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Chapter 3

A GENERAL CHF PREDICTION METHOD FOR ADVANCED
WATER COOLED REACTORS

NOMENCLATURE

C Constant -

CHF Critical heat flux kW/m?
Cp Specific heat kJ/(kg °C)
De,Dyy  Hydraulic equivalent diameter m

| D Heated equivalent diameter m

D Tube inside diameter m

d Fuel element diameter m

E Entrainment rate kg/ (m2 s)
g Acceleration due to gravity m/s?

G Mass flux kg/(m*s)
H Enthalpy kJ/kg

h Heat transfer coefficient k W/(m? °C)
K,F Correction factor -

Lep Distance to upstream spacer plane ~ m

L Heated length m

P Pressure kPa

p Element pitch m

q Surface heat flux kW/m?
T Temperature °C

U Velocity m/s

X Quality -

Z Axial co-ordinate m
GREEK SYMBOLS

a Void fraction -

5 Inter element gap m

¢ Surface heat flux kW/m?

A Latent heat of evaporation kl/kg

P Density kg/m®

o Surface tension N/m

y Dimensionless mass flux -

AH  Local subcooling, hs—h kl/kg

AX  Bundle quality imbalance -

AT  Local subcooling, T, — T °C

g Angle degrees
SUBSCRIPTS

a Actual value

avg  Average value

b Bubble, bulk, boiling

BLA Boiling length average
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c Critical, convection
CHF Critical heat flux

DO  Dryout

f Saturated liquid value
fg Difference between saturated vapour and saturated liquid value
h,H Heated

hom Homogeneous

g Saturated vapour

I,in Inside, inlet

1 Liquid

m Maximum

max. Maximum

min Minimum

nu Non-uniform AFD
P/B  Pool boiling

o Outside, outlet
rad Radiation
S Saturation value

sub  Subcooling '
U Uniform (AFD) !
v Vapour !

ABBREVIATIONS

AFD Axial flux distribution

BLA Boiling length average

CHF Critical heat flux

¢/s Cross section

DNB Departure from nucleate boiling
DO  Dryout

FB  Film boiling

PDO Post-dryout

RFD Radial flux distribution

3.1. INTRODUCTION

The objective of this chapter is to recommend a validated CHF prediction method
suitable for the assessment of critical power at both normal operating conditions and accident
conditions in Advanced Water Cooled Reactors (AWCRs). This method can be implemented
into systems codes such as RELAP, CATHARE, CATHENA as well as subchannel codes
such as COBRA, ASSERT and ANTEO. The requirement of this prediction method has been
discussed in more detail in previous CRP RCM meetings and expert meetings.

The two main applications for CHF predictions are:

@ to set the operating power with a comfortable margin to avoid CHF occurrence.
This margin to CHF can be expressed in terms of Minimum Critical Heat Flux
Ratio (MCHFR, ratio of CHF to Jocal heat flux for the same pressure, mass flux
and quality), Minimum Critical Heat Flux Power Ratio (MCHFPR, the ratio of
power at initial CHF occurrence to the operating power for the same pressure mass
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flux and inlet temperature), or Minimum Critical Power Ratio (MCPR, the ratio of
reactor or fuel channel power at initial dryout occurrence to normal operating
power for the same system, pressure and inlet temperature); the definition of these
ratios is illustrated in Fig. 3.1. A detailed discussion has been provided by
Groeneveld (1996). Most CHF prediction methods address this concern; these
prediction methods provide best-estimate values of the initial CHF occurrence ina
reactor core or fuel bundle.

q, CHF

NOP=jq,P,, di

MCHFR = CHF, / q, constant P, G

Margin to CHF

\
« CHF =f(X)

.(1)

Xin X4 X
( a) Schematic representation of definition of MCHFR
q, CHF

NOP= [q.P, di

constant P, G, T;,

cp, = fq P dl
CHFPR = CP, / NOP

q.()

Xa

( b) Schematic representation of definition of MCHFPR

AFlow CPR = Cp, . CPB
NOP NOP
. CHF,
Ey.irajliciwe —— _ _(constant G) CP=G)
(transformed from

CHF = f{X) curve
at NOP x) )

Reactor flow

constant P, T,
at CHF

? n
Fixed pump curve

| Margin to CHF | |
. : >

NOP CP, CP, Power
( ¢) Schematic representation of definition of MCPR

FIG. 3.1. Definition of margins to CHF as defined by MCHFR, MCHFPR and MCPR.
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(i) to evaluate the thermalhydraulic and neutronic response to CHF occurrence in a reactor
core. This requires knowledge of how CHF spreads in the reactor core, which in turn
requires a best-estimate prediction of the average CHF for a section of the core and/or
prediction of the variation of fuel surface area in dryout as a function of power.

This chapter is subdivided as follows: Section 3.2 discusses various CHF mechanisms,
followed by a description of the CHF database in Section 3.3. In Section 3.4, CHF prediction
methodologies are reviewed for both tubes and bundle geometries, ranging from correlations,
subchannel codes, analytical models and look up tables. In Section 3.5, the recommended
prediction methods for CHF in AWCRs are described, together with correction factors to
account for various CHF separate effects. The assessment of the accuracy of the
recommended prediction method when applied to steady state conditions is described in
Section 3.6. Finally in Section 3.7 the prediction of CHF during transients such as LOCAs,
flow and power transients are discussed.

The topic of CHF has been extensively researched during the past 30 years. Excellent
reviews may be found in text books by Collier (1981), Tong (1965), Tong and Weisman
(1996), Hewitt (1970) and Hetsroni (1982), and review articles by Bergles (1977), Tong
(1972), Groeneveld and Snoek (1986), Weisman (1992) and Katto (1994).

3.2. CHF MECHANISMS

3.2.1. General

In forced convective boiling, the boiling crisis® occurs when the heat flux is raised to
such a high level that the heated surface can no longer support continuous liquid contact. This
heat flux is usually referred to as the critical heat flux (CHF). It is characterized either by a
sudden rise in surface temperature caused by blanketing of the heated surface by a stable
vapour layer, or by small surface temperature spikes corresponding to the appearance and
disappearance of dry patches. The CHF normally limits the amount of power transferred, both
in nuclear fuel bundles, and in conventional boilers. Failure of the heated surface may occur
once the CHF is exceeded. This is especially true for highly subcooled CHF conditions. At
high flows and positive dryout qualities, the post-dryout heat transfer is reasonably effective
in keeping the heated surface temperatures at moderate levels, and operation in dryout may be
sustained safely for some time.

In flow boiling the CHF mechanisms depend on the flow regimes and phase
distributions, which in turn are controlled by pressure, mass flux and quality. For reactor
conditions of interest, the flow quality generally has the strongest effect on CHF: the CHF
decreases rapidly with an increase in quality. The change in CHF with pressure, mass flux and
quality is illustrated in the tables of Appendix II. The following sections describe the CHF
mechanisms encountered at different qualities and flow conditions.

3.2.2. DNB (departure from nucleate boiling)
(1)  Nucleation induced. This type of CHF is encountered at high subcooling (negative flow

qualities) where heat is transferred very efficiently by nucleate boiling. Here the bubbles
grow and collapse at the wall; between the bubbles some convection will take place.

2Other terms used to denote the boiling crisis: burnout, dryout, departure from nucleate boiling (DNB).




The CHF (or DNB) occurs at very high surface heat fluxes. It has been suggested
[Collier (1981); Tong (1972)] that the CHF occurrence is due to the spreading of a
drypatch following microlayer evaporation under a bubble and coalescence of adjacent
bubbles although no definite proof of this is yet available. The occurrence of CHF here
only depends on the local surface heat flux and flow conditions and is not affected by
the upstream heat flux distribution. The surface temperature excursion occurring once
CHF is exceeded is very rapid (fast dryout) and usually results in a failure of the heated
surface.

(ii) Bubble clouding. In subcooled and saturated nucleate boiling (approximate quality
range: from —5% to +5%) the number of bubbles generated depends on the heat flux and
bulk temperature. The bubble population density near the heated surface increases with
increasing heat flux and a so-called bubble boundary layer [Tong (1965), Weismann
(1983)] often forms a short distance away from the surface. If this layer is sufficiently
thick it can impede the flow of coolant to the heated surface. This in turn leads to a
further increase in bubble population until the wall becomes so hot that a vapour patch
forms over the heated surface. This type of boiling crisis is also characterized by a fast
rise of the heated surface temperature (fast dryout). Physical failure of the heated
surface frequently occurs under these conditions.

3.2.3. Helmholtz instability

In saturated pool boiling, the CHF is limited by the maximum vapour removal rate.
Zuber's theory of CHF [as reported by Hsu and Graham (1976)] assumes the heated surface to
be covered by a rising vapour column with countercurrent liquid jets flowing downwards to
compensate for the removal of liquid by evaporation. Ultimately at very high heat flux levels
(vapour removal rates) the relative velocity between liquid and vapour will be so high that an
unstable flow situation is created, resulting in a CHF condition. This was recognized by
Kutateladze (1952) who based his hydrodynamic theory of the boiling crisis on this
instability. A similar situation can be considered at very low flow rates or flow stagnation
conditions. This type of CHF is accompanied by a rapid rise in surface temperature (fast
dryout).

3.2.4. Annular film dryout

In the annular dispersed flow regime (high void fraction and mass flow) the liquid will
be in the form of a liquid film covering the walls and entrained droplets moving at a higher
velocity in the core. Continuous thinning of the liquid film will take place due to the
combined effect of entrainment and evaporation. Near the dryout location the liquid film
becomes very thin and due to the lack of roll waves (which normally occur at higher liquid
film flow rates) entrainment is suppressed. If the net droplet deposition rate does not balance
the evaporation rate the liquid film must break down. The temperature rise accompanying this
film breakdown is usually moderate (stable dryout). The liquid film breakdown may be
promoted by one of the following mechanisms:

1) Thermocapillary effect: If a significant amount of heat is transferred by conduction
through the liquid film and the interface is wavy, the temperature of the liquid vapour
interface will have a maximum in the valley of the wave and large surface tension
gradients will be present. The surface tension gradients tend to draw liquid to areas of
high surface tension. Under influence of this "thermocapillary effect" the liquid film
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will eventually break down in the valley of the wave. This mechanism is thought to be
important at low flows and high qualities.

(i) Nucleation induced film breakdown: Hewitt et al. (1963) noticed that nucleation and
surface evaporation could occur simultaneously in the annular flow regime. If the liquid
film thickness is close to the maximum bubble size, then the bubble may rupture the
liquid vapour interface and a momentary drypatch could occur. At high heat flux levels
the liquid film may be prevented from rewetting this spot by the high drypatch
temperatures. This mechanism will only occur for local heat flux spikes, or a highly
non-uniform axial heat flux distribution.

3.2.5. Unstable or periodic dryout

The critical heat flux can be considerably reduced due to the hydrodynamic
characteristics of the experimental equipment. Flow oscillations are frequently encountered in
parallel channels, channels experiencing slug flow or in systems having a compressible
volume near the inlet. During an oscillation the velocity at the wall is periodically slowed
down, thus permitting the boundary layer to become superheated which may lead to a
premature formation of a drypatch. Unstable dryouts are accompanied by an oscillation in
surface temperature.

3.2.6. Slow dryout

During a slow dryout the heated surface does not experience the usual dryout
temperature excursions; instead, a gradual increase in surface temperature with power is
observed. A slow dryout is usually encountered in flow regimes where the phases are
distributed homogeneously such as froth flow or highly dispersed annular flow at high mass
velocities (>2.7 Mg m? s) and void fractions >80%. At these conditions liquid-wall
interaction is significant thus limiting the temperature rise at dryout. Calculations based on
cooling by the vapour flow only indicate that post-CHF temperatures are below the minimum
film boiling (Leidenfrost) temperature; hence depositing droplets may wet the surface thus
increasing the heat transfer coefficient.

3.3. CHF DATABASE
3.3.1. General

Since the CHF usually limits the power output in water cooled reactors, accurate values
of CHF are required. The CHF has been measured extensively in simple geometries such as
directly heated tubes. Such measurements have helped us to understand the CHF mechanisms.
However to obtain accurate values of the CHF at reactor conditions of interest, experiments in
test sections closely simulating the reactor fuel bundles are required. Such experiments are
very expensive; e.g., CHF tests in Canada alone have cost over 30 million dollars over the
past 20 years.

To reduce the expense and complexity of CHF testing of full-scale fuel bundles with
high pressure steam-water, low-latent-heat modeling fluids have been used. Freons have been
used successfully in many heat transfer laboratories as a modeling fluid for simulating the
CHF of water. Reliable CHF predictions for water can be made based on CHF measurements
in Freons at considerably lower pressures (e.g. 1.56 MPa in Freon-12 compared to 10 MPa in
water), temperatures (e.g. 50°C in Freon-12 compared to 300°C in water) and powers (e.g.




685 kW in Freon-12 compared to 10 MW in water), resulting in cost savings of around 80%

compared to equivalent experiments in water.

In Sections 3.3.2 and Section 3.3.3, the available databases will be discussed. Particular

attention is given to the CHF data in tubes as:

(i) the tube database is most complete and covers a much wider range of flow conditions

than any other geometry, and

(i) bundle geometries can be broken down into subchannels (see Section 3.4.4) which are
traditionally assumed to behave as tubes with correction factors applied to account for
subchannel specific effects.

TABLE 3.1. RANGES OF CONDITIONS COVERED BY VARIOUS SETS IN THE AECL

DATABANK
References Diameter Length Pressure Mass Flux Dryout Quality Inlet Critical Heat | No. of
(mm) (m) (MPa) Mg.m™s™) ) Subcooling Flux Data
(kJ.kg™) MW.m™)
Alekseev 10.0 1.000-4.966 9.80-19.6 0.216-7.566 -0.866-0.944 57-1398 0.134-4.949 1108
[Kirillov, 1992]
Becker et al. 3.94-20.1 0.400-3.750 0.22-8.97 0.100-3.183 —0.069-1.054 -50-1640 0.278-7.477 2664
11962, 1963]
Becker et al. [1965] 3.93-37.5 0.216-3.750 1.13-9.91 0.160-5.586 -0.005-0.993 -16-2711 0.503-6.620 1343
Becker and Ling 2.40-36.0 0.500-1.880 3.05-7.10 0.093-2.725 0.207-0.903 371-1065 1.026-5.130 116
11970]
Becker et al. [1971] 10.0 1.000-4.966 3.00-20.0 0.156-8.111 —0.866-1.061 26-1414 0.135-5.476 1496
Bennett et al. {1965] 9.22-12.6 1.524-5.563 6.61-7.48 0.624-5.844 0.026-0.948 21-691 0.590-3.300 201
Bergelson [1980] 8.00 0.241-0.400 0.17-3.08 1.927-7.078 -0.295-0.090 96-853 3.511-14.57 336
Bergles [1963] 0.62-6.21 0.011-0.155 0.14-0.59 1.519-24.27 -0.137-0.111 25-534 4.95744.71 117
Bertoletti et al. {1964] 4.90-15.2 0.050-2.675 4.88-9.88 1.051-3.949 -0.083-0.774 —28-769 0.199-7.503 386
acgrgflin and MacDonald 8.92 3.690-3.990 8.20-10.4 1.194-6.927 0.105-0.570 31-456 0.542-2.304 465
Cheng et al. [1983] 12.3 0.370-0.740 0.10-0.69 0.050-0.400 0.187-1.227 42-210 0.331-2.115 150
De Bortoli et al. [1958]* 4.57-71.77 0.229-0.589 6.90-13.8 0.651-6.726 0.052-0.768 0-874 1.609-5.805 54
Dell et al. [1969] 6.17 0.914-5512 6.90 1.329-4.136 0.144-0.779 79-365 0.493-3.340 82
Era et al. [1967] 5.98 1.602—4.800 6.78-7.05 1.105-3.015 0.374-0.952 —1211-565 0.109-1.961 163
Griffel [1965] 6.22-37.5 0.610-1.972 3.45-10.3 0.637-18.58 -0.209-0.592 45-1209 1.401-8.107 402
Griffel [1965] 6.35-254 0.597-1.105 0.41-841 0.664-11.39 -0.253-0.484 66-1224 3.186-11.83 85
SRL data
Groeneveld [1985] 10.0 1.000-2.000 7.90-20.0 0.282-2.805 ~0.097-0.805 622-1733 1.133-5.479 118
Hassid et al. [1967] 2.49-251 1.590-2.391 2.94-6.09 0.369-3.858 —-0.035-0.838 0-467 1.427-3.433 238
Hewitt et al. [1965] 9.30 0.229-3.048 0.10-0.21 0.091-0.301 0.161-1.083 —41-383 0.144-4.013 442
Jens and Lottes [1951] 5.74 0.625 3.45-13.8 1.302-10.60 -0.464—0.150 279-1310 2.965-11.92 48
Judd and Wilson [1967] 11.3 1.829 6.86-13.9 0.674-3.428 0.016-0.776 33-730 0.593-2.669 49
Kirillov et al. {1984] 7.71-8.09 0.990-6.000 6.37-18.1 0.494-4.154 -0.494-0.981 7-1537 0.110-7.700 2470
Landislau {1978} 4.00 0.200 0.42-1.00 0.884-5.504 -0.051—0.01 104638 1.8604.631 136
hege&]‘ and Obertelli | 5.59-11.5 0.216-2.007 4.14-11.0 0.678-4.421 0.000-0.910 9-690 1.104-8.107 295
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TABLE 3.1. (CONT.)

References Diameter Length Pressure Mass Flux Dryout Inlet Critical Heat | No. of
(mm) (m) (MPa) (Mgm™2s™) Quality Subcooling | Flux (MW.m™ | Data
) (kg™ )
Lee [1965]* 9.25-11.8 0.841-3.658 6.45-7.17 1.961-5.722 -0.002-0.462 12-584 1.000-4.306 274
Lee [1966] 14.1-44.7 0.635-1.524 8.24-12.6 0.332-3.410 —0.110-0.780 60-451 0.871-3.738 435
Leung et al. [1990] 5.45 2.511 5.03-9.71 1.168-9.938 0.210-0.578 6-316 0.656-3.058 66
Leung et al. [1990] 8.94 2.490 7.03-9.58 1.956-7.611 0.106-0.414 13-229 0.904-2.328 39
Lowdermilk et al. | 4.00-4.80 0.119-0.991 0.10 0.027-4.866 0.030-1.236 317-331 0.167-9.525 113
[1958]
Matzner [19631* 12.8 1.930 6.86 0.933-1.978 0.075-0.592 54-947 1.686-3.372 25
Matzner et al. [1965] 10.2 2.438-4.877 6.89 1.193-9.560 0.008-0.693 48-1183 0.643-4.041 99
Mayinger [1967] 7.00 0.560-0.980 1.92-10.2 2.233-3.734 0.098-0.405 -239-314 0.924-5.618 128
M [1959]*** 36924 - 0.19-6.80 0.006-13.70 —0.21-0.000 0-600 1.56-11.70 129
Nguyen and Yin [1975] 12.6 2.438-4.877 6.65-8 40 0.930-3.838 0.216-0.738 52413 0.677-2.024 56
Rudzinski [1992]** 8.00 1.745 3.07-10.1 1.232-7.832 0.038-0.727 19495 1.388-4.512 106
Smolin et al. 3.84-108 0.776-4.000 7.84-19.6 0.498-7.556 -0.132-0.795 5-1329 0.230-5.652 666
11962, 1964]
Smolin et al. [1979] 3.84-16.0 0.690-6.050 2.94-17.7 0.490-7.672 -0.136-0.789 4-1362 0.245-5.626 3009
Snock [1988] 11.9 1.500 9.46-9.61 0.980-5.060 0.034-0.543 —481-356 0.423-3.037 33
Swenson [1962]* 10.5 1.753-1.803 13.8 0.678-1.763 0.178-0.502 41-565 0.587-1.063 25
| Tapucu [1992]** 8.00 0.940-1.840 0.49-3.01 0.876-4.061 0.164-0.779 31-809 1.193-4.680 68
Thompson and Macbeth | 1.02-37.5 0.025-3.660 0.10-19.0 0.010-18.58 —0.820-1.577 0-1659 0.113-21.42 2356
[1964]1+
Tong [1964] 6.22-12.9 0.380-3.660 5.17-13.8 0.678-14.00 0.002-0.502 5-1060 0.587-6.139 266
Yin et al. [1988] 13.4 3.658 1.03-21.2 1.938-2.081 0.075-0.431 0-493 0.583-1.864 287
Zenkevich et al. [1969] 3.99-15.1 0.250-6.000 5.88-19.6 0.498-9.876 -1.652-0.964 2-1644 0.136-14.76 5641
Zenkevich et al. [1971] 7.80-8.05 7.000-20.00 6.86-17.7 1.008-2.783 0.262-0.876 18-1549 0.470-1.283 392
Zenkevich [1974]++ 4.80-12.6 1.000-6.000 5.89-19.6 0.497-6.694 -0.221-0.969 5-1381 0.230-4.740 840
Overall 0.62-92.4 0.011-20.00 0.10-21.2 0.006-24.27 -1.652-1.577 -1211-2711 0.109-44.71 28 017
*

These data have already been included in Thompson and Macbeth's compilation.

** These data are used for validation only.

*** These data have not been used since the heated-length values of channels were not provided.
+ Duplicated data of Becker (1963) have been removed.

++ Duplicated data of Zenkevich et al. (1969) have been removed.

3.3.2. Tube database

Table 3.1 lists a summary of data collected jointly by AECL and IPPE, and used in the
development of the CHF prediction methods, including the CHF look up table [Groeneveld et
al. (1996)]. Figure 3.2(a) shows that the conditions covered, although extensive, do leave
open several gaps in the data. The non-proprietary part of the CHF databank, containing over
30 000 CHF data, obtained in directly heated tubes, has recently been deposited in the

International Nuclear Safety Center Database at Argonne National Laboratory, described in
Annex A.
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FIG. 3.2(a). Ranges of test conditions for the combined AECL-IPPE tube-CHF data bank.

The parameters controlling the CHF in tubes (for steady state conditions, and a uniform
heat flux distributions) are:

(i) Primary: thermodynamic quality, mass velocity, pressure and diameter
(i) Secondary: heated length, surface roughness, conductivity and tube wall thickness.

As the secondary parameters usually have a insignificant effect on CHF for conditions
of interest, they may be ignored.
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3.3.3. Bundle database

A large number of CHF experiments in bundles have been performed ranging from
crude simulations of fuel bundles (e.g. annuli or 3-rod bundles) to full-scale simulations of

actual fuel bundles. The following parameters have been found important in controlling CHF
in fuel bundles:

(i) Flow parameters (pressure, mass flow, and quality). This includes cross section average
flow conditions (this is usually reported) and distribution of flow parameters (i.e.
distribution of enthalpy and flow across a bundle as evaluated by subchannel codes or
other empirical means).

(i) Bundle geometric parameters (number of rods, rod spacing, unheated flow boundary
and heated length).

(iii) Rod bundle spacing devices and CHF enhancement devices (grids, appendages and
mixing vanes) and their axial spacing.

(iv) Heat flux distribution (axial and radial heat flux distributions, and flux tilt across
elements).

A number of surveys of bundle CHF data have been made. However because of the
proprietary nature of bundle CHF data, these reviews are usually restricted as most bundle
data (especially the recent ones) are unavailable or can only be obtained under special
agreements. An earlier paper by Hughes (1974) provides a compilation of bundle CHF data
sources. A more recent example of the ranges of conditions covered by specific bundle data
sets is given in Figure 3.2(b) for the WWER bundle geometry [Macek (1998)], as can be seen
the coverage is reasonably wide. However, as most bundle experiments still use fixed
thermocouples, the reliability of the experimental CHF data as representing the initial
occurrence of CHF may well be too optimistic (i.e. overpredicts the CHF). The more
advanced sliding thermocouple technique (Schenk, 1990) has demonstrated that large
differences (up to 20%) in bundle CHF can occur around the circumference of the most
critical rod at the axial location corresponding to the initial CHF.

3.4. CHF PREDICTION METHODOLOGY
3.4.1. General

Because of the many possible fuel bundle geometric shapes, a wide range of possible flow
conditions and the various flux distributions for AWCRs, it is impossible to predict the CHF
for all cases with a single CHF prediction method and a reasonable degree of accuracy. The
complexity of predicting the CHF in a nuclear fuel bundle may be best understood by first
considering the prediction of CHF of a simplest experimental setup; a uniformly heated tube
cooled internally by a fluid flowing at a steady rate vertically upwards. Here the CHF is a
function of the following independent variables:

CHF = f(Ly.D.,G,AHin, P, E) (3.1

where E takes into account the effect of the heated surface, i.e. surface roughness, thermal
conductivity and wall thickness.
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FIG. 3.2(b). Ranges of test conditions covered by the WWER CHF databank.

Despite the simplicity of the experimental setup, over 400 correlations for CHF in tubes
are currently in existence. The present proliferation of correlations illustrates the complex
state-of-the-art in predicting the CHF phenomenon even for a simple geometry at steady-state
flow conditions. The complexity in predicting the CHF increases significantly for fuel bundle
geometries during severe transients, when additional parameters characterizing the transient
are required. This demonstrates the need to categorize the important CHF-controlling
parameters and their ranges of interest. A methodology to categorize these parameters for
thermalhydraulic parameters of interest has been proposed in Annex B.
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In the following sections, analytical CHF prediction methods are discussed in Section
3.4.2, followed by empirical prediction methods in Section 3.4.3 which include empirical
correlations as well as the CHF look up table. In Section 3.4.4 the application of CHF
prediction methods to bundle geometries is described.

3.4.2. Analytical models

Analytical CHF models are based on the physical mechanisms and satisfy the conservation
equations. They generally require a two-fluid model approach but occasionally must use a
three-field approach (e.g. dispersed annular flow). Although the models have been improved
significantly and usually predict the correct asymptotic trends, the evaluation process is
complex and time-consuming. Furthermore, because of our limited understanding of the
mechanisms involved, and the lack in measurements of interfacial parameters, the models are
still less accurate than empirical correlations over the range of their database. An excellent
review of the analytical CHF models has been presented by Weisman (1992). The most
common CHF models that have met with some success arc:

Annular film dryout model. This model is based on a mass balance on the liquid film in
annular flow, and postulates that CHF corresponds to the depletion of the liquid film.
Equations for droplet entrainment and deposition have been proposed. The model provides a
reasonable predictions of CHF for the annular flow at medium to high pressures and flows
and void fractions exceeding 50% [Hewitt and Hall-Taylor (1970)].

Bubbly layer model. This model postulates that CHF occurrence in the lower quality regime
first occurs when the bubble layer covering the heated surface, becomes so thick and saturated
with bubbles that liquid mixing between the heated surface and the cooler core liquid
becomes insufficient. This model as proposed by Weisman and Pei (1983); and Ying and
Weisman (1986) appear to pradict the CHF with reasonable accuracy at high pressure, high
flow and low quality conditions.

Helmholtz instability model. In pool boiling, the boiling crisis is reached when the flow of
vapour leaving the heated surface is so large that it prevents a sufficient amount of liquid from
reaching the surface to maintain the heated surface in the wet condition. The phenomenon that
limits the inflow of liquid is the Helmholtz instability, which occurs when a counter-current
flow of vapour and liquid becomes unstable. Zuber (1959) and Kutateladze (1952) have
derived equations for the CHF based on the Helmholtz instability theory- their predictions
agree with the CHF values measured in pool boiling systems. For very low flows, a modified

version of this model as expressed by the Zuber-Griffith CHF correlation (CHF el — a))

appears reasonable for up- and down flow at flows less than 0.1 Mg.m’z.s"l and a <08.
However for o > 08this correlation significantly underpredicts the CHF. At these conditions
the 1— & correction is not recommended [Griffith et al. (1977)].

3.4.3. Empirical CHF prediction methods

Empirical CHF prediction methods may be subdivided into those based on inlet
conditions and those based on local cross-sectional average (CSA) conditions.
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3.4.3.1. Inlet-conditions-type prediction methods

These prediction methods are all in the form of empirical correlations, based on CSA
inlet conditions (P, G, Tiy or AH,,) and usually assume the “overall power” hypothesis. This
hypothesis states that, for a given geometry and inlet conditions, the critical power Npo

(power corresponding to the first occurrence of CHF for that geometry) is independent of
axial or radial heat flux distribution or

NDO = f(Pin:Gin;Tin;C/S,LH) (3.2)

This will permit the use of CHF correlations derived from uniformly heated bundle data for
the prediction of dryout power in non-uniformly heated bundles of identical geometry (i.e.
identical cross section and heated length).

This technique is a reasonable one for obtaining a first estimate of dryout power; it
gives reasonable estimate of dryout power in the annular flow regime for symmetric flux
profiles and form factors (=qmax/davg) close to unity. However it is not recommended for form
factors significantly different from unity.

This approach can also be used to predict the critical power of fuel channels with a fixed
cross section, heated length, axial flux distribution (AFD) and radial flux distribution (RFD),
irrespective of the form factor. If the experimental AFD and RFD represent the worst flux

shapes from a CHF point of view, then the empirical correlations can be used for lower-bound
predictions.

The Inlet-Conditions-Method cannot be used for predicting the location and magnitude of the
CHF except when CHF initially occurs at the downstream end.

3.4.3.2. Local-conditions-type prediction methods

This type of prediction methods follow the local-conditions hypothesis which states that
the local CHF is dependent only on the local conditions and not on upstream history. In
principle, the local conditions hypothesis is sound if it is based on the true local conditions
(which must include radial distribution of void, liquid and vapour velocity, liquid temperature
and turbulent velocity fluctuation near the wall). Hence ideally

CHF = f(P.G, Xpp.c/5) (3-3)

In practice only the local cross section average pressure, flow and quality are known
and the assumption

CHF = fla(r),Ti(r),U;(r),Uy({),Up(r):- P.(c/5)) (3.4)
that is often made. The local conditions approach, or variations thereof, is probably the most
common method for predicting CHF. This form is more convenient than Eq. 3.1 since it

depends on fewer parameters and permits the prediction of the location of CHF. One
complication with this method is its ability (or lack of it) to account for the effect of AFD.

27



Two methods are frequently used to account for the effect of a non-uniform AFD on CHF: the
boiling-length-average (BLA) approach, and the F-factor approach [Tong (1965, 1972),
Kirillov and Yushenko (1996)]. The F-factor approach tends to modify CHF correlations
designed for uniform heating, while in the boiling- length-average (or BLA) heat flux
approach the heat flux distribution is modified. Lahey and Moody (1977) have shown that the
two techniques are similar, yield similar answers and are reasonably successful in predicting
the CHF for various non-uniform AFDs. Section 3.5.3.6 will describe the recommended
approach for correcting for the effect of AFD.

Local conditions based empirical correlations. The large majority of the CHF prediction
methods proposed are of this type. It is conservatively estimated that there are over
400 empirical correlations of this type proposed in the literature for directly heated tubes.
Their main disadvantage is their limited range of application.

CHF table look up method. Since most empirical correlations and analytical models have a
Jimited range of application, the need for a more general technique is obvious. As a basis of
the generalized technique the local conditions hypothesis was used for the reasons given in
Section 3.4.3.2 The initial attempt to construct a standard table of CHF values for a given
geometry was made by Doroshchuk (1975), using a limited database of 5000 data. The CHF
table approach, which is basically a normalized databank, has been continued at CENG-
Grenoble, University of Ottawa, IPPE, and Chalk River using a much more extensive
database (30 000 data). The recently completed International CHF table look up method
[Groeneveld et al. (1996)] provides CHF values for water cooled tubes, at discrete values of
pressure (P), mass flux (G), and quality (X), covering the ranges of 0.1-20 MPa, 0-7500
kg.m’z.s’l (zero flow refers to pool-boiling conditions) and —50 to 100% vapour quality
(negative qualities refer to subcooled conditions). Linear interpolation between table values is
used for determining CHF. Extrapolation is usually not needed as the table covers a range of
conditions much wider than any other prediction method. The CHF look up table and its
derivation are presented in Appendix IL

Compared to other available prediction methods, the tabular approach has the following
advantages: (i) greater accuracy, (i) wider range of application, (iii) correct asymptotic trend
(iv) requires less computing time and (v) can be easily updated if additional data become
available. Although tabular techniques were initially developed for tubular geometries, and
have been successfully used in subchannel codes, their greatest potential for application is in
predicting the consequences of postulated Loss of coolant-Accidents (LOCA). To apply the
tables to transient heat transfer in bundles requires the use of adjustment factors to correct for
geometry, flux shape, and possibly transient effects. Here the advantages of the tabular
technique (wide range of application, greater accuracy and more efficient in computing) are
particularly important to the user.

Although promising, the look up table approach has certain disadvantages such as (i) it
is a purely empirical prediction method and hence it does not reflect any of the physics, and
(ii) could introduce erroneous trends if the underlying database is subject to experimental
errors. Despite these reservations, the look up table approach is currently considered to be
more accurate than other prediction methods for the CHF for most situations of interest.

3.4.4. Application to bundle geometries

Prediction of the critical power in untested fuel bundle geometries remains unreliable. Effects
of flux distribution, grid spacers and bundle array dimensions are not well understood. The
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next two approaches are commonly used, while the third one has more recently been proposed
and an alternative.

(D

)

3)

Empirical approach: The empirical CHF predictions methods use cross-sectional
average conditions to predict the CHF or critical power and are designed for tubes or
bundles. For bundles for which experimental data can be obtained (using an electrically
heated fuel bundle simulator, having a fixed axial and radial flux distribution) a variant
of the following methodology is frequently employed:

__ obtain sufficient data for deriving an empirical CHF correlation for conditions of

primary interest;

—  extrapolate the empirical correlations (which are usually based on a given axial
and radial flux distribution) to other flux distributions of interest using the change
in CHF as predicted by (i) subchannel codes (see below) or (ii) empirical methods
to account for changes in the upstream flux shape (as described in the previous
section;

—  similarly extrapolate to other conditions not tested in the full scale simulation tests
using trends observed in simpler geometries, or as predicted by subchannel codes.

Subchannel approach: The subchannel approach is basically different from the
empirical approach as it predicts the axial variation in flow and enthalpy for each
subchannel. It is particularly useful for bundles for which no direct experimental data
are available. The following methodology is normally followed for bundle
CHF prediction based on the subchannel analysis approach:

—  employ subchannel codes to predict the flow and enthalpy predictions across the
bundle

—  employ subchannel CHF models (basically modified tube CHF prediction
methods) for predicting the initial CHF occurrence anywhere in the bundle.

Two definitions of subchannels are currently in use. The conventional approach defines
subchannel boundaries by lines between rod centre and is used in subchannel codes
such as ASSERT [Carver et al. (1993)], COBRA [Owen 1971)]; ANTEO [Cervolani
(1995)] or HAMBO [Bowring (1967)]. The rod centered approach defines subchannel
boundaries by lines of zero stress between rods and is used primarily to predict CHF in
the annular flow regime [using Hewitt and Hall-Taylor's (1970)] annular flow model or
an equivalent CHF correlation. A thorough review of subchannel prediction methods is
presented by Weisman (1975).

Enthalpy imbalance approach. An alternative to the subchannel approach has been
described by McPherson (1971) (applied to various bundle geometries contained in
pressure tubes), Bobkov (1995, 1997) (applied to excentric annuli and bundle
subchannels), and Leung (1997) (applied to 37 element bundle CHF predictions). This
approach, which was recently reviewed by Kirillov et al. (1996b), considers the
differences in enthalpy rise rates among bundle subchannels, and based on this defines a
quality imbalance, AX for that bundle. This quality imbalance (a variation of this is the
enthalpy imbalance number specified by McPherson(1971) ) represents the difference in
qualities between the cross section average bundle quality and the maximum bundle
subchannel quality for a given cross-section. The difficulty is in predicting the
AX value; no general expression for the enthalpy imbalance is yet available but ad hoc
expressions for specific bundle geometries have been proposed. In general,
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AH=f (5 /d ,AXmax)where 5/d is the element gap/diameter ratio, and AX,, is the

maximum quality imbalance, which depends on the difference between the subchannel
enthalpy of the critical subchannel for zero cross flow and the cross-sectional average
enthalpy. Once a general expression for AXis found (this may well require a fit of a
randomly-generated database using a subchannel code) the bundle CHF can be obtained
from the tube CHF look up table [Groeneveld et al. (1996)] for the critical subchannel.
In equation form this bundle CHF methodology is as follows:

CHF pundie (PG, X) = CHF wse (P, G, Xo0).Ki-K3-K4-Ks- (3.5)

where:

X, =X+ AX and K;, Kj, etc. are correction factors described in Section 3.5.3. The

impact of flow imbalance on CHF is usually assumed to be negligible or assumed to be
incorporated in AX.

3.5. RECOMMENDED CHF PREDICTION METHOD FOR ADVANCED
WATER COOLED REACTORS

To provide precise predictions of CHF for advanced water cooled reactors fuel bundles
is a nearly impossible task as advanced water cooled reactors designs include a variety of
bundle cross sections as well as element spacer designs. This section therefore will
recommend a generic approach of predicting CHF in untested bundle geometries. The basis of
almost any generic bundle prediction method is a tube CHF prediction method, because (i) the
parametric trends with P, G, and X are similar in tubes and in bundles, and (ii) tube CHF
prediction methods are generally used in subchannel codes to predict the CHF in bundles.

In this section we will first discuss the recommended tube CHF prediction method and
will subsequently describe how this method can be used for predicting the CHF in bundle
geometries.

3.5.1. Tubes

The recommended CHF prediction is the recently published CHF look up table for tube
[Groeneveld et al. (1996)] which was based on cooperation of several international groups,
notably AECL in Canada and IPPE in Russia. This CHF prediction method is a slight
modification from previous tables [Groeneveld et al. (1993)], has been validated
independently by others as described in Section 3.6.1 and has resulted into better CHF
predictions compared to other existing CHF correlations, both in accuracy and range of
validity. Groeneveld et al. (1996) have presented a complete description of the new table
including its derivation, and accuracy with respect to the world database, and a comparison
with other widely used CHF prediction methods.
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3.5.2. Rod bundles

The tube CHF look up [Groeneveld et al. (1996), see also Appendix II] needs to be
converted into a prediction method for bundle geometries. To do this, two approaches may be
used:

(1) Subchannel based approach, as described in Section 3.4.4 item 2, and
(2) Cross-sectional average bundle approach as described in Section 3.4.4 item 3.

Ideally a subchannel code should be used to predict the CHF for bundle geometry.
Several subchannel codes are currently in existence [see review article by Weisman (1975) for
more details] but their validation tends to be limited to a narrow range of bundle geometries
and flow conditions for which their constitutive relations have been tuned to agree with the
experimental database. With time this limitation is expected to be resolved as more

appropriate constitutive relations are being derived and the robustness of the codes is
continuously being improved.

In both of the above approaches the CHF needs to be modified to account for bundle
specific or subchannel specific effects. The following correction factor methodology is
adopted to evaluate the bundle or subchannel CHF:

CHF yunae = CHF iapie X K; x K> x K3 x Ky x K5 % Ksx K; x K (3.6)

where

CHF punde iS cross section average value of the heat flux at which the CHF first occurs at the
cross-section, CHF 1 is the CHF value for a tube as found in the look up table for the same
cross-sectional average values of P and G, and K, to K3 are correction factors to account for
specific bundle effects. Note that the form of this equation implies that all correction factors
are independent. Many factors are somewhat interdependent, but these interdependencies are
assumed to be second order effects unless indicated otherwise in the following sections. The
correction factors are described in Section 3.5.3.

3.5.3. Correction factors

Table 3.2 lists the most common bundle specific or subchannel specific effects which
are expected to affect the CHF. As these effects are not reflected by the database for the tube
look up table, correction factors have been derived. Table 3.3 lists approximate relationships
for the correction factors. The sections below elaborate on the more important correction

factors.

3.5.3.1. Diameter

Experiments in tubes have shown a strong effect of tube diameter on CHF. A number of
investigators have discussed this effect. Recently Wong (1996) has made a thorough
systematic study of this effect and concluded that the original approach using the equation:
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CHF b (D)" @3-
K, = =>4

CH F D=8mm 8
where

o is between —1/3 and —1/2 and appears to be valid for the majority of the data. Slight
improvements could be made by assuming n = f (P, G, X) but the improvements were minor
and limited to the range of experimental data on which the new n-function was based. Cheng
and Erbacher (1997) have recently performed additional experiments in Freon and noticed
that the change in CHF with diameter according to Eq. 3.7 appears to valid (with n ~—1/2) for
diameters equal or smaller than 8 mm but no effect of diameter (or a very small effect) on
CHF was observed for diameters greater than 8 mm. Note that Cheng’s data were obtained
primarily at subcooled or low quality conditions. Kirillov and Yushenka (1996) also noted
disagreements in the diameter effect on CHF for negative qualities but the general agreement
for D 8mm with n between —1 /3 and —1/2. Despite this disagreement, the recommendation by
Groeneveld (1996) using n = ~1/2 , and subsequently confirmed by Wong (1996), appears to
be a simple compromise which agrees reasonably with the bulk of the available data.

Although K, was derived empirically from tube data, the diameter correction factor has
been applied directly to subchannels as well where the Dyy is used. Because of lack of data on
CHF in various sizes of subchannels, the validity of the approach as applied to subchannels
has not been confirmed.

TABLE 3.2. CHF SEPARATE EFFECTS ENCOUNTERED IN FUEL BUNDLES

GENERAL DETAILS OF SEPARATE EFFECTS

Global Flow Area Effects: - n-rod bundle where n>>3 and all subchannels identical except corners or
cold-wall-adjacent subchannels (e.g., square Of triangular arrays of
subchannels)

- n-rods where n>>3 and adjacent subchannels are generally not equal (e.g. 37-
rod bundle geometries inside round tubes)

Subchannel Effects - Subchannel size/shape (similarity to tube)

- Cold wall effect

. Distorted subchannels (due to bowing, clad strain, pressure tube creep)
- Misaligned bundles (CANDU case)

Length Effects Similar to appendage effects
Spacers/Bundle Appendages Effects - mixing grids

- attached spacers/ bearing pads/ endplates (CANDU)
Flow Orientation Effects - Vertically upward

- Vertically downward

- Horizontal

Axial/Radial Flux Distribution Effects | - Axial flux distribution (flux peaking/ global flux distribution)
- Radial Flux Distribution (global RFD effect, cold wall effect, flux tilt across
an element)

Flow Parameter Effects - mass flow (incl. zero flow or pool boiling / flow stagnation case)

Transient Effects - Power/Flow/Pressure transients
- Combined transients

Effect of Fluid Type - Light water

- Heavy water

- Modelling fluids (Freons) in conjunction with a CHF Fluid-to-fluid modelling
technique
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TABLE 3.3. SUMMARY OF CORRECTION FACTORS APPLICABLE TO THE CHF

LOOK-UP TABLE

Geometry Factor

FACTOR FORM COMMENTS
Ki, Subchannel or Tube- For 2< D, <25 mm Includes the observed diameter effect on
Diameter Cross-Section Y

K, = (0.008/Dy,)'?

For Dyy > 25 mm:

CHF. This effect is slightly quality
dependent.

K;=0.57
K,, Bundle-Geometry Factor _ - 173 This is a tentative expression, an empirically
K; = min[L(0.5+2 5/ d)exp(-0.5x" ] derived factor is preferred. K is also a
weak function of P, G and X.
K;, Mid-Plane Spacer Factor for - + a This factor has been validated over a limited
a 37-element Bundle K 1 4 exp( B Ly /D hy )

A= 15K, (G/1000)*”
B = 0.10

range of spacer geometries.

K4, Heated-Length Factor

For L /D,,y >5:
Ks = exp[(Dy/ L) exp2an)]
a, =Xp,/[Xp,+(1-X)p,]

Inclusion of as correctly predicts the
diminishing length effect at subcooled
conditions.

Ks, Axial Flux Distribution
Factor

ForX<0:Ks=1.0
For X>0:Ks= Q1°JqBLA

Tong’s F-factor method (1972)
may also be used within narrow ranges of
conditions.

Ks, Radial or Circumferential
Flux Distribution Factor

For X > 0: K¢ = q(Z)avg/ Q(Z)max
For X<0:Ks=1.0

Tentative recommendation only and to be
used with well-balanced bundle. May be
used for estimating the effect of flux tilts
across elements. Otherwise method of Yin
(1991) is recommended.

K7, Flow-Orientation Factor

Kr = 1-exp(-(T;/3)"’)

where
1-XY 2
et

l-a

f, is the friction factor of the channel

gDhy Pf(Pf - pg)aM

This equation was developed by Wong and
Groeneveld (1990) based on a balance of
turbulent and gravitational forces. The void
fraction is evaluated with the correlation of
Premoli et al. (1970).

Ks, Vertical Low-Flow Factor

G<-400 kgm?.s" or X<<0:
Ks =1

400 <G < 0 kgm?s™: Use linear interpolation between

table value for upward flow and value predicted from

CHF = CHFg-ox-o(I-ahom)Ci

For &), <08 :
c; = 1.0
For O >08:
08 + 02 p,/pP,
Chom + (1~ Qhom) P; 7/ Py

C/'_—

Minus sign refers to downward flow.
G=0, X=0 refers to pool boiling.

3.5.3.2. Bundle

Prediction of the critical power in untested fuel bundle geometries such as many of the

proposed advanced water cooled reactor fuel bundles has a higher uncertainty especially if the
flux distribution, grid spacer shape and bundle array dimensions are different from those
tested previously. The most reliable approach aside from ad hoc testing, is to employ a
subchannel analysis as described in Section 3.4.5 (at a limited range of conditions of interest)
to valuate the bundle CHF analytically, and to derive a bundle correction factor expressed as
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K, = CHFpundie/CHF apie for use inside a systems code. In the absence of any test data Eq. 3.8
is the simplest one available and follows the correct asymptotic trends.

K,=Min/1.0,(0.5 + 28d)exp(-0.5 x"*)] (3.8)

Note that further work in this area is required and that the approach based on the
enthalpy imbalance as embodied in Equation 3.5 [Kirillov (1996b)] is the most promising

— CHFtube-tabIe (Pr G:X + A)() (39)
CHF tube-table (P ’ G: ‘XI)

K>

one. This would then simply change the bundle correction factor to the form of Equation 3.9,

but requires an empirical expression for AX (see also Section 3.4.4 item 3 and the references
of Appendix III for further details).

3.5.3.3. Spacer

A number of researchers have investigated the effect of spacing devices on CHF or
critical power. Figure 3.3 shows the various types of spacers used in these studies. In general
a significant increase in local CHF was observed just downstream of the spacers. This
increase usually decays slowly with distance downstream as illustrated in Fig. 3.4. The
increase is primarily due to the higher turbulence level of the two-phase flow, which can
strongly suppress the occurrence of CHF and the improved intersubchannel mixing. In
experiments on CANDU fuel bundles, this increase in CHF is most pronounced just
downstream of spacer planes and bundle junctions, where increases in local CHF of over
150% have been observed.

The strong CHF-enhancement effect has been confirmed by others, e.g. Tong (1972). It
has been expressed by the enhancement factor:

(3.10)

K;=1+Aexp -BL’P
Dy

where

A = 1.5 K% (0.001G)*? (K is the pressure loss coefficient of the spacing device) and B = 0.1
were proposed by Groeneveld (1989).

Subsequent studies at CRL and IPPE have noted that using the pressure loss coefficient
itself may not be sufficient because of the apparent insensitivity of the CHF enhancement to
streamlining of the grid spacer, and an expression using the flow blockage area may be more
appropriate [Kirillov (1997)]. Note that these values will still be approximations as the shape
of the spacer and the element gap are also important parameters.

In bundles the length factor is no longer needed as this effect is already incorporated in
the spacer correction factor (hence K4 = 1).
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FIG. 3.4. Exponential decaying CHF enhancement downstream of a spacing device.
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3.5.3.4. Axial flux distribution

Many experimenters have studied the effect of axial flux distribution (AFD) on critical
power [e.g. Collier (1981); Tong (1972); Todreas and Rohsenow (1965); Groeneveld (1975),
Kirillov (1997)]. The common observation in all these studies is that the AFD has a strong
effect on the CHF in the annular flow regime but this effect tends to disappear altogether for
the DNB-type of CHF. The effect of AFD on CHF can be accounted for by using the boiling-
length-average (BLA) heat flux instead of the local heat flux. The BLA heat flux is defined
as:

! G.11)
94— ﬁ:ww"‘
Ls

_GHgDr (3.12)
B
4 X o914

where the BLA heat flux has been incorporated in the AFD correction factor K5 defined as:

K5 = Piocar / Prra for X>0.0
Ks;=1.0 for X <0.0

3.5.3.5. Radial flux distribution

The ideal tool for evaluating the RFD effect on dryout power or CHF is a reliable
subchannel code. Subchannel codes can also consider the effect of flux tilt across elements by
accounting for the different heat flux values around the circumference of a fuel pin. However
subchannel codes are complex, expensive to run and have usually a limited range validity.
Hence a more empirical approach is often preferred. The RFD correction factor falls between
two extreme values: (i) for open bundles where the subchannel flow and enthalpy imbalance
is small, and the maximum heat flux controls the initial occurrence of CHF. For such a case
K is close to unity (or AX is close to zero) and K¢ is approximately equal t0 Qayg(Z)/qmax (2),
where qmax represents the maximum heat flux for the subchannel and qayg is the cross section
average heat flux, and (i) for very tight bundles (8/D < 0.1) where the communication
between subchannels is severely hampered and Ks (if used in conjunction with K, as
expressed by Equation 3.8) depends also on the subchannel and flow imbalance. For this case
a technique for obtaining a K¢ value based on RFD was proposed by Yin et al. (1991), but this
still requires knowledge of the RFD corresponding to simultaneous CHF occurrence across
the bundle (this could possibly be obtained from subchannel codes). However if the K, value

is obtained from Equation 3.9 (based on AX), no further correction for K¢ beyond the qavg/qmax
value is required.

3.5.3.6. Flow orientation

The effect of orientation is important for CANDU reactors, where the fuel channels are
oriented horizontally, and for conventional boilers, where many of the boiler tubes are
inclined. The approach taken is to correct the vertical flow CHF by a penalty factor to account
for the deleterious effects of flow stratification. For fully stratified flow, the CHF = 0 (i.e.
K,=0), while for a flow regime unaffected by flow stratification, CHFye; = CHFpor OF
K;=1.0. Using a mechanistically based flow regime map [e.g. Taitel and Dukler (1975)]
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permits the determination of the mass flux threshold Gi, corresponding to the onset of
complete flow stratification (where liquid no longer touches the top of the channel, i.e. the
CHF = 0) and the mass flux threshold G, corresponding to the first noticeable effect of
stratification on the phase distribution. Table 3.3 shows a simple expression for the correction
factor Ky having the correct asymptotic trends. A more rigorous expression for the flow
stratification correction factor was derived by Wong et al. (1990), based on both the flow
regime and a force balance on the phases. Their expression for the correction factor Ky
resulted in accurate predictions of the CHF in horizontal flow in various fluids over a wide
range of conditions.

3.6. ASSESSMENT OF ACCURACY OF THE RECOMMENDED
PREDICTION METHODS

3.6.1. CHF look up table assessment

The CHF look up table described in Section 3.5.1 and presented in Appendix II as well
as earlier versions of the look up table have been assessed extensively. The most recent
assessment was made at KAIST, Korea, by Baek et al. (1996) using their database. Their
assessment confirms the error statistics reported by Groeneveld et al. (1996), and confirms the
improved prediction capability compared with the 1986 AECL-University of Ontario (UO)
Look-up Table [Groeneveld et al. (1986)]. In addition the distribution of CHF data and the
error distribution of the CHF look up table as a function of pressure, flow and quality
intervals are given in Table 3.4.

Earlier assessments by Smith (1986) and Weaver (1995) indicated the suitability of the
& table look up approach and has resulted in its use in systems codes such as CATHARE

4 [Bestion (1990)], THERMOHYDRAULIK [Ulrych (1993)], ASSERT [Kiteley (1991),
r Carver (1993)] and RELAP [Weaver (1995)]. Assessments were also made by Aksan et
al.(1995) and Faluomi and Aksan (1997) where an earlier version of the look up table (CHF-
1 UO table) was compared to other leading CHF correlations and the impact of the differences
e in CHF predictions on nuclear plant transients of interest was assessed.
e
) 3.6.2. Accuracy of bundle CHF prediction methods
n
n As indicated in the previous sections, the prediction of bundle CHF is much more
'S difficult than the tube-based predictions. In addition the database has a much greater
e uncertainty because of the relatively crude fixed thermocouple technique for detecting initial
N CHF occurrence. Prediction accuracy for a well tested bundle geometry is usually quite
S reasonable (frequently within 5% at a 2o confidence level for a given inlet conditions) but
€ this is due to the fine-tuning of the correlation/subchannel code with empirically derived
ax coefficients. For new AWCR geometries the accuracy is significantly reduced and could well
be greater than 10% at 20.
An independent assessment was made by Chun et al. (1997) of the CHF look up table as
a prediction method for bundles in conjunction with a subchannel code (COBRA-IV-1). They
e compared the look up table with six leading CHF prediction methods [Biasi et al. (1967)];
re W-3, EPRI-1 as referred to by Chun et al. (1997); Katto and Ohno (1984); and two CHF
ot models [Weisman and Ying (1985); Lin et al. (1989)). They concluded that, for AWCR
N design applications, in the absence of a database, the look up table has the greatest potential as
or a general predictor for CHF in rod bundles. The CHF look up table has also been used and
By assessed in conjunction with the ASSERT subchannel code [Carver (1993,1995)] and the

ANTEO subchannel code [Cervolani (1995)].
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For specific bundle geometries a bundle specific look up table can be used. Good
success has been reported with the recent IPPE bundle CHF look up table for WWER
geometries. This table is reproduced in Appendix III where a brief description of its potential

use is also provided.

TABLE 3.4. ERROR-DISTRIBUTION

TABLE FOR LOCALIZED RANGES OF FLOW

CONDITIONS
Pressure Range (kPa) 100 to 1000 1000 to 5000 5000 to 8000
Mass Flux Quality Range Quality Range Quality Range
Range
(kg.m2s™)
05- |-01- |02- |05 |-05 |-01- |02- |05 |-05- 0.1- | 02- ]os-
0.1 02{ 05 1] 01 02] os 1 0.1 02] os]!
0 No. of Data 0 1 55| 523 0 0 87| 1755 0 1y 4| 776
to | Avg. Error (%) o] 319 47| o4 0 o) 81| -35 ol 46| -10| -14
1000 |  Rms Error (%) 0| 319) 167] 88 0 of 12f 72 ol 46| 54| 59
No. of Data Set 0 1 4 5 0 0 7 8 0 1 12 15
1000 No. of Data 0 o] 115 21 0 45| 766 | 416 2| 454| 1340 | 747
to | Avg. Error (%) 0 o] 123 2.1 ol 25] 27| -19 42| oo0] 07| o0
3000 |  Rms Error (%) 0 o] 257| 185 o| 41| 102 108 421 104] 44| 82
No. of Data Set 0 0 6 4 0 5 10 8 2 17 22 15
3000 No. of Data 0 1 33 0 1 67| 248 0 o| 48| 493 0
to i Avg. Emor (%) o] 143 99 0] 133 12| 438 0 0 19| 03 0
4500 | Rms Error (%) o] 143 201 o] 133| 1271 120 0 ol 99| 38 0
No. of Data Set 0 1 2 0 1 7 7 0 0 18 19 0
4500 No. of Data 0 0 0 0 0 34 28 0 6] 228| 126 0
to | Avg. Error (%) 0 0 0 0 0] 49 5.7 0 30] 10} 21 0
6000 | Rms Error (%) 0 i} 0 0 o| 103] 119 0 83| 53| 56 0
No. of Data Set 0 0 0 0 0 7 5 0 3 13 9 0
6000 No. of Data 0 0 0 0 o 19 2 0 0 95 15 0
to | Avg. Ermror (%) 0 0 0 0 0] 249| 1.9 0 o] 72| 96 0
8000 | Rms Error (%) 0 0 0 0 o] 61.9] 173 0 o] 1o 123 0
No. of Data Set 0 0 0 0 0 3 2 0 0 9 5 0
Pressure Ran%e (kPa) 8000 to 12 000 12 000 to 16 000 16 000 to 20 000
0 No. of Data 0 27| 249 535 o| 178] 621 388 32| 154| 333 215
to | Avg. Ermror (%) 0 13 18| -06 0| -06 12] 07 15| 03] o2} 07
1000 | Rms Error (%) o]l sof 19| 84 o] 61 6.1 104 48| 44| 50| 89
No. of Data Set 0 5 12 13 0 7 13 10 3 8 9 8
1000 No. of Data 3| 671 | 1457] 216 86 | 1234 | 1763 15 135 | 570 | 1031 16
to| Avg Emor(%)| 38| o04] 25 31| 04 1.2 18] 42 1.1y 07] -05 0.3
3000 | RmsEmor(%)| 47| 48 91| 107 52| 47| 6.0 53 55| 41{ 48 3.8
No. of Data Set 3 18 23 12 8 15 13 4 3 9 9 3
3000 No. of Data 3| s538) 3 0 25| 513 337 0 9| 255] 2m 3
0] Avg Emor(%)| 3.2 14| 02 o]l 22| 25| -04 0 23| 46 13| -67
4500 | RmsEmor(%)| 37| 47| 62 o] s6| 57 52 0 64| 86| 57| 106
No. of Data Set 2 18 12 0 3 10 8 0 5 9 8 2
4500 No. of Data o| 272 193 0 28| 221 124 0 14| 134] 106 0
to | Avg. Error (%) o] 09| o9 o] 40] 41 3.5 0 09| 66] 26 0
6000 | Rms Error (%) ol s6| 78 o] 54 69 6.4 0 16 93| 59 0
No. of Data Set 0 12 10 0 3 9 7 0 3 7 7 0
6000 No. of Data ol 13| 124 0 0 47 18 0 6 34 9 0
to | Avg. Error (%) o) 49| 36 0 of 62| -18 0 as| 15| 27 0
8000 | Rms Error (%) ol 136 83 0 o] 149| 36 0 1.9] 121 6.0 0
No. of Data Set 0 11 7 0 0 6 3 0 2 6 5 0
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3.6.3. Impact of accuracy of CHF model on cladding temperature prediction

CHF prediction methods are usually integrated in reactor safety codes and are used to
predict the cladding temperature. This brings up the concern whether the same CHF
prediction method is used for maximum cladding temperature prediction and for predicting
the hydraulics response in a channel (see Section 3.7.1 for more details). Various investigators
have considered the sensitivity of the CHF model in their codes on the cladding temperature
transient. Belsito and D’Auria (1995) used an earlier version of the CHF look up table
[Groeneveld et al. (1986)] and concluded that the discrepancies between pre-test and post-test
analysis is due to the uncertainty in the boundary conditions and the calculation of the

pressure at CHF. / o }7&

3.7. CHF CONCERNING ACCIDENT CONDITIONS

3.7.1. General

In the previous discussion of CHF prediction methods it was assumed that the
prediction of the initial occurrence of CHF is of paramount importance (as it is for setting the
operating power for a reactor). However to predict the proper thermalhydraulic/neutronic
response (they are linked) to a more massive occurrence of CHF across the core, knowledge
of how CHF occurrence spreads across the reactor core is required. This will permit an
evaluation of how much of the heat generated by the fuel is used for evaporation (usually
100% for saturated boiling if the CHF has not been exceeded), and how much is used for
heating up the fuel (this could be close to 100% during fast transients where the fuel cladding
has just experienced CHF and is heating up to the corresponding film boiling temperature).
Systems codes ideally should be based on this more detailed (3-D) approach of evaluating the
spread of CHF occurrence (or drypatch size) across the core.

The drypatch size predictions depends directly on the choice of the time steps, axial
node size and size of nodes across the core. Detailed experiments on 37-rod fuel bundle
simulators using sliding thermocouples [Schenk et al. (1990)] have clearly indicated that it
requires a significant rise in power (10-25%) just to spread the CHF around one element,
while the same measurements indicated that fuel element supports (spacers, endplates, grids)
usually have a large local impact (~100-200%) on CHF (e.g. see Section 3.5.3).

A number of papers have been published where an assessment was made of the
implementation impact of the CHF look up table [Faluomi and Aksan (1997); Aksan et al.
(1995); Weaver (1991)]. They generally confirm the difficulty of individual CHF correlations
in following the complex CHF variations with flow conditions.

3.7.2. Effect of the axial/radial node size

It is now known that CHF is strongly affected by fuel element supports such as grid
spacers (which frequently are equipped with mixing vanes), and spacers/endplates in CANDU
reactors. Increases in CHF of over 100% (for the same local flow conditions) due solely to the
presence of an upstream fuel rod support have been measured. This increase in CHF decreases
exponentially with distance downstream from the rod spacer as shown by Equation 3.10. The
net impact of this depends on the specifics of the bundle geometry and rod support type:
decreases in CHF by up to 50% over a distance of 12 cm have been measured [Doerffer
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(1996)]. It is recommended to use as small an axial node length as practically possible (less
than 5 cm) for those types of safety analysis where the size of the drypatch is important.

CHF does not occur simultaneously across a bundle, and in fact even across a
37 element bundle, it requires typically 50% increase power (for the same local flow
conditions P, G and X) to have the CHF spread across the half the bundle geometry, and over
100% to spread across the whole geometry. Figures 3.5 and 3.6 [D'Auria (1997)] also
illustrate the non-uniformity in CHF occurrence as measured in the LOBI and BETHSY test
facilities [Faluomi and Aksan (1997)]; for square array bundle geometries. This limits the use
of a 1-D system code in representing the CHF behaviour and its impact on void generation
and neutron flux behaviour for PHWR.
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Figure 3.5. Axial and radial distribution of rod surface temperatures during intial CHF
occurrence measured in the LOBI small break LOCA experiment BL-34.
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Figure 3.6. Axial and radial distribution of rod surface temperatures during initial CHF
occurrence measured in the BETHSY small break LOCA experiment.

Three possible options are proposed to resolve the concerns of properly representing the
thermalhydraulic/neutronic response to massive CHF occurrence.

(1) use subchannel codes to evaluate the spread of CHF occurrence in a core across a fuel
cell or bundle;

(2) predict the average (not initial) CHF for a fuel cell or bundle and use this for predicting
the fraction of fuel in dryout (this requires knowledge of the variation in flow conditions
among fuel bundle/fuel cell);

(3) use subchannel codes and/or experimental data to relate the bundle/core drypatch
fraction to heat flux beyond the initial CHF occurrence and use this in systems code
calculations to predict the thermalhydraulic and neutronic response.

The choice of which option is appropriate depends on the application, the availability of
relevant data and the type of subchannel and systems code.
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3.7.3. Transient effects on CHF

3.7.3.1. Flow transient

During a LOCA or pump rundown scenario, the flow decay phase can frequently be
characterized by G = Gy ¢ V', during which time CHF will occur. The impact of the flow
transient on CHF depends strongly on the flow decay constant C;: This permits a subdivision
of the transients into:

(i)  slow transients, where the channel transit time is much smaller than the flow decay time
constant C1. These are mild transients, which can be considered as pseudo-steady-state
cases. Here, the CHF is assumed to be unaffected by the flow transient. For normal
reactor flow conditions, the core transit time is roughly about 1 sec.

(i) fast transients where the transit time is greater than the flow decay time constant CI.
Here the CHF is expected to be affected noticeably by the transient and any effect due
to AFD is considered secondary.

As a first order approximation, it may be assumed that for 1/G (dG/dt) < 0.1 (i.e. a
decay time constant C1 > 10 seconds) no effect of the transient on CHF is noticeable and the
BLA heat flux (or any other methods which correctly account for upstream AFD) should be
used. For a time constant C1 of 1 second or less, however, the BLA effect is no longer
relevant as it is overshadowed by transient effects. It is generally assumed that the CHF is
enhanced during fast transients but no reliable predictions are available. The assumption that
CHF transient = CHF gteady state fOr the same instantaneous local flow conditions is frequently made.

3.7.3.2. Power transients

Power transients will also accompany a LOCA. The power transient can be either in the
form of a power decay , or a power spike. The easiest methodology for representing the power
change is by employing the “Lagrangian” approach. The similarity between the variation in
upstream heat flux as experienced by a fluid parcel while travelling along a non-uniformly
heated channel, and the change in heat flux experienced by a fluid particle during a power
transient can be used in evaluating the impact of a power transient on CHF [see also Chang
(1989)]. If the fluid is in the annular flow regime (void fractions >60%), a methodology
similar to the BLA approach can be used, provided that the time a fluid particle sees a change
in heat flux is transformed properly into an equivalent AFD. A previous study of axial flux
spikes [Groeneveld (1975)] has shown that a BLA-type of approach can handle flux spikes
with a magnitude of 2-3 times the average heat flux.

3.8. RECOMMENDATIONS AND FINAL REMARKS

(1) Based on the arguments presented in Sections 3.4-3.6, the CHF look-up table as
presented in Appendix II is currently recommended for use as the reference prediction
method for CHF in advanced water-cooled reactors. As an alternative for fuel bundles in
which the rods are arranged in a triangular array, the WWER-based look-up table of
Appendix III is recommended.

) For new bundle geometries, and in the absence of any relevant bundle CHF data,
corrections for radial and axial flux shapes should be applied to account for differences
between CHF values in tubes and bundle or bundle subchannels. These corrections can




best be obtained from a reliable subchannel code; without the complexity of a
subchannel code, the method of applying correction factors based on element spacing,
axial and radial flux distribution may be utilised.

(3) Supercritical water is currently being considered as a coolant medium for several Advanced Water
Cooled Reactor concepts. The heat transfer characteristics of reactor cores cooled by supercritical water
needs further investigation. Specifically the pseudo-CHF and post-CHF behaviour of supercritical water
has received very little attention in the literature.

(4) Over 90% of the CHF literature is concerned with the prediction of initial CHF. There
are currently no expressions for determining the average CHF or the spread of CHF
available, even though this can be very important for predicting the thermalhydraulic
and neutronic response to massive CHF occurrence during severe LOCAs. The
methodology described in Section 3.7 may be used for evaluating the average CHF or
the size of the drypatch.

(5) As shown in Figure 3.2 there exists currently a scarcity of CHF data at low flows/low
qualities and at or high flows/high qualities. In addition relatively little is known of the
effect of fast flow and power transients on CHF. Additional experiments are required to
improve our knowledge of CHF in these areas.
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