln general, an increase in mass flux
increases the transition boiling heat flux, especially at higher
wall superheats because of its strong positive effects on film
boiling heat transfer. The effect of an increase in subcooling is
similar, but the effect of quali ty is less clear. The data suggest
that at low wall superheats an increase in quality will have a
negative effect on the transition boiling heat flux (similar to its
effect on CHF). At higher wall superheats, the film boiling mode
dominates, and hence the reverse is true. Figure IL illustrates
the above trends. Note also the change in slope of the transition
boiling curve from a negative value to a positive value at high
flows and quali ties. This trend is discussed in greater detail by
Groeneveld and Borodin (1980).

5. 3 Correlations
Despite the scarcity of transition boiling data, a large number

of correlations have been proposed (Table 7). They may be divided
into three groups:

1. Corre iations containing boi iing and convective components,
e.g., Ramu and Weisman (1974), Mattson et al. (1974), and Tong
(1972b) . These correlations usually have the form
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Fig. IL. Parametric trends of convective boiling curve.

k
h = A exp ( - B ß T w ) + D v a

e
Reb Pre.v v

where the first terrn on the right-hand side represents the boiling
component (which becornes insignificant at high wall superheats)
and the second terrn represents the convecti ve component. These
correlations are often claimed to be valid bath in the transition
boiling and film boiling regions.

2. Phenomenoiogieai correlations, e.g., Iloeje et al. (1974)
and Tong and Young (1974). These correlations are based on a
physical model of heat transfer in the transition boiling region.
Because of an inadequate physical understanding, they still contain
many empirical constants.

3. Empiricai correiations, e.g., Ellion (1954), Berenson
(1960), and McDonough et al. (1961). These correlations all have
a very simple forrn and generally cannat be extrapolated outside
the range of data on which they are based. Sorne of these
correlations are based on the conditions at the boiling crisis
(CHF and TCHF)'

Frequently, when comparing correlations wi th one another,
order-of-magnitude differences have been observed. Figure 12
illustrates sorne of the observed differences. More detailed
comparisons have been shawn by Groeneveld and Fung (1976).

.1 -
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106
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NSO/i
rl1::/
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G= 1 52kg m-2
p= 1 03 kPa
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105 . EXP. DATA

TSAT

Fig. 12. Comparison of transition boiling correlations with "FLECHT"
data. From Ellion (1954), Berenson (1960), Tong (1972b),
Hsu (1975), Ramu-Weisman (1974).

ing
5.4 Prediction of the Critical Beat Flux Temperature

::m

Many of the transition boiling correlations of Table 7
require a value for the CHF and the wall superheat at CHF, ßTCHF'
as a starting point. Tradi tionally, ßTCHF has been evaluated from
CHF /h, where h is eïther the nucleate boiling or forced convecti ve
evaporation heat transfer coefficient discussed in Sec. 3. A
shortcorning of using the correlations of Table 2 for predicting
ßTCHF is the assumption thatthese correlations are valid up ta the
ini tiation of transition boiling. Experimental data usually shows
a leveling off of the q versus ßT slope when the CHF point is
reached (Ragheb et al., 1981), while the correlations predict a
continuing steep slope. This is to be expected since the CHF is
usually beyond the range of the data base used for developing the
nucleate boiling correlation.

74 )

ri .
tain

Ile

At least one author (Howard, 1976; Howard 8t al., 1975) has
suggested that the CHF temperature corresponds to the sputtering
temperature during top flooding. Sputtering temperature
predictions are required for predicting the rewetting velocity
(e.g., Thompson, 1974) 1 and it would appear that the CHF temperature
represents at least a lower bound ta the sputtering temperature.
Usually, however 1 the sputtering temperature is assumed ta be equal
ta the minimum film boiling temperature (Sec. 6).
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5. 5 Discussion

When using the correlations of Table 7, i t must be kept in
mind that the correlations often do not agree wi th each other and
that their data base is questionable. A limited comparison of sorne
of the correlations wi th the data was carried out by Groeneveld and
Fung (1976) and Fung (1977). Aside from ad hoc applications, such
as using Hsu' s correlation (1975) to predict FLECHT data (Fig. 12),
none of the current correlations can be fully recommended. The
most reasonable prediction was obtained by connecting the
experimentally determined CHF and minimum film boiling points by a
straight line on a log-log plot of q versus ôT~

aTB

amin = ~~:si
h g ln(ôTmin/ÔT~)w ere ni ln (ÔTmin/ÔTCHF)

or

ôT
~

Ô T min

= ~ÔT CHFJ n2

ôT .min

g ln (qTB/amin)
where n2 ln (CHF/qmin)

If exper imental values or predictions for amin (ta be obtained
from hFB ôTmin)' ôTCHF' and ôTmin are questionable or unavailable,
the following correlation is tentatively suggested

aTB = max (aFB, CHF (:~ ~HF JJ

where ôTCHF is obtained from ôTCHF = CHF /hCHEN (Chen, 1963) and aFB
is obtained from an appropriate film boiling model or correlation
(Sec. 7).

5. 6 Fina1 Remarks

Few experimental studies on forced convective transition
boiling have been done. The available studies suffer from serious
shortcomings and cover only narrow ranges of conditions. They are
not considered sufficiently accurate and plentiful to serve as a
basis for deriving a correlation.

Present transition boiling correlations are valid only for the
narrow range of conditions of the data on which they are based. A
transition boiling correlation having a wider range of applications
was suggested in the preceding section. It provides adequate
predictions if CHF and ôTCHF or qmin and ôTmin can be predicted with
confidence. The present state of the art permits a reasonable
prediction of CHFi predictions of ôTCHF' amin' and ôTCHF are stiii
subj ect to a large degree of uncertainty.

The physical mechanisms governing forced convective transition
boiling are poorly understood. This hinders the development of an
analytical heat transfer model.

...."'....
-
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6 MINIMUM FILM BOILING

6. 1 Introduction
The minimum film boiling temperature separates the high-

temperature region, where inefficient film boiling or vapor
cooling takes place, from the lower-temperature region, where the
much more efficient transition boiling occurs. It thus provides a
limit to the application of transition boiling and film boiling
correlations. Knowledge of the minimum film boiling temperature
is particularly important in reactor safety assessments.

ln the literature a large numer of terms have been used to
describe the phenomenon at the boundary between transition boiling
and film boiling, e.g., sputtering, DFFB (departure from film
boiling), rewetting, film boiling collapse, Leidenfrost point,
minimum film boiling. Frequently it is assumed that the temperature
at the minimum of the boiling curve is equal to the minimum film
boiling temperature (e.gL, Nelson, 1980). It was shown in Fig. Il
that the boiling curve does not necessarily have a minimum, but it
does always have a minimum film boiling temperature, Tmin' It is
the latter that has a physical meaning and that is discussed in this
chapter. We distinguish between six different types of film
boiling terminations, which are shawn schematically in Fig. 13 and
discussed in Sec. 6. 2.

The following two mechanisms for the minimum film boiling have
been proposed and have been used ta develop theoretical equations:

1. Hydrodynamie Mechanism. The separation of the liquid-vapor
interface from the wall can be maintained only as long as the
vapor generation rate exceeds the vapor removal rate (by trains
of bubbles leaving from the tips of standing waves in the case
of pool film boiling ¡Taylor' s instabili ty) .

2. Thermodynamic Mechanism. Here i t is assumed that liquid can
never exist beyond a "maximum liquid temperature, Il which
depends only on the liquid properties and hence is a unique
function of pressure. Thus, a heated surface whose temperature
is beyond the maximum liquid temperature cannot support liquid
contact.

The above mechanisms do not include forced convective effects
(flow rate, flow geometry, quality, or liquid subcooling), which

may affect Tmin. Heated surface properties may al sa affect Tmin'

6.2 Minimum Film Boiling Types

The minimum film boiling phenomenon is usually encountered in
one of the following fluid-wall configurations (Fig. 13):

. Type i: Co i iapse of Vapor Fi lm. In this type, liquid
contact wi th the heated surface is established as a result
of a spontaneous collapse of a vapor film following a
reduction in surface temperature. The preceding flow regime
is the inverted-annular flow regime. This heat transfer
configuration has been studied by Cheng et al. (1981),
Groeneveld and Stewart (1982), and Stewart (1981).
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Fig. 13. Film boiling termination types.

. Type Ii: Top Fiooding. ln top flooding, liquid contact
with the heated surface is established by means of an
axially propagating liquid film. Axial conduction is
usually the main mechanism of reducing the surface
temperatures just ahead of the quench front. Precooling
effects can become important just ahead of the quench front
at higher vapor flow rates. Direct measurement of Tmin is
difficult since the temperature drops rapidly near the
quench front. Bennett et al. (1966), Butterworth and Owen
(1975), and others have reported a linear relationship between
the inverse rewetting front veloci ty and the wall superheat
downstream of the quench front. Eventually, after lowering
the surface temperature, the rewetting velocity becomes

~ j
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equal to the liquid front velocity and independent of the
surface temperature, i.e., the propagation of the quench
front is no longer impeded by a high dry-side temperature.
The temperature at which the rewetting velocity first
becomes independent of the dry-side surface temperature is
usually referred to as the sputtering temperature, and is
thought ta correspond ta the triple interface (liquid-vapor-
wall) temperature.

. Type III: Bottom Fiooding. Prior ta rewetting, the heated
surface is precooled by film boiling (inverted annular,
dispersed, or slug flow). Near the quench front, axial
conduction becomes effective. Rewetting is due to an
axially propagating rewetting front. Compared with top
flooding, the precooling effect is usually much more
significant for bottom flooding, except for low flow rates
and high subcoolings, where the quench front velocity may
be equal to the liquid level velocity. Thompson (1973)
suggested that the £puttering temperature for bottom flooding
is the same as in top flooding, while Howard and co-workers
(1975, 1976) believe the bottom flooding sputtering
temperature ta be higher.

. Type IV: Rewetting FoiZowing Dispersed Dropiet CooZing.
The heated surface is precooled by a spray of droplets,
which eventually may lead to the droplets rewetting the
surface. A review of droplet-wall interaction for this
configuration has been made by Groeneveld and McPherson
(1973) i it suggests the existence of a Tmin at which the
heat transfer efficiency changes drastically. Note that
this type of minimum film boiling is characterized by the
absence of a propagating rewetting fronti thus, it is similar
to the type L film boiling, except for the liquid phase
being dispersed in the vapor instead of being continuous.

. Type V: Rewetting of a HorizontaZ Surface by Leidenfrost
Coo Zing. Prior ta rewetting, the heated surface is cooled
by stationary discrete droplets separated from the heated
surface by a vapor blanket. A reduction in the heated
surface will eventually lead to an insufficient vapor
generation rate ta maintain droplet-wall separation. The
temperature corresponding to the first contact of the
droplets with the wall is usually referred ta as the
Leidenfrost temperature. This type of film boiling
termination has been extensively studied (e.g., Bell, 1967i
Snoek, 1972i Henry, 1974), and several correlations for
this configuration are presented in Table 8.

it

. Type VI: Coiiapse of Vapor Fiim on a HorizontaZ Surface
During Poo i Boi ling. This heat transfer configuration is
similar to that of type V, exèept for the liquid phase being
continuous rather than dispersed. Pool film boiling is
terminated due to the vapor generation rate becoming smaller
than the vapor removal rate. The corresponding temperature
and heat flux may be predicted theoretically from Taylor' s
instability theory (Berenson, 1961; Table 8).

l
:ween
lt
19 There appears ta exist sorne confusion regarding the term

quench temperature in the presence of a propagating rewetting front.
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ln accordance with previous papers (e.g., Lee et al., 1978; Yamanouchi,
1968), we find it more prudent to use the term apparent quench
temperature for the upstream surface temperature, below which axial
conduction becomes effective in reducing the dry-side wall
temperature. This temperature, TQ, for which several correlations
have been developed (e. g., Kim and Lee, 1979 i Dhir et al., 1981),
is higher than the minimum film boiling temperature or sputtering
temperature but can easily be determined from temperature-time
charts. Since TQ depends strongly on the upstream and downstream
temperature distribution as weIl as the prior surface temperature,
it cannot be used to predict the minimum film boiling temperature
Tmin'

6 . 3 Prediction Methods

An extensive review of the literature on minimum film boiling
resulted in the selection of the correlations of Table 8 for
possible use in reactor safety analysis. The correlations may be
di vided into the following groups:

. Equations bas ed on the Taylor-He imho i tz hydrodynamic
instability theory. Berenson (1961) combined his
theoretically deri ved equation for hFB wi th a theoretical
equation for qmin to obtain an expression for Tmin. This
expression is applicable only ta a type VI film boiling
termination. Berenson' s equation in its original form
depends only on fluid properties; i t was modified by Henry
(1974) ta includethe surface properties for a nonisothermal
surf ace .

. Equations based on the maximum iiquid superheat concept.
These correlations are based on the theory that the surface
cannot support any liquid contact when its temperature is
higher than the maximum liquid temperature. This
temperature can be predicted from an equation of state or
the heterogeneous nucleation theory, as was done by Spiegler
et al. (1963) and Nishio and Hirata (1978). The
correlations by Bjornard and Griffith (1977), Kalinin et al.
(1969), .and Baumeister and Simon (1973) are of the same
type but include corrections for nonisothermal surfaces.

. Empirica i corre iations for minimum flow fi lm boi iing. These
correlations are based directly on minimum flow film boiling
data. Experimental data are unfortunately very scarce and
different, depending on whether they are obtained during
spontaneous film boiling collapse (types L and iV) or during
a propagating rewetting front (types II and III). Groeneveld
and Stewart (1982) proposed a minimum film boiling
correlation based on quench types 1 and IV, while
the correlations of Kim and Lee (1979) and Plummer et al.
(1973) are based on the apparent quench tempera t ure .

The theoretically derived equations for Tmin' such as
Berenson's (1960, 1961) and Spiegler et al. 's (1963), are based on
the assumption that the heated surface is isothermal. During the
rewetting process, large temperature gradients are present. If
liquid-wall contacts are intermittent (e.g., at the initiation of
transition boiling during cooling down of a surface), they will be
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of very short duration. These contacts are usually not immediately
noticeable at the thermocouple junction, which is normally embedded
in the heated surface and hence measures an average temperature.
The difference between the thermocouple junction temperature and
the true liquid-wall temperature can be significant and has been
analyzed by Henry (1974), Baumeister and Simon (1973), and others.
It depends on the ratio (kpCp)i/(kpCp)w and can only be ignored for
high conducting surfaces such as copper and aluminium. The
temperature difference becomes particularly significant for surfaces
covered with an oxide layer and appears ta be independent of the
oxide layer thickness.

6. 4 Correlation Assessments

6.4.1 Data Trends

True minimum film boiling temperatures during simulated
reactor accident conditions are very difficult to measure because
of the very large temperature gradients over the short (~1 0 mm)
quench front region. The recently developed hot-patch technique,
however, permits the measurement of minimum flow film boiling
temperatures over a wide range of steady-state conditions.

Experimental data have been obtained for all heat transfer
configurations in Fig. 13. These data display sorne contradictions;
nevertheless, the following trends can be identified:

. Fiowrate. Plummer et al. 's (1973) results indicate an
increasing TQ with an increase in G, as do the results of
Kim and Lee (1979) and Dhir et al. (1981). They all
measured the apparent quench temperature (type II or III) i
however, their observation does not necessarily apply to
Tmin. No significant flow effect on Tmin was observed by
Bennett et al. (1966) (type II), Groeneveld and stewart
(1982) (type L and iV), Lauer and Hufschmidt (1976) (type
III), or Laperri~re (1983) (types L and iV).

. Pressure. Our literature survey has shown that the quench
time always decreases wi th pressure i this is ta be expected
as the Tmin normally increases with P (and Tsat), as does
the precooling heat transfer coefficient. When considering
the ôTmin for types l and iv (Groeneveld and Stewart, 1982)
or the sputtering superheat (type II) (Shires et al., 1964i
Bennett et al., 1966) for the range 0.1 to 9 MPa, a maximum
can be observed at approximately 4 MPa.

. Qua i i ty. The effect of this parameter is not well
understood. The quality covered by Groeneveld and Stewart
(1982) extended only up to 13% and showed no significant
trend. Recent experiments by Laperrière (1983) covered a
quali ty range of 0%-40% and again showed no effect. Bennett
et al.'s (1966) and Shires et al.'s (1964) top flooding
experiments covered only high void fractions. Their results
are slightly (0-30%) below Groeneveld' s. Plummer et al.
(1973) obtained a very limited amount of datai he showed an
increase in apparent quench temperature with a decrease in
quali ty.

~ J
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.ly
,ed

. Subcoo iing. All experimental studies have shawn a Pmin or a
P Q increase wi th an increase in subcooling. Groeneveld and
Stewart (1982) has shown that this increase is strongest for
atmospheric pressure. Figure 16 displays the subcooling
effect by showing Groeneveld and Stewart' s (1982) correlation
(based on a type L quench) and the data of Bradfield (1967)
(type VI quench) and Lauer and Hufschmidt (1976) (type III
quench) .

, .

'or

Lces . Sur lac e properties. All experimental studies have shown
that PQ or Pmin increase with a decrease in kpCp of the
wall. Significant increases (500-1000C) in Pmin and PQ were
also observed when the surface became oxidized (i. e., Dhir
et al., 1981i Baumeister and Simon, 1973). The effect of a
change in kpCQ has been theoretically derived (Henry, 1974i
Baumeister ana Simon, 1973) and is included in several of
the correlations of Table 8. ln the flow film boiling
collapse studies (types L and IV), only one surface material
was used, and hen~e no surface property term was included in
the empirical correlation (Groeneveld and Stewart, 1982).

~

6.4.2 Comparison with Data

lSi

Current reactor safety codes recommend a single correlation
for Pmin covering aIl conditions. Figures 14 and 15 illustrate
that most correlations do not predict data for different film
boiling terminations adequately. The pressure was chas en as the
independent variable since this effect was known to vary
significantly for most correlations. Figure 14 also shows type II
data (Bennett et al., 1966i Shires et al., 1964), while Fig. 15 is
based on type VI data and shows a significant surface property

i

t

600
7

1

500

400
ii

c:

~ 300

i 200

100

0

0

3_

h
ed

ng
2 )
4 i
um

5 10 15 20

_ P (MPo)

.ett

.lts
Fig. 14. Effect of pressure on measured and predicted Pmin for a

Z ircaloy surface. Numbers on curves refer ta the first
eight equations of Table 8. Only Eq. (8) (Plummer et al.,
1973) has a mass flux and quality dependence and was
evaluated at X = 0.2 and G = 100 kg m-2 s-l. AIl other
equations were evaluated at saturated conditions.
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.n



~,

236 D.C. Groeneveld and C.W. Snoek

ü 300
o

400 . GOLD-PLATEO S.S.
t. PURE 55
o GOLD-PLATEO Cu

c o 0 0
o 0

0

T 5AT

100

0 0.2 0.4 0.6 0.8 1.0 1.2

- P (MPo)

Fig. 15. Comparison of predicted and measured Tmin for type VI
quench. From Yao and Henry (1978) and Berenson (1961).
Reprinted -.i th permission.

effect. A comparison of Groeneveld and Stewart's (1982) type L
and iv data and the predictions of the correlation showed a
significant overprediction of these high-pressure data by Berenson 1 ~
(1961) and Henry's (1974) equations. This was expected since
these equations are recommended only for low (near-atmospheric)
pressures. The pressure trend of Plumer et al.' s (1973)
correlation is the same as that of Berenson' s equation since
obtained apparent quench temperature data only at P = 7 MPa.
large difference between Plummer' s data and those of Bennett
Groeneveld is thought to be due ta TQ being much higher than
Spiegler' s equation underpredicts the bulk of the data. The
agreement between Groeneveld 1 s and Bennett' s data sets (and hence
between the empirical correlations 1 and 2) is surprising
considering their very different geometries and flow conditions.
It suggests that the sputtering tempe rature (rather than PQ)
properly represents film boiling termination and hence Pmin and
that the effects of flow geometry, flow rate, and quality are not
very significant, at least for the range of data.

Plumei
The

and
Pmin.

Figure 16 shows the effect of subcooling on Pmin. Agreement
between Groeneveld' s correlation (based on the data of Stewart
(1981) and Fung (1981)J and Bradfield's (1967) and Lauer's (1978)
data is fortuitous. It suggests a wider applicability than
originally visualized provided the surfaces have kp Cr values
within the 30-70 kJ2 m-4 K-2 s-l rangè (Le., excluding such
surfaces as glass, gold, copper, and heavily oxidized surfaces).

6.4.3 Discussion

Because of the very different types of film boiling
terminations and the scarcity of reliable data, not much confidence
can be put into any correlation. Despite these qualifying remarks,
the Groeneveld-Stewart (1982) Pmin correlation currently appears
ta be the most appropriate correlation for types I-IV film boiling
terminations. This observation is based on the approximate
agreement of this correlation wi th the data of Stewart (1981),
Fung (1981), Shires et aL. (1964), Bennett et aL. (1965),
Laperrière (1983), Bradfield (1967), and Lauer (1976) and on the

il -
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800 P=IOO kPa

GROENEVElD (1982)

600

o lAUER (1976) 55 cylinder
o lAUER (1976) 55 sphere
t: 8RADAELD (1967) chrome

plated copper sphere

°0 20 80 100

Fig. 16. Effect of subcooling on Tmin' From Groeneveld and
Stewart (1982).

correct asymptotic trend of pressure and subcooling. Al though in
these experiments thin oxide layers were present, no large
correction in Tmin due to oxide layers was needed, and consequently
surface property corrections, such as those suggested by Henry and
Kalinin, are thought to be of secondary importance for engineering
surfaces (i.e., Inconel, steel, Zircaloy).

For types V and VI film boiling terminations, the surface
candi tion has been found ta play a significant role. Here the Tmin
corre la tions of Henry (1974) and Baumeister and Simon (1973) are
recommended for low pressures. For higher pressures where the
minimum film boiling is no longer hydrodynamically controlled,
Henry 1 s correlation no longer applies. The Groeneveld-Stewart
(1982) correlation is recommended at these conditions.

6.5 Final Remarks

Strong effects of surface oxide layers on the minimum film
boiling temperature have been observed for pool boiling conditions.
This effect can be predicted using the surface property correction
factor suggested by Henry.

Measurements of the minimum film boiling temperature during
subcooled flow film boiling have shown a strong dependence of Tmin
on the local subcooling. This effect is usually absent in
correlations for Trnin'

Correlations have been proposed for the quench temperature
during flooding conditions. This quench temperature, however,
usually corresponds ta a temperature significantly higher than the
minimum film boiling temperature and is strongly affected by axial
conduction in the heated surface.

The wall-vapor heat flux at the minimum could be strongly
affected by the preceding heat transfer mode. ln the case of a
surface heating up after passing through the higher turbulent
transi tion boiling regime, the vapor temperature is likely to be
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near saturation. However, during a cooling down of an initially
very hot surface, high vapor superheats may be present. Assuming
that hw-v and Tmin are identical during heating and cooling, one
may write

amin, heat up = hw-v (Tmin - T sat) ~ amin, cool down

= hn_v (T T )w min - v
This inequality cautions against calculation procedures based on
the minimum hea t flux.

7 FILM BOILING

7.1 Introduction

During film boiling, the heated surface is cooled by
radiation, by forced convection to the vapor, and by interaction of
the liquid and the heated surface. The vapor can become highly
superheatedi its temperature is controlled bath by wall-vapor and
vapor-liquid heat exchange. The liquid is thought to be in the
form of a dispersed spray of drap lets usually encountered at void
f~actions in excess of 80% (liquid-deficient flow regime) i a
continuous liquid core (surrounded by a vapor annulus that may
con tain entrained droplets) usuallyencountered at void fractions
below 30% (inverted annular flow regime) i and a transition between
the above two cases, usually in the form of slug flow.

Of the above post-dryout regimes, the liquid deficient regime
is most commonly encountered and has been well studied. Its post-
dryout temperature is moderate while for the latter two flow
regimes, excessive surface temperatures are frequently encountered.

7 . 2 Prediction Methods

7.2.1 Pos t-Dryout Mode is

The first semitheoretical models for the liquid deficient
regime were developed by the United Kingdom Atomic Energy Authority
(Bennett et al., 1967) and the Massachusetts Insti tute of
Technology (Laverty and Rohsenow, 1967). ln these models all
parameters were initially evaluated at the dryout location. It was
assumed that heat transfer takes place in two steps: from the
heated surface to the vapor and from the vapor ta the droplets.
The models evaluated the axial gradients in droplet diameter,
vapor, and droplet veloci ty, and pressure, from the conservation
equations. Using a heat balance, the vapor superheat was then
evaluated. The wall temperature was finally found from the vapor
temperature using a superheated steam heat transfer correlation.
Bailey (1972), Groeneveld (1972), and Plummer et al. (1976) have
suggested improvements ta the original model by including droplet-
wall interaction, by permitting a gradual change in average droplet
diameter due to the breakup of droplets, and by including vapor
flashing for large pressure gradients. Addi tional expressions for
the vapor generation rate have more recently been suggested by
Saha (1980) and Jones and Zuber (1977).

-- -
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:J

Recently, models have also been developed for the inverted
annular flow regime (Fung, 1981) i Kaufman, 1976i Elias and Chambré,
1981 i Chan and Yadigaroglu, 1980). They are basically unequal
velocity, unequal temperature (UVUT) models that can account for
nonequilibrium in both the liquid and the vapor phases.

Table 9 sumarizes the salient features of the post-dryout
models. Most of the models are based on empirical relationships
to predict inter facial heat and momentum transfer. Advanced
thermohydraulic codes employ similar models to simulate the post-
CHF region. As with the models described above, their universal
use is limited because of unresolved uncertainties in interfacial
heat transfer, interfacial friction, and liquid-wall interactions.

7.2.2 Post-Dryout Corre iations

of

Empirical post-dryout correlations may be subdivided as
follows: thermal equilibrium correlations, empirical correlations,
phenomenological correlations, pool film boiling correlations, and
miscellaneous. Discussions of each follow.

d Thermal Equilibrium Correlations

d Thermal equilibrium correlations are correlations that assume
the liquid is in thermal equilibrium with the vapor and that the
heated surface is cooled by forced convection to the vapor only.
These correlations are basically forced convective correlations
where the vapor veloci ty is evaluated by assuming ei ther
homogeneous flow (Dougall and Rohsenow, 1963) or by using a
suitable slip ratio correlation (e.g., Quinn, 1966).

.s
en

.me
~t- Thermal equilibrium correlations usually have the form

'ed.

Nu = av
(pV~:De r

(Prv ) C

where

~ity u = G X = £ (x + ~ S (1 - X)lv Pv~ Pv . Pi J
was This type of correlation assumes that the liquid and the

vapor are in equilibrium, i.e., X = Xe' This assumption does not
agree with experiments (Mueller, 1967; ciément et al., 1979;
Polomik, 1967; Nijhawan et al., 1980) except at high mass flows
and high void fractions where the liquid-vapor heat ex change is
very efficient and near the dryout location where the vapor" has
had insufficient time to become superheated.)r

: This type of correlation is useful since it predicts a lower
bound for the post-dryout temperature and is also applicable ta
superheated steam cooling.

:t-
Üet
Eor Empirical Correlations

Empirical correlations are listed in Tables 10 and Il for
the liquid-deficient regime and the inverted annular flow regime.
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Pos t-Dryou t Mode ls: Assump tionsa

Ref erence/Flow negime

Laverty and Rohsenow (1967)

Liquid dispersed

Bennett et al. (1967)

Liquid dispersed

Groeneveld
(1973)

Liquid dispersed

Plummer et aL. (1976)

Liqu id dispersed

Saba (1980)

Liquid dispersed

Ki correlation

Saha (1980)

Liquid dispersed

ó correlat ion

Jones and Zuber (1977)

Liquid dispersed

Fung (1981)

Inverted annular

Kaufman (1976)

ln ver ted annular

Elias and Chambré (1981)

Inverted annular

Chan and Yadigaroglu (1980)

Inverted annular

Nu
V

Wall-Vapor Hest Transfer

0.023 ReO.8 PrO.4V,hom V

( )084
Nu f = 0.0133 oUD .V, P v,f p 0.33rv,f

NuV

(0 U D)0.8

0.023 ~
Pv

1/3 (Pv)0.14l (D )0.7J
Pr V P L + O. 3 i + D /100

W

Taken from Groeneveld (1973)

Taken from Bennett et al. (1967)

Taken from Bennett et al. (1967)

Nu
V
= 0.023 (GD

Pv
Pi-°.4

V

~t8

TV

T + Tù) sat
2

hw _ £D 0.8 ° 4 = GDX a
~ = 0.023 Refilm Prv' , RefilmV ~

_ kv
for Refllm ~ 100: hw _ £ - 6

u aT = -L QV ax 0 Cp V ay2
aH _
aY - ° (assumed)

conduction Bcross vapor fi lm only

kv
a = 6 (Tw - Ts) + arad

ó = laminar vapor film thickness
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TABLE 9 (Cont 1 d)

Vapor-Liquid Heat Transfer
Commenta, Additional Equations

hv - d 0.37 Reâ.6

hv - d

2k
Vd( t l~J05 ~ R 31 + 0.276 Red kg(~ _a l)N

Taken fram Bennett et ai. (1967)

See original paper

ra = K1(kv(1 - a)(Tv - T,at)/D2 HfgJ

where K = 6300 (1 _ L)2 GX a (.J)!1 POl' CI Pv"

= (~)1/3d/ddo 1 - Xdo

dd 1 P j2 d 1-0.675.- = 1 47 ~!!D' !
(Pi - Pv))

ra = re Il sr (X e - X)

NUd = 2 + O. 74 Re~ pr~/3

dT
ai-i = P~ CPi (E; + ci) dr' ' flux to heat

subcooled L iquid core

fa from hea t balance

ai_~: from NUi = 0.023 Re~:: pr~.4

Re~,e (Uv - U~)P~ P~ (D - 2O)Pf

aIJ - ai_i (D ~ 20) = aevaporation

Assumes interface temperature below saturation

ln entrance region, hence no vapor generation

ai_~ = h(Tsat - Ti) C

h from Dittus-Boel ter equation

C = enhancement factor; 1.5 - 2.0

CD 0.5, dinitial 0.1 - 1 mm

dP
ddo = 0.3 mm, no droplet hreakup, dz = 0, aw_d

at dryout point, Uv - Ud = free fal1 ve10city

°

Wec (p 9.)0.205 (GD)0.16 ~ L 2D J
6.5, Sdo = Pg ~9. ' aw-d = 6 (1 - ci)(T", - Ts)expiZ - Zdo :

where 6 = .025 mm

7.5, (Uv - Ui)dO = 1+ - :~) + 4:vX~;gU~oil (:~7:e;D:~JWec

w-d taken from Groeneveld (1973)

aw_d = ° for 6T , 222°C

j g ,do from drift flux model

Il =.: (nn)2/3 k,PHfg Nu (18r' 2 6 CPvaXa d

n = droplet concentration

1/3
ci) ,aw_d °

aw_d = 0; E; = 0.08 U (i 6T)

6T ; turbulent vapor film th1ckness

At a = 0.4 the flow regime becomes dispersed

(Uv - U i) evaluated fram momentum balance

D(l - .;)ó = vapor film thicknes5 = 2

Requires value of constant vapor film thickne8s Qver entrance raglan

It i8 Rssumed that 20% of the vapor generated will become entrained ln the
liquid core
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They generally predict a heat transfer coefficient that is based on
the temperature difference between wall and saturation. They are
simple to use but have a limi ted range of validi ty and should not
be extrapolated outside their recommended range. If extrapolation
is unavoidable, one should check that the predicted temperatures
fall between the upper and lower boundaries for the post-dryout
temperatures, as discussed elsewhere in this chapter.

Because of the scarcity of water data at low flows, low
qualities, and subcooled conditions, sorne of the correlations
proposed in Table II are based on cryogenic or refrigerant film
boiling data.
Phenomenological Correlations

These predictive methods are based on the physical mechanisms
governing this type of heat transfer and use hw-v based on the
vapor temperature. For the liquid-deficient regime,
phenomenological correlations usually predict the degree of
thermal nonequilibrIum. Values for the actual vapor temperature
Tva' or actual quality Xa, can be generated from existing post-
dryout data, provided the assumption of forced convective cooling
only (i. e., no droplet-wall interaction) of the heated wall in the
post-dryout region is correct. This approach has been used by Tong
and Young (1974), Plumer et al. (1976), Groeneveld-Delorme (1976a)
Chen et aL. (1979), and Shah (1980).

Table 12 presents a sumary of recent nonequilibrium
correlations. ln general, these correlations are a significant
improvement over the empirical post-CHF correlations. They can be
given the correct asymptotic trends to let them smoothly converge
with the single-phase superheated-steam cooling correlations.
Several of the nonequilibrium correlations are questionable, e. g. ,
Plummer et al.' s (1976) assumption that the nonequilibrium in
quality, Xa-Xdo, is directly proportional to Xe-Xao or length in a
uniformly heated test section and Tong and Young' s (1974) incorrect
use of Bennett et al.'s (1967) data at low superheat and its
narrow data base range (P = 7 MPa only).

Attempts have also been made to develop phenomenological
correlations for the inverted annular regime (Dougall and Rohsenow,
1963 i Kalinin, 1969, 1970) and the slug flow film boiling regime
(Chi, 1967 i Kalinin et al., 1970). Due to a limi ted data base,
they have not yet been verified.
Pool Film Boiling Correlations

Pool film boiling correlations are applicable in pool bOiling
and low mass velocities. They are summarized in Table IL. Most
of these correlations basically have the form

f'gk P (p -p )H'~'l
h = A ; v i v fg ~ f (U À) + hc ~ AT ' rad_ v s

which was originally derived by Bromley (1950) from Nusselt's
classical analysis of filmwise condensation. The latent heat Hjg
is usually modified ta include the vapor superheat, while the
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velocity effect is included theoretically or empirically through
!(U,À) where À is either equal ta the diameter, the critical
wavelength, or the most unstable wavelength.

Miscellaneous

More recently, Shah (1980) proposed a graphical technique for
predicting the actual quality Xa, which is combined with an
equation for droplet cooling. This technique is reported to be
valid for a number of fluids and is fairly simple ta use.

ln addition to the above prediction methods,. one can also
assume that in the liquid deficient regime no evaporation will take
place, i.e., the wall heat flux is used only for superheating of
the vapor and Xa remains constant. Here the predicted wall
temperature is very high since the vapor becomes progressively more
superheated. This prediction is pessimistic except at lower flows
(Bennett et al., 1967). It is, however, useful as an upper
boundary for the heated surface temperature.

7.3 Comparison wi th Exerimental Data

7.3.1 Avaiiabie Data

ln reviewing the available post-CHF data, Groeneveld (1977)
showed that film boiling data were virtually nonexistent at low
flows, low pressures, and low qualities. This is not surprising
since surface temperatures at these conditions are usually
excessive. This gap in the data is gradually being filled with
data obtained at the Chalk River Nuclear Laboratories (Fung et al.,
1979; Stewart, 1981) and Lehigh University (Nijhawan et al., 1980)
using the hot-patch technique developed at Chalk River (Groeneveld
and Gardiner, 1978). Fung (1978) and Groeneve ld and Gardiner
(1977) have sumarized the available post-dryout sourceSi Fig. 17
presents an overview of the ranges covered by film boiling data
obtained in tubes.

The experimental data from various sources were examined and
compared. Although occasionally the data are inconsistent, the
general trends are those shown in Table 13 and Fig. 11. These
trends are in agreement with our current understanding of the
physical mechanisms.

7.3.2 Comparison with Tube Data

Inverted Annular Flow Regime and Pool Film Boiling

The pool film boiling case has been well researched, and one
can predict the heat transfer coefficient with reasonable accuracy
using Bromley's (1950) or Berenson's (1961) equations, provided the
liquid is near the saturation temperature. For subcooled water,
an increase in the film boiling heat transfer coefficient of
approximately 2. 5%/oC has been observed.

No satisfactory correlation is currently available for
subcooled or low-quali ty convective film boiling of water. A
comparison of subcooled flow film boiling data wi th several
correlations was made by Stewart (1981). For low flows and Xe = 0,
Berenson's (1961) correlation approximatèly agrees with

-, ~
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Trends 0 i Pos t-CBF Data

Parametric Trend Corresponding Physical Mechanism

Increase in wall heat
flux increases h.

Increase in G improves
h (except at subcooled
condi tions where
conduction dominates).

Increase in P improves
hi near the cri tical
pressure the
nonequilibrium
disappears.

Nonequilibrium
gradually disappears
for Xe? 1.0.

Increase in h wi th
increase in local
subcooling (Xe ~ 0)
(inverted annular flow
regime) .

Increase in h for
increase in quali ty
( G ? 1 0 0 0 kg m- 2 s - 1) .

Decrease in h for an
increase in quality at
low G values
CG ~ 250 kg m-2 s-1).

Higher wall heat flux means a higher heat
flux from the vapor ta the droplets or
liquid core. Since the vapor- liquid heat
transfer coefficient remains constant, the
vapor superheat must become larger.

Higher G will result in greater slip
veloci ties . This will resul t in (1) an
increased ventilation factor and thus an
improved heat transfer coefficient between
vapor and droplets i (2) more drap let
breakup, hence more interfacial areai and,
most important of all, (3) an increased
vapor veloci ty that improves h between
wall and vapor. The first two also reduce
the vapor superheat required ta transfer
the same amount of heat ta the droplets.

Heat transfer properties of the vapor
improve wi th an increase in P. Also a
decreases with P resulting in smaller
droplets and more interfacial area which
reduces vapor superheat. Near the
critical point a and Big bath approach
zero and the flow becomes homogeneous.

For Xe?? 1.0, the vapor temperature is
much greater than Tsat and the thermal
driving force for vapor-droplet heat
transfer will increase until all liquid is
evapor a ted.

Vapor blanket thickness depends on
subcooling of the liquid. High
subcoolings result in very thin vapor
blankets and very efficient heat transfer
by conduction across the vapor blanket.

A higher quali ty increases the vapor
velocity at a given mass flow and hence
increases the wall-vapor heat transfer
coefficient. This will result in an
increase in h since the vapor superheat is
expected to be small at high mass flows.

At low G values, most of the wall heat
flux is used to superheat the vapor in the
dispersed flow region. This will result
in a continually increasing vapor
superheat with X and can offset the
previously discussed posi ti ve effect of
X on h.

~ ~ ....."~_..,-"~"~"-"-_.,"---~--,-"_." -~.--, _.~~. - -
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at

stewart' s data. For subcooled conditions, however, a factor
sirnilar ta that observed in pool film boiling is required, i.e.,
hsubc = hx=O (1 + 0.025 ~Tsub)' Fung (1981) reported that his
model for inverted annular flow was in reasonable agreement wi th
stewart and Groeneveld' s (1982) high-pressure data and Fung et
al.'s (1981,1979) atmospheric pressure data. It should be noted
that the comparison was very limi ted and that the model' s
predictions are based partially on empirically deri ved constants.at

the Liquid Deficient Regime

n
een

During the past 15 years, much progress has been made in
understanding the physical mechanisms governing liquid-deficient
heat transfer. post-dryout models such as those by Bennett et al.
(1967), Groeneveld (1973), and Plummer et al. (1976) have been
reasonably successful in predicting the post-dryout temperature
distribution. These models, however, require accurate values of
the dryout quali ty i they are generally considered useful especially
for predictions outside _the data base (provided the assumed
physical mechanisms are still valid).

nd,

uce
r Of the prediction methods discussed in the previous section,

the phenomenological correlations are considered the most
accurate. They tend to satisfy the data trends of Table 13 i hence,
they have a much wider range of applicability than the empirical
post-dryout correlations of Table 10, but they are generally more
difficult to use. Figure 18 shows schematically the relative
temperature predictions of the four prediction methods. Note that
curve A, based on the "thermal equilibrium after dryout Il
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.

h

is
Most correlations of Table 10 are based on only a few sets of

data covering a fairly narrow range of experimental data. The
data sets (Groeneveld, 1977) contain much data that are not
reliable. The errors in the data tend to result in reported post-
dryout temperatures that are lower than what these authors consider
to be fully developed film boiling. ln the derivation of
Groeneveld' s post-dryout correlations, care was taken that the
data subject ta possible errors were not included. This could be
the reason why Groeneveld' s correlation seems conservative compared
with sorne other post-dryout correlations (Slaughterbeck et al.,
1973).

=r

7.3.3 Comparison with Rod Bundie Data

is Most post-CHF experiments have been carried out on simple
geometries such as tubes or annuli (Groeneveld and Gardiner, 1977 i
Fung, 1978). Experimentation in bundle geometries is much more
cumbersome because of large and expensive loop facilities,
extensive instrumentation of the bundle, and increased likelihood
of heater failure. Direct application of tube post-CHF predictive
methods ta bundle geometries is commonly practiced. It is
warranted if enthalpy and flow imbalances are small or can be
predicted wi th confidence. However, present subchannel code
predictions of post-dryout conditions are unreliable because of a
complete lack of verification data.

:he
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Fig. 18. Various predictions of post-dryout parameters.

Virtually all post-CHF correlations are based on steady-state
data. Frequently these correlations are applied to transient
condi tions. Post-CHF heat transfer is expected to be somewhat
higher during fast transient blowdown as compared with steady-state
conditions because of the higher CHF, more intense mixing, and,
hence, lower vapor superheat. For the slower transient reflooding
si tuations, correlations based on steady-state data maybe used¡
Hsu (1975), for example, has shown that Bromley's correlation,
augmented by an empirical transition boiling term, gave reasonable
agreement with the FLECHT data. This correlation showed a
significant contribution of the transition boiling term at
temperatures as high as 700oC.

Other post-CHF experiments in a PWR-type bundle (17 x 17 array)
under mildly transient conditions, high pressure, and a wide range
of quali ties were carried out by Morries et al. (unpublished Oak
Ridge National Laboratory Report). He noted that thermal
equilibrium correlations 1 such as the Dougaii-Rohsenow
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correlation (Dougall, 1963) vastly overpredict the post-CHF heat
transfer, while the empirical post-CHF correlations of the type
described in Sec. 7.2.2 ("phenomenological correlations") resulted
in much better predictions.

Predictive methods based on tube data have frequently been
found ta overestimate sheath temperatures in fuel bundles. This
is not surprising since

1. Bundles always contain unheated walls, which collect a liquid
film, thus forming a heat sink. Tong and Young's (1974)
correction for the cold wall has resulted in a prediction of a
higher heat transfer coefficient.

2. Tubes do not contain rod-spacing devices (warts, grid spacers),
which usually result in improved downstream heat transfer (e.g.,
Era et al., 1967; Groeneveld and Yousef, 1980). Frequent grid
spacers (short spacer pi tch) also prevent high vapor superheats,
thus reducing sheat& temperatures.

3. 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, 1973a).

4. 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 law-power levels, film boiling
heat transfer is not yet fully developed (Groeneveld and
McPherson, 1973).

7.3.4 Misceiianeous

Ralph et al. (1977) and Snoek and Laperrière (unpublished Chalk
River Nuclear Laboratories report) observed significant reductions
in post-dryout heat transfer coefficient for downflow compared with
upflow for the same cross-section average conditions. For low flow
rates, downflow tends to result in lower slip ratios and hence lower
vapor velocities and lower values of hw-v. ln addition, the lower
slip ratios reduce the interfacial area and heat transfer, resulting
in a higher vapor superheat and a lower vapor mass flow rate. AIl
these factors have a negative effect on the post-dryout heat transfer.

e A number of other effects have been quantified for superheated
steam correlations, as discussed in Sect. 2. These effects are
expected to apply also to the wall-vapor component of the film
boiling models..te

.g 7 . 4 Final Remarks

e
Post-CHF heat transfer correlations developed for the liquid-

deficient regime can be used wi th reasonable confidence wi thin
their data base range. The correlations derived by Groeneveld
(i 969), Groeneve ld and Fung (1976), and Condie (as reported by
Morries et al. (unpublished Oak Ridge National Laboratory Report) J
tend to be the most reliable because of their large and wide-ranging
data base. Caution should be exercised in using these correlations
Bt low flows and pressures since here the data base is scarce.

ay)
e
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Ii
1
i

Correlations for the low-quali ty or subcooled film boiling
region are questionable because of the lack of a reliable data
base and the difficulty in accounting for the various physical
mechanisms in a single correlation.

To remove the uncertainty in the prediction of post-CHF heat
transfer, the following studies need to be done: measurement of
vapor superheat or degree of nonequilibrium during film boiling in
tubes i measurement of liquid temperature during subcooled and
low-quali ty film boiling in tubes ¡and removal of empiricisms in
current analytical heat transfer models for the inverted annular
flow regime.

A limitation of sorne of the correlations is their dependence
on steam property equations. During a LOtA, sheath temperatures
well in excess of 8000C are frequently postulated ta occur. Several
heat transfer correlations require evaluation of steam properties
at the sheath temperature. Current ASME steam property equations
are valid only up to &OOoC.

8 SUMMRY OF CONCLUSIONS AND
FINAL REMARKS

Empirical heat transfer correlations may be used wi th
reasonable confidence for most flow regimes and boiling modes,
except for the inverted annular, stratified, and slug f low regimes
and the transition boiling mode. Reliable CHF and post-CHF
correlations are not yet available for low flows and low pressures.

The lack of success in developing realistic analytical models
for the various boiling modes (with the exception of the CHF in
annular flow, and liquid-dispersed film boiling) has limited the
full utilization of the two- and three-fluid model features of
current advanced reactor safety codes.

Most heat transfer correlations are based on tube data.
Extrapolation of tube correlations ta bundle geometries equipped
with flow-obstructing spacers is common practice in reactor safety
analysis, as is extrapolation outside the range of the data base.
Justification is usually absent.

Heat transfer during single-phase cooling and pre-CHF boiling
has been extensively studied and may be predicted at most
conditions with reasonable accuracy. Any errors in prediction are
expected to have only a minor effect on the maximum fuel
temperature during a LOCA.

No single CHF correlation can ever be expected to have a very
wide range of applications since the mechanisms governing the
boiling crisis change wi th the flow regime. The most promising
approach is the CHF table look-up technique.

Of all the heat transfer modes considered, the transition
boiling regime is the least understood. Many transition boiling
correlations have been suggested in the li terature. All of them
are unreliable even within their recommended ranges.

Most heat transfer correlations are functions only of the
fluid properties. Surface effects are usually ignored. The

.. ",':':::'--:i -
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minimum film boiling temperature, however, can be strongly affected
by the presence of a surface oxide layer.
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NOMENCLATURE

flow area, normal to flow, m2

boiling number (= ~), (-)
tg

Cp specific heat at constant pressure, kJ kg-l K- i
CHF critical heat flux, ~W m-2

d rad diameter i droplet diameter, m

A

Bo

cal

D tube diameter, m

s

De

Dhe

Dhy

s.
Fr

.s
g

G

Gr

h

h*i:y

rig

hm

H

l
J
J

g
k

L

Lh

re

ry

hydraulic equi valent diameter, m

heated equi valent diameter, m

hydraulic equi valent diameter, m

G2
Froude number (= p £gDhy)' (-)

acceleration due to gravit 
y , m s-2

mass flux, kg m-2 s-l

Grashof numer (= Dhy3p2gß(Tw-Tb)/~2J

heat transfer coefficient, kW m-2 K-1

single-phase liquid heat transfer coefficient, based on
superficial velocity, kW m-2 K-l

heat transfer coefficient at CHF, kW m-2 K-1

enthalpy, kJ kg- 1

correction factor defined in Sec. 2.4, (-)
correction factor def ined in Sec. 2. 4, (- )
volumetric vapor flux (= GX/Pg), m s-l

thermal conductivity, kW m-l K-l

length, m

heated length, m

Lsp axial distance between spacer planes, m

M molecular weight, kg kmoi-l
n Droplet density, m-3, number of rods

N Power, kW
Nsr defined in Table 9, (-)
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Nu

P

P

p+

Pr

q

R

Ra

Re

Red

s

S

'l

'l*

'l+

~..
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Nusselt number (= h Dhy) (_)k '
pitch, m

Pressure, kPa
p

reduced pressure, p- , (-)
c

Prandtl number (= ~ kCP), (-)

surface heat flux, kW m-2

gas constant, J kg-l K-l

universal gas constant, kN m kmoi-l

Reynolds number (= p U Dhy) (_)~ '
pv(Uv-Ud)d

, (-)droplet Reynolds numer =
llv

Uv
slip ratio (= U-), (-)

i
suppression factor defined graphically by Chen (l963), (-)
temperature, °c

absolute temperature,

reduced tempe rature ,
K

L , (_)
'l c

U velocity, m s-l
. f . 1 m3 kg- 1v speci ic va ume,

W total mass flow rate, kg s-l
X flow quality (vapor weight fraction), (-)

Xtt MartineHi paraineter (= (1 ~ "'t9 (:~t5 (tt1 (-)

Z axial distance from inlet, m
z vertical elevation, m

Abbreviations (may also be used as subscripts)

AFD

CHF

C/S
DO

ECCS

FB

LP

MFB

NB

ONB

axial flux distribution

critical heat flux

cross section

dry out
emergency core cooling system

film boiling

liquid phase

minimum film boiling

nucleate boiling

onset of nucleate boiling

-
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PB pool boiling
RFD radial flux distribution
RPF radial power factor, defined in Candie and Bengston (i 97 8)

Greek

CI

CI

y

r

o

!JH

!JT

£

£

e

ll

p

o

~

Wo

ß

void fraction, (- )
thermal diffusivity, m2 s-l

volumetric expansion coefficient, K-l

coefficient for isentropic expansion, (-)

volumetric vapor generation rate, kg m-3 s-1

vapor film thickness, m

local subcooling, kJ kg-1

temperature difference (usually wi th respect ta saturation), K

Eddy diffusivity, m2 s-l

fraction of f low area occupied by f low obstruction, ( - )
inclination wi th respect to vertical upflow, rad

viscosity, kg m-l s-l

densi ty, kg m- 3

surface tension, N m-1

surface heat flux, kW m-2

nondimensional parameter in Shah' s (i 97 6) correlation reported
in Table 2

Subscripts

a actual
avg average

b bulk
BLA boiling length average
conv convecti ve
c cri tical
d droplet
do value pertaining to onset of dryout condition
e equilibrium
f film tempera ture, average of wal land bulk temperature

f saturated liquid
fg difference between saturated liquid and saturated vapor
g saturated vapor
in inlet
i- l interface-subcooled liquid

i liquid (may be subcooled)

max maximum
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meas measured

min minimum film boiling value
o reference
pred predicted

Q apparent quench temperature
rad radiation
ref reference, undisturbed

s, sat saturated
sc subchannel
sp flux spike
sub subcooling

TP two-phase (pre-CHF) region
v vapor
v-d vapor-droplet

w heated wall
w-t wall-liquid
w-v wall-vapor
Superscr ipts

* superficial value, based on superficial veloci ty i also
absolute value

reduced value+
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