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ABSTRACT

An extensive and systematic literature review on the effect of flow
geometry on the Critical Heat Flux (CHF) has been performed. This review covers
most of the flow geometries that have been previously investigated such as tubes,
concentric and eccentric annuli, rectangular channels, irregular-shaped channels

and bundles.

Each of the above geometries is studied individually. The following
geometric parameters have Leen found to strongly influence the CHF:

i) hydraulic-equivalent diameter,

ii) heated-equivalent diameter,

iiiy gap size,

iv) unheated adjacent surface,

v) heated adjacent surface,

vi) curvature,

vily eccentricity (including bowing), and

viii} channel shape.
It is found that some of the geometric effects on CHF depend on the flow
conditions and the CHF type (six CHF types have been identified for convective

boiling).

For each geometry the parametric trends have been described, whenever
sufficient experimental results are available . A review and assessment of the
available prediction methods is conducted. The observed trends are used to

derive a correction factor to the reference CHF table values for an 8-mm tube.
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In some cases, when the experimental data are limited, no correction factor is

derived but only general recommendations are made for future work.

The following trends have been identified in this study: (i) in general the
CHF in annuli (concentric and eccentric) is lower than that in tubes, especially
for high quality and narrow gaps; (ii) for rectangular channels and irregular-
shaped channels, corners can cause a large CHF reduction; (iii) the CHF for
concave surface is significantly higher than the CHF for a convex surface; (iv)
the effect of gap size in concentric annuli is different for a departure from
nucleate beiling {DNB) type CHF and CHF type for the annular flow regime. For
the first CHF type reduction in gap size results in a CHF decrease, while for the
second CHF type it results in CHF enhancement; and (v) heating the adjacent

surface results in a CHF increase.

Basad on the observed trends, CHF correction factors have been derived for
each geometry. Finally, an interim CHF prediction method for subchannels and

flow conditions of interest to CANDU* reactors has been proposed.

* CANDU - CANada Deuterium Uranium, a ragistered trademark.
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1. ODUCTIO

During the past 40 years, the critical heat flux (CHF)} has been studied
extensively, as indicated by the proliferation of correlations (over 400
correlations can be found in the literature just for CHF in water-cooled
tubes). Most of the prediction methods are designed exclusively for round
tubes. These same predictions methods are usually applied to other

geometries.

Developments in nuclear industry, steam generators and more recently in
computers ccoling systems have generated an increasing interest in the CHF in
non-circular geometries. Therefore, there is a need for a prediction method
to account for the effect of a change in flow geometry on CHF. The objective

of this work is to develop ouch a predicticon method.

The major importance of the effect of flow geometry on CHF comes from
the nuclear industry. It is known that the CHF is one of the factors that
limits the maximum power extractable from water~cooled nuclear reactors.
Hence, the knowledge of the exact occurrence of CHF is essential in increasing
the reactor power. However, round tube correlations are frequently applied to
different geometries present in the reactor, such as subchannel-shaped
geometries or bundles. Fuel bundle subchannels are usually defined as flow
areas between fuel rods bounded by the rods themselves and imaginary lines
linking adjacent rod centres, as illustrated in Figurs 1.1 for the case of
CANDU fuel bundle. This application of tube CHF correlations to these

subchannel geometries is a source of possible large errors in CHF predictions,



hence large safety margins are required to compensate for these potential
errors. Another reason for the interest of analysts in the effect of geometry
on CHF (particularly the effect of the presence of an unheated subchannel
wall, the effect of element/element gap size, and the effect of

element /pressure-tube gap size) is caused by the postulated gecmetry changes
due to pressure-tube creep, fuel strain and element bowing, which can occur
during normal operation or postulated loss of regulation (LOR} accident
conditions. Figure 1.2 illustrates the different problems that might occur

due to geometry changes in a nuclear fuel bundle.

The cost of experimentally investigating all these effects in full-scale
simulated fuel-bundle geometries is prohibitive, as CHF experiments on each
fuel-~bundle geometry would typically cost from $2 to §$5 Million. A number of

geometries would be required to investigate each of the above effects,

Currently, the CHF for a CANDU fuel bundle or bundle subchannels is
frequently predicted using the CHF look-up tables (Groeneveld et al. [1986a)).
These tables provide the boiling-length-average CHF as a function of cross-
sectional average flow conditions for a reference tube geometry. To account
for the effect of a geometry change on CHF, any variation of each of the
characteristic dimensions of a bundie or subchannel needs to be considered.

These characteristic dimensions include:

heated-equivalent diameter,

hydraulic-equivalent diameter,

inter-element gap size,

element /pressure-tube gap size,



3
- curvature of the surfaces (heated and unheated), and

- subchannel shape.

In addition, the effect of the radial-flux distribution or variation of

the heat flux around the subchannel perimeter needs to be considered.

The approach taken in this study is: (i) examine the effect of all flow-
geometry parameters on CHF; (ii) determine the dominating parameters affecting
the CHF; and (iii) use these parameters in deriving a correction factor to the

CHF for the reference tube-CHF look-up table.
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2. REVIEW OF THE CHF LITERATURE

2.1 Intreduction

When the heat flux applied to a surface in contact with boiling liquid
is increased gradually, an insulating vapour layer builds up on the heated
surface. This vapour layer causes a sudden decrease in heat transfer
coefficient due to its low thermal conductivity. Simultanecously, if the heat
flux is not reduced, the surface temperature rises dramatically. The
magnitude of the temperature jump during this phenomenon depends upon the flow
conditions and regimes. To describe this particular conditicon different terms

have been used:

burnout,

dryout,

critical heat flux (CHF) condition,

departure from nucleate boiliag (DNB} and

boiling crisis.

None of these terms gives a general description of the physicse. For
instance, the term burnout implies a physical melting of the heated surface
which does not necessarily occur (e.g., at high qualities the temperature
excursion is not very impu-tant and does not lead to immediate damage of the
surface). Under subcooled or saturated nucleate boiling conditions, this
phenomenon is caused by a transition from nucleate beiling to film beoiling,
hence in this case the term "departure from nucleate boiling" is the most

adequate. At high qualities, this phenomenon is associated with the dryout of
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the wall liquid-film, thus film dryout is the proper term for this case. 1In
this thesis the above described phenomenon will be referred to as the critical
heat flux condition, and the heat flux at which it occurs as the critical heat

flux (CHF).

2.2 Boiling Curve

The boiling curve of a heated surface relates the surface heat flux to a
temperature difference. In the case of pool boiling and for a temperature-
controlled surface the boiling curve is shown in Figure 2.la. The different

regions of this curve are:

1

the natural convection single-phase (liquid) region (A-B},

- the nucleate boiling region (B-C).

- the transition boiling region, where parts of the surface are in film
boiling and others in nucleate boiling modes {C-D),

- the film boiling region (D-E).

The boiling curve of a heat-flux-controclled surface in pool boiling is
ghown in Figure 2.1b. Some parts of this curve are identical to Figure 2.1la.
However, in this case when reaching point C (critical heat flux point}), any
slight increase in the surface heat flux results in a temperature jump from C
toc F. At point F, if the heat flux is increased the curve traces F~E, but if
the heat flux is decreased the curve traces F-D and not F-C. Reaching point D
(known as minimum film boiling point or Leidenfrost point), a further decrease
in the heat flux results in the surface temperature following the path D-G.

It is to be noted that the transition along C~F and D-G can only be achieved
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in one direction, as shown in Figure 2.1lb.

The boiling curve in the case of flow boiling is similar in shape to the

pool boiling curve but not exactly identical to it.

2.3 CHF Mechanisms

2.3.1 Pool Boiling

Depending on the fluid enthalpy, the following mechanisms govern the CHF

occurrence in pool boiling:

{i) Saturated boiling: at these conditions vapour bubbles are generated
at a very high rate, such that insufficient quantities of liquid can reach the
surface. Bubbles form a barrier to the incoming liquid. The CHF prediction
in this case is much simpler than in the flow boiling case. The theory
predicts the CHF by determining the onset of the transition boiling region.
According to this theory a heavy fluid on top of a light fluid layer is
unstable (as the case for liquid and vapour). The layer collapses by a

formation of waves, the wavelength is known as Taylor wavelength, Ay, and is

A.=0C. ) —2 — (2.1)
T J (Pt Py 9

where C = 2%y/3 for one dimensional waves and C = 2ny8 for two dimensional

given by

waves. Vapour is removed from the surface vapour layer by rising vapour
columns or jets forming at the peak amplitude position of the Taylor wave, as

shown in Figure 2.2a for the case of a flat plate. Ultimately, when the
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vapour velocity in the columns reaches a critical value, the columns will
collapse and become unstable. This is known as the Kelvin-Helmholtz

instability. The maximum vapour velocity for a stable vapour column is given

by

- | 2ne (2.2)
u., = —
g Pg AKH

where M is the disturbance wavelength as shown in Figure 2.2b. The CHF is
obtained by a heat balance in the columns when the vapour velocity is equal to

Ug

A
CHF = hy, pg u’(#h] (2.3)

where A; is the cross-sectional area of circular jet and A is the sguare area
of the plate which heats the jet (see Figure 2.2a}. For an infinite
horizontal plate, substituting values for ug; and A;/Ap into Equation (2.3)

results in:

CHF gy = K P;“ hyg ‘V'g (PrPg) @ (2.4)

where K depends on the choice made for Mg and Ay (Zuber [1959} suggested
K=0.131 and Lienhard and Dhir [1973] suggested K=0.149}. K=0.149 gives the

clogest results to the experimental data for a flat plate.

(ii) High subcooling: at very high subcooling it has been suggested that
CHF can be caused by the complete evaporation the micro-layer (a very thin
layer of liquid beneath an undetached bubble). At high heat flux levels dry-
patch heats up very rapidly such that rewetting of this area is not posaible.

For subcooled conditions the correction suggested by Ivey and Morris (1962) is
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recommended for Equation (2.4) and given by

CHFyup _ 1401 ( CP;(T,“'T:,)] [_P_:]”‘ (2.5)

CHF gye Beg Psg
2.3.2 Forced Convective Boiling

Figure 2.3 illustrates the distribution of the flow regimes along a
vertical uniformly-heated tube. The parameter characterizing the flow regimes
in this figure is the thermodynamic gquality, defined at any axial position, z,

as

h{z)-h,

(2.6)
Heg

x({z) =

The dryout point (CHF condition) is accompanied by a wall temperature rise.

It is to be noted that this figure is for low heat flux (for high-guality
CHF). Depending on the magnitude of heat flux, the CHF condition can be made
to occur in any of the flow regimes as shown in Figure 2.4. Figure 2.4
illustrates the variation of the heat transfer coefficient with quality, X,
with increasing heat flux as a parameter. Curve (i) of Figure 2.4 corresponds
to the conditions shown in Figure 2.3. As the heat flux is increased fcr each
case (curve ii to vii), subcooled boiling is initiated earlier and the CHF
condition occurs at lower guality, hence in a different flow regime. CHF
occurrence in different flow regimes (different local flow conditions) is one
reason for the many CHF mechanistic descriptions present in the literature. A
second reason for different CHF mechanisms is the geometry of the flow
passage. Therefore, any mechanistic description of the geometry effect on CHF

must be based on an understanding of the underlying CHF mechanisms. The
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following six CHF mechanisms have been identified for convective boiling:
(I) Ligquid Starvation By Vapour Bridging. For certain combinations of flow
geometry and flow conditions, the bubble can be of the same size as the
transverse dimension of the flow geometry as shown in Figure 2.5. 1In this
case, a bubble could locally bridge the complete cross section, resulting in a
temporary interruption of the supply of liquid and a subsequent CHF occurrence
due to blockage of the flow passage or a fraction of the flow passage. This
mechanism is more likely to occur for:
(i) low pressures, where the liquid- to- vapour dengity-ratio is very
high;
{ii) saturated boiling, where bubbles are large;
(iii) low flows, where the size of the discrete vapour cells (bubbles,
slugs) is large; and

(iv) narrow flow passages.

For each of these conditions there is a thin liquid film which initially
remains between the bubble and the heated wall., If the heat flux is high
enough this film will evaporate and as a result a premature CHF occure.

(II) Nucleation Induced. This type of CHF is also referred to by Collier

{1981] as, "dryout under vapour clot". It is encountered at high subcoolings
and very high heat fluxes. Here, a temporary dry patch is formed as a result
of evaporation of the micro-layer under. single bubble or coalescing bubbles as
seen in Figure 2.5 (Collier [1981) and Groeneveld (1981]). At high heat-£flux
levels (close to the CHF), the high dry-patch surface temperature could
prevent the rewetting of the surface, thus leading to the CHF condition. This

type of CHF is characterized by a fast temperature rise (fast dryout).
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{I1I) Bubble Clouding. This type of CHF is also known under "bubble crowding
and vapour blanketing". At moderate subcooling (clese to saturation}, bubbles
may form a bubble boundary layer in the vicinity of the heated surface [Tong,
1965). This layer reduces the access of the liquid to the heated surface.
This in turn causes an increase in near-wall ligquid superheat, further
increasing the near-wall bubble population, preventing fresh liquid from
reaching the wall and eventually leading to vapour blanketing of the surface
by increased nucleation/micro-layer evaporation and bubble coalescence (Figure
2.5). This phenomenon is alsc called the "boundary layer bklow off". It is
commonly accepted as the most general mechanism for low-quality region, with
mechanism II occurring only at very high heat fluxes and mechanism I occurring
only at low pressures and mass fluxes.
{IV) Entrainment-Controlled Film Dryout. Figure 2.6 [Hewitt and Hall-Taylor,
1970) shows the relation between the entrained-droplet flow rate and the local
quality. Also shown in this figure is the hydrodynamic-eguilibrium
entrainment curve (dotted curve), where the entrainment is balanced by
deposition for varying quality. The CHF condition is reached when the
entrained-droplet flow equals the total-liquid flow. From this figure it is
geen that the entrainment curve increases until crossing the hydrodynamic
equilibrium curve and then decreases towards the CHF condition (burnout
point)}. Hewitt and Hall-Taylor (1970) postulated that, "in the first part of
the channel there is net liquid entrainment from the film and in the latter
part of the channel there is net liguid deposition. The results are readily
understood if it is realized that the flow will always be tending towards the
hydrodynamic equilibrium”. This type of CHF occurs in annular flow, but for a

relatively shorter length and lower burnout qualities than the deposition-
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controlled film dryout described below. Figure 2.7 illustrates different
zones of CHF occurrence, for various local qualities. The entrainment-
controlled film dryout may occur either in Zone II or III and is accompanied
by a moderate temperature rise. The liquid film depletion in this case may be
enhanced by one of the following mechanisms:
-~ Thermocapillary effect: one of the most important source of entrainment in
annular flow is the surface waves. These waves cause a non-uniform
temperature distribution along the liquid-vapour interface; a maximum
temperature in the valley and a minimum temperature at the wave tip. This in
turn causes a surface tension gradient, which draws liguid to the higher
surface tension area (wave tips) and evenggally leads to a dryout in the wave
valley.
- Nucleation induced film breakdown: when nucleation occurs in the annular
flow regime, bubbles may cause a dry-patch in the liquid film if the bubble
gize is compareble to the film thickness. At high ﬁeat flux values, rewetting
of this area could be prevented, thus leading to a CHF condition (N.B., this
is unlikely to occur unless a local heat flux spike is present; high
turbulence level in annular liquid film usually suppresses nucleation
occurrence}.
(V) Deposition-Controlled Film Dryout. The entrainment rate strongly
depends on film thickness [Hewitt and Hall-Taylor, 1970), thicker films result
in higher waves on the liquid film and the tips of the waves eventually become
sheared off and entrained. At high qualities, the liquid film is thin and
liquid entrainment is suppressed. In this region, the liquid-film flow rate
is governed by evaporation and deposition. The following equation can be

derived from the liquid-film mass balance



14

CHF . o . W _ (2.7)

Ay, & gz

where W ; is the film flow rate per unit width and Gy is the local deposition

rate.

1f the last term in the above eguation is zero, then the evaporaticn
rate (from the ligquid-film vapour interface) just balances the deposition rate
and the CHF is said to be deposition controlled. Hewitt and Hall-Tayler
[1970] concluded that the CHF for uniformly heated tubes becomes deposition
controlled for long tube lengths (L/D >> 100). This type of CHF is
illustrated in Figure 2.7 by Zone I.

(VI} Anpular Film Dryout, No Entrained Droplets. This type of CHF mechanism

occurs only at very low flows and high qualities, where all the liquid is in
the liquid film on the walls of the flow geometry. Here, the CHF occurs when

the quality approcaches 100%.

2.4 CHF Prediction Methods

2.4.1 Correlations

Although correlations are quite valuable, the extrapolation to
conditions outside their data range usually results in very large errors.
Correlations are totally empirical; they do not use any assumptions about the

actual CHF mechanistic process. CHF correlations can be divided into two main

categories:

i- Local conditions correlations: these correlations are based on the local
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condition hypothesis suggested by Barnett [1963). This hypothesis implies
that the CHF depends only on the local conditions, i.e., CHF = [(P,G,X;,cross-

section geometry).

ii- Global conditions correlations: these correlations predict the CHF power
as a function of the global conditions, i.e., CHF power = £(P,G,Ahjy,Lpe-
cross-section geometry). This approach does not predict the axial location of
CHF and it assumes steady state conditions and a uniform axial flux
distribution. Bowring (1972] correlation is generally accepted as one of the

most reliable correlation of this type for water.

It is to note that this functional relationship and the one proposed in
the previous paragraph for the local condition hypothesis are connected by the

heat balance equation.

2.4.2 Tabular Method

Doroshchuk et al. (1975] constructed a standard table of the CHF as a
function of the local bulk conditions for an 8-mm tube. Note that this is
basically a form of local condition hypothesis (i.e., CHF=f(P,G,X;). The
table approach has been continued at the University of Ottawa (UO) and Chalk
River Laboratories (CRL) by Groeneveld et al. {1986a) using a much wider data
base (15,000 tube CHF data). Similarly as the Doroshchuk table, the AECL~UO
table (Groeneveld et al. [1986a]) presents the CHF as a function of P,G and
X.. The table covers a wide range of conditions:

- pressure (P) = 100-20000 kPa,
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- mass flux (G) = 0-7500 kg.m2.s7',
- guality (X;) = -50 to 100%.
The table is constructed for upward flow in a uniformly heated 8-mm tube. 1In
order to obtain the CHF in any other configuration, correction factors are

reguired:

CHF yoeuay = CHF g Ky Ky == (2.8)

where Kj, Kj... account for effects such as non-uniform flux distribution,
spacer effects, transient effects, orientation effects, flow geometry effects,
etc.. This study is concerned with the derivation of correction factors due

to changes in cross-sectional flow geometry.

For fluids other than water, a dimensionless CHF table was constructed
{Groeneveld et al., [1986b]). The dimensional variables in the non-agueous

table are substituted by

Pr
- Pb -—t
Y Py
CHF
- b
CHF by Gy,
G.DD.S
- G by Y= 0.5 0.5
e pr
2.4.3 Medelling Approach

Models are an analytical approach to characterize physically the CHF
occurrence. Models may require a few optimized empirical constants obtained

from experimental data. Theoretical models predict the CHF in a system within
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a set of conditions regardless of the fluid type. However, models are only
valid for one flow regime and heat transfer configuration (e.g., annular flow

and subcooled nucleate boiling).

A popular model for the annular flow regime was proposed by Hewitt and
Hall-Tayleor [1970] which assumes that the CHF occurs when the film flow rate
goes to zero { film flow rate is affected by entrainment, deposition and

evaporation).

A second model was developed by Weisman and Pei {1983] to predict CHF
for low quality and high mass flux. This model uses the following assumptions
for CHF prediction:

- Under subcooled conditions the CHF is a local phenomenon.

- Under subcooled conditions, the bubbly layer (the flow is divided into the
bubbly layér and core region as shown in Figure 2.8) increases in thickness
until the turbulent eddy size cannot move the bubbles radially.

- CHF occurs if the void fraction, o, in the bubbly layer exceeds 0.82.

-~ The void fraction in the bubbly layer is determined by a balance of the
outward flow of vapour and the inward flow of liguid at the bubbly layer-core
interface under the assumption of homogeneous two-phase flow in the bubbly
layer.

A third CHF model.préposed by Lee and Mudawwar [1988) for moderately
subcooled flow conditions is based on the following assumptions:

- Vapour blankets are formed from small bubbles.

- The velocity of the vapour blanket is determined from the superposition



18
of the local liquid velocity and the relative vapour blanket velocity,
determined by a balance between the buoyancy and drag forces exerted on
the blanket.

- A dry-patch is formed after Helmholtz instability at the sublayer-
blanket interface as shown in Figure 2.9. The length of the blanket is
assumed equal to Helmholtz wavelength.

- CHF occurs when the rate of evaporation in the liquid sublayer exceeds

that of the liquid entering the sublayer from the core region.

2.4.4 Subechannel Codes

Subchannel codes are computer programs that numerically solve for the
thermal~hydraulic characteristics of a particular flow channel. The ASSERT
{Advanced Solution of Subchannel Equations in Reactor Thermalhydraulics) ceode
is an example of computer code developed at CRL for use in a nuclear rod
bundle channel (the user manual is given by Judd et al. [1984])). ASSERT uses
three CHF prediction methods and compares them against experimental data. One
of the correlations used in ASSERT is the Westinghouse W-3 (i.e., Tong (1972])
correlation. The CHF look-up table of Groeneveld et al. [1986a] and the
annular flow model developed by Whalley et al. (1974) are also tested in

ASSERT.

2.4.5 CHF Fluid-to-Fluid Modelling

Performing CHF tests at typical nuclear reactor operating conditions is
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expensive and difficult. Hence, there is an increasing interest to use
modelling fluids (Freons) to substitute for water. Since most of the
prediction methods discussed before are for steam-water flow, a method is
needed to relate water-steam systems to other fluids. Ahmad [1973) described
one of the best known method, which uses dimensionless groups for scaling
between the refrigerants and water systems. The modelling parameters in this

scaling law are:

(%) for geometric similarity;

- (%ﬁ) for density ratio similarity;
g

Ahl;
- (__“") for subcooling ratio similarity; and
fg

p
¢ D WV RTIRCEYETRNYL B(T’)
- Yy = ———ﬂf(—————i] (—i) mass flux parameter similarity; where y=—i,
p»( Dhypf ilg. aPSJC

If the above four dimensionless groups are the same.in the two fluid

CHF

G hyeg

systems, then the boiling number defined as, BO = , is also the same for

the two systems. Hence, the CHF can be obtained in any fluid system from

another fluid system using these dimensionless groups.
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Figure 2.1l: {a)- Pool Boiling Curve From a Temperature-Controlled Surface. (o)-

Pool Boiling Curve From a Heat-Flux-Controlled Surface. From
Macbeth [1968).
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Figure 2.2: (a)- Vapour Jets Rising From a Flat Plate. (b)- Kelvin-Helmholtz
Wavelength. From Whalley [1987]).
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3. TUBULAR GEOMETRIES

3.1 Observed Geometric Effects

Because of the importance of the tubular geometry in many industrial
applications, a considerable amount of experimental CHF data is available for
this geometry. For vertical, uniformly-heated tubes, the CHF occurs first at
the outlet of the heated section in almost all cases. Thus, it can be
postulated that the CHF for this simple test section is primarily a function
of local exit conditions (local conditions hypothesis): pressure, mass flux,
quality and diameter...It is agreed by most researchers that this assumption

is true provided that the heated-length/diameter (%) ratio is greater than

100. Figure 3.1 shows the breakdown of the local-conditions hypothesis for

Freon 12 for low L ratios. However, if -% > 100 the effect of heated length

D
becomes negligible. The tube diameter, on the other hand, is shown to have a
strong effect on the CHF (Figure 3.2): for dryout qualities greater than 0

{L.e., X, > 0), the high CHF corresponds to a small tube diameter. Therefore,

only the diameter is used to characterize the geometry effect for prediction

methods based on leocal conditions.

Lee [1966) and Stevens et al. [1964] studies represent two of the few
investigation that have focused entirely on the effect of tube diameter on the
CHF. Their data indicate that the diameter effect on CHF becomes important
only for small diameters. However, their data were not obtained for constant

local CHF conditions which makes it difficult to interpret their results.
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Bergles [1963) showed that, for constant outlet subcoolings and at low
pressures, the CHF was lower for a large-diameter than a small-diameter tube.
The diameter effect becomes more important as the tube diameter decreases.
The diameter effect becomes less important at large diameter. Bergles et al.
{1967} results strengthen the previous conclusions; they found that increasing
the diameter by 4.15 mm (from 2 mm to 6.15 mm) results in 40% reduction in CHF
at the same critical quality (25%). Similar Conclusions have been reached by
Ornatskiy [196%9a) who also indicated that the CHF approached approximately a

constant value {(depending on the mass flux) for large tube diameters.

Becker [1967] presented ratios of CHFp/CHFp-1gp mw fOr various values of
tube diameter at high—pressure. These ratios decrease with increasing
diameter as shown in Table 3.1. Boltienko et al. [1988) obtained CHF data
with 3 different tubes of 8-, 16- and 20-mm diameter using Freon as a coolant.
Boltienko et al. [1988] concluded that the diameter effect on CHF depends on
the dryout region or the CHF type: the CHF increased at the low-quality region
(less than 0.2) as the tube diameter increases, however the CHF decreased at
the high-quality region. Boltienko et al. (1989) used Equation (3.1) to
correct for the diameter effect with a variable exponent, n. The exponent, n,
varies for various pressure, mass flux and outlet quality as shown in Figure
3.3. This also meanse that this exponent, n, varies with CHF type as indicated

in Table 3-1.

3.2 Prediction of Diameter Effect

CHF correlations have generally a limited range of application (only
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within the ranges of their data bases). Extrapolation to conditions far
beyond these rHxges often leads to meaningless predictions (e.g., negative CHF
predictions or high CHF values at qualities close to 100%), because of
incorrect asymptotic trends. To overcome this problem, Doroshchuk et al.
[1975] proposed the first CHF look-up table, which was a significant
improvement over the CHF correlation approach, but did not cover all
conditions of interest. Groeneveld et al. [1986a) ensured that the correct
asymptotic and parametric trends were maintained at all conditions when they
expanded the CHF look-up table approach of Doroshchuk et al. [1975] to a wider
range of conditions. Their CHF table (see Table 3-2) provides a better
accuracy in prediction and permits extrapclation cutside the data base.
Recently, Kirillov et al. {1989) improved Deroshchuk’s CHF table with a larger
data base, but the ranges of application remain narrower than those of

Groeneveld’s table.

Doroshchuk’s, Kirillov’s and Groeneveld’s CHF tables are derived for an
8-mm tube with vertical flow. Correction factors have been suggested by these

authors to account for the diameter effect. They are expressed in the form of

_CHF, ( 8 )" (3.1)
CHF g D

where D is the tube diameter in mm. Table 3.1 presents the different
recommended values of the exponent, n. Theee exponents are optimized, and are
based on large CHF data banks. It may well be that the exponent, n, is alsc a
function of pressure, mass flux, dryout quality and diameter. For example,

the exponent for the diameter term in the Bjiasi correlation (Biasi et al.
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(1967}) is 0.6 for a tube of diameter less than 10 mm, and 0.4 otherwise.
another example, is given by Boltienko et al. [198Y] who presented the
exponent, n, in a three dimensional plot as a function of quality and mass
flux for P = 17.7 MPa (Figure 3.3). In view of the complexity involved to
account for the diameter effect on CHF (could be the topic of a separate
study), a simplified approach based on the form of correction factor as
presented in Equation (3.1) is still recommended. A value of 1/3 is currently

used in conjunction with the AECL-UO look-up table (Groeneveld et al.

[1986a]) .
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Prediction Methods of the Diameter Effect on CHF in Tubes

Prediction Methods

References

Commants

CHF,
CHF pepem

(3"

for 4 <D< i6 mm

Groeneveld
et al.
£19856a]

For 0 > 16 am
this
correction
factor is
eqaul to
0.79.

CHFp

— =

CHF pegoen

The values of n are given in the

n=f{P, G, X)

(&)

following table:

Pressure
(MPa}

Type—11 CHF

Type-111 CHF

Type~I¥ or -V CHF

1<P =sé 0.188

-0.068 -0.266

6<P <15 0.263

-0.164 -0.197

15 sP s
20

0.418

- ~-0.163

| e E—
I

CHF,
CHF oy gren

— Y Py e pe—

Boltienko
et al.

[1989)

The exponent,
n, varies
with the CHF
type. Fixing
the pressure,
the exponent,
n, is
determined
from a three—
dimensional
diagram as
shown in
Figure 3.3.

(4

Doroshchuk
et al.

19751

valid for 4 <
D <16 am for
AT,u< 75°C

and burnout
ot the first
kind (not
very high
qualities).

CHF,
CHFD-BM

3
=1 + i ( _—1)
CHF o v D

Doroshchuk

et al,

C1970]

valid for
positive
qualities
only;
a=f{PF}.

CHF,

——Tn_ . (1_0)
CHFpuyomo |\ D

n n=0.4 1f D> 10mm

n=0.6 if D < 10mm

Biasi at
al. [1967]

Ranges: D =
3-37.5 om, P
= 270~14000
kPa, G = 100~
&000 kg.w?, 5!
and
1

1ed
Oy

€<X<1.0

CHF,
CHFD' 10am

= £(D)

1.176

1.085

1.00

0.962

0.917

8ecker
[19673

Ranges: 0 =
4-25 mm, P =
270-10000
kPa, G = 120-
5400 Mg.mt. s
', X =0-0.5,
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Table 3.2: Sample of the CHF Look-Up Table of Groeneveld et al. [1986a] for Light Water in 8-mm
Tube (CHF in kW.m™2 and G in kg.m'2.9'1).

P G Thermodynaaic Quality, X
kPa -50 -.40 -.30 -.20 -.15 -.10 -.05 .00 .05 .10 .15 .20 .25 .30 .40 .50 .60 .70 .8} .901.00
3000 0 5971 4B20 3700 2774 1450 277 262 248 233 219 206 175 146 117 87 38 29 0
3000 50 6044 4955 4000 3094 2313 1794 1641 1562 1483 1405 1326 1244 1044 650 €00 574 57 0
3000 100 6099 5000 4100 3200 2600 2300 2100 2000 1900 1300 1200 1109 800 767 750 750 516 0
3000 200 6193 5200 4300 3400 2800 2500 2300 2150 1400 1297 1200 1180 1100 1600 1000 1000 514 D
000 300 6276 SL00 4450 3500 3000 2700 2400 2200 2150 2100 2000 1829 1497 904 417 400 350 0
3000 500 6433 5600 4650 3700 3150 2500 2500 2400 2300 2250 2226 1759 1388 65% 250 200 200 0
3000 750 6610 SBOD 4850 3900 3300 3000 2650 2500 2314 2159 1818 1590 1463 1000 600 450 300 0
000 1000 6775 6000 S000 4000 3400 3000 2600 2500 2134 1939 1800 1700 1600 1000 600 450 300 0
3000 1500 7083 6200 4600 3800 3300 3000 2600 2500 2350 2169 1800 1700 1500 1000 600 450 300 0
3000 2000 7370 6400 4500 4000 3500 3000 2600 2500 2150 2050 1800 1700 1400 1000 600 450 300 0
3000 3000 7505 7000 5742 4287 3900 3000 2600 2500 2150 2050 1800 1700 1400 1000 600 450 300 0
000 4000 BSOD 8500 6417 4800 4500 3000 2600 2500 2150 2050 1800 1700 1400 1000 600 450 300 1]
3000 5000 8880 6607 6120 5247 4B4S 3000 2600 2500 2150 2050 1800 1700 1400 1000 600 450 300 [
3000 7500 9900 6590 6465 5581 5077 3000 2600 2500 2150 2050 1800 1700 1400 1000 600 450 300 0
4500 0 5631 4650 3667 2683 1700 325 308 291 274 257 240 205 171 137 103 &8 34 0
4500 50 5712 5063 4292 3206 2975 2081 2327 2248 2168 2014 1860 1551 1067 535 500 500 450 0
4500 100 5772 5200 4500 3500 3400 3200 3000 2500 2800 2600 2400 1160 900 870 850 B0O S04 0
4500 200 SB77 5600 4700 3600 3500 3200 2900 2800 1600 1463 1400 1400 1376 1300 1200 1181 569 0
4500 300 5971 4592 3324 3300 3250 3200 2800 2700 2600 2500 2400 2176 1785 1043 438 400 362 0
4500 500 6142 4634 3347 3300 3250 3200 2700 2500 2600 2600 2500 1946 1341 811 200 200 200 0
4500 750 6338 6000 5000 3900 3800 3200 2800 2700 2586 2475 2402 1526 B68 490 418 250 200 0
4500 1000 6521 6200 5200 4000 3900 3200 2600 2500 2395 2208 2100 1800 1500 1200 700 400 200 0
4500 1500 6862 6400 4154 4100 4000 3200 2600 2600 2538 2360 2100 1800 1500 1200 700 400 200 0
4500 2000 7180 6500 4300 4200 4100 3200 2600 2500 2294 2200 2100 1800 1500 1200 700 400 200 0
4500 3000 8000 7778 5690 4800 4706 3200 2400 2500 2294 2200 2100 1800 1500 1200 700 400 200 o}
4500 4000 BSOO B443 6302 4518 4400 3200 2600 2500 2294 2200 2100 1800 1500 1200 700 400 200 0
4500 5000 B852 5419 4851 3947 3525 3200 2600 2500 2294 2200 2100 1800 1500 1200 700 400 200 0
4500 7500 10082 5816 5198 4236 3430 3200 2600 2500 2300 2200 2100 1800 1500 1200 700 400 200 0
7000 0 5363 4540 4227 2000 1968 380 360 340 320 300 280 240 200 160 130 120 110 D
7000 50 5456 5035 4627 2330 2250 2195 2115 2035 1993 1950 1870 1860 1625 600 550 543 500 0
7000 100 5522 $200 4100 3400 2900 2800 2700 2600 2550 2200 2000 1500 1123 1112 984 90B 595 0
7000 200 5639 5600 4150 3400 3000 2800 2600 2550 2500 2200 1700 1500 1500 1400 1306 890 595 [
7000 300 5745 4145 2896 2850 2825 2800 2600 2500 2450 2400 2400 2300 21671 1583 755 447 408 0
7000 500 5939 4187 2939 2900 2850 2800 2600 2400 2600 2400 2300 2245 1784 1123 451 250 236 0
7000 750 6159 6000 4300 3400 3100 2800 2500 2300 2150 2000 1900 1355 879 707 467 350 316 0
7000 1000 6365 4200 4400 3400 3200 2800 2600 2100 1956 1786 1200 700 &06 593 500 300 200 0
7000 1500 6749 6400 4145 3060 3000 2800 2600 2100 2086 1500 1000 700 665 600 500 300 200 0
7000 2000 7108 6600 3521 3400 3300 2800 2600 2100 1800 1500 1200 1100 1000 700 500 300 200 0
7000 3000 7775 7500 5752 4145 3716 2800 2600 2200 1800 1500 1200 1100 1000 700 500 300 200 0
7000 4000 8399 8000 4210 4292 4076 2800 2600 2200 1300 1500 1200 1100 1000 700 500 300 200 0
7000 5000 8991 4619 &002 5440 3500 2800 2600 2200 1500 1500 4200 1100 1000 700 500 300 200 0
7000 7500 10376 6378 6271 5707 3600 2800 2500 2200 2000 1500 1200 1100 1000 700 500 300 200 0
10000 0 6548 5153 4482 4264 2059 1488 448 424 4D1 377 354 330 283 236 189 7 T2 70 0
10000 50 6552 5260 5021 4669 2488 2300 2212 2056 1825 1594 1363 1133 971 809 S00 450 404 400 0
10000 100 6730 5339 5200 4200 3500 3000 2B00 2600 2300 2000 1700 1400 1200 1000 830 B20 816 578 0
10000 200 6855 5477 5300 4250 3600 3200 3000 2900 2700 2600 2500 2200 2000 1800 1700 1403 913 649 0
10000 300 £986 5601 5400 4300 3700 3400 3000 2900 2700 2600 2550 2500 2500 2500 1892 1093 628 533 0
10000 500 7208 5827 5700 4400 3800 3500 3000 2500 2800 2700 2650 2600 2600 2568 1360 644 385 353 o
10000 750 7660 6085 6000 4500 3900 34600 3000 2700 2600 2500 2400 2300 2284 1398 680 450 426 420 0
10000 1000 7696 6326 6200 S050 4094 3600 3000 2800 2700 2700 2695 1600 1595 914 467 260 250 200 1]
10000 1500 B136 6775 6400 4991 4025 3600 3000 2500 2400 2300 2284 1200 1166 745 239 199 175 150 0
10000 2000 B547 7155 6600 5200 4400 3600 3000 2500 2200 1800 1500 1300 1300 900 250 200 200 150 0
10000 300Q 9312 7976 6BOO 5400 4400 3600 3000 2500 2200 1800 1500 1300 1200 $00 250 200 200 150 0
10000 4000 10026 8705 7000 S600 4800 36D0 3000 2500 2200 1800 1500 1300 1200 900 250 200 200 130 0
10000 5000 10705 9397 7200 5800 4900 3600 3000 2500 2200 1900 1500 1300 120¢ $00 250 200 200 150 0
10000 7500 12294 11018 7400 6000 S00Q 3600 3000 2500 2200 2000 1600 1300 1200 900 250 200 200 150 (1]
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Figure 3.1: Breakdown of the Local Conditions Hypothesis for Freon-12 CHF Data.
From Collier (1981).
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Figure 3.2: Effect of Diameter on CHF in Tube at Constant Dryout-Quality
Conditions. From Collier (1981].
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Figure 3.3: Depwn:lence of the Exponent of Equation (3.1) on Mass Flux and Outlet
guality at P = 17.7 MPa (G in Hg.m'z.a"‘). From Boltienko et al.
(1519].
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4. ops GEO IC CTS CONCE C ANNU

4.1 General

This chapter deals with various observations made from experiments
performed in centrally heated annuli. It includes an examination of the
effects of surface curvature and gap size. Table 4.1 gives a brief summary of
the observed CHF tpends in annuli. It also specifies the range of operating
conditions and the details of the test-section geometries. Appendix A lists
some of the CHF data for concentric annuli. In general, the CHF in an annulus
is considerably lower than that in tubes, especially for annuli with narrow

gaps for the same local conditions.

4,2 Effect of Gap Size on CHF

Janssen et al. [1963] compared CHF data sets cbtained in annuli with
different gap sizes. They noted that for 6.4 mm = Dpy <12.7 mm, the
hydraulic diameter, Dy, has little effect on the CHF. However, Figure 4.1
(Moeck et al. [196&])) shows that, at a constant mass flux and exit quality,
the CHF increases as Dy, is increased from 2 mm to about 7.5 mm, and decreases
as Dyy is increased further. This increasing trend agrees also with results
cbtained by Janssen et al. [1963) for Dy, less than 6.4 mm. Alvensleben et
al. (1963) obtained CHF data for Dyy of 16 mm; his results are also shown in

Figure 4.1.

In the case of externally heated annuli, Tolubinekiy et al. [1969) found

that the effect of mass flux on CHF varies with gap size according to:



3e

CHF o G" @.1n

where the expenent n depends on the gap size, §. For 0.1 mm =6 1.3 mm
n = 0.6 [tanh 3]/ (4.2)

The reduction in mass-flux effect is apparently due to a decrease of
turbulence and the transverse fluctuations when the gap is reduced.
Tolubinskiy stated that the CHF increases as the gap increases from 0.1 to 1.3
mm at constant critical quality. For & greater than 1.3 mm, the gap-size
effect almost vanishes. However, Tolubinskiy only performed tests at subcooled
conditions with a test section having a short heated length (less than 150

mm), thus undeveloped flow conditions could have affected his results.

In a later study, Tolubinskiy et al. (1970a] found that, for internally
heated annuli, increasing the gap size from 0.5 to 4.0 mm resulted in an
increase in CHF. Although not clearly specified, it seems that this
conclusion is for Type-II CHF (nucleation induced) or Type~II1 CHF (bubble
clouding). Tolubinskiy expressed the gap-size effect on CHF by varying the
exponent, n, in Equation (4.1} from 0.2 at 4 = 0.5 mm to 0.6 at 6 = 4.0 mm (a
possible explanation is that the Reynolds number, Re (defined as Re=(G §)/u),
increases with §: higher values of Re corresponds to higher flow turbulence,
better bubble removal and hence higher CHF). In both studies by Tolubinskiy,

the length was very short, the mass flux was low, and the flow was subcooled.

Tolubinekiy et al. [1970b} concluded that with the increase of gap size
from 0.5 mm to 1.5 mm, the CHF increases. Moreover, when the concentric gap

gsize is more than 1.0 mm, the increase in the CHF is insignificant. A further
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increase in gap size beyond 1.5 mm results in no effect on CHF.

Ornatskiy [1969a) reached similar conclusions as Tolubinskiy et al.
[1969, 1970a). HAs the gap width of the annular channel is increased from 0.1
mm to 1-2 mm, the CHF increases. No effect on CHF was observed for larger
gaps. Ornatskiy also observed that the gap-size limit (for which a further
increase in the annular gap does not ;ffact the CHF) increases with a
decreasing pressure. However, his conclusions are based only on short L/Dhy
{10 to 100) experiments in subcooled-water flow at high pressures {i.e., for
Type-II (nucleation induced) or Type-III (bubble clouding) CHF). Ornatskiy et
al. [1966] found no effect of gap size on CHF for the range of 1 to 2 mm gap
size at 14.7 MPa and for G = 1.0 and 2.0 Mg.m2.s”' (Figure 4.2). Thus, for
this pressure, increasing the gap size increases the CHF up to a gap size of 1

mm.

Hung and Yao {1983) observed the boiling behaviour of Freon-113 in an
annulus with a quartz outer tube near the CHF condition. For a gap size of
2.58 mm, bubbles became large and slightly deformed when the heat .flux was
gradually increased to the CHF. When the gap size was reduced to 0.8 mm,
bubbles started out spherical and, as they grew, they were squeezed due to the
narrow gap between opposite wallas. The flattened bubbles hence coalesced and
formed vapour plugs. The thin liquid film bstween the vapour plug or bubble
and the heated surface (microlayer) easily evaporated, causing the CHF to
occur prematurely. A further reduction in gap size to 0.32 mm aeformed the
bubbles even more, leading to more coalescence and resulting in a further

reduction in CHF. Hung ana Yao [1983) concluded that the CHF decreased with a
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reduction in gap size for gaps less than 1.5 mm. The results of the tests

performed by Hung and Yao [1983) are shown in Figure 4.3.

In conclusion, the CHF decreases as the gap is reduced below a
particular gap size "3 " at constant local conditions. This particular gap
size, &y, is dependent on the flow conditions and CHF type: different values
of &, have been quoted by various experimenters. Moreover, some authors
(e.g., Janssen et al. [1963)) concluded that, when & > &4, there is a range of
gap sizes (87 < & <§;) for which the CHF remains unaffected by gap Eize, while
for & > §, the CHF will decrease with an increase in gap size. This
increasing and decreasing trend is clearly illustrated in Figure 4.1. Note
that the CHF trend for & > &, agrees with the observed trend in tubes, where

an increase in Dp, also results in a decrease in CHF.

4.3 Discussion

A comparison of CHF data in annuli and tubes for the same local
conditions shows that the CHF in a centrally heated annulus is generally
lower. An explanation was presented by Tong ([1972) who reported that, "a
thick, cold liquid film is usually built up along an unheated wall, but it
cannot be used to cool the heating surface. The liquid velocity in the colad

film is therefore considered wasted or bypassed”.

The differences in the Dy~effect on CHF between tubes and annuli for
small Dy, values were explained by Tolubinskiy [1969) as follows: "in boiling

in cylindrical channels of small diameters, the accumulatjon of vapour bubbles
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and appearance of vapour plugs leads to an increase in the flow velocity in
the blocked cross section; then, the stream pushes out the accumulated vapour
and carries it away. The effect strengthens with a decrease in tube diameter.
In annular channels, however, the accumulation of vapour bubbles and vapour
plugs leads to blocking only some portion of the cross section between two
walls and the liguid can move in the vapour-free cross section. Decrease of
the gap width creates conditions which favour vapour locking of the cross
section and, consequently, assist in the blocking of a part of the heating
surface by a vapour film, thus decreasing the critical heat load".
Tolubinskiy’s explanation applies only to DNB-type CHF (Type-II or ~III). No
reference was made to the occurrence of this phenomenon at higher qualities,

where the CHF mechanism is different.

Moeck et al. [1966] suggested two possible mechanisms to interpret the
gap effect on CHF; one possibility is that, when reducing the gap eize and
keeping the same local conditions, the interfacial shear stress on the hgated
‘wall will increase. This increase in shear stress reduces the liguid-film
flow rate by increasing the entrainment rate. A second possibility is that
for narrow gaps, the ‘roll‘ surface waves from the liquid film of the unheated
wall will interact with the liquid film of the heated wall, thus increasing
entrainment and reducing the CHF. This effect becomes negligible for large
gap sizes. The above two mechanistic interpretations apply primarily for the
entrainment-controlled film dryout (Type—~IV CHF). However, the range of
conditions covered by the experimental data also includes Type-III CHF (bubble
clouding). For CHF of Type-1I {nucleation induced) or Type-III (bubble

clouding}, decreasing the gap will reduce in the gap region the effect of flow
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turbulence and ite transverse fluctuations, resulting in poor mixing and hence
a lower CHF. These three interpretations support the behaviour shown in
Figure 4.1 for gaps less than 0.8 mm. In this range a reduction in the
hydraulic diameter, Dpy, results in CHF decrease. For Dpy greater than 0.8 mm
the observed trend for annuli becomes similar to the tube that is the CHF

decreases with increasing Dpy.

Hung and Yao'’s observations show that, for narrow gaps, the Type-I CHF
can be encountered especially if bubble size is relatively large and is of the
same order of magnitude as the gap size. Here again, the decrease occurs with
a reduction in gap size. Thus, for all types of CHF, a reduction in CHF is

expected for small gap sizes, especially within the range of 0 to 3 mm.

4.4 Recommended Prediction Method

Table 4-2 presents some of the CHF correlations for annuli available in
the literature. Correlations by Tong [1972) and Tolubinskiy et al. [1969]
have a relatively narrow application range and cannot be applied to CANDU
conditions of interest. However for their correlations Barnett [1966) and

Katto [1979] claimed a wide range of applicability.

Figure 4.4 shows examples of the comparison between Barnett’s, Katto's
correlations, AECL-UO look-up table predictions and experimental CHF data in
annuli. All the experimental results used in this coméarison came from
Barnett [1966. 1968] data. Hence, Barnett’s correlation fits best the

experimental data, however it shows erroneous asymptotic trend (predicts
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negative CHF at high qualities). Katto’s correlation does neither show good
agreement with the experimental data nor the correct asymptotic trends.
Figure 4.5 indicates a strong L/D,. effect for the above correlation, however
experimental results (well represented by Barnett’s correlation} did not
reveal such strong effect. From Figure 4.4 it is also clear that CHF
predictions from AECL-UO look-up table for tubes for the heated or hydraulic
equivalent diameter and for an 8-mm tube will not satisfactorily predict the

annuli CHF data.

To ensure a correct asymptotic trend, it was decided to predict the CHF
using the 8-mm tube look-up table as a reference and apply a gap size and
quality correction factors as follows:

(i) Quality correction factor, Ky: Figure 4.6 shows that as the quality

increases the discrepancy between the CHF in annuli and the corresponding

value from the AECL-UC CHF look-up table for an 8-mm tube increases as the
guality increases. The following expression represents the gquality

correction factor:

Ky = 1.0 for X < -0.15
= 00,7942 - 1,375 X for -0.15 < X <0.36 (4.3)
= 0.3 for X > 0.36

This equation fits the 113 data points having a mass flux 2> 2 Hg.nfz.sq, with
an rms error of 16.3%. The general decrease in CHF with quality may be
explained in terms of the phase distribution. In general, the ratio

CHFann/CHFpzgam i8 close to one for-the subcooled region (where the bulk
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temperature is the most important parameter and is relatively unaffected by
the presence of an unheated wall). This ratio decreases gradually in the
positive-quality region (entrainment-controlled CHF, because of the strong
effect of the thicker liquid £ilm on the unheated wall) and the ratio is least
for the high-quality region where the deposition-controlled CHF becomes
dominant (here, the presence of the liquid located on the unheated surface is
felt most severely and has the greatest detrimental effect on CHF).
(ii) Cap-gize correction factor, K.: Figure 4.7 shows the following trend: as
the gap size increases from about 1.5 mm to 4.25 mm the ratio, CHF ann/ CBF p=gnas
increases, then within the range of concentric gap size from 4.25 mm to 6.25
mm the gap size appears to have little or no effect on the CHF ratio and
finally as the gap size increases beyond 6.25 mm the ratio start decreasing as
is generally observed in tubes (see Chapter 3). The CHF in annuli is then
predicted using the correction factor for the gap size with the correction

factor for the gquality (Eguation 4.3) as follows:

) _CHFann = CHFD=8M Kx Ka (4 . 4)

where the gap correction factor is given by the following expression:

Ky = 0.3451 + C.186 & for 0 < &6 £4.3 mm
= 1.1451 for 4.3 <6 < 6.25 mm (4.5)
= 2.271 - 0.1802 & for 6.25 56 < 9 mm.,

When using only the correction factor for quality as shown in Figure 4.9

the prediction improves. For the. 113 CHF points used (for G =2 Hg.ﬂfz.a'1),
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the rms error was 13.3 % comparing to 91.4 % when no guality correction is
applied (i.e., the comparison is between the CHFanq and the predicted CHF
values which are given by "CHFp.gan Kx" for the 13.3 % rms error and by
"CHFp=ggg" for the 91.4% rms error). Figure 4.8 also shows that when applying
only the gap correction factor the prediction is improved (with respect to the
8-mm tube results; the ratio becomes closer to one}). ﬁmploying both
correction factors was found to also improve the prediction accuracy.
Further work using a larger data base is required to determine whether
individually extracted correction factors (e.g., K; and Ky) can be multiplied
together as indicated by Equation (4.4} without altering the validity of the

results.

Note also that a separate comparison using the ratio CHFann/CHF paphe OF
CHme/CHFozmw yields much larger scatter among the data than that presented by

using the B-mm tube values as a reference.
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Table 4.2: CHF Correlations for Annuli

Prediction Methods References
I —
Katto proposed separate equations for three regimes: Katto
[1979)

- H-regime

o - 0.12 ﬁ_ ©.1313 Gp{ 1/3 1
Ghyg Pe GL 1 + 0.0081 L/D,,

~ L-regime

CHFO p G.133 op 0,433 (L/D )D.I'H
= 0,22 |—2 £ ho
( ,) GIL 1+ 0.0081 L/D,,

The regimes were distinguished by the following criteria:

- between L- and H-regimes

L _ 1
Dy, 0.133 0.2%
°  0.48 (-p-? (“p‘) - 0.0081
Pr GiL
- between H- and N-regimes
_L _ _0.0206
Dy ap, 0.5H4
)

The above equations refer to zero inlet subcooling (i.e.
subscript 0). When ligquid is subcooled then the CHF can be
calculated as:

CHF = CHF, (1+ X Ah")
heg

where K is a dimensionless parameter depending on the regime
type.

continu=d...
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Table 4.2 (continued)

Prediction Methods

Tong related the CHF for an annulus with that of a tube as
predicted using the W-3 correlation:

CHFnheatudvaH_l 0-{1~ 2__2) [13 76-1.372 ei Tax
CHE ., Dpe Dy

-4.732(-2 G $)0-9%20-0.0619 (5 )° 1.g.5090%;"")

where CHFy.3 pne i8 calculated with the w-3 correlation based
on Dpe rather than Dny  The correlation uses British units.
The range of data used to develop this correlation is given
by:

Xe s0.1

1.356 <G <6.78 Mg.m2.5”' (1.0 G <5.01b.h71.£t7?)

6.895 <P < 15.858 Mpa (1000 =P <2300psia)

L 2254 mm and 6 =2.54 mm (L 210 in and § 20.1 in)
Because of the relatively narrow range of qualities this
correlation cannot be used generally, and thus has a limited
range of applicability.

References |
E===========================================================

Tong
(1972)

Tolubinskiy proposed the following correlation for CHF

D.
CHF,,,. = 0.75 107 60 ' h,,”/",, (1+ "")“ a3

This eguation can be used for saturated water (x=C) at these
ranges: :

0.1 <6 =5 mm.

20 SL <200 mm.

L/Dpy S 100

50 <G <3000 kg.m 2.8
5 <P <22 MPa.

For other values of local subcooling, Tolubinskiy modified
the previous equation as follows

CHF = CHF,, (1 +1.2 102 Ahgeaq sub %)21
Note that the short heated length may affect the trends of

the correlations and could result in erronecus conclusions
with the respect to the gap effect.

Tolubinskiy
[196%2]

continued...
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Table 4.2 (concluded)

A=67.45 D5,%* (G x1078) %192 [1-0,744uwxp(-6.512D,,(G x107%)’
B=0.2587 DA (G x1076) %V

€=185.0D,;""* (G x1076)%

This empirical correlation is developed at pressure of 1000
psia (6.9 MPa), which predicted 724 annuli data with an rms
error of only 5.9%.

This correlation uses British units and its data base covers
the following range:

~Ah;: O to 412 Btu.lb™' (0 to 0.958 MJ.kg™")

-G: 0.14 to 6.20 (1074 1b.nrl.£t2 (190 to 8430 kg.m2.s7))
=Lz 24.0 to 108.0 in. (0.61 te 2.74 m)

-b;: 0.375 to 3.798 in. (9.52 to 56.5 mm)

~Dg: 0.5%1 to 4.006 in. (14 to 10..6 mm)

For pressures other than 6.9 MPa, but within the range of
600 to 1400 psia {4.15 to 9.65 MPa), the previous eguation
is modified to:

g +BAh,

CHF x 10-6=_1843
x 1 oL

where h¢g is in Btu.lb™ !

Prediction Methods References
Barnett
g A+BAh,;
CHF » 10 =‘—C'T
[1966)
where
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Figure 4.t: Effect of Hydraulic Diameter on CHF in Internally Heated Annuli (G
in 1b. hr-!. ft"!)., From Moeck et al. [1966].
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P = 14.7 MPa; Di=10 mm; L=49.5 mm
Externally Heated Annuli (Ornatskiy et al. 1966)

CRITICAL HEAT FLUX, MW.m~2
w

0 100 200 300 400 500 600
EXIT SUBCOOLING (kJ . kg™ ")

Pigure 4.2: Effect of Gap Size on CHF. I-G=10 Mgm~%s"!; 1-4=1.0 mm; 2~
5=1.5 mm; 3—- $=2.0 mm. 1I1I— 6=20 Mgm2s”!; 4- 6=1.0 mm; 5-
6=1.5 mm; 6— 6=2.0 mm.
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Figure 4.3: Effect of concentric Gap Size on CHF. From Hung and Yao [1983].
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12
1 :
. - -2
— 1o ] . Katto's correlation G _2'28 Mg.m~ 28"
™ .. L 1.78 m
I . / Do =18.03 mm
E Di =952 mm
z ° 3 5 =425 mm
= Dhe =24.61 mm
-— 7 Dhy = 851 mm
L
8 8 O Experimental annull data
[
4 Tube, D = Dhy
Tube, D=8 mm
3 .......
2 | :
. T Bameit's comrelaton
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G =4020 Mgm>-2s™!?
L =1882 m
Do =101.75 mm
12 . DI =96.469 mm
. & =26B41 mm
LU Dhe = 10.846 mm
10 Dhy =5.283 mm
T | Katto's comrelation 1 Experimental annull data
| | .
E s
§ i
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T & | N
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4 Tube, D = Dhy
| Tube, D = Dhe
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2 '1'.1;-1,-— el A -
. 0 g / Barnett's correlation
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Figure 4.4: Comparison of Correlations and look-Up Table Predictions With
Experimental Data in Annuli.
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P = £.855 MPa
16 G=1Mg.m.5™
Do = 15.00 mm
15 DI = 13,00 mm
14 & =1.00mm
Dhe - 4.308 mm
13 y = 2.00 mm
12 ; /TUPQ"P- Dhy_ - - Katto's corrslation
411 7=x Tube, D=Che — Bamett's comelation
10 P “o T Uphe- .

Figure 4.5: Pradiction of L/D Ratio Effect on CHF in Annuli by Bamett's
[1966] and Katto's [1979} Correlations.
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Figure 4.6: Ratio of CHF in Annufi and 8-mm Tube Over Wide Range of
~ Mass Fluxes and Gap Sizes. Data From Bamett [1966, 19648].
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Narrow Range of Quality. Data From Barnett [1966, 1968].
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Figure 4.8: Ratio of CHF in Annuli and 8-mm Tube Over Wide Range of Mass

Fluxes and Gap Sizes After Gap Correction.
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Figure 4.9: CHF Ratio in Annuli and 8-mm Tube versus Gap Size Over Wide range of

Qualities, After Quality Correction. Data From Barnett [1966, 1968].
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5. ECCENTRIC ANNULT

5.1 General

An examination of the effect of annulus eccentricity on CHF is important
because of its similarity to the outer subchannel geometry of CANDU fuel
bundles, in particular for bowed- or strained-fuel elementsa. The impeortant
parameters are the minimum gap size and the difference in radii between the
heated and unheated surfaces. Table h.l summarizes the observed effects in

eccentric annuli. Appendix B gives one set of the eccentric annuli CHF data.

5.2 Obsgserved Effects

Tolubinskiy et al. [1977] concluded that the CHF decreases with
increasing eccentricity. Due to eccentricity, the axial-velocity distribution
around the annular cross section is not uniform: the velocity is lower in the
narrow gap than in the wide gap. This non-uniformity will in turn cause a
temperature difference between the narrow and the wide part of the annulus,
hence the CHF will occur first in the narrow gap at a lower heat flux than the
concentric case. A second consequence of eccentricity is that the proximity
of the walls in the narrow gap makes it difficult for the bubbles to detach
from the heating surface. Hence, at low pressure, the narrow gap may become
vapour locked, which may result in a Type~I CHF. Moreover, Tolubinskiy
concluded, "increasing the equivalent diameter of eccentric annuli always
reduces the detrimental effect of eccentricity. Increasing the width of the
wider part of the annulus at a constant narrow width (by increasing the

equivalent diameter) improves the heat and mass transfer even in the case of
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subcooled fluid". Tolubinskiy et al. [1971, 1977} noted that, the dependence
of CHF on flow parameters such as guality, inlet subcooling, pressure, and
mase flux, diminishes with increasing eccentricity and practically vanishes
with full contact. A correlation derived by Tolubinskiy et al. (1977] which
considers the effect of eccentricity is given by

Dy
0.2 (Eﬁ) £9-5 (1-0.3 X) (5.1)

Lu

_ 7 Iy 2.%
CHPocca _ 19,58 G ( )
CHFCO"C

&

L

where ¢ is the relative eccentricity defined as

8 conc = 6m.in. gag = 1 - 6m1n. gap

6 conc 6 conc

The data base covers the following range of variables:
5 <P <20 MPa.
0.25 <G 2.0 Mg.m2.s™,
8 < Dhe < 100 mm.
1 SDhy S5 mm.
100 sL < 2000 mm.
0 se =1.
X < X

X%y is called the boundary steam quality. This is a constant steam quality

at which the CHF is assumed to occur after the DNB type CHF. The existence of

this gquality is still under investigation by researchers. However, it can be
taken that this correlation can be applied at least to subcooled and low

quality CHF conditions.

Essentially, Ornatskiy et al. [1969c) arrived at the same general

conclusion as Tolubinskiy: the CHF decreases with increasing eccentricity at
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the same local conditions. Figure 5.1 shows the variation of CHF with local
subcooling at P = 5 MPa, G = 2.0 MgJﬁQ.sq, and for externally heated annuli
(concentric gap is 1.5 mm). This figure shows that as the relative
eccentricity, ¢, is increased (i.e., minimum gap size is decreased), the CHF
decreases and its dependence on the local subcooling (subcooling at the
critical point, h,-hy) also diminishes. As the relative eccentricity exceeds
0.66 (i.e., dyin less than 0.5 mm), the CHF becomes almost insensitive to
local subcooling. Figure 5.1 also shows results for an 8-mm tube obtained
from the CHF look-up Table. Figure 5.2 shows the variation of CHF with
relative eccentricity for a fixed 1oéal condition: as the relative
eccentricity increases, the CHF decreases. Moreover, Ornatskiy et al.
cbserved that for ¢ > 0.66 (i.e., Jpin < 0.5 mm), the dependence of CHF on
mass flux and pressure became insignificant, and hardly existed for rod tube
contact. The quality range in this experiment (Table 5.1) indicates that the
CHF type in this experiment is either (II) or (III). Ornatskiy also studied
the effect of the position of local eucentricity (i.e., rod bowing). A change
in position of local eccentricit§ from the outlet to the inlet caused a
decrease in the CHF. However, because of the very short heated length (15 to
90 mm, see Table 5.1) and the high subcoolings, the observed effects may not

be valid for other types of CHF and heated lengths.

Anderson et al. [1974] observed a decrease in CHF with an increase in
eccentricity, which became more important for higher flows (G greater than 0.5
Mg.ura.dq). At a mass £flux near 0.5 Mg.nfz.§4 the effect of eccentricity was
insignificant. As the maes flux increased, the effect of eccentricity

inereased: 21% reduction ie observed at a G = 1.5 Mg.nrz.sq for a minimum gap

It
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of 2.1 mm, compared to the concentric case (6§ = 5.1 mm) for the same inlet
subcooling. Moreover, Anderson et al. concluded that, "the greater the
eccentricity, the more uneven the film flow rate. The maximum film flow rate
occurs at the maximum gap width. For the highest eccentric displacement (6 =
2.1 mm) the minimum film flow rate occurring at the minimum gap is relatively
cloge to zero". This can be the cause of premature CHF occurrence at the

narrow gap, hence the CHF reduction for the eccentric case.

Moeck et al. [1966) also observed reductions in CHF as the gap was
reduced from 2.6 mm (concentric case) to 0.8 mm. At constant inlet
conditions, the CHF decreased by 37, 50 and 60% (compared to the concentric

=1

case) for mass flux of 0.68, 1.4 and 4.1 Mg.mi.s , respectively. This

corresponds to reductions in CHF of 70 to B0% at constant dryout gquality.

2 o1

Figure 5.3 illustrates this reduction for mass fluxes of 1.36 Mg.m c.s8”' and
4.07 Mg.nfz.sq, respectively. Also shown in this figure the line for

concentric annuli predicted using Equation (4.4). It is also seen that the
CHF ratioc for this minimum gap of 0.8 mm is approximately constant for this

quality range. Therefore, as the quality increases the CHF in eccentric

annulus is closer to the concentric case.

Levy et al. [1962) (the same results were also reported by Janssen et
al. [1963])) concluded that, for a minimum gap of 2.4 and 1.5 mm, the CHF
results were similar to the concentric case where the gap was 4.2 mm. As the
minimum gap was reduced to 0.8 mm, the CHF decreased by only 15% to 30%.
Figure 5.4 shows the reduction in CHF for the three eccentric-gap gizes

tested, with respect to the concentric case. Figure 5.4 also shows that as
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quality increases CHF in eccentric annuli for 0.8 mm gap size converges
towards the other gap size CHF. The decrease in CHF is somewhat mass—-flux
dependent: the reduction in CHF at low mass flows is much smaller than at high
mass flows. Comparing results obtained by Moeck et al. [1966) with results of
Levy et al. {1962], it is clear from Figure 5.5 that the reductions in CHF as
reported by Moeck were much more severe. The difference is thought to be due
to the differences in rod diameter: 13.7 mm diameter for Levy as compared to
96 mm for Moeck (Figure 5.5). Hence, both the curvature and the ratio Smin/Di
are quite different for these studies. This cross-section dimension
difference was noted by Barnett [1963), who gave this explanation, "a more
uneven distribution of ligquid occurs in the larger annulus due to the longer
flow path around the rod and the relatively narrow part of the gap extending
for a greater distance". For a quality range from 9 to 66% and pressure of 7
MPa, the corresponding CHF mechanism in Moeck’s experiment is either

entrainment-controlled film dryout (Type-IV) or deposition-controlled dryout

(Type-V).

Recently, CHF results have been obtained at CRL by Rudzinski [1992] in
horizontal bowed annuli. Four gaps have been tested 1.25, 0.708, 0.367 and
0.068 mm (concentric gap was 2.2 mm). Results of these experiments are shown
in Figures 5.6 to 5.8. The four plots in Figure 5.6 show the CHF in each gap
for different mass fluxes as a function of the outlet quality. It can be
concluded that for this range of mass flux (3.0 to 7.0 Mg.nrz.sq) the effect
of flow on CHF for each gap size is not very important. Each of the four
plots in Figure 5.7 shows the CHF at 9.0 MPa, for a given mass flux and for

the series of gaps tested as a function of the cutlet quality. It is clear
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from these plots that the CHF decreases with decreasing gap size. Although
the outlet quality range tested was relatively narrow (from -2 to 22 %), it
still shows that the decrease is more important for lower quality (near 0%).
As the quality increases the CHF for the different gap sizes tends to converge
to similar values which also means that the CHF in concentric and eccentric
annuli yields similar results at high qualities. It is also seen from these
plots that the relat.ve decrease in CHF when changing from 1.25 mm gap to
0.708 mm gap is less important than the relative decrease when reducing the
gap size from 0.708 mm. to 0.367 mm. However, further reduction in the gap
size (from 0.367 to 0.068 mm) did not result in further CHF reduction. Figure
5.7 also shows that thwe gap size effect is more pronounced for higher mass
fluxes (within a range of qualities). Shown as well in Figure 5.7 the
concentric annulus prediction using Equation (4.4} which predicts the CHF data
for the 1.25 mm gap reasonably well. In Figure 5.8 the CHF has been plotted
against gap size for various mass fluxes on a constant quality basis. As
noted from the previous figure, the effect on CHF of decreasing the gap size
appears to increase as the mass flux increases, with the largest decrease
occurring at the higher mass fluxes. Figure 5.9 shows the effect of pressure
and gap size on CHF. The effect of increasing pressure and decreasing gap is
to reduce the CHF. Unlike the effect of mass flux, the effect of pressure on

CHF seems to be the same over the range of minimum gaps tested.

5.3 Effect of tricity - er G trieg

Tong et al. (1967] examined the effect of line contact of the heated rod

with the unheated surface using a test section consisting of a heated rod in
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the centre of an unheated square sleeve. The local qualities tested in this
experiment were near saturation (Type-III CHF, bubble clouding). The decrease
of CHF in the case of line contact in comparison with the no-contact case wag
14% at G=1.36 Mg.m2.s™7, 7% at G=2.72 Mg.m2.5”" and 2% at G=4.08 Mg.m 2.s7.
Increasing the mass flux resulted in more turbulence and hence a better

mixing.

5.4 Discussion of the Eccentricity Effect

As for the concentric annuli, the relative decrease in CHF with local
guality for eccentric annuli compared to the 8-mm tube is greater for positive
qualities than for subcooled conditions. However, comparing the concentric
and the eccentric annuli CHF results at the same local conditions shows that,
the discrepancy between them decreases with increasing gquality and tends to

disappear at high gqualities (e.g., see Figures 5.4 and 5.7).

One apparent effect due toreccentricity is that the axial-velocity
distribution around the annular cross section is not uniform: the velocity is
lower in the narrow gap than in the wide gap. For subcooled boiling, this
non-uniformity will in turn cause a fluid-temperature difference between the
narrow and the wide part of the annulus, hence the CHF will occur first in the
narrow gap at a lower heat flux than the concentric case. A second
coneequence of eccentricity is that the proximity of the walls in the narrow
gap lowers the shear stress (e.g., Ouma and Tavoularis (1991a,1591b)) and
makes it difficult for the bubbles to detach from the heating surface. Hence,

the narrow gap becomes more crowded with bubbles, thus lowering the CHF. This
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phenomenon is more likely to occur at low pressure and for Type-III CHF
(bubble clouding). Moreover, increasing Dn, at a constant minimum gap,
decreases the effect of eccentricity by improving the heat and mass transfer

between the narrow and wide regions.

A comparison between Moeck’s et al. [1966] and Levy's et al. [1962]
results suggests that the much stronger negative effect of eccentricity on CHF
as observed by Moeck is probably due to the larger radius: for the same
minimum gap the higher enthalpy fluid in the narrow gap experiences much
better mixing with the fluid in the Qider part of the annulus if the radius is

small.

Tong et al. [1967) concluded that having turbulence promoters, such as
rough surfaces, reduces the effect of a line contact with an unheated wall.

This effect almost disappears at high mass flux.

A comparison between the cénclusions of different studies showed some
contradictions in the effect of minimum gap on CHF. For instance Levy's
{1962], Anderson’s (1974] and Rudzinski’s [1992] results showed a larger
difference between the concentric and the eccentric CHF results as the mass
flux is increased. But, Tolubinskiy (1971, 1977] and Ornatskiy [1969c]
concluded that increasing the mase flux brings the eccentric and the
concentric CHF results closer to each other. This latter conclusion can be
explained physically: increasing the mass flux means more turbulence for a
given gap. This increase in turbulence in turn causes more interchange

between the narrow and the wide regions, hence the risk of CHF occurring
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prematurely at the narrow gap is reduced. This however does not explain the
opposite effect arrived to by the other studies. It iz important to note that
the work of Tolubinskiy and Ornatskiy is for very high subcooling (CHF type-
II) and for a short test section. ©On the other hand the work done by the
other researchers is for near saturation and relatively high gqualities (CHF
Type~III or -IV)}. For these ccnaitions increasing the mass flux might mean
more entrainment from the liquid film hence lower CHF. This mechanistic
difference of the CHF occurrence might be the cause of the contradictory

conclusion reached by the two groups of researchers.

All the studies showed an agreement on the effect of quality on the
eccentric CHF results: as quality increases, the CHF in eccentric annulil
converges towards the CHF in concentric annuli (although it was shown in
Chapter 4 that the CHF in concentric annuli diverges from the 8-mm round tube
results as the quality is increased). At high qualities the CHF occurrence is
controlled by film dryout (Type-IV, -V or -VI CHF). At these conditions when
reducing the gap, the outer surface liquid film may come into contact with the
inner surface liquid film thus bridging the complete gap with liquid. This
could ﬁave the effect of locally enhancing the CHF for the eccentric annuli
moving the point of initial CHF occurrence away from the narrow gap region and
perhaps making it comparable to the CHF of the concentric annuli. 1In Chapter
8 the liquid film thickness and the droplet sizes are estimated to determine

when this bridging effect might be of importance to CHF cccurrence.
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5.5 Recommended Prediction Method

The CHF results of Levy et al. [1962] and Moeck et al. (1966) were
compared to the CHF of an 8-mm tube. Figures 5.3 and 5.4 show the results of
the comparison. In general, the ratioc CHF,nn/CHFp-g decreases with quality and
eccentricity, as shown by these figures and as concluded in Chapter 4 for the
concentric case. From Figure 5.4 it can be seen that the prediction developed
in Chapter 4 fits the eccentric annuli results of Levy et al. {1962]
reasonably well. Figure 5.7 also shows that Egquation (4.4) predicts the 1.25
am minimum gap size CHF data relatively well. However, in Figure 5.3 the
results of Moeck et al. [1966] are not well predicted by Equation (4.4). Also
in Figure 5.7 CHF data for gaps other than 1.25 mm are not well predicted
using Equation(4.4), the discrepancies are larger as the gap size is reduced.
To derive a prediction method for eccentric annuli the following procedures
should be followed:

i- Analyze the effect of each of the dominant parameters controlling the

CHF in eccentric annuli. From this review the major parameters

identified are: exit quality, maes flux and geometric characteristics of

the test section. The effect of pressure is not important except for
very low pressures where the hubble size may become comparable to the

minimum gap size (see Chapter 8).

ii- Graphically e«amine the effect and importance of each of the

parameter on CHF.

iii- Determine the general trends of the results, and re.ate the

eccentric annuli results to the concentric ones. The ohjective here is

to derive an expression relating CHFe t© CHFcone having the following
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general form:

CHFpoe (5.2)
o f(X., G, geometry)

conc

Then use the prediction method developed in Chapter 4 to substitute the

CHFope by the CHF in 8-mm tube. Hence the final result will be given as

CHF

&ecc

—_.5%¢ = . G, geometr (5.3)
CHF pugoen g{Xe. G, geometry)

Most of the experimental results found in the literature are presented
in graphical form. CHF values need fo be extrapolated from the plots which
adds another source of errors beside the usual experimental errors. The
amount of data found in the literature for eccentric annuli is not sufficient

to isolate each effect and present it in a general prediction method.

In Chapter 4, it was found that the guality effect is the dominant one
for concentric annuli. As mentioned before, Figures 5.4, 5.6 and 5.7 show
that as the quality increases thé CHF results in eccentric and concentvic
.annuli converge. This trend is also satisfied by Equation {5.1) where the

quality effect is represented by the factor "1~ 0.3 X".

The second important parameter is the flow geometry of the test section.
In order to fully specify the geometry of an eccentric test section four
variables are required: minimum gap, hydraulic diameter, rod diameter and
heated length. The heated length is bound to have little effect on the
results (that has been assumed by most studies) if L/Dp, = 100 which is

patisfied by all studies except for Tolubinskiy'’'s and Ornatskiy’s work.
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However, Tolubinskiy’'s correlation showed a strong effect of heated length.
The minimum gap size may be the most important geometric variable affecting
CHF occurrence in eccentric annuli. However, the gap size is not sufficient
by itself to specify the effect of geometry. 1In fact, Moeck’'s et al. {1966)
and Levy's et al. [1962] test sections had the same minimum gap but quite
different CHF data were obtained from their experiments. In Figure 5.10
several geometric parameters have been used as independent variables in order
to find the best parameter that will fit the data. However, the lack of data
at similar conditions may be the cause of the large variations in results. In
Figure 5.10a, Equation (5.1) has been applied to the different sat of results.
This correlation showed generally good agreement with the data except for

Ornatskiy’s et al. [1969c) and Moeck’'s et al. [1966} CHF results.

The last parameter that might affect the results is the mass flux.
There is no general agreement on the effect of mass flux on the CHF of
eccentric annuli. The reasons for some of the differences were discussed in
the previous section. Moreover,'it is hard to separate the effect of mass
flux from that of the quality, since experimentally it is very difficult te
get CHF results at low quality and low mass flux, or high quality and high
mass flux. Hence, some of the mass flux effects may be due to quality
variations. Figures 5.7 and 5.8 show that the increasing mass flux results in
a more pronounced difference between the eccentric and the concentric CHF
values. However Tolubinskiy’s correlation shows as the mass flux is increased

CHF gecn.
CHF,

conec.,

the ratio, , is closer to 1.0 {at the limit when G goes o that ratio

goes to unity).
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In Equation 5.1 all the important parameters affecting the CHF in
eccentric annull are represented. Howaver, more experimental data are needed
ir order to validate and specify the limitations of this correlation. 1In a
future work a recommended prediction method that satisfies the observed trends

would have gome resemblance with Eguation 5.1.
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Figure 5.1: Effect of Minimum Eccentric Gap Size on CHF.

to Values from the CHF Table for 8-mm Tube.

= 8 mm Correspond

From Ornatskiy et al.

(1969¢c]).
P =9.81 MPa; Ah,=500kJ.kg™*
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Figure 5.2: CHF as a function of the relative eccentricity, e.

Mg.m2.87;

i- 6
; 2= G = 2.0 Mg.m’z.s'1. From Ornatskiy et al.
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= 1.0
[1969¢c).
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Figure 5.3: Effect of Eccentric Gap Size on CHF in Annuli. Data From Moeck et

al.

(1966].
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Figure 5.4: Effect of Eccentric Gap on the CHF in Annulii. Data From Levy et al.
[1962].
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Figure 5.5: Comparison Between Moeck’s and Levy‘'s CHF Results and Test Sectlons

é

(the Same Scale is Used to Draw Both Test Sections).
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Figure 5.8: Effect of Minimum Gap Size and Mass Flux on CHF. CHF Data From

Rudzinski [1992).
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Rudzinski [1992].
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Some Geometric Parameters Considered and Their Effect on CHF.
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6. OBSERVED GEOMETRIC EFFECTS: OTHER CROSS SECTIONS

6.1 Rectangular Channels

A summary of the work found in the literature for this geometry is

presented in Table 6.1. Appendix C presents some of the rectangular channel

CHF results.

De Bortoli et al. (1958) presented CHF data for gaps of 1.27 to 2.56 mm.
Both the long sides of the rectangular channel were heated. A comparison with
tube CHF data having the same inlet condition and L/Dn, shows that the CHF for
round tubes is as much as 45% lower than for rectangular channels. The
comparison would have been more useful if it had been based on the same local
conditions., Pexton [1961)] re-analyzed the previocus data and reached similar
conclusions. He also concluded that the CHF appears to increase with

decreasing Dy, at constant local conditions,

Jacket et al. [1958) obtained CHF results in a rectangular channel
heated from both long sides. The heated width (22.3 mm) was slightly less
than the channel width (25.4 mm) to eliminate corner effects. There was good
agreement between CHF results for rectangular channel (2.5 mm gap) with those
of a round tube for the same local quality and equivalent diameter (Dp, and Dpe

were approximately equal).

Levy et al. [1959] considered the case of a rectangular channel where
the complete perimeter was heated., As expected, overheating occurred at the

corners of the test section where the CHF condition occurred at a value of
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about one-third of those obtained in a circular tube.

Gambill et al. [1961] reported that Kafengauz and Bauarov showed no
effects of gap size on CHF up to a gap size that was comparable to the maximum
bubble diameter. An assessment of the bubble sizes is performed in Chapter 8
to determine the gap size at which blockage of the cross section by bubbles

might occur.

Chernobay (197Q) investigated the CHF of a rectangular channel at very
high mass velocities (G = 5 to 28 Mg.m™2.8”) by varying the fraction of
perimeter with maximum heat release from 16.7% to 100%. Chernobay concluded
that the CHF values of uniformly heated rectangular channel (Dny=Dhe=2.4 mm)
are noticeably lower than those of a 2-mm ID round tube for a constant inlet
subcooling. This normally could be due to the corner effect, but this effect
is thought to be less important at very high mass flux values, where mixing is
much more effective. Moreover, the CHF increases as the fraction of perimeter
with maximum heat release is decreased at constant inlet subcooling. The
highest CHF values are obtained when only 17% of the perimeter is exposed to
maximum heat release. Results suggest that, as the fraction of the perimeter
with maximum heat release decreases, the CHF values for a rectangular channel

approach those of a round tube.

Zeigarnik et al. [1981) (reporting on Zenkevich’s et al. findings)
concluded that the CHF for their rectangular channel {all sides heated) was
20% lower than that of an equivalent round tube. This was thought to be due

to poor mixing at the corners, resulting in local over-heating. Zeigarnik
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also conducted an experiment in a horizontal channel with one side heating
(Dpy=3.6 mm, Dhe=7 mm) within the pressure range of 0.5 to 3 MPa. CHF results
obtained from a uniformly heated, 4-mm diameter, round tube were in good
agreement with the rectangular-channel results. At these high flow rates and
high local subcoolings (see Table 6.2), the bubbles were extremely small and
the flow was quite homogenecus. Hence, the differences in phase distribution

and CHF between tubes and rectangular channels are expected to be small.

6.2 - ed ow ometries

Table 6.2 presents the related CHF studies on irregular-shaped channels

or subchannels.

Rogers [1966] presented CHF results in two-element test section which
simulated a portion of a 19-element reactor fuel bundle. It was found that
CHF Type~I or -II (Departure from nucleate boiling) occurs locally in the gap
region (hottest region) in the lee of a helical spacer near the downstream end

of the test section.

Green et al. [1969) performed CHF tests for water on a "dumb-bell®-
shaped channel (Figure 6.1), which consisted of two subchannels interconnected
via a narrow gap. Their experiment covered the following range of conditions
(Appendix C presents all the experimental results of Green et al. [1969]):

Pressure

8.3, 11.0 and 13.8 MPa
Mass Flux : 0.339 to 5.425 Mg.nfz.sJ

Inlet Temperature : 93 to 316°C
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Two gap sizes (0.76 and 0.38 mm) were tested to simulate different rod-to-~red
spacings of a nuclear fuel bundle. At low mass fluxes {C < 0.7 Mg.nfz.s‘1),
dryout was detected simultaneously at the gap and at the subchannel for the
large gap size (0.76 mm) at all pressures, and for the small gap size (0.38
mm) at a pressure of 8.2 MPa only. For other conditions, dryout appeared only
in the gap region. A comparison, presented in Figure 6.2, of these CHF data
(dumb-bell-shaped channels) was made against the CHF data of De Bortoli et al.
[1958], who tested two, 685.8-mm long, rectangular channels of dimensions
1.50%25.4 mm and 2.46x25.4 mm with heating along the 25.4 mm sides only. 1In
general, the CHF for the dumb-bell-shaped channels agreed rather well with
that for the rectangular channels at the same dryout condition. Hence, Green
et al. concluded that the effect of channel spacing on CHF was negligible for
gap sizes between 0.76 to 2.46 mm. However, this would not be the case if the
two lobes of the dumb-bell were of different sizes. Then, enthalpy imbalance

would kecome important and should be considered.

The CHF values of the look-up table for the same dryout conditions are
also indicated in Figure 6.2 for comparison. Since the values of both the
hydraulic and the heated diameter for these channels are much less than 8 mm,

the table CHF values were corrected by

CHF =(3)U3 (6.1)

CHFpuy \D

A value of 3.8 mm was ugsed as the diameter in Equation (6.1). It represents
the hydraulic diameter of the dumb-bell-shaped channel with a 0.76 mm gap as
compared to the values of 2.83 and 4.49 mm for the rectangular channels having

1.50 and 2.46 mm in height, respectively. Note that the hydraulic diameter



87
cannot be calculated for the Jdumb-bell-shaped channel with a 0.38 mm gap,
because the dimensions were not presented by Green et al. [1969). The
predictions based on the look-up table agree with the experimental data of
these channels. This is rather surprising because the narrow gap is expected
to affect the dryout mechanism significantly and causes a reduction in CHF.
Apparently, the gap effect has some influence at high-flow conditions where

the CHF is lower for these channels than for a tube.

Youk and Dimmick [1985) obtained CHF results in three different
subchannel-shaped test sections: round, triangular and rectangular. They
concluded that the effect of shape on CHF is important in the subcooled region
{Type-11 or Type~III CHF), but becomes iess important as the gquality increases
and almost disappears in the high-quality region. Compared against the
predictions of the W-3 and the Biasi correlations, the CHF results for the
round-tube geometry were within a 5% error margin, but those for the
rectangular and the triangular channels were lower by as much as 40% and 20%,
regpectively. Youk and Dimmick indicated that the reduction in CHF for both
the rectangular and triangular channcls is caused by a premature dryout due to
local overheating in the presence of stagnant corners. A similar trend has

been shown in the section 6.1 for rectangular channels.

Snoek (1988)] performed an experiment to measure the CHF in an annular
geometry. The test section cunsisted of a 1.1%-cm ID Inconel tube and a 3-
part triangular-shaped insert forming three aubchaAnels interconnected by
narrow gaps. Figure 6.3 shows schematically the configuration of this test

section. The insert was placed either concentrically or eccentrically inside
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the tube. For the concentric configuration, the flow area of all subchannels
and the size of all gaps are the same. The gap size is 1.76 mm. For the
eccentric configuration, the flow area for two gsubchannels is the same, but it
is smaller for the third subchannel. The small gap size is 1.0 mm. The total
applied power was divided, with about 2/3 distributed to the tube and 1/3 to
the insert, to ensure dryout occurred at the outer tube first. This resulted
in a heat=-flux ratio of 0.72:1 between the insert and the outer tube. No CHF
instrumentation was provided for the inner surface (the assumption was that
all surfaces would experience CHF at approximately the same heat flux level; a
lower CHF for the inner surface as observed for the annular geometry was not
considered). For the configuration with 3 egual subchannels, dryout was
initially detected in the gap region between the subchannels at low-flow
conditions, but in the subchannel region at high-flow conditions. Only a
slight increase in power, however, is required to spread the dryout front to
the subchannel, and gap respectively. The experimental results have indicated
that CHF is not significantly affected by mass flux {except below 2 Mg.mrz.sq)

for the game dryout quality (Figure 6.4). This is rather different from the

results obtained in a tube (Leung et al. (1990]): the tube CHF in¢ -zases

consistently with mass flux for the range of 3 to 10 !“lg.rn'z.sa"1 at a dryout
quality close to 0.33. For the case with 3 unequal subchannels, dryout is
initiated in the small subchannel and small gap, and subseguently spreads to
the larger subchannel and larger gap. The measured CHF is lower than that
obtained in an equal-subchannel geometry for the same dryout condition. This
reduction in CHF is consistent with an imbalance in flow and enthalpy between

the subchannels.
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6.3 Bundle Geometries

6.3.1 General

Midvidy [1976) reviewed the effect of element bowing and bundle
eccentricity on CHF in bundle geometries. This review was recently updated by
Rudzinski [1991). Table 6.3 summarizes the observations and specifies the

experimental range of conditions.

6.3.2 Tube-Equivalent Approach

An equivalent-tube approach is often used in the thermalhydraulic
analysis of multi-rod bundle geometries. However, this approach is
complicated by the fact that two possible values of equivalent diameter can be
defined in a bundle: heated-equivalent and hydraulic-equivalent diameter.
While a2 heated-equivalent diameter may simulate a correct rise in enthalpy, a
hydraulic-equivalent diameter accounts more effectively for the flow or phase
distribution for adiabatic flow. However, no matter how the equivalent
diameter is defined it completely ignores effects of enthalpy imbalance.
Moreover, these equivalent diameters when applied to annuli or bundles do not
seem to simulate the CHF behaviour in tubes, which was described in Chapter 3.
This is clearly illustrated by the experiments in eccentric annuli where a
change in eccentricity affects the CHF without changing either Dj. or Dhy
This is shown in the experiments of Moeck et al. [1966]) and Janssen et al.
[1963), who measured the CHF in annuli with a varying hydraulic-equivalent
diameter (alsc the heated-equivalent diameter changes). They observed an

increase in CHF with increasing hydraulic-equivalent diameter from 5.3 to 8.9
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mm, but a decrease in CHF when the hydraulic-equivalent diameter was further
increased to 22.2 mm as shown in Figure 4.1 of Chapter 4. The same trend can
also be noticed if the analysis is based on the heated-equivalent diameter
(i.e., CHF increased when the heated-equivalent diameter increased from 6.4 to
20.3 mm, but decreased with a further increase to 55.9 mm in heated-equivalent
diameter). Neither of these trends agree with the observed diameter effect on

CHF in tubes.

Heron et al. [1969] measured the effect of rod spacing on CHF in 7-rod
bundles. They observed a significant change in CHF as the rod spacing varied.
Lower CHF values corresponded to small gaps between rods. Since both the
heated- and the hydraulic-equivalent diameters remained the same for various
rod spacings, they concluded that eguivalent-diameter approach does not
adequately represent CHF in a bundle geometry. Other factors, such as rod

spacing, have to be accounted for in CHF predictions for bundles.

6.3.3 Effect of Eccentricity and Element to Pressure-Tube Rowing

Midvidy [1976)] concluded that the effect of eccentricity on a multi-
element assemblies depended on the location of CHF when the assemblies are
positioned concentrically in the flow tube. He noted that eccentricity
redurad the croasas-sectional average CHF when dryout occurred on an outer rod,

but it had little effect when the dryout occurred on an inner rod.

Moeck et al. [1966], Tong et al. [1967), Lund (1975], Israel et al.

{1969), Tolubinskiy et al. [1971], Nagino et al. (1978) and Markowski et al.
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{1977] investigated the effect c¢f rod bowinyg on CHF and concluded that bowing

the heater did affect the CHF.

Howard [1963}) performed experiments on a heater rod bowed to the point
of making contact with the channel wall. This resulted in a CHF decrease by a
factor of two or more from the values for the concentric position. Israel et
al. {1969] also concluded that the CHF data obtained with a heater rod bowed
towards the outer channel wall exhibit a substantial decrease from the

concentric rod bundle.

In contrast with the previous studies, Heron et al. [1969]), Macduff and
Fighetti {1983), Nakajima et al. [1977}, Hill et al. [197E], Groeneveld and
Merilo [1974), Green et al. [1969], and Nixon et al. [1975] experiments

indicated little or no effect of heater bowing on CHF.

Grneneveld and Merilo {1974] carried out experiments in three-elements
rod bundle with Freon-12 as a coolant. One of the heater rods could be
externally bowed towards the shroud reaching gaps between 1 and 0.05 mm.

Their results indicated that the heater rod bowing had only a slight effect on

the CHF.

Figure 6.5 shows the six confiqurations of the seven elements in the
fuel bundle tested by Heron et al. [196%]. Figure 6.6 shows that the maximum
decrease in CHF is cobtained when having configuration A (all rods are
touching). Little effect on CHF is observed when the gap between the outer

rods and the shroud is reduced to a small values up to contact (configurations
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E and F). This behaviour could be attributed to the enthalpy imbalance:
little or nc enthalpy imbalance would be expected in geometries E and F, but
Bignificant enthalpy imbalance would occur in geometries A and B, with less in

C and D.

6.3.4 Effect of Element-Element Bowing and Element Spacing

Nagino et al. [1978] conducted CHF experiment (DNB type) with a sixteen-
element rod bundle. One of central heater rods was bowed into contact with
another rod. Their results indicated that. at 10.5 and 12.7 MPa there was no
effect of rod bowing on CHF, while at high pressure (14.8 and 16.9 MPa) there

was a considerable decrease in CHF.

Lund (1975) carried out experiments at atmospheric pressure and for DNB
type CHF in a five-by~five square rod array. He concluded that the DNB type
CHF depende mainly on the local hydrodynamic conditions and it decreases as

the rod spacing decreases,

Markowski et al. [(1977] also obtained CHF data on a five-by-five square
rod array for several bowing configurations. They reduced either the gap
between two heated rods or between a heated and unheated rod. CHF data
obtained with a heated rod bowed towards another heated rod indicate that the
CHF is adversely affected only if the bowing is important (if the gap is
reduced by more than 50% which implies that the inter-elements gap becomes
less than 1.65 mm). They alse concluded that moderate kowing of heated rods

does not result in significant CHF decrease. However, bowing of an unheated
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rod towards a heated one has no effect on CHF, even if the unheated rod is

bowed to contact adjacent heated rods.

Similarly, Macduff and Fighetti [1983] studied the =zffect of rod bowing
in a five-by-five square rod array. They reduced the gap between two
centrally located high~powered rods by 71% (the inter-elements gap was reduced
to from 3.46 mm to 1 mm). Their results indicated that a pressure of 16.6

MPa, the effect on CHF was very little (about 5%) and no effect at 13.8 MPa.

Hill et al. [1975) performed CHF tests in a four-by-four square rod
array, where one of the central heated rods was bowed into contact with the
adj:écent rods. They also concluded that a bowing effect is noticed only above

a certain pressure (for their experiment higher than 12.4 MPa).

Nakajima et al. {1977] carried out CHF experiments in a 36-rod bundle
to determine the effect of rod bowing. The minimum gap between the outer and
the inner rod was reduced from 2.1 mm {(nominal value) to 0 mm. Their results
showed that rod bowing had only a slight effect on CHF over the range of

conditions tested.

Nixon et al. [1875) tested a full-scale eight-by-eight rod bundle. They
found that the effect of reduced gap and rod bowing had little or no effect on

CHF over the conditions tested.

Analysis of the results of the reviewed investigations shows two

conflicting trends on the effect of gap and rod bowing on CHF: (i} bowing of
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the heater rod has an effect on CHF, (ii) bowing of the heater has no effect
on CHF. It seems that the effect of bowing is very much dependent on flow
conditions (e.g., pressure) which might explain the contradiction. Also, from
this study bowing a heated rod towards ancther heated rod is more likely to
cauge reduction in CHF than if the rod was bowed to the outer shroud. The
lack of data relevant to CANDU conditions of interest and the conflicting
results found in the literature indicates that further study is needed to
reach better understanding of this effect. It would be extremely difficult to
account for the effect of gap on CHF in rod bundles by a single empirical
correlation. However, in Chapter 9 the gap effect on CHF is accounted for by
introdncing a gap correction factor. This factor would then be combined with
an existing CHF correlation to predict the CHF for a bowed element in a
subchannel code environment. The data obtained in the bowed-element
experiments would be used to develop the gap correction factor, while the
table look~up CHF prediction method presented by Groeneveld et al. [1l986a)

would be used as the reference correlation.
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Figure 6.1: Dumh-Bell-Shaped Channel Tested by Green et al.

[1969]).
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Figure 6.2: Comparison of CHF Data
Rectangular Channels.
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(a) Concentric {£) Eccentric
Figure 6.3: Subchannel-Shaped Channel Tested by Snoek
(19883,
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Figure 6.4: Comparison of CHF Data Between the Subchannel-
Shaped and Tube Geometries.
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7. EFFECT OF HEAT FLUX ON_ADJACENT SURFACE
7.1 Bilaterally Heated Annujii

The effect of changing the ratio of inner-rod/outer-tube heat flux on
the CHF has been studied by several investigators: their results are
summarized in Table 7.1. Some Experimental results for concentric bilaterally

heated annuli are tabulated in Appendix D.

Becker and Letzter [1975) performed the most detailed investigation on
the effect of bilateral heating in annuli. They varied the ratio of outer
tube to the inner rod heat flux, R, gradually from O to 4 for a constant inlet
temperature. For low ratios, the CHF always occurred first on the inner
surface. Simultaneous occurrence cf CHF was cbserved to occur for a ratio
somewhere between 1.5 and 2.75 (depending on the flow conditicons); this
corresponds to a maximum in critical quality. At higher heat-flux ratios, the
CHF eventually moves to the outer wall. Their study applies only to Type-1V
and Type-V CHF (i.e., entrainment-controlled and deposition-~controlled CHF).
The results of a more detailed analysis of Becker’'s results are shown in
Figures 7.1 to 7.3. These figures show the effect on CHF of gradually
changing the heat-flux ratio, R. For lower ratios, when CHF occurs on the
inner surface, the CHF is close to that of an internally heated annulus (the
solid line corresponds to the prediction for internally heated annuli). &
trend of increasing CHF above that of an internally heated annulus can also be
noticed, especially for higher heat-flux ratios. A significant jump in CHF
occurs for a ratio between 1.5 and 2.75, corresponding to the simultaneous

occurrence of CHF on both surfaces. The critical quality also reaches a
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maximum value (during the experiment, the inlet subcooling remains constant).

For higher heat-flux ratios, the CHF occurs only on the outer surface at a

value much closer to that of a tube.

Becker and Hernborg [1964) performed experiments on a 608 mm long,
bilaterally heated concentric annulus. The results of this experiment were
presented by Becker et al. [{1965]). The analysis of the results showed that,
when applying egual heat fluxes on both walls of the annulus, CHF always
occurred at the inner wall. When the annulus was heated internally only, the
data showed lower CHF values compared to bilateral heating. For external
heating, the data were higher than for internal heating, and somewhat
comparable to round tube CHF results. For bilateral heating, it was found
that the outer surface heat flux can be from 30% to 70 % higher than the inner
surface heat flux before the CHF moves to the outer surface. The
interpretation given for the preferential occurrence of the CHF on the inner
surface is based on the asymmetric distribution of the flow. They assumed
that the same asymmetry present in single~phase turbulent flow, is alsoc valid
for two-phase flow: the maximum velocity occurs closer to the inner surface
than the outer surface. The shear stress ratio is obtained from a force

balance

(7.1)

v, _ r,fra-ri
o L4l r2-r?

where rp is the radius of maximum velocity given by

2 2
2_ JTomIy
Ta = —— = (7.2)
zln(uﬂl
Iy
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Substituting the annulus dimensions for this experiment gives rp, = 6.74 mm and
7;/To=1.21. From this ratio it is seen that the interfacial shear stress on
the liquid film flowing at the inner wall is hlgher than the one for the outer
wall (this has been also observed by Rogers [15966]). Since, the range of the
quality corresponding to this experiment is for Type-IV or Type-V CHF (film
dryout), then a higher shear stress results in an increase of the entrainment
rate and a faster film dryout. This interpretation cannot be used in the case
of Type~II or -I!I CHF, where a higher interfacial shear stress results in a
better bubble transport between the wall and core region, which would enhance

the CHF.

From the experimental results of Becker et al. [1965) an attempt is made
to separate the curvature effect. Figures 7.7 and 7.8 show the differences
between CHF occurring at the outer surface and the inner surface for external
heating and internal heating respectively. From the two figures it can be
seen that the CHF for internally heated surface occurs at lower quality than
the CHF for externally heated surface for the same inlet conditions. For the
same exit quality the CHF at the inner surface is lower than the outer surface
CHF as mentioned before. This difference seems to vanish at high pressure (14
¥Pa) and mass flux, where the CHF for both surfaces occur at approximately the
game exit quality. This implies that the effect of curvature for high
pressure and mass flux is less important; at these conditions the flow can be
considered to be homogeneous and the CHF mechanism becomes different from the
other conditions. This effect of curvature on CHF can be interpreted as
follows: Whalley [1989) mentioned that the entrained droplets travel in

straight line in the radial direction, from the point where they are entrained
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to the point where they are deposited (the actual behaviocur is more complex,
gince this assumes that the entrained drop does not hit another drop, or is
not affected by turbulence). 1In case of annuli a droplet entrained from the
inner surface (convex) cannot be deposited at the same surface, it will
necessarily hit the facing surface (concave) or remain entrained. However, a
droplet entrained from the ocuter surface can be deposited at either surface.
Hence, for the annular flow regime (CHF Type-IV and -V) the liquid film will
be depleted faster for a convex heated surface {(i.e., lower CHF for the
internal surface of the annuli). This also explains the fact that the
discrepancy between the CHF occurring at the outer surface and the inner
surface of the annuli is less severe at low quality and subcooled conditions,
where this interpretation is no longer valid because of the difference in the

CHF machanistic description at these conditions.

Jensen and Mannov [1974] also studied bilaterally heated annuli and
observed similar trends as Becker and Letzter: the heat flux at the outer
surface is higher than at the inner surface when the CHF moves to the outer
surface. The maximum dryout gquality and hence dryocut power corresponds to the
simultaneous occurrence of CHF (which occurs when approximately 70% of power
is dissipated from the outer surface). Their results are plotted in Figure

7.4 as the critical quality versus the outer tube power fraction.

Kirrilov and Smogalev (1974] presented two plots for different mass
fluxes showing the effect of bilateral heating: Figure 7.5 demconstrates an
increase in inner-surface CHF due to the presence of a heat flux at the outer

surface. Figure 7.5 also shows that, as the outer-surface heat flux is
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increased, the CHF which was initially below the annuli prediction (solid
line) increases towards this prediction line and may exceed it at high
qualities. Moreover, increasing the mass flux and/or decreasing the quality
results in a decrease of the effect of the cuter~surface heat flux on CHF,
Kirillov and Smogalev’s data apply primarily to Type-IV CHF (entrainment

controlled).

Tolubinskiy et al. [1973b) investigated the effect of bilateral heating
at high pressures (15-20 MPa) and high subcoolings. They concluded that the
presence of a heat flux at the outer surface does not affect the CHF at the
inner surface, and that the CHF on the inner surface is higher than the CHF on
the outer surface. These results disagree with Becker’s, Jensen's, and
Kirillov’s results, which is not surprising as the flow conditions are also
quite different. The same correlation (Equation 7.1) for the shear stress
ratio as given by Becker and Hernborg is given by Tolubinskiy et al. [1973a].
He also concluded that, the radius corresponding to maximum velocity in an
annulus, rp, is shifted to the inner wall and also given by Equation (7.2).

Moreover, Tolubinskiy assumed that:

CHF; =[3)" (7.3)
CHF, |1,

also assuming n=l1 they reached the conclusion that the CHF at the inner wall
is higher than at the outer wall. A different value of the exponent n (0.5)
has been assigned by Tolubinskiy et al. ([1970a]. Though this conclusion

gsupports the results of Tolubinskiy [1973b], it contradicts most of the other

studies.
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Alekseev et al. [1965) stated that, for pressures between 9.81 and 14.72
MPa and for the same local conditions, the CHF for an annular channel heated

from both surfaces was higher than for the case of one-side heating.

Ornatskiy et al. [1969) reached contradictory results: the CHF at the
outer surface is independent of the heat flux applied to the inner surface,
even when the inner heat flux surpasses the outer one. Results are well
correlated (within 1 15%) using an expression derived for the case of external
heating by Ornatskiy et al. [1966]. However, Ornatskiy only considered highly

subcooled CHF data at pressures greater than 17 MPa.

7.2 Rectangular Channel

Tippets [1963) performed experiments in a rectangular channel where
either one or both long sides were heated. Collier [1981]) plctted Tippets’
data as shown Figure 7.6 to which the CHF table values for the heated
equivalent diameter, hydraulic equivalent diameter and the B-mm tube were
added. Note that (i} heating the opposite surface increases the CHF for Dpy =
20.6 mm (or 12.7 mm spacing), (ii) decreasing the gap to 6.35 mm increases the
CHF noticeably for both long surfaces heated, and (iii) overall the CHF table
values for the 8-mm tube without any diameter correction fit better the

rectangular CHF data than the CHF table values corrected to the Dy, or Dpy

using Equation (6.1).

7.3 ot Geometries



110

Collier et al. (1964) observed effects on CHF of the proximity of an
adjacent heated surfaces, in a cross section consisting of a centrally heated
rod surrounded by an outer-surface which simulated several other adjacent
rods. Two sizes of spacings were considered: 1.7 and 5 mm gaps. An increase
in the outer surface heat flux resulted in an increase of the rod CHF for
constant exit guality. However, the effect of bilateral heating appeared less
strong for the smaller gap size. Also, the CHF values were lower for the
smaller gaps. According to Collier, this increase in CHF with outside-surface
heating results only from an increase in film-flow rate by extra deposition or
less entrainment. Two explanations are offered in terms of the nucleate-
boiling entrainment mechanism described by Hewitt et al. [1963]. First,
Collier suggested that "the introduction of the additicnal heating on the
quadrants causes the quality to rise more rapidly along the channel and would
lead to the suppression of some of the active sites on the centre rod.
Consequently, less liquid would be lost from the rod and the burnout heat flux
increased.” The second explanation is that droplets ejected from the outside
surface hit the centre rod, and hence the film flow rate on the rod will

increase.

The effect of an unheated wall on CHF was studied by Tong et al. [1967)
using a heated rod inside a square flow channel with subcocled and low~guality
steam-water flows. Their results showed that the proximity of an unheated
wall as well as a rod in line contact with an unheated wall decreased the CHF.
This decrease in CHF decreased as the mass flux increased and became minimal
at mass fluxes greater than 4.1 Mg.m2.s"'. To account for the effect of the

unheated wall, a modification factor as a function of Dy, and local quality
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was developed.

Tong [1972] has related the CHF for an annulus with that of a tube as

predicted using the W-3 correlation:

CHlunpeated wald oy g (1- Doy [13.76-1.372 et78x
CHFy.y,p D, -
Dy L

(7.4)
~4.732( G J-0.0535_9 0619 (.L)“-“-—B.SOQD:,'!“]
106 103

where CHFy.3 ppe i8 calculated with the W-3 correlation based on Dy, rather than

Dhy., The correlation uses British units. The range of data used to develop

this correlation is given by:

X =0.1

1.356 <G <6.78 Mg.m2.s™! (1.0 <6 =5.01b.h7t.£t72)

6.895 S P £ 15.858 MPa (1000 =P <2300psia)

L 2254 mm and § 22.54 mm (L 210 in and § 2 0.1 in)
Because of the relatively narrow range of qualiries this correlation cannot be
used generally, and thus has a limited range of applicability. According to
Tong [1972] the presence of an unheated wall causes a build up of a cold
liquid film on the unheated wall. He concluded that " the cold film is
considered wasted or bypassed. Thus, the CHF in a tubular flow channel with
one side of unheated wall is usually lower than that in a channel with all

sides of heated wall at a same bulk exit enthalpy”.

7.4 Discussion

An explanation of the higher CHF on the outer surface of an annulus has

been offered by Becker and Hernborg [1964]. They suggested that the
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asymmetric velocity distribution for single-phase flow is also the case for
two-phase flow. This asymmetry results in a higher interfacial shear stress
on the liquid flowing at the inner-wall. The higher shear stress at the inner
wall increases the rate of entrainment, leading to a faster dryout of the
inner liquid film compared to the outer cone. This phenomenon is less
important for lower gqualities, where the CHF is usually cleser to that of a

directly heated tube,

An explanation for the cbservations made by Tolubinskiy [1973b] (higher
CHF on the inner surface than on the outer one and absence of any noticeable
effect of outer surface heating on the inner surface CHF occurrence), can be
attributed to differences in flow conditions. The proposed explanation in
terms of entrainment behaviour offered by Becker and Hernborg obviously does
not apply to subcooled conditions, but the increase in inner wall shear stress

for subcooled boiling will result in better mixing and bubble removal from the

inner surface, thus increasing the CHF for that surface.

In general, in the case of annuli, the CHF occurs preferentially on the
inner surface at a heat-~flux level well below that of a tube. Alsc, the
presence of an outer-surface heat flux generally increases the inner-surface
CHF: Collier [1964), Alekseev ([1965]), Tong (1972} and Kirilleov [1974]
reported such an increase, although Tolubinskiy reported no noticeable effect.
It may be that this increase becomes less noticeable for higher flows, higher

pressures and low gqualities.

In Tippets' [1963) experiment with rectangular channels, high-speed
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motion pictures showed that the film thickness at the unheated wall was larger
than the heated one. The liquid film appeared to be much less agitated at the
unheated wall than at the heated wall. As the CHF condition approached, there

wag an increase of the film agitation at the heated wall.

At high flow rates, high pressures and high local subcoolings, bubbles
are extremely small and the flow is more hocmogeneous. Hence, the differences
in phase distribution and CHF between various geometries (tubes, rectangular

channels and subchannels) whether heated from one-side or bilaterally, should

be small.
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Figure 7.1: Effect of Bilateral Heating on CHF in Annuli (I). Data From Becker
and Letzter [1975].
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Figure 7.8: Curvature Effect on CHF in Annuli {Pressure as a Parameter}). Data
From Becker et al. [1965).
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8.1 General

In Chapters 4, 5 and 6 the gap size was seen to have an important effect
when it is reduced below a certain value depending on the geometry and the
flow conditions. Most researchers (e.g., Tolubinskiy et al. [1970b] and
Ornatskiy et al. [1969a}) suggested a value of about 1 mm below which the gap
size starts to have an effect on the CHF. In this chapter an assessment of
the minimum gap size is performed for CANDU flow conditions of interest, based
on analytical and experimental approximation of the size of droplets, bubbles

and liquid film thickness.

8.2 Bubble and Droplet Sizeg During Flow Boiling

Depending on the flow regime and the heat transfer mode either the
droplet or the bubble size may play an important role in predicting the effect
of gap size on the CHF. It has been noted by some investigators that the
effect of gap size on the CHF becomes important when its size is comparable to
the maximum bubble or droplet diameter. 1In the next two sections bubble and
droplet sizes are evaluated and some conclusions about their expected effects

on the CHF for minimum gaps are drawn.

8.2.1 Bubble Size Prediction

In case of subcooled boiling (CBF Type-I, II and II1I)}, if the gap size

becomes relatively small, the bubble can block the complete gap, thus
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resulting in a premature CHF cendition. This interpretation is more
appropriate for annular geometries (eccentric and concentric annuli} and
subchannels than for round tubes. As mentioned by Tolubinskiy [1969}, when a
bubble blocks the small tube diameter, it leads to an increase in flow
velocity in the blocked cross section. The upstream ligquid pushes out the
accumulated vapour and scatters it in small bubbles. However, in annular
channels or subchannels, a bubble blocks only a portion of the cross section
and the liquid can move to the vapour-free cross section. This relatively

stagnant bubble could lead to a premature CHF occurrence.

Four prediction methods are used to assess the bubble size. The first
method is based on Levy’'s [1966) model. This model uses a force balance
between the drag force and the surface tension force to determine the bubble

diameter which is given by

0.5
D, = 0.015 (%’#] (8.1)

where £ is the Fanning friction factor, f = 0.046 Re™0-2, Levy’s equation is

for the bubble size at the Onset of Significant void (O5V) point, bubble
departure point in subcooled boiling. Hence, it will not describe the bubble
diameter at CHF in any case. Since, only an approximation of the bubble
diameter is needed then this model will be still used for other cases.
Weisman and Pei {1983) used Levy’s model for the quality region, subkstituting

for the liquid properties an average two-phase properties as folliows:
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=— Ps
P = p
X + (1-X%) it~
P
g = X0 (8.2)
Pg
p:

2.55¢a
He exp{ 1- 39&]
64

The same procedure for calculating the average properties is used here to

evaluate the bubble diameter for positive gqualities.

The second model tested is proposed for pool boiling by Cole and
Rohsenow [1968], but has also been used by Lee and Mudawwar ([1988] for forced
convection boiling provided the shear force is much smaller than the buoyancy
force. This model also predicts the bubble departure diameter and have the

same weakness as Levy's model

0.5 1.25
D, = 0.00015 ( 9 ) (p‘ Cpr T‘“) (8.3)
g PPy Py Brg

Note that Equation (B8.3) is based on a force balance between buoyancy and
surface tension forces, thus its application to high mass flux values may be

gquestionable.

The third model is given by Smogalev [1981) which predicts the bubble

departure diameter as follows:

P 0.5 [ Y GZ
D, = 0.0208 (—__._) 1-0.65 (P,~pP L2 £~ (8.4)
g(PrPg Pro g

This model also presents the same weakness as Levy's model and alsc the same

reasons are used to justify its use.
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The fourth model tested is developed by Hinze [1955), which predicts the
maximum stable dispersed-phase diameter (in this case the dispersed-phase is
the vapour). The same expression is used to predict the droplet diameter in

the next section, where in that case ligquid instead of vapour becomes the

dispersed phase.

0.6 -0.4
D, =0.725 | % 4arP G (8.5)
Pr dz p?

where the pressure gradient is given by

dP . 2f G*

8.6)
daz P Dy ¢

Figure 8.1 shows the bubble diameter predictions based on the above four
models. The largest bubble diameter is the one predicted using Hinze’s model
(predicts bubbles up to 1 mm in diameter). The other three models predicted
much smaller bubble diameters (sometimes one order of magnitude smaller).

This difference is expected, since Hinze's expression estimates the maximum
stable bubble diameter and the other models give the departure bubble
diameter. Except for Smogalev’s expression which shows a minimum when plotted
as a function of the mass flux, all other methods showed similar trends when
plotted against pressure, mass flux and quality. According to these results,
caps of the order of 1 mm or less may result in a decrease in the CHF by
vapour blocking. This 1 mm gap size dimension has been mentioned by several
studies as the gap size below which the gap effect start to become important.
However, from Figure 8.1 it is seen that for CANDU dryocut conditions of
interest (P =10 MPa, G =5 Mg.m2.s™' and X = 5-25 %) the maximum bubble

diameter predicted is < 0.3 mm. Hence for such conditions, the effect of gap
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size on CHF due to vapour blocking starts at minimum gap size less than the 1
mm predicted before. It is also important to note that all the prediction
methods for the bubble diameter are developed for a tubular geometry. In most
of these expressions the hydraulic diameter is used, which does not reflect
the effect of non-symmetry of the cross-section on the bubble size. In fact,
for non-symmetric cross sections (e.g, eccentric annulus)} the local properties
of the fluid at the minimum gap size can be very different from the overall
properties for the cross sections (e.g., slower ligquid in the gap, higher
ligquid temperature in the gap region). Hence, for non-symmetric cross
sections the minimum gap size at which the effect of gap size is noticed may
be higher than the one predicted. This may be the case for eccentric annuli
and subchannels: hence the minimum gap size could be higher than 0.3 mm for

CANDU fuel-subchannels at conditions of interest.

In the previous analysis the effect of enthalpy imbalance in rod bundle
was not considered. In some cases where there is a significant enthalpy
imbalance as in a rod bundle with different subchannel sizes and shapes, the
CHF could be affected by gaps much less than predicted above. Although this
effect is very important it was not considered in this work because its
extensive scope. This effect of enthalpy imbalance on the minimum gap size

could be the subject of a very interesting future research subject.

8.2.2 Droplet Size Prediction

In case of annular flow, entrained droplets play an important role in

the CHF occurrence. Droplets comparable to the gap size can bridge the cross
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section and provide extra cooling to the heating surface. This may result in

delaying CHF occurrence. Four methods are also used to evaluate the droplet

diameter.

The first method used is the one proposed by Katacka et al. {1983) which

determines the volume mean diameter as

22

-1/3 2/3
Dy =0.01—2_ Re?/? (.2.2) (f_ﬁ] (8.7)
Pg Jg

where jg =.%;E is the gas superficial velocity and Reg = fﬂ.%%fb! is the gas
Reynolds number. This expression correlates the experimental data within + 40
% error. Katacka also correlated the maximum droplet diameter by
D,max = 3.13 Dy.

Tatterson et al. [1977) developed an expression for predicting the
average droplet diameter and is given by

Dy = 0.106 {°—D{“’)u'5 Reg! (8.8)
Py Jyg

where jg and Rey are defined as in the previous equation. After testing
Tatterson’'s empirical correlation, Ueda [1979] proposed another correlation

which fits his data better and can be represented by

1.25 0.34
P4 - 5.8 107 [—"- (f-‘z') ] (8.9)
13

The last correlation predicts the maximum stable droplet diameter (Hinze

[1955]). This expression which is similar to the one proposed previously to
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determine the bubble diameter, except here the dispersed phase is liquid and
the continuous phase is vapour. Thus Equation (8.6} becomes

0.6 -0.4
b, =0.725 |2 LQE £ (8.10)
Py dz p?

where p and the pressure gradient, -gg, are defined by Equations (8.2) and

{(8.7) respectively.

As for the bubble diameter, the discrepancy between the prediction of
different correlations of the droplet diameter is sometimes quite high. Some
of these correlations are derived for the average maximum droplet diameter and
others for the volume mean diameter. As shown in Figure 8.2 the maximum
droplet diameter is 0.3 mm which is predicted by Kataoka‘s maximum droplet
diameter expression. Figure 8.2 alsoc shows that some of the expressions are
relatively close to each other. For example Hinze’s expression and Kataoka‘s
expression for the maximum diameter follow each other closely since both of
them estimate the maximum diameter. Tatterson’s expression and Kataoka’'s one
for the volume median diameter also show clese similarity. In general Figure
8.2 shows that droplet sizes are within this range: 0.01 teo 0.3 mm in
diameter. For CANDU dryout conditions of interest droplets are smaller than
0.1 mm in diameter. These empirical results are supporéed by the few
experimental data shown in Figure 8.3, Although, most of the experimental
work is based on air-water studies at atmospheric conditions, the droplet size
did not exceed the 0.1 mm. From these results it seems that the vapour gap
size (the part of the gap size which is occupied by vapour) for annular flow

can be reduced to arcund 0.1 mm without noticing any effect in CHF. However,
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in this analysis the film thickness was not considered. The liquid film
bridging together (e.g., wave tips joining) might be a more important cause of
the CHF enhancement in annular flow regime than droplets bridging the gap. Aan
assessment of liquid film thickness is needed to estimate the gap size for

which liquid bridging of the gap might occur.

8.3 Liquid Film Thickness Assessment

Liguid film thickness measurements have been made by few investigators
such as, Gill et al. [1965] awd Pogson et al. [1970). For detailed
information on evaluation mechods for the film thickness the reader is
referred to Hewitt and Hall-Taylor (1970). For the purpose of this study,
only an estimate of the film thickness is needed and can be achieved by

examining the experimental results.

Hewitt and Hall-Taylar [1970] stated that liguid films are rather thin
and do not generally exceed 2.54 mm (<0.1 in.). Figure 8.4 shows the
variation of water film thickness with either the water flow rate {(a) or the
steam flow rate (b). From this figure it can be seen that

{i) liquid film thickness decreases with an increase in vapour mass

flux; and

(ii) as the gquality increases the liguid film thickness decreases.
Figure 8.5a shows a comparison between experimental results of Gill et al.
[1965] and predictions from Turner and Wallis’ [1965) empirical egquation,
while Figure 8.5b shows a comparison between experimental results of Pogson

et al. [1965) and calculated results from an empirical correlation developed
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by the same authors. The two figures show a maximum film thickness of less

than 0.8 mm (0.03 in.).

ARs noted in the previous section, most of the experimental work was done
at low pressures (atmospheric conditions), low mass flux and for air-water
mixture. As the mass flux increases it was noted the film thickness
decreases. Moreover, empirical correlations (e.g., Pogson et al. {1965])
showed that the film thickness is proporticnal to surface tension, ¢. Since,
the surface tension decreases with increasing pressure then so does the film
thickness. Hence, for CANDU dry~ut conditions of interest (P =10 MPa and G =
5 Mg.nrz.s'1), the liguid film thickness is expected to be much thinner than
the maximum film thickness predicted by the previous experiments. The film
thickness for these conditions would not exceed 0.4 mm. Hence the total
thickness occupied by the liquid film is about 0.8 mm. If the maximum droplet
diameter (predicted in the previous section) is considered with this analysis
then the total liquid film thickness is 0.9 mm. In conclusion for gaps less
or egqual to 1 mm, and in the case of annular flow, the gap may be bridged by
the ligquid resulting in CHF enhancement. This interpretation might be used to
explain the convergence of the eccentric and concentric annuli results for the

annular flow regime as seen in Chapter 5.
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Figure 8.5: Comparison of Measured Film Thickness Wwith values Calculated From
Correlations: (a) Gill et al. [1965); (b) Pogson et al. {1970].
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9. SUBCHANNEL CHF PREDICTION METHOD

S.1 General

This chapter uses eguations and observed trends discussed in the
previocus chapters to recommend an interim prediction method for subchannels at
CANDU flow conditions of interest. As discussed in other chapters, in
addition to the lack of reliable CHF data in geometries other than tubes and
concentric annuli, there are some observed conflicting trends and results.
These two reasons, with the complexity of the CHF phenomenon in general,
render the task of deriving an accurate prediction method for a fuel bundle

subchannel difficult.

Since the tube CHF has been measured extensively (especially the CHF in
an 8 mm tube) these CHF values are generally used as a reference and CHF
values in octher geometries are related to the tube values by applying
correction factors. A similar procedure has been used in CRL, where
correction factors to the 8 mm tube CHF for effects such as flux distribution,
orientation and transient have been derived (Groeneveld and Leung [1989]).

The following general form for the subchannel CHF correlation is preoposed:

CHFgybchannel = CHFpugam X Fj X Fj X Fy o .. (9.1)

where Fj, Fj and Fy are correction factors to account for specific differences
between the CHF occurrence in tubes and subchannels. Equation (9.1) will have
the same parametric and asymptotic trends as the table look-up values. This
is the advantage of using this procedure to another empirically derived
correlations, which frequently give the wrong asymptotic trends due the their

limited range of application. The correction factors are discussed in the
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gections below.

9.2 Turbulent-Mixing and Cross-Flow Correction Factors

Due to the presence of many different subchannel geometries and flow
obstructing devices (e.g., grid spacers) in the CANDU fuel bundle, there is a
higher turbulence level and cross flow effect in a bundle geometry compared to
a tube. Correction factors are needed to account for these effects.
Groeneveld et al. [1992] presented these effects as follows:

CHF Enhancement Factor: This factor accounts for the high turbulence generated

by upstream bundle appendages and is given by

(9.2)

L
Fupp = 1+1.5 K05 60-2 gxpl-0.1_%P
Dhy

where K is the spacer-plane loss coefficient, Ly, is the distance to the
nearest upstream flow obstruction (Lsp = 240 mm for CANDU fuel bundle), Dhy and
G are the hydraulic-equivalent diameter of the subchannel and the mass flux in
the subchannel, respectively. This effect was investigated in CRL and found
to be large just downstream of a bundle appendage. It reaches a minimum value
just upstream of a bundle appendage.

Turbulent Mixing: Doerffer et al. [1992]) evaluated the mixing coefficient, f§,
for several proposed correlaticns (e.g., Rogers and Tahir [1975), Rogers and
Rosehart [1972], and Rowe and Angle (1969)). Doerffer et al. [1992] found
that § values in gaps are in general small (f < 0.01 for single-phase flow).
Hence furbulent mixing will not have a strong effect on CHF in the gap region
and the correction factor for turbulent mixing effect is set equal to 1.0.

Further analysis is needed to give a more accurate estimation for this factor.
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Cross-Flow Factor: Cross flow is important specially in the quality region and

is caused by differences in vapour-generation rates between dissimilar
subchannels. For very dissimilar adjacent subchannels the presence of cross
flow suppresses the occurrence of CHF in the gap region. To account for the
beneficial cross-flow effect, the quality correction factor in Section 9.3

will be modified accordingly.

8.3 ow Conditions ect

Qualjty: It was shown in Chapter 4 that, as the guality increases, the quality
correction factor, Ky, defined in Egquation (4.3) decreases. The
interpretation given was that in the gquality region, the unheated outer
surface liquid film is considered wasted or bypassed, as it is not used for
the inner surface ccoling. However, when comparing CHF data obtained in
annuli with those for "outer" subchannels of rod bundles, it appears that the
detrimental effect of a liquid sink on the unheated wall is more significant
in annuli than in bundles. It may be that the liquid on the pressure-tube
wall originates from across the bundle and thus does not just rob the adjacent
surface from much needed deposition., Also, as discussed in Chapter 8 for
emall gaps, liquid film bridging might also reduce the effect of ligquid film
presence on the unheated surface and cause a CHF enhancement. Hence, the
quality correction factor for CANDU fuel bundle subchannels should be less
severe than for the annuli case and an interim expression of this correction

factor is given by

Fy,unheated = 1-0.25 Ky (1-K,) (9.3)

where Ky is defined by Equation {4.3) and K¢ accounts for the cross-flow
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effect and is equal to 1.0 for the no cross-flow cases and 0.0 for cases where
crosg flow is important (i.e., very dissimilar subchannels).
Mass Flux and Pressure: Though some empirical correlations have indicated
strong effects of mass flux and pressure, not enough data is available in the
literature to assess these predictions. However, it appears that the mass-
flux effect is stronger in tubes than in complex gecmetries (e.g., Tables 6.3

and 7.1), and as the preasure increases, the effect of minimum gap size

becomes less severe as seen in Chapter 8.

9.4 G ect

The CHF does not occur simultaneously arcund the subchannel perimeter,
because the near-wall conditions around the heated perimeter can change
significantly, depending on whether the surface sees an open subchannel area,
an adjacent unheated surface or an adjacent heated surface. Ouma and
Tavoularis (1991a] concluded that the wall shear stress reaches a minimum in
the gap region (rod-rod gap and rod-wall gap) and a maximum in the open flow
region. It is also found that the velocity is least in the narrow gap area,
thus lowering the local turbulence. Consequently, the vapour-removal
mechanism by vapour shear and mixing is reduced, which will affect Type-II and
Type-III CHF. The worst effect on local CHF is expected for narrow gaps,
where laminar flow may occur (for a flow of 1 Mg.nrz.s'1 and P = 10 MPa,
turbulent-laminar flow transition can occur for gaps around 0.1-0.5 mm). The
effect of gap size is seen to be less important as the quality increases (see
Chapter 5) and for rapid lateral change in the local gap width as shown by the

difference between Moeck’s et al. [1966] and Levy's et al. [1962] results
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{parallel surfaces will present the worst case).

Heron et al. {1969) experiment showed that the gap effect is
particularly strong when two adjacent heated surfaces approach each other, but
little loss in dryout power was observed when the heated outer rods approached
the unheated wall. Similar observations were made by other authors (see

Sections 5.3 and 6.3.3).

The effect of distance from an adjacent surface (or minimum gap, mg} may
be expressed by the correction factor Frgs which is similar to the K; factor
described by Equation (4.5). For the case of an adjacent unheated surface (as
the case for rod-wall gaps) the following empirical expression is recommended

(Groeneveld et al. [1992)):

5
Frg, unheated = MIN{1.0.5+6.0 '3“] (9.4)
For the gap between two adjacent heated elements, Fp; is given by
(9.5)

3
Fong, hoated = MIN[l,U-Z'FQ .0 -—:':‘;'—”]

In both cases the maximum value of Fpg would be reached for minimum gaps of
around 1.0 mm, which is below the minimum gap values in CANDU fuel geometries

(d =12.7 mm for CANDU geometry).

From Chapter 8 it was found that only gaps less than about 1 mm would
affect the CHF. This is consistent with Equations (9.4) and (9.5) where for

gaps larger than 1 mm, the gap correction factor would be 1.
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9.5 Size Effect

The effects of gaps, cross flow and turbulent mixing in the gaps become
unimportant for the rod perimeter sections facing the open subchannels, and
here the CHF dependence on geometry is more like that of the size dependence
in a tube, as described in Chapter 3. This requires a dimension to
characterize the subchannel size, which could be either Dy, or Dp,. One could
argue that Dy, should be used, as it defines the enthalpy-rise rate (for a
given G and P) in each subchannel. One could also argue that Dpy should be
used, as the dryout mechanism is driven mostly by the flow phenomenon at high
flow (e.g., CHF seems to be a function of the turbulent structure inside the
channel). Tentatively, it seems that Dhy is the most appropriate dimension

and it is the most widely used. Hence

1/3
Fyize = h%;], (9.6)

with an upper and lower limit of 1.2 and 0.8. The upper and lower limit set
limits where this correction factor is neo longer valid. Note that, in the gap
region, this correction factor should not be used, but instead the value as

predicted by Fy x F, x F,, should be used.

9.6 Recommendation

The following equation is tentatively recommended for the prediction of
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CHF in subchannels as given by Groeneveld et al. [1992)

CHFgubchannel = CHEp.gmm X Fenp X HIN (Fsize'Fgap) (9.7)

where:

Fgap = Fx MIN[Fpg, heatedr Fmg,unheated]

Fenh 18 given by Egquation (9.2)

Fy is given by Equation (9.3) with an upper and lower limit of 1.00 and

0.825, respectively,

Fng,unheated i8 given by Equation (9.4),

Fpmg,heated 18 given ny Equation (9.5) and

Fgize i85 given by Equation (9.6) with an upper and lower limit of 1.2

and 0.8, respectively.

The above empirical equation has been tested for several flow conditions
and found to have the correct parametric and asymptotic trends. This interim
recommendation is a considerable improvement over the currently used tube CHF
value, and it could be used for making a preliminary assessment of subchannel
geometry or flow geometry changes on subchannel CHF. More factors could be
introduced to Eguation (9.7) to account for other effects which are neglected
in this work but could be important in some cases (eg., the effect of the
enthalpy imbalance). Further improvements will be made in the future, when
additional experimental data on the effect of gecmetry on CHF become

available.
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i0. CILUSIO CO, ONS

After finishing this exhaustive investigation on the effect of flow
geometry on the CHF several trends have been discovered. A prediction method
for concentric annuli in Chapter 4 has been recommended. Another prediction
method for a subchannel geometry has been recommended in Chapter 9 based on
the most important and consistent observed trends. However, some of the
opposing trends cannot be explained by means and information gathered in this
study. This could be due to experimental results cbtained using different
technigues and in different laboratories, in addition to the usual
experimental errors. Some of the most consistent and common conclusions
arrived at by most investigators are given below :

- Compared to the reference CHF look-up table for 3-mm internal diameter
tubes, the CHF in internally heated annuli is considerably lower. The
discrepancy is primarily a function of quality, with gap-size effect

becoming important especially for gaps less than about 1 mm.

- In general, the ratio CHF,n,/CHFp-gmm i85 close to unity for subcooled
conditions (where the bulk temperature is the most important parameter
and is relatively unaffected by the presence of an unheated wall). This
ratio decreases gradually in the quality region (entrainment-controlled
CHF, because of the effect of the thicker liquid film on the unheated
wall becoming more important), and the ratio is least for the higher
quality region where deposition-controlled CHF becomes dominant (here,
the presence of the liquid located on the unheated surface is felt most

severely and has the greatest detrimental effect on CHF).
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Most experiments in annuli (Becker and Letzter [1975], Kirillov and
Smogalev ([1974), Alekseev et al. [1965)) and rectangular channels
(Tippets (1962)) have shown that the CHF increases if both surfaces are
heated instead of only a single surface. For bilateral heating, the
ratio CHFgnn/CHFp=ggm becomes closer to 1.0 as the detrimental effect of
parasitic liquid film on the unheated wall is not as important. 1In
bundles, however, the pressure tube does not appear to have the same

negative effect on CHF as for annuli.

The effect of gap size on CHF is most severe at low flows and subcooled
conditions, where noticeable reductions in CHF are observed when the gap
size is reduced below a critical value. This critical gap size is
assessed and found to be around 1 mm for CANDU flow conditions.
Tolubinskiy et al. [1970a] report that this effect diminishes at higher
flows because the higher turbulence level of the flow suppresses the
formation of stagnant or near-stagnant spots in the narrow-gap region.
It is noted alsoc that, in the case of annular flow (CHF Type-V and -IV),
reducing the gap size might cause enhancement of CHF due to the liquid

film bridging together for small gaps.

The effect of curvature can be isolated from experiments in annuli where
the CHF for a concave surface (the outer tube) is significantly higher
than the CHF for a convex surface. This is interpreted by the fact that
the entrainment is greater for a convex surface than a concave one.

Also by the fact that droplets entrained from a convex surface cannot be

deposited on the same surface, however droplets entrained from a concave
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surface can be deposited on the same surface (due to the linear
trajectory of the droplets in the radial direction). This suggests that
(i) tube-based CHF correlations may no* apply to bundles or subchannel
whose heated surfaces are convex, and (ii) different CHF values apply to
a given flow area, depending on the curvature of the heated surfaces

surrounding the flow area.

- In many cases the cbserved trends were masked by data scatter. 1In other
cases the isclation of specific geometric effects on CHF was not

possible, because of unequal flow conditions.

This study represents a first attempt to determine the effect of flow
geometry on CHF. The scope of this subject is very wide and morxe work in thija
area is needed to provide a general and more accurate prediction method for
CHF. At present it can be said that the CHF phenomencn (even in the most
simple geometry such as tube) is not well understood. I would recommend more
experimental work to be done, especially oriented towards the study of
specific geometric effects, for example eccentricity. After more data become
available in this area, a better assessment of this prediction is recommended,
especially to determine whether multiplying correction factors together would
not alter the results. Though this has been tested but it was not done for
large enough data base. I also recommend that more researchers provide in
tabulated format their full experimental results in case others would like to
use their data for further analysis; finding experimental resultes was very

tedious in this work because most of the results are presented in graphical

form.
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APPENDIX A

CHF DATA FOR CONCENTRIC ANNULI

Table A.l: Sample of Barnett [1966,1968] Results for Internally Heated
Concentric Annuli,
D, Do L P G Xc X CHF
m m m kPa kg.nrz.s'1 kW.m™2
.00953 .01410 1.778 6894.6 2278.4 .039 ~.516 304:.7
.00953 014106 1.778 A894.6 2292.0 .053 -.422 2628.1
.00953 .01410 1.778 6894.6 230S.5 177 -.081 1435.5
.00953 .01410 1.778 6894.6 2305.5 -107 -.242 1940.3
.00953 .01410 1.778 6894.6 2305.5 .066 -.366 2401.0
.00953 .01410 1.778 6894.6 2305.5 .044 -.456 2776.4
00953 .01410 1.778 6894.6 2319.1 .085 -.312 2224.3
.00853 .01410 1.778 6894.6 3024.3 .132 -.142 1997.1
.00953 .01410 1.778 6894.6 3037.9 .086 -.212 2186.4
.00953 .01410 1.778 6894.6 3051.4 .056 -.280 2470.4
.00953 .01410 1.778 6894.6 3051.4 .034 -~.336 2725.9
.00953 .01410 1.778 6B894.6 3065.0 +116 -.160 2035.0
. 00953 .01410 1.778 6894.6 3078.6 .005 -.437 3284.4
.00953 .01803 1.778 6894.6 754.0 .224 -.523 2949.9
.00953 .01803 1.778 6894.6 758.1 .296  -.223 2060.2
. 00953 .01803 1.778 6894.6 766.3 .300 ~.167 1874.1
.009583 .01803 1.778 6894.6 766.3 + 295 -.1€8 1858.3
.00953 .01803 1.778 6894.6 766.3 .293 -.264 2233.7
.00953 .01803 1,778 6894.6 766.3 .212 ~-.614 3315.9
.00953 .01803 1.778 6894.6 771.7 .314 -.093 1640.6
. 00953 .01803 1.778 6894.6 777.1 .258 -.349 2467.2
.00953 .01803 1.778 6894.6 777.1 .236 -.429 2707.0
.00953 .01803 1.778 68%4.6 783.9 .217 -.441 2700.7
.00953 .01803 1.778 6894.6 1518.9 .204 -.053 2047.6
.00953 .01803 1.778 6894.6 1518.9 . 146 -.178 2574.5
. 00953 .01B03 1.778 6894.6 1518.9 .096 -.288 3054.0
.00953 .01803 1.778 6894.6 1518.9 .085 -.341 33%91.6
.00953 .01803 1.778 6894,.6 1532.5 .203 -.067 2167.5
.00%853 .01B803 1.778 6894.6 1532.5 .177 ~.109 2293.7
00953 .01803 1.778 6894.6 1532.5 .120 -.208 2634.4
.00953 .01803 1.778 6894.6 1532.5 .115 -.246 2896.3
.00953 .01803 1.778 6894.6 1532.5 .101 ~.289 3129.8
.00953 .01803 1.778 6894.6 1532.5 067 -.385 3625.1
+00953 .01803 1.778 6894.6 1546.1 194 -.068 2120.2
.00953 .01803 1.778 6894.6 2278.4 124 -.123 2940.5
.00953 .01803 1.778 6894.6 2278.4 114 -.129 2896.3
00953 .01803 1.778 6894.6 2278.4 090 -.188 3319.1
.00953 .01803 1.778 6894.6 2278.4 .055 -.261 3770.2
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Table A.1 {continued)
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.00953
.00953
.00953
.00953
. 00953
.009583
.00953
.00953
.00953
.00953
.00953
.00953
.00953

-. 00953

.00953
.00953
.00953
.00953
.00953
.00953
.00953
.00953
.00953
.00953
.00953
. 00953
.00953
.00953
.00953
.00953
.00953
.00953
.00953
. 00953
. 00953
.00953
. 00953
.00953
.00953
.00953
-00953
.00953
. 00953
. 00853
. 00953
. 00953
.00953
.00953
.00953

.01803
.01803
.01803
.01803
.01803
-01803
.01803
-01803
.01803
.01803
.01803
.01803
.018023
.01803
.018013
.01803
.01803
.01803
.D1803
.01803
.01803
.01803
.02222
.02222
.02222
02222
.02222
.02222
.02222
.02222
.02222
.02222
02222
02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222

1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1,778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
l1.778
l1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
2.713
2.713
2.713
2.713
2.743

6894.6
6894.6
68%4.6
6894.6
68%94.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6854.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.¢
6894.6
689%4.6
6894.6
6894.6
6894.6
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2278.4
2278.4
2292.0
2292.0
2292.0
2305.5
2305.5
2305.5
3037.9
3037.9
3037.¢9
3037.%
3051.4
3051.4
3051.4
3051.4
3065.0
3065.0
3065.0
3078.6
3092.1
3200.6

718.8

722.9
1505.4
1518.9
1518.9
1518.9
1518.9
1518.9
1518.9
1518.9
1518.9
1518.9
1518.9
2264.9
2292.0
2292.0
2292.0
2292.0
2292.0
2292.0
2292.0
2292.0
1518.9
1518.9
1532.5
1546.1

720.1

.044
.055
.155
.030
.004
.159
.152
021
.026
.018
.016
.006
.135
.061
.017
-.010
.118
.090
.026
.113
.056
-.03%9
.232
«255
.063
.158
.134
.110
.075
.056
.044
.023
.002
-.017
-.033
.040
.011
.112
.1086
.079
.042
.019
-.025
-.036
.167
.101
.136
.120
+ 287

-

-

I

-

-

.264 3672.4
.264 3g08.1
. 040 2341.0
.301 3965.8
.373 4521.1
.0386 2347.3
.057 2520.8
.322 4139.4
.220 3918.5
. 240 4092.0
.253 4281.3
254 4139.4
.025 2549.2
. 152 3401.1
.245 4189.8
.298 4590.5
.036 2460.9
.098 3009.9
.208 3760.8
.067 2896.3
.153 3391.6
.315 4628.4
111 2218.0
.069 2107.5
.216 3782.8
.038 2684.9
.081 29034.1
.133 3319.1
.188 3596.7
.230 3912.2
.252 4054.2
.291 4297.1
.333 4574.8
377 4921.8
409 5145.8
.148 3836.56
.194 4211.9
.030 2934.1
.032 2852.1
.08S 3385.3
.144 3852.3
174 3994.2
.254 4738.8
271 4858.7
.048 1924.6
.251 3155.0
.109 2218.0
.152 2476.7
.073 1511.2
continued...
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-00953
.00953
.00953
.00953
.00953
.00953
.00953
.00853
.00953
.00953
.00953
.00953
.00953
009853
.00953
.00953
.00953
.00353
.00953
.00953
.00953
.00953
.00953
.00953
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.00853
.00953
.00953
.00953
.00953
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.00953
.00953
.00953
.00953
.00953
.00953
.00953
.00953
.00953
.00953
.00953
.00953
.005953
.00953
.00953

.02222
.02222
02222
02222
.02222
.02222
.02222
.02222
-02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.03175
.0317%
.03175
.0317s
.03175
.03175
.03175
.03175
.03175
.03175
.03175
.03175
.03175
.03175
.03175

2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
2.743
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778
1.778

6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6B94.6
6894.6
6894.6
6894.6
6894.6
6894.6
68%4.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6594.6
£894.6
6894.6
6834.6
6894.6
6894.6
6894.56
6894.6
6B894.6
6894.6
6894.6
6894.6

162

721.5
731.0
732.3
735.1
739.1
741.8
743.2
743.2
1160.9
1162.3
1165.0
1165.0
1166.3
1518.9
1518.9
1518.9
1518.9
1518.9
1518.9
1518.9
1518.9
1532.5
1546.1
1546.1
2264.9
2278.4
2292.0
2292.0
2292.0
2292.0
2292.0
2292.0
2292.0
2292.0
1859.5%
191.2
192.6
192.6
195.3
3sl.1
3el.1
38l.1
3g2.4
3g2.4
385.2
3B5.2
385.2
385.2
387.9

.293
244
.256
.249
.220
.225
.222
.228
.143
.155
.202
.140
.180
.165
.163
.147
.131
.124
.121
.110
.084
.092
.095
.098
.065
.060
.124
.124
.105
090
.087
.058
.043
.048
343
.353
.31%
.300
.319
.156
.154
.138
.169
.079
.214
.205
.197
117
.199

1

.076 1552.3
.229 201%.2
.160 1776.3
.245 2117.0
. 368 2536.6
.294 2243.2
.374 2583.9
.461 2984.6
.363 3423.2
.219 2536.6
.0567 1757.3
.287 2905.8
.134 2135.9
. 046 1867.8
.048 1864.6
.100 2189.6
. 166 2634.4
.184 2732.2
.204 2886.8
274 3404.2
.337 3726.1
.302 3521.0
273 3315.9
.281 3413.7
.202 3530.4
.170 3063.5
.036 2142.2
.038 2164.23
.085 2536.6
.123 2849.0
. 125 2830.0
201 3454.7
.235 3707.1
.244 3902.7
.127 1825.7
.083 1706.9
272 2331.5
.387 2707.0
.224 2167.5
.208 2842.7
212 2858.4
.287 3319.1
.157 2558.7
.460 4221.4
.053 2107.5
.055 2047.6
.0862 2047.6
.332 3543.1
. 085 2255.8
continued...
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.00953
.00953
.00953
.00953
.00953
. 00960
-00960
. 00960
. 00960
.00960
. 00960
.00960
. 00960
.003960
. 00960
. 00960
. 00960
. 00960
. 00960
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
01270
.01270
01270
.0Q1270
01270
.01270
.01270
.01270
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.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
01270
.01270
.01270
.01270

-03175
.03175
.03175
.03175
.03175
.01400
.01400
.01400
-01400
.01400
.01400
.01400
.01400
.01400
.01400
.01400
.01400
.01400
.01400
.01905
.01905
.01905
.01905
.01905
.01905
.01905
.01905
.01905
.01905
-01905
.01905
.01905
.01905
.01905
.01505
.01905
.01905
.01905
.0190%
.01905
.01905
.01905
-02540
.02540
.02540
.02540
.02540
.02540
.02540

1.778
1.778
1.778
1.778
1.778
. 737
. 737
. 737
« 737
+737
137
. 737
-737
+ 737
- 737
« 737
. 737
« 737
.737
.914
.914
.914
.914
.914
.914
.914
.214
.914
.914
.914
914
914
.914
.914
.914
.914
.914
.914
.914
.914
.914
914
.610
.810
.610
+610
.610
.610
.610

6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.5
68%4.6
68%94.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.56
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6854.6
6894.6
6894.6
6894.6
6854.6
6894.6
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387.9

762.2

764.5

770.3
1518.9
2861.6
2861.6
2861.6
2875.1
2888.7
2888.7
2915.8
2915.8
2929.4
2956.5
2956.5
2943.0
2997.2
2997.2
2793.8
2793.8
2793.8
2807.3
2807.3
2807.3
2807.3
2807.3
2807.3
2807.3
2820.%
5587.5
5587.5
5587.5
5614.7
5641.8
8150.8
8367.8
838l1.3
8381.3
8394.9
8408.4
8408.4

393.3

406.95

664.5

786.6
1112.1
1125.6
1220.6

.104
.013
.030
.123
.032
.152
«1352
.148
-149
« 137
+135
.128
.115
.103
. 097
.083
.091
.057
.074
. 002
~-.012
~.0865
.115
.065
.049
.031
.013
-.031
-.046
.088
.065
.039
-.041
.003
-.073
.048
-028
.004
-.011
-.026
~-.041
-.057
-172
.14z
.136
.082
.060
.088
.000

-

'

.408 4069.9
.272 4454.9
. 229 4063.6
.037 2520.8
.088 3710.3
.052 3240.2
.050 3205.5
. 060 3290.7
.0681 3341.1
.079 3461.0
.08s 351}1.5
.094 3552.5
116 3732.4
.138 3902.7
.143 3934.3
.165 4054.2
.162 4101.5
.199 4240.3
.188 4341.3
.218 4038.4
.240 4180.4
.315 4687.4
.038 2807.%9
111 3237.0
.136 3423.2
.166 3631.4
.198 3883.8
.266 4335.0
.284 4388.6
.078 3073.0
.018 3019.3
.057 3511.5
.158 4300.3
.105 3972.1
.201 4719.9
.013 3252.8
.035 3445.3
.064 3710.3
.082 3861.7
.101 4126.7
.121 4410.7
. 142 4719.9
.081 2350.5
+136 2669,1
.058 3038.3
.098 3350.6
.087 3861.7
.055 3804.9
. 159 4600.0
continued...



Table A.l1 (continued)

.01270
01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
-01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01270
01270
.01270

.02540
.02540
.02540
. 02540
-02540
.02540
.02540
.02540
. 02540
.02540
.02540
.02540
.02540
.02540
.02540
.02540
02540
.02540
.02540
.02540
.02540
.02540
.02540
.02540
.02540
.02540
. 02540
.02540
.02540
.02540
.02540
.02540
.02540
.02540
.02540
.02540
02540
.02540
.02540
.02540
.02540
. 02540
.02540
.02540
-.02540
. 02540
.02540
.02540
+02540

.610
737
737
.737
737
1737
. 737
. 737
. 737
737
. 737
737
737
737
.737
-737
. 737
<737
- 737
. 737
<737
137
<737
- 737
. 737
- 737
. 737
737
<737
<737
- 737
737
737
737
« 737
. 737
. 729
« 737
737
. 737
737
- 737
737
. 737
. 737
. 137
137
.914
.914

6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
68594.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
68594.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
7B894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
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1336.9
275.3
275.3
276.7
276.7
278.0
279.4
549.3
549.3
549.3
549.3
550.6
553.3
553.3
553.3
§53.3
553.3
554.7
815.1
824.6
825.9
827.23
828B.6
830.0
832.7
832.7
832.7
834.1

2315.1

2319.1

2319.1

2319.1

2319.1

2332.7

2739.5

2766.6

2766.6

2766.6

2766.6

2766.6

2766.6

2766.6

2766.6

2766.6

2780.2

2780.2

§913.0

5819.7

5529.7

.001
.168
.137
.222
.189
. 258
. 240
.169
.16%
.168
+173
171
-137
123
104
.114
.103
.088
~.093
.126
-.084
.066
-.007
+105
.038
-.074
-.064
-.134
.024
-.011
~.033
-.044
-.072
.051
.042
.039
.021
-.005
-.015
-.031
-.053
«,071
-.0R7
-.115
.022
-.002
.021
-.025
-.038

3

!

.122 4050.5
.432 3227.6
.545 3675.6
.285 2738.5
365 2997.3
.143 2176.9
.228 2568.7
.073 2596,.6
.073 2552.4
.079 2653.4
.0BO 2716.5
.0B4 2738.5
.146 3060.4
161 3076.1
.208 3347.5
.225 3675.6
.274 4076.3
.308 4290.8
.458 5830.4
.056 2940.5
.422 5467.6
.174 3896.4
.285 4508.5
.093 3205.5
.236 4473.8
.371 4833.5
.391 5332.0
.501 5991.3
.032 3429.5
.098 3950.1
.123 4193.0
.140 4388.6
177 4773.5
.014 2962.5
.020 3344.3
.017 3022.5
.046 3596.7
.072 3631.4
.085 3763.9
.105 4038.4
.133 4300.3
.154 4499.0
.173 4618.9
204 4871.3
.039 3312.7
.066 3502.1
.009 350z.1
.074 4281.3
.091 4587.4
continued...



Table A.l1 (concluded)

.01270
.01270
.01270
.01270
.01270
.01270
.01270
.01372
.01372
.01372
.01372
.01372
.01372
.01372
.01372
.01372
.01372
.01372
.01372
.01372
.01372
.01372
.01372
.01372
.01372
.01372
-01372
.01372
.01372
.01372
.01372
01372
.01372
.01372
.01372
.01372
.01372
.01372
.01372
.01372
.01372
.01372

.02540
.02540
.02540
.02540
.02540
.02540
02540
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222
.02222

.914

.914

.914

.914

.914

.914

.914
1.829
1.829
1.829
1.829
1.829
1.829
1.829
1.829
1.829
1l.829
1.829
1l.829
l1.829
1.829
l.829
1.829
1.829
1.825%
1.829
1.829
1.829
1.829
1.829
1.829
1.829
2.591
2.591
2.591
2.591
2,591
2.591
2.591
2,591
2.591
2.591

6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6834.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
6894.6
68%94.¢6
6894.6
6894.6
6894.6
6854.6
6894.6
6d454.6
6894.6
6894.6
6894.6
6894.6
6894.6
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5533.3
5533.3
5546.9
8313.5
8313.5
8313.5
8327.1
474.7
7588.1
760.8
760.8
766.2
773.0
1518.9
1518.9
1518.9
1532.5
1532.5
1532.5
1532.5
1532.5
is32.5
1532.5
1532.5
1532.5
1546.1
1925.8
2292.0
2319.1
2346.2
2346.2
2359.8
354.0
457.0
564.2
572.3
573.7
599.4
724.2
724.2
724.2
725.6

.035
.006
-.004
-.001
-.022
-.032
.025
.455
.278
.302
.38
.341
.353
.192
177
. 142
.201
.204
.202
.202
.186
+185
.180
.155
.121
.210
.202
.093
.103
.158
.120
.138
.612
.536
.458
480
461
.458
.403
.394
.348
.405

-.005
-.037
-.04%9
-.032
~.057
-.068
-.001
-.136
-.469
-.242
-.403
=. U390
-.079
-.121
-.175
~.293
-.058
-.06&3
-.083
.065
<109
111
.149
.263
,376
.058
. 047
-.274
.192
.030
=-.115
.048
.109
-.092
.137
.129
.125
-.080
-.115
.123
-.421
-.060

1

1

¥

]

3413.7
3786.0
3896.4
4082.6
4574.8
4751.4
3413.7
1107.4
2609.2
1908.8
2479.8
1823.9
1539.6
2189.6
2464.1
3047.7
1829.9
1883.5
1867.8
1883.5
2082.3
2091.8
2322.1
2946.8
3508.4
1908.8
2205.3
3880.7
3155.0
2038.1
2539.8
2031.8

829.8

933.9
1091.6
1132.6
1091.6
1047.5
1217.8
1217.8
1811.0
1097.%9
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APPENDIX B

CHF DATA FOR ECCENTRIC ANNULI

Table B.1l: Anderson et al.[1974) eccentric annulus data*
P (MPa) Gap (mm} G Xc (%) CHF CHF o /CHF conc

(Mg.m‘z.s 1) (Mw.nrz)

7 2.1 1.4 7.84 1.73 0.83

7 2.6 1.4 10.02 1.82 0.88

7 3.6 1.4 10.64 1.84 0.89

7 4.35 1.4 13.29 1.95 0.94

7 5.1 1.4 16.41 2.07 1.00

7 2.1 1.5 6.84 1.81 0.82

7 2.6 1.5 8.73 1.89 0.86

7 3.6 1.5 9.17 1.91 0.87

7 4.35 1,5 11.79 2.02 0.92

7 5.1 1.5 16.00 2.20 1.00

7 2.1 0.6 27.05 1.07 0.93

7 2.6 0.6 28.61 1.10 0.95

7 3.6 0.6 29.24 1.11 0.96

7 4.35 0.6 31.11 1.14 0.99

7 5.1 G.6 31.74 1.15 1.00

*

For annulus dimension refer to Table 5.1.
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APPENDIX C
CHF DATA FOR OTHER CROSS SECTIONS
Table C.1: Rectangular Channel CHF Data*. From De Bortoli et al. [1958}.

P ATi Gx1076 CHFx107% he Xe
(psia)  (F°)  (lb.ft2.hr™"y (Btu.ft2.nhr" ') (Btu.lbl) (%)

1200 216 0.212 1.202 1001 70.1
1200 215 0.298 1.513 932 58.8
1200 213 0.415 1.802 848 45.1
1200 213 0.606 2.080 739 27.3
1200 213 0.780 2.132 655 13.6
1200 25 0.181 1.008 1123 90.0
1200 21 0.280 1.360 1054 78.8
1200 19 0.372 1,510 973 65.5
1200 16 0.554 1.618 857 46.6
1200 17 0.704 1.629 794 36.3
2000 534 0.050 0.454 1087 89.7
2000 533 0.076 0.645 1021 75.4
2000 537 0.096 0.770 955 61.2
2000 534 0.146 0.887 749 i6.8
2000 525 0.1863 1,007 750 17.0
2000 532 0.184 1.17% 762 19.6
2000 531 0.207 1.290 748 i6.5
2000 534 0.256 1.300 697 5.6
2000 532 0.269 1.579 707 7.7
2000 532 0.316 1.561 608 -13.7
2000 530 0.346 1.736 618 -11.6
2000 531 0.453 1.985 £48 -26.6
2000 521 0.554 2.407 585 -25.1
2000 433 0.192 1.102 790 25.6
2000 432 0.228 1.245 763 19.7
2000 437 0.289 1l.452 712 8.8
2000 432 0.334 1.389 618 ~11.6
2000 431 0.534 1.881 548 -26.6
2000 430 0.724 2.464 538 -28.8
2000 234 0.071 0.477 1124 97.6
2000 230 0.095 0.592 1071 86.3
2000 234 0.146 0.746 946 59.2
2000 235 0.188 0.841 922 54.0
2000 235 0.383 1.243 772 21.7
2000 236 0.611 1.550 685 3.0
2000 229 0.812 1.632 629 -9.2
2000 181 0.190 0.828 937 57.3

continued...

*g=1.27 mm, w =25.4 mm and L = 152 mm
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Table C.1 {concluded)

2000 185 0.397 1.154 756 18.3
2000 178 0.570 1.377 691 4.2
2000 181 0.766 1.700 684 2.8
2000 129 0.182 0.768 969 64.2
2000 132 0.377 1.052 803 8.3
2000 131 0.558 1.192 712 18.8
2000 130 0.713 1.287 684 2.8
2000 42 0.201 0.639 941 55.6
2000 39 0.287 0.736 881 45.2
2000 41 0.371 0.838 845 37.5
2000 36 0.553 0.911 788 25.2

2000 35 0.71s 1.000 756 18.3
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Table C.2: Rectangular Channel CHF Data®. From De Bortoli et al. [(1958].

P AT Gx107% CHFx1076 he Xe
(psia) (F°) (lb.ft2.hr’ly (Btu.ft@.hr"') (Btu.lbl) (%)
2000 552 0.026 0.120 1127 98.7
2000 555 0.030 0.142 1119 96.7
2000 554 0.040 0.165 993 69.4
2000 553 0.040 0.171 1019 75.1
2000 537 0.101 0.422 1040 79.5
2000 538 0.126 0.498 987 68.1
2000 535 0.151 0.564 935 57.0
2000 535 0.176 0.622 845 37.8
2000 531 0.201 0.675 809 29.7
2000 539 0.261 0.834 751 17.2
2000 542 0.267 0.843 760 19.0
2000 541 0.267 0.825 745 15.8
2000 540 0.270 0.835 745 15.8
2000 535 0.339 0.945 679 1.8
2000 544 0.405 1.062 643 -6.2
2000 438 0.100 0.388 1067 85.3
2000 437 0.127 0.477 1039 79.2
2000 434 0.150 0.531 945 59.0
2000 431 0.176 0.570 887 46.4
2000 428 0.198 0.619 863 41.3
2000 342 0.075 0.252 1057 83.3
2000 342 0.100 0.357 1091 90.6
2000 348 0.123 0.423 1062 84.2
2000 339 0.149 0.483 1019 74.9
2000 335 0.174 0.534 975 65.5
2000 327 0.198 0.575 952 60.5
2000 332 0.208 0.613 958 61.8
2000 330 0.406 0.903 792 26.0
2000 316 0.529 0.851 666 -1.2
2000 327 0.607 1.040 678 1.5
2000 333 0.836 1.374 656 ~3.4
2000 332 1.025 1.570 630 -5.0
2000 247 0.074 0.239 1112 95.2
2000 242 0.148 0.441 1060 83.8
2000 236 0.172 0.478 1022 75.6
2000 231 0.198 0.51¢ 982 67.0
2000 233 0.206 0.537 980 66.6
2000 233 0.439 0.853 839 36.1
2000 234 0.632 0.393 711 8.6
2000 233 0.850 0.901 725 11.6
2000 209 0.888 0.921 647 ~5.3

continued...

8 = 2.46 mm, w =25.4 mm and L = 281 mm
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Table C.2 (concluded)

2000 232 1.010 1.107 632 -B.6
2000 226 1.193 1.121 596 -16.3
2000 144 0.129 0.310 1034 78.2
2000 144 0.154 0.354 1009 72.3
2000 139 0.178 0.402 1006 72.1
2000 139 0.203 0.438 983 67.2
2000 139 0.205 0.472 1007 72.5

2000 133 0.422 0.687 866 41.9
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Table C.3: Rectangular Channel CHF Data®*. From De Bortoli et al. (1958].

P ATi Gx1076 CHFx1076 he A
(psia) (F%) (lb.ft2.hr™'y (Btu.ft2.hr”?) (Btu.1by (%)
2000 533 0.081 0.236 1130 99.0
2000 530 0.131 0.352 1063 84.6
2000 525 0.667 0.949 664 -1.7
2000 502 0.578 0.786 661 ~2.3
2000 435 0.182 0.388 1036 78.7
2000 433 0.366 0.650 894 48.0
2000 432 0.557 0.861 803 28.4
2000 434 0.755 1.025 730 12.7
2000 433 0.971 1.164 663 -1.9
2000 409 0.571 0.695 665 -1.4
2000 341 0.130 0.300 1115 95.8
2000 334 0.185 0.351 1046 80.8
2000 335 0.333 0.573 1039 79.5
2000 333 0.370 0.582 915 52.5
2000 331 0.585 0.781 810 29.8
2000 335 0.626 0.842 871 43.2
2000 33 0.770 0.918 760 19.1
2000 330 0.858 0.786 652 -4.2
2000 354 0.926 0.938 668 -0.8
2000 329 0.947 1.072 739 14.6
2000 335 1.05 1.142 759 18.6
2000 330 1.128 1.105 724 11.4
2000 337 1.47 1.42 666 -1.2
2000 299 0.919 0.765 651 -4.5
2000 283 1.35 1.120 666 -1.2
2000 232 0.159 0.290 1100 92.5
2000 235 0.341 0.429 880 45.0
2000 233 0.424 0.504 855 39.6
2000 230 0.665 0.591 740 14.8
2000 233 0.794 0.689 729 12.5
2000 229 1.128 0.826 679 1.7
2000 234 1.32 0.920 663 -1.9
2000 156 0.037 0.066 1043 80.2
2000 153 0.185 0.286 1109 94.4
2000 141 0.390 0.474 997 70.2
2000 145 0.591 0.606 909 51.2
2000 135 0.595 0.595 932 56.6
2000 140 0.785 0.689 852 38.9
2000 137 0.891 0.713 841 36.7
2000 139 0.985 0.790 822 32.4
2000 137 1.372 0.894 762 19.4

continued...

8 =1.27 mm, w =25.4 mm.and L = 306 mm
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Table C.3 (concluded)

2000 138 1.551 0.985 754 17.7
2000 136 1.740 1.032 738 14.3
2000 136 1.865 1.052 726 11.7
2000 136 1.91 0.855 700 5.6
2000 140 2.09 1.185 716 9.5

2000 B2 0.229 0.211 929 55.5
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Table C.4: Dumb-Bell Shape Channel CHF Data for Minimum Gap Size of 0.762 mm*.
From Green et al. {1969].

P hy Gx1076 CHFx107¢ he
(Psia) (Btu.ld™') (1b.hr 1.£t2) (Btu.hr™'.ft"2) (Btu.1b™)

2000 612 0.247 0.0897 1081
2000 485 0.252 0.1142 1069
2000 377 0.253 0.1336 1058
2000 173 0.254 0.1682 1029
2000 613 0.499 0.1345 962
2000 482 0.501 0.1831 953
2000 377 0.504 0.22863 954
2000 174 0.505 0.3009 944
2000 613 1.047 0.2147 878
2000 485 1.046 0.3033 860
2000 377 1.045 0.3862 852
2000 174 1.044 0.5243 823
2000 614 2.078 0.3134 Blo
2000 485 2.094 0.4483 762
2000 377 2.100 0.591% 740
2000 173 2.091 0.8191 680
2000 614 4.067 0.4324 752
2000 487 4.183 0.6773 697
2000 377 4.176 0.9294 662
2000 171 4.190 1.4214 610
1600 483 0.251 0.1266 1134
1600 377 0.252 0.1438 1112
1600 172 C.254 0.18B36 1106
1600 483 0.500 0.2064 1016
1600 376 0.502 0.24862 1007
1600 174 0.504 0.3209 994
1600 488 1.041 0.3170 BEO
1600 377 1.045 0.3938 862
1600 173 1.043 0.5388 840
1600 488 2.079 0.4565 771
1600 377 2.088 0.6175 758
1600 175 2.088 0.8644 709
1600 486 4.156 0.6608 692
1600 377 4.174 0.9225 661
1600 173 4.169 1.3592 594
1200 485 0.250 0.1321 1166
1200 376 0.252 0.1528 1158
1200 172 0.254 0.1913 1144
1200 484 0.500 0.2450 1116
1200 374 0.504 0.2884 1112
1200 172 0.505 0.23662 1108

continued...

* for channel shape see Figure 6.1.



Table C.4 (concluded)

1200
1200
1200
1200
1200
1200
1200
1200
1200

488
376
172
488
376
176
488
376
171

1.038
1.042
1.041
2.079
2.088
2.093
4.136
4.171
4.178

174

0.3653
0.4450
0.5881
0.4759
0.6171
0.9004
0.6348
0.8779
1.3523

942
926
200
783
757
731
686
647
589
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Table C.5: Dumb~Bell Shape Channel CHF Data for Minimum Gap Size of 0.381 mm” .
From Green et al. (1969].

P h; Gx1078 CHFx1070 he
(Psia) (Btu.lb™") (1b.hr'.£ft?) (Btu.hr '.ft™?} (Btu.lb™)
2000 614 0.247 0.0869 1061
2000 488 0.248 0.1126 1066
2000 379 0.248 0.1310 1050
2000 176 0.247 0.1690 1045
2000 612 0.496 0.1341 956
2000 487 0.493 0.1828 958
2000 378 0.495 0.2203 943
2000 176 0.494 0.2918 927
2000 616 0.995 0.2020 874
2000 487 0.988 0.2820 849
2000 376 0.994 0.3512 B25
2000 615 1.986 0.3024 809
2000 486 1.975 0.4452 773
2000 379 1.983 0.5560 736
2000 614 3.964 0.4306 752
2000 484 3.949 0.6311 707
2000 376 3.954 0.9327 677
2000 171 3.949 1.416 627
1600 178 0.992 0.3657 846
1600 179 0.991 0.5099 833
1600 178 1.972 0.8186 706
1600 486 3.932 0.6514 697
1600 377 2.946 0.9094 671
1600 173 3.951 1.4071 625
1200 489 0.2455 0.1312 1171
1200 378 0.2468 0.1520 1161
1200 177 0.2468 0.1926 1168
1200 487 0.4930 0.2453 1121
1200 378 0.4938 0.2847 1111
1200 178 0.4931 0.3600 1105
1200 487 0.9876 0.3464 933
1200 379 0.9905 0.4126 908
1200 175 0.988 0.5486 880
1200 487 1.9682 0.4440 774
1200 378 1.9653 0.5766 751
1200 377 1.9683 0.5832 753
1200 486 3.937 0.6193 686
1200 377 3.953 0.8556 653
1200 172 3.951 1.3382 603

* for channel ehape see Figure 6.1.
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APPENDIX D

CHF DATA FOR BILATERALLY HEATED ANNULI

Table D.l: Bilaterally Heated Annuli CHF Data®. From Becker and Letzter
[1975].
# P ATsup G di 9y Xe R
(BAR) (K} (kg.m2.87") (W.cm2)

1 30.0 10.5 241. 43.7 0.0 0.443 0.0

2 29.9 9.6 499, 78.2 0.0 0,382 0.0

3 29.7 9.0 728, 99.1 0.0 0.2330 0.0

4 29.7 B.5 loo0s. 116.7 0.0 0.279 0.0

5 29.8 9.4 1473. 142.7 0.0 0.227 0.0

6 29.8 9.4 1988. 165.5 0.0 0.192 0.0

7 29.9 10.6 2501. 189.2 0.0 0.169 0.0

8 30.4 8.8 2991, 205.2 0.0 0.156 0.0

9 30.2 7.7 3418. 217.1 0.0 0,145 0.0
10 30.1 10.5 496. 50.3 48.8 0.690 0.969
11 29.9 10.1 722. 59.5 57.6 0.555 0.968
12 29.9 8.8 1006. 68.7 06.5 0.459 0.967
13 29.8 11.1 1488. 81.7 78.3 0.356 0.958
14 30.0 10.3 1995, 93.7 89.8 0.303 0.958
15 30.2 10.9 2496. 106.9 101.8 0.271 0.951
16 30.0 9.5 2930. 115.9 109.8 0.251 0.948
17 29.9 11.3 244. 39.5 12.4 0.628 0.310
18 30.0 10.0 498, 44.4 66.5 0.821 1.497
19 30.0 10.0 732. 52.6 78.3 0.654 1.489
20 30.0 10.5  1011. 58.7 86.9 0.520 1.482
21 29.8 9.2 1482. 66.8 98.7 0,400 1.47
22 30.0 11.5 1985. 77.5 114.0 0.336 1.471
23 29.9 9.8 2821, 89.0 130.4 ©.270 1.465
24 30.2 9.4 503. 39.2 69.6 0.817 1.774
25 30.1 10.2 732. 48.0 85.0 0,680 1.768
26 29.9 9.8 1005. 54.1 95.3 0.551 1.762
27 30.2 10.4 1473, 60.7 106.6 0.414 1.756
28 29.6 8.0 2005, 69.4 121.0 0,347 1.745
29 30.2 5.9 2776, 80.1 138.8 0.280 1.732
30 30.0 10.0 245, 19.6 38.5 0.909 1.968
31 30.1 9.7 500. 36.8 71.9 0.829 1.952
32 29.9 9.1 731. 43.0 89.4 0.693 2.078
k| 29.9 9.8 1007. 51.7 100.5 0.568 1.944
34 30.1 10.2 1478, 59.1 113.9 0.433 1.927
35 30.0 10.8 2016. 68.7 131.9 0.362 1.919

continued...

* For annulus dimensions gee table 7.1.
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Table D.l (continued)

36 30.0 9.3 2857. 76.1 145.0 0.279 1.906
37 30.0 10.8 243. 18.4 40.1 0,929 2.179
38 30.0 10.5 501. 33.2 71.9 0.806 2.165
39 30.1 9.7 733, 39.6 85.3 0.652 2.155
40 29.7 10.2 1005. 46.8 99.5 0.550 2.126
41 30.1 9.7 1472. 55.4 117.7 0.442 2.124
42 30.1 9.5 2010. 6l.1 i28.8 0.350 2.109
43 30.2 8.7 2705. 70.5 147.7 0.2397 2.095
44 29.9 9.6 244, 17.0 39.7 0,504 2.336
45 30.1 10.2 499. 30.7 71.6 0.7S8% 2.331
46 29.9 9.3 729. 37.1 85.9 0.651 2.315
47 29.9 g.1 1010. 43.5 100.3 0.54s6 2.304
48 30.0 9.3 1465. 50.0 115.1 0.427 2.301
49 30.0 10.3 1960, 55.9 127.3 0.347 2.279
50 30.0 7.1 2650. 62.2 141.8 0.289 2.278
51 30.2 9.4 2839. 67.5 152.6 0.285 2.260
52 30.1 2.7 244. 10.5 42.6 0.892 4.052
53 29.9 9.3 499. 18.5 74.1 0.757 3.995
54 29.9 8.6 728. 22.4 89.5 0.624 3.988
55 29.9 9.6 1005. 25.8 103.1 0O.514 3.994
56 29.9 9.8 1438. 30.0 119.6 0.412 3.980
57 29.6 8.8 1908. 33.1 125.9 0.336 3.919
58 30.1 8.2 2800. 40.1 157.0 0.274 3.920
59 29.7 10.5 243. 0.0 44.8 0.821 oo

60 29.9 10.3 503. 0.0 79.0 0.6%7 oo

61 29.8 8.4 726. 0.0 99.6 0.611 co

62 30.8 1.5 1004. 0.0 123.7 0.543 o

63 30.1 9.7 1473. 0.0 147.9 0.438 o

64 29.7 9.0 2001. 0.0 166.1 0.359 o

65 30.4 10.0 2506, 0.0 183.4 0.312 o

66 30.1 10.0 2874. 0.0 190.4 0.280 o0

67 50.0 12.6 242. 45.2 0.0 0.494 0.0
68 48.7 8.7 498, 73.0 0.0 0.389 0.0
69 49.2 9.6 728. 91.9 0.0 0.329 0.0
70 50.4 10.4 1007, 1l18.9 0.0 0.305 0.0
71 50.0 9.1 1478. 144.0 0.0 0.249 0.0
72 50.0 9.6 2004. 165.6 0.0 0.206 0.0
73 49.8 9.1 2519. 184.6 0.0 0.181 0.0
74 50.4 9.1 3032. 200.4 0.0 0.1861 0.0
75 50.3 10.2 4038. 226.5 0.0 0.129 0.0
76 49.0 10.3 247. 27.4 27.2 0.837 0.993
17 49.8 10.1 496. 46.2 45.5 0.696 0.985
78 49.7 9.2 728, 57.0 55.5 0.579 0.972
79 49.9 9.0 1005. 67.2 65.8 0.493 0.979
80 50.2 10.4 1470. 80.0 78.0 0.391 0.975
81 50.2 11.6 2010. 93.3 90.5 0.325 0.970
82 50.0 10.1 2509, 102.9 99,9 0.287 0.971
83 50.1 10.2 3001. 111.5 107.4 0.256 0.963

continued...



Table D.1 (continued}
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Table D.1 (continued)

132 70.0 10.9 3007. 110.5 79.9 0.221 0.723
133 70.0 9.7 3911. 125.5 90.2 0.192 0.719
134 70.2 14.5 243, 26.5 26.6 0.890 1.003
138 70.3 11.0 496. 43.9 43.6 0.719 0.994
136 70.4 11.6 726. 53.6 52.9 0.588 0.987
137 69.8 10.0 1006. 61.1 59.9 0.480 0.980
138 68.2 8.2 14s66. 70.6 69.3 0.377 0.982
139 68.8 8.5 1990. 80.0 78.5 0.310 0.981
140 70.3 9.0 2488. 88.6 86.7 0.270 0.978
141 70.6 10.8 3002. 98.7 96.0 0.240 0.973
142 70.1 9.6 3828. 111.4 108.3 0.212 0.972
143 70.0 10.9 244. 22.8 28.3 0.9%0 1.241
144 69.7 9.9 479. 40.8 50.5 0.807 1.238
145 69.7 9.7 699. 49.3 60.4 0.658 1.226
148 €9.6 9.6 1004. 56.9 69.9 0.523 1.228
147 69.8 9.0 14s67. 65.6 79.9 0.405 1.218
148 69.6 10.1 1%93. 75.3 91.6 0.334 1.216
149 69.8 8.8 2500, 83.9 1031.7 0.296 1.211
1s0 69.9 10.6 3006. $3.0 112.4 0.264 1.209
151 69.8 10.0 3751. 105.1 126.3 0.236 1.202
152 69.8 11.2 243, 22.2 32.8 0.981 1.476
153 69.9 11.1 479, 3g.1 56.2 0.852 1.477
154 69.8 8.5 697. 45.7 67.1 0.701 1.468
155 70.1 9.8 100se. 53.9 79.1 0.564 1.468
156 69.7 10.4 1472, 63.0 91.8 O0.438 1.458
157 69.4 8.9 2023. 71.9 104.7 0.362 1.456
158 70.1 9.6 2499, 80.6 116.9 0.323 1.452
159 69.8 $.8 3000. 87.6 127.0 0©.288 1.44%
160 65.8 10.0 3731. 100.0 142.6 0.258 1.426
isl 69.9 10.8 245, 20.0 34.3 0.984 1.711
162 70.2 11.6 480. 35.8 61.9 0.999 1.728
163 70.0 8.5 700. 42.9 73.6 0.737 1.716
164 69.7 8.9 1001. 49.8 85.2 0.5%0 1.710
165 69.7 9.4 1469. 58.1 98.9 0.459 1.701
166 69.9 10.1 2009. 69.0 113.7 0.381 1.648
167 70.0 10.2 2509. 74.3 126.2 0.332 1.699
168 69.9 B.4 2986. 80.6 136.4 0.305 1.6594
169 69.9 8.4 3641. 89.7 150.3 0.273 1.674
170 70.2 11.6 244. 19.5 35.1 0.995 1.798
171 70.0 11.2 477. 36.2 65.3 0.947 1.802
172 69.9 9.1 701. 42.6 77.0 0.759 1.710
173 69.8 10.5 lo0s. 50.2 89.4 0.606 1.783
174 69.9 10.1 1471. 58.2 104.1 0.475 1.787
175 70.0 9.2 2006, 66.6 118.1 0.39%4 1.774
176 70.0 10.0 2502. 74.7 132.2 0.348 1.770
177 69.8 9.5 3008. 81.0 143.2 0.311 1.768
178 69.9 10.6 3664, 89.2 157.6 0.274 1.768
179 69.8 11.5 244. 17.6 34.6 0.951 1.968

continued...
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Table D.1 (continued)

180 69.9 10.3 480, 33.3 65.8 0.931 1.977
181 69.6 9.6 697. 40.9 80.1 0.777 1.960
182 69.9 8.6 1001. 47.0 92.5 0,622 1.970
183 69.7 10.2 14e63. 54,2 106.5 0.478 1.963
184 70.5 9.5 2013. €1.0 118.6 0.385 1.944
185 70.2 8.4 24%95. 66.2 128.6 0.336 1.5943
136 69.9 9.4 2996. 72.4 139.4 0.297 1.926
187 70.0 9.5 3660. 75.6 154.0 n.265 1.934
188 69.8 10.5 244. 17.6 34.9 0.971 1.986
189 70.1 11.5 477. 33.0 65.9 0.933 1.996
190 69.5 11.1 701. 40.9 81.8 0.782 1.998
191 69.7 9.7 100s. 47.2 93.9 0.624 1.991
192 69.9 9.4 1472, 54.8 108.0 0.485 1.971
193 69.9 9.9 2001. 62.1 122.6 0.398 1.975
194 70.5 9.7 2508, 68.4 134.5 0.345 1.966
195 70.0 9.0 2993. 72.5 142.5 0.305 1.965
193 70.2 9.9 3679. 80.4 157.6 0.268 1.960
194 69.9 10.6 244. 15.6 34.2 0.931 2.196
198 69.9 11.3 480, 29.9 65.5 0.902 2,189
199 70.1 12.2 701. 38.4 83.9 0.785 2.183
200 70.0 9.5 1001. 45.0 98.1 0.644 2.177
201 69.8 10.5 1468. 52.1 112.9 0.495 2.169
202 70.0 8.7 2016. 58.2 126.4 0.403 2.170
203 69.9 9.9 2505. 63.0 135.5 0.340 2.151
204 70.0 9.5 3001. 67.2 144.2 0©.300 2.146
205 69.9 9.4 3673. 74.7 159.0 0.268 2.129
206 69.9 12.3 243. 12.6 27.2 0.731 2.152
207 70.4 11.1 479. 30.6 65.4 0.5910 2.139
208 7¢.0 10.7 698. 3s.1 81.9 0.776 2.153
209 70.0 10.7 1001. 45.0 96.7 0.632 2.146
210 69.8 9.0 1460. 51.2 110.1 0.491 2.14%
211 69.9 9.4 1983, 58.7 125.5 0.406 2.137
212 69.9 9.6 2502. 63.5 134.5 0.340 2.120
213 69.9 10.1 3001. 67.2 142.5 0.25%4 2.121
214 69.8 9.3 3s52. 73.5 155.8 0.264 2.119
215 70.0 10.4 244, 15.2 36.7 0.982 2.410
216 69.7 11.1 476. 27.6 66.5 0.9%06 2.406
217 70.0 9.0 695. 34.6 82.9 0.778 2.399
218 70.0 9.0 994. 41.7 100.2 0.652 2.403
219 69.9 10.6 1479, 48.8 116.9 0.459 2.394
220 70.5 11.2 2001. 53.3 126.8 0.392 2.381
221 69.7 8.9 2501. 57.1 136.1 0.338 2.382
222 69.8 8.5 2992, 61.0 145.4 0.300 2.383
223 70.3 10.5 3722. 69.0 161.5 0.25% 2.339
224 69.9 12.5 244. 12.6 36.7 0.940 2.917
225 69.8 11.7 476. 23.4 67.8 0.893 2.896
226 70.0 10.9 698. 29.2 84.2 0.754 2.884
227 70.0 10.7 1045. 35.3 101.1 0.598 2.866
228 69.8 10.2 1474. 40.9 117.1 0.486 2.866

continued...



Table D.1 (continued)
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D.1 (continued)
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0.225 1.500
0.948 1.793
0.811 1.796
0.638 1.786
0.505 1.788
0,392 1.779
0.296 1.773
0.244 1.768
0.211 1.760
0.898 2.189
0.759 2.177
0.611 2.171
0.482 2.177
0.356 2.163
0.281 2.163
0.229 2.152
0.203 2.141
0.874
0.667
0.548
0.455
0.349
0.272
0.245
0.216
0.190
0.610
0.338
0.297
0.248
0.198
0.137
0.127
0.118 0.0
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B8 8888888

o0 00000
0OCO000O0



Table D.1 {concluded)

325
326
327
328
329
330
331
332
333
334
335
336
337
338
339

139.8
139.6
139.8
139.8
139.8
139.9
140.5
140.0
139.9
140.0
140.1
139.9
138.5
139.9
135.8

.7

O WY ww

.9

.5
10.2
10.7
10.0
10.4
11.8
11.7
13.4
11.8
10.3
11.9
12.7
11.9

243.
500.
733.
1011.
1486.
2978.
3670.
245,
503.
736.
1019.
1474.
2178.
2992,
3705.

19.3
28.7
35.5
38.7
48.3

~J
Q
w

-3
[
-3

OO0 000000
O0O0O0OO000O0

183

20.1
29.4
36.1
40.4
49.2
70.6
71.3
28.9
38.4
46.1
54.3
66.9
83.3
97.2
115.4

0.918
0.636
0.526
0.406
0.325
0.219
0.165
0.833
0.511
0.395
0.333
0.281
0.215
0.167
0.161
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