INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may be

from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate

the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in reduced
form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6” x 9” black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly to

order.

UMI

A Bell & Howell Information Company
300 North Zeeb Road, Ann Arbor MI 48106-1346 USA
313/761-4700  800/521-0600







NOTE TO USERS

The original manuscript received by UMI contains pages with
indistinct and/or slanted print. Pages were microfilmed as
received.

This reproduction is the best copy available






Université d'Ottawa - University of Ottawa







PREDICTION OF CRITICAL HEAT FLUX IN
BUNDLES USING TUBE LOOK-UP TABLE

by

Q;;XINGDONG CUI

Submitted to the School of Graduate Studies of
the University of Ottawa
in partial fulfilment of
the requirements for the degree of

MASTER OF APPLIED SCIENCE
in
Mechanical Engineering

Ottawa-Carleton Institute for
Mechanical and Aeronautical Engineering

OTTAWA, Ontario, 1997




il

National Library

of Canada du Canada

Acquisitions and Acquisitions et

Bibliographic Services

395 Wellington Street
Ottawa ON K1A ON4

Canada Canada

The author has granted a non-
exclusive licence allowing the
National Library of Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author’s
permission.

Bibliothéque nationale

services bibliographiques

395, rue Wellington
Ottawa ON K1A ON4

Your file Votre reférence

Our fle Notre reférence

L’auteur a accordé une licence non
exclusive permettant a la
Bibliothéque nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de cette thése sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L’auteur conserve la propriété du
droit d’auteur qui protége cette thése.
Ni la thése ni des extraits substantiels
de celle-ci ne doivent étre imprimés
ou autrement reproduits sans son
autorisation.

0-612-28415-8

Canadi




ABSTRACT

An extensive and systematic literature review on the effect of
parameters and geometry on the Critical Heat Flux (CHF) is
performed. This review covers most of the flow geometries that have
been previously investigated such as tubes, concentric annuli and

bundles.

Each of the above geometries is studied individually. The
following parameters are found to have a strong effect on CHF in

bundles:

- exit quality,

- pressure,

- hydraulic-equivalent diameter,
- heated-equivalent diameter,

- cold wall,

- element spacing (spacers),

- enthalpy or quality imbalance,
- axial heat flux distribution,

- radial heat flux distribution.

It is found that some of the geometric effects on CHF depend
on the flow conditions and the CHF type (six types of CHF have been

identified for convective boiling).

For each geometry the parametric trends are discussed, a

review of the available prediction methods, including CHF




correlations and models, is conducted, and the mechanism of CHF in

each geometry is described.

The following trends of CHF in bundles are identified in this
study:

(i) in general the CHF in bundles is lower than that in

tubes, especially for high quality;

(ii) the geometry effect is the most important factor in
bundles.

Based on the observed trends, CHF correction factors are

derived for bundles. Finally, a CHF prediction method for bundles

based on the correction factors with the AECL-UO lookup table as a
reference is proposed.
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Re, liquid Reynolds number used in Eq. (2.20)
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1. INTRODUCTION

The Critical Heat Flux (CHF) is characterized by a quick
increase of the wall temperature which results from the replacement
of liquid by vapor adjacent to the heat transfer surface. This kind
of phenomenon has been studied extensively during the past 40
years, as shown by the proliferation of correlations and models,
but most of the studies are developed restrictively for round

tubes, only some of them can be applied to other geometries.

The development of nuclear power plants generated an
increasing interest in CHF in different coolant flow geometries
other than round tubes. The CHF is known as one of the factors that
limits the maximum power extractable from water-cooled nuclear
reactors. Operation at heat flux safely below the CHF remains a
major design limitation for nuclear reactors. Hence, the knowledge
of the exact occurrence of CHF is essential in increasing the
reactor power. Although there are many correlations developed to
predict CHF in reactor bundles over past 40 years(e.g., Rogers,
1970), round tube correlations are frequently applied to different
geometries present in the reactor recently, such as subchannel-
shaped geometries and bundles. This application of tube CHF
correlations to the geometries in reactors is a source of possible
large errors in CHF predictions, hence large safety margins are
required to compensate for these potential errors. Therefore, a
prediction method which accounts for the effect of the changes in
flow geometry on CHF is needed. The purpose of this study is to

develop such a prediction method.
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The CHF predication method used in subchannel codes is
primarily based on the tube CHF values, but these methods do not
take into account the bundle-specific effects such as geometry,
enthalpy-imbalance, and radial heat flux distribution. As an
initial step toward improving the CHF prediction accuracy in the
bundles, this study presents the development of a new CHF

prediction method for bundles.

The cost of experimentally investigating the CHF phenomenon in
full-scale simulated fuel-bundle geometries is prohibitive, as the
experiments on each fuel-bundle geometry would typically cost from
2 to 5 Million dollars. In this study, the experimental results

from the literature are used for the analysis.

The differences between tubes and bundles were examined
systematically by accounting for the differences in geometric
parameters and bundle-specific effects, and based on these
observations, a new CHF prediction method for bundles has been
proposed. As a reference for comparing the CHF in bundles, the
AECL-UO CHF 1look-up table (Groeneveld et al., 1995) was used in
this study. The AECL-UO look-up table is a widely accepted

prediction method for tubes.

In this study, the AECL-UO look-up table is used as a
reference to predict CHF in reactor bundles. To account for the
effects of differences between tubes and bundles on CHF, any
variation of each of the characteristic parameters of a bundle

needs to be considered. These characteristic parameters are:




- characteristic diameter,

- heated perimeter,

- wetted perimeter,

- the geometric layout of the elements
- spacers,

- radial heat flux distribution.

The approaches taken in this study are:

(1) Examine CHF phenomena in different geometries, such as

round tubes, internally heated annuli and bundles.

(ii) Determine the dominating parametric effects on CHF for
different geometries, in particular, the bundle-
specific effects of cold wall, spacer, radial heat flux

distribution, etc.

(iii) Derive a bundle CHF prediction method using the AECL-UO
look-up table as a reference and based on correction

factors obtained from various parametric effects.

This study is an extension of earlier work by
Doerffer (1994), who developed a new method to predict CHF in annuli

using the AECL-UO look-up table.



2. CRITICAL HEAT FLUX IN TUBES

2.1 General

In forced convective boiling, the boiling crisis occurs when
the heat flux is raised to such a high level that the heated
surface can no longer contain continuous liquid contact. It is
characterized by a sharp reduction of the local heat transfer
coefficient, which results from the replacement of the liquid by
vapour adjacent to the heat transfer surface. The boiling crisis
manifests itself by a sudden rise in temperature caused by blanking
of the heat surface by a stable vapour layer, or by small surface
temperature spikes corresponding to the appearance and
disappearance of dry patches. The magnitude of the temperature jump
during this phenomenon depends on the flow conditions and regimes.
To describe this particular condition, different terms have been

used:

burnout,

dryout,

critical heat flux (CHF),

departure from nucleate boiling (DNB).

None of these terms gives a general description of the physics. 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 important and does
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not lead to immediate damage of the surface). The DNB arises when
the nucleate boiling is transformed to film boiling in the
subcooled or saturated nucleate boiling conditions, so in this case
the term “departure from nucleate boiling” is the most appropriate.
The term “dryout” is proper when the dryout of the liquid film
occurs at high qualities. In this thesis, the aforementioned
phenomena will be referred to as the critical heat flux conditions,
and the heat flux at which it occurs as the critical heat flux

(CHF) .

2.2 Heat Transfer Regimes

In flow boiling, flow conditions and regime play a significant
role in the CHF mechanism. Collier (1994) pointed out that various
hydrodynamic conditions were encountered when a liquid was boiled
in a confined tube. The various flow patterns encountered over the
length of the tube is shown in the Figure 2.1, in diagrammatic
form, together with the corresponding heat transfer regions. These
patterns occur when a vertical tube is uniformly heated over its
length with a low heat flux and fed with subcooled liquid at its
base at such a rate that the liquid is totally evaporated over the

length of the tube.

The process of heat transfer is a single phase convective heat
transfer to the liquid phase (region A), when the liquid is being
heated up to the saturation temperature and the wall temperature

remains below that necessary for nucleation. At some point along
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the tube, the conditions adjacent to the wall are such that the
formation of vapour from nucleation sites can occur. Initially
vapour formation takes place in the presence of subcooled liquid
(region B) and this heat transfer mechanism is known as subcooled
nucleate boiling. The wall temperature remains essentially constant
a few degrees above the saturation temperature, in the subcooled
boiling region, B, whilst the mean bulk fluid temperature is
increasing to the saturation temperature. The amount by which the
wall temperature exceeds the saturation temperature is known as the
‘degree of superheat’, ATg,;, and the difference between the
saturation and local bulk fluid temperature is known as the ‘degree

of subcooling’, ATgy.

The transition between the subcooled nucleate boiling region,
B, and the saturated nucleate boiling region, C, is clearly defined
from a thermodynamic viewpoint. It is the point at which the liquid
reaches the saturation temperature (x=0) found on the basis of
simple heat balance calculation. However, subcooled liquid can
persist in the liquid core even in the region defined as saturated
nucleate boiling. Vapour generated in the subcooled region is
present at the transition between regions B and C (x=0); thus some
of the liquid must be subcooled to ensure that the liquid mixed
mean (mixing cup) enthalpy equals that of saturated liquid (h,).
This effect occurs as a result of the radial temperature profile in
the liquid and the subcooled liquid flowing in the centre of the
channel will only reach the saturation temperature at some distance

downstream of the point x=0.
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The variable characterizing the heat transfer mechanism, in
the regions C to G, is the thermodynamic mass ‘quality’ (x) of the
fluid. The ‘quality’ of the vapour-liquid mixture at a distance, z
is given on a thermodynamic basis as (i.e., thermodynamic quality)

h(z)-h
@7 2.1)

x(2)=
§/ 4

or in terms of heat flux and length (i.e., true quality)

4¢

DGh&

x(z)= (z-2zg0) (2.2)

where zg is the length of the tube required to increase the
enthalpy of the liquid up to the saturated liquid enthalpy, he. In
the region of 0<x<1 and for complete thermodynamic equilibrium, x
represents the ratio of the vapour mass flow- rate to the total
mass flow-rate. From the thermodynamic definition, Eq. (2.1), x may
have both negative values and values greater than unity. The

variable x is often referred to as the ‘vapour weight fraction’.

A point may be reached where a fundamental transition in the
mechanism of heat transfer takes place, when the quality increases
through the saturated nucleate boiling region. The process of
‘boiling’ is replaced by the process of ‘evaporation’. This
transition is preceded by a change in the flow pattern from bubbly
or slug flow to annular flow (regions E and F). In the latter
regions the thickness of the thin liquid film on the heating
surface is often such that the effective thermal conductivity is

sufficient to prevent the liquid in contact with the wall being
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superheated to a temperature which would allow bubble nucleation.
Heat is carried away from the wall by forced convection in the film
to the liquid-vapour core interface, where evaporation occurs. The
region beyond the transition has been referred to as the two-phase

forced convective region of heat transfer (regions E and F).

The complete evaporation of the liquid film occurs at some
critical value of the quality. This transition is known as
‘dryout’ and is accompanied by a rise in the wall temperature for
channels operating with a controlled surface heat flux. The area
between the dryout point and the transition to dry saturated vapour
(region H) has been defined as the 1liquid deficient region
(corresponding to the drop flow pattern) (region G). This condition
of ‘dryout’ often puts an effective 1limit on the amount of
evaporation that can be allowed to take place in a tube at a

particular value of heat flux.

2.3 Boiling Map

It is very important to understand, at least qualitatively,
the progressive variation of the local heat transfer coefficient
along the length of the tube as evaporation proceeds. The local
heat transfer coefficient can be established by dividing the
surface heat flux (constant over the tube length) by the difference
between the wall temperature and the bulk-fluid temperature. Figure
2.1 shows the typical variations of these two temperatures with

length along the tube. The variation of the heat transfer



coefficient with 1length along the tube for the conditions
represented in Fig. 2.1 is given in Fig. 2.2 (curve (i), solid
line) . The heat transfer coefficient is relatively constant in the
single phase convective heat transfer region, changing only
slightly due to the influence of temperature on the liquid physical
properties. The temperature difference between the wall and the
bulk fluid decreases linearly with length up the point where x=0 in
the subcooled nucleate boiling region. The heat transfer
coefficient, therefore, increases linearly with length in this
region. The temperature difference and therefore the heat transfer
coefficient remain constant in the saturated nucleate boiling
region. Because of the reducing thickness of the liquid film in the
two-phase forced convective region, heat transfer in this region is
characterized by an increasing coefficient with increasing length
or mass quality. At the dryout point the heat transfer coefficient
is suddenly reduced from a very high value in the forced convective
region to a value near to that expected for heat transfer by forced
convection to dry saturated vapour. As the quality increases
through the 1liquid deficient region so that vapour velocity
increases and the heat transfer coefficient rises correspondingly.
Finally, in the single-phase vapour region (x>1) the heat transfer
coefficient levels out to that corresponding to convective heat

transfer to a single-phase vapour flow.

The above comments have been restricted to the case where a
relatively low heat flux is supplied to the walls of the tube. The
effect of progressively increasing the surface heat flux whilst

keeping the inlet flow-rate constant will now be considered with
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reference to Figures 2.2, 2.3 and 2.4. The heat transfer
coefficient plotted against mass quality with increasing heat flux
as parameter (curves (i)-(vii)) is shown in Figure 2.2. The various
regions of two-phase heat transfer in forced convection boiling on
a three-dimensional diagram with heat flux, mass quality and

temperature as coordinates--‘the boiling surface’ are shown in

Figure 2.3.

The regions of two-phase forced convection heat transfer as a
function of quality with increasing heat flux as ordinate (an
elevation view of Fig. 2.3 taken in the direction of the arrow) are

shown in Figure 2.4.

Curve (i) of Fig. 2.2 represents the conditions shown in Fig.
2.1 for a low heat flux being supplied to the walls of the tube.
The temperature pattern shown in Fig. 2.1 will be viewed as the
projection in plan view (temperature-quality coordinates) of Fig.

2.3.

Curve (ii) demonstrates the influence of increasing the heat
flux. Subcooled boiling is initiated sooner, the heat transfer
coefficient in the nucleate boiling region is higher but is
unaffected in the two-phase forced convective region. Dryout occurs

at a lower mass quality.

Curve (iii) displays the influence of a further increase in
heat flux. Again, subcooled boiling is initiated earlier and the
heat transfer is again higher in the nucleate boiling region. As

the mass quality increases, before the two-phase forced convective
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region is initiated and while bubble nucleation is still occurring,
an abrupt deterioration in the cooling process takes place. This

transition is termed ‘departure from nucleate boiling’ (DNB).

The mechanism of heat transfer condition where the critical
heat flux (DNB or dryout) has been exceeded is dependent on whether
the initial condition was the process of ‘boiling’ (i.e., bubble
nucleation in the subcooled or low mass quality regions) or the
process of ‘evaporation’ (i.e., evaporation at the liquid film-
vapour core interface in the higher mass quality areas). In the
latter case, the ‘liquid deficient region’ is initiated; in the
former case the resulting mechanism is one of ‘film boiling (Fig.

2.4).

In Figures 2.2 and 2.4, it can be seen that further increases
in heat flux (curves (vi) and (vii)) cause the condition of
‘departure from nucleate boiling’ (DNB) to occur in the subcooled
region with the whole of the saturated or ‘quality’ region being
occupied by firstly 'film boiling’ and, in the latter stages, by
the ‘liquid deficient region’- both relatively inefficient modes of

heat transfer.

2.4 CHF Mechanisms

There are six CHF mechanisms, which have been identified, as

shown in the following:

(i) Liguid Starvation by Vapour Bridging
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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 shows in Figure 2.5. In this case, a bubble
could locally bridge the complete cross section, resulting in a
temporary interruption of the supply of liquid and subsequent CHF
occurrence due to the blockage of the flow passage or a fraction of
the flow passage (Joober, 1993). This mechanism is more likely to

occur for:

-low pressure, where the liquid to vapour density-ratio is
very high;

-saturated boiling, where bubbles are large;

-low flows, where the size of the discrete vapour cells
(bubbles, slugs) is large; and

-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 occurs.

(ii) Nucleation Induced

This type of CHF is encountered at high subcooling where heat
is transferred very efficiently by nucleated boiling. Bubbles grow
and collapse at the wall. Some convection will take place between
the bubbles. Here CHF (or DNB) occurs at very high surface heat
fluxes. It has been suggested (Collier,1981; Tong, 1972; quoted by
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Groeneveld, 1995) that the CHF occurrence is due to the spreading
of a drypatch following microlayer evaporation under a bubble and
coalescence of adjacent bubbles although no definite proof of this
is yet available. The occurrence of dryout here depends only on the
local surface heat flux and flow conditions and is not affected by
upstream heat flux distribution. The surface temperature rise under
these conditions is very rapid (fast dryout) and usually results in

failure of the heated surface.

(iii) Bubble Clouding

In subcooled and saturated nucleate boiling the number of
bubbles generated depends on the heat flux and bulk temperature.
The bubble population density near the heated surface increases
with increasing heat flux and a so-called bubble boundary
layer (Tong, 1965; 1972; quoted by Groenenveld, 1995) often forms a
short distance away from the surface. If this layer is sufficiently
thick, it can impede the flow of coolant to the heated surface.
This in turn leads to a further increase in bubble population until
the wall becomes so hot that a vapour patch forms over the heated
surface. This type of boiling CHF is also characterized by a fast
rise of the heated surface temperature (fast dryout). Physical
failure of the heated surface frequently occurs under these

conditions.

(iv) Entrainment-Controlled Film Dryout

Figure 2.6 shows the relation between the entrained-droplet

flow rate and the local quality. Also shown in this figure is the
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hydrodynamic-equilibrium 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 seen that the entrainment
curve increases until crossing the hydrodynamic equilibrium curve
and then decreases towards the CHF condition. 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 liquid 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-controlled film
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 sources of
entrainment in annular flow is the surface wave. These waves cause
a non-uniform temperature distribution along the liquid-vapour
interface, a maximum temperature in the valley and minimum
temperature at the wave tip. This in turn causes a surface tension
gradient, which draws liquid to the higher surface tension area

(wave tips) and eventually 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
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liquid film if the bubble size is comparable to the film thickness.
At high heat flux values, rewetting of this area could be
prevented, thus leaking to a CHF condition (N. B., this is unlikely
Lo occur unless a local heat flux spike is present; high turbulence
level 1is annular 1liquid 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 high waves
in the liquid film and the tips of the waves eventually become
sheared off and entrained. At high qualities, the liquid 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

CHF aw,

:G -
D
h e dz

(2.3)

where Wi is the film flow rate per unit width and Gp is the local

deposition rate per unit surface area.

If the last term in the above equation is zero, then the
evaporation rate (from the liquid-film vapour interface) just
balances the deposition rate and the CHF is said to be deposition
controlled. Hewitt and Hall-Taylor(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.
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(vi) Annular 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

approaches 100%.

Any attempts to obtain generalized predictions of the CHF must
consider the flow pattern, since the mechanisms of CHF in different
flow patterns are not the same, e.g., dryout at annular flow and

DNB at bubbly flow.

2.5 Parametric Effects on CHF

It was postulated that the critical heat flux for water in a
vertical uniformly heated tube is a function of five independent

variables (Collier, 1995), thus,

oc = £(G, (ATew);, P, D, 2) (2.4)

Since overheating of the tube surface at the critical condition
almost invariably begins at the exit of the heated section, it can
be argued that display and correlation should be terms of the exit
conditions. The thermodynamic state at the tube exit may be such
that the fluid is either subcooled or saturated. Either the fluid
enthalpy h(z) or the thermodynamic mass quality x(z) may be chosen
to characterize the exit conditions. Each of these dependent

variables is related to the inlet subcooling via the heat balance
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equation thus,

h(z)=h f+4F¢G£ ~(ATg,p)c,, @.5)
_ 1 4¢z_
x(Z)—h—/;['DG (ATSUB)ICPI} (2.6)

It is instructive to examine briefly the manner in which the
critical heat flux varies with some of the independent variables.

Examples of such relations are shown in the following sections:

2.5.1 Effect of Quality and Inlet Subcooling

Figure 2.8 shows the generally decreasing trend of CHF with an
increase in quality. This trend continues until at 100% quality the
CHF is zero. For a uniformly heated test section the CHF vs. Xpo
curve can be transferred into a CHF vs. Ah,, (-xisheg) as shown in
Figure 2.9. Because of the relatively narrow range of inlet
subcooling covered in most experiments, this curve is frequently
observed to be nearly linear, and shows a continuous increase in
CHF with inlet subcooling. Exceptions to these trends been observed
at very high flow where both the CHF vs. Xp and CHF vs. Ah;, curves

can display a minimum, caused by the occurrence of upstream dryout.




2.5.2 Effect of Mass Flux

Figure 2.10 illustrates the effect of mass flux on CHF. The
CHF vs. G plot shows a change in slope at low flows, approaching

the line

¢ = GDhy(hfg+Ahin) / 4Ly,

for a uniform axial heat flux distribution, this line corresponds

to X = 1.0; it thus represents a physical upper limit to the CHF.

The CHF vs. Xy plot shows a crossover of constant G lines; at
low x,, values the CHF increases with G while at high Xp Values the
trend is opposite. This crossover may be explained by considering
the CHF mechanisms: At low qualities, CHF is caused by bubble
clouding or microlayer evaporation; an increase in mass flux will
result in a more efficient removal of vapour nuclei from the wall
or will sweep away the bubble boundary layer. This tends to delay
CHF. At high qualities, however, dryout is due to liquid £film
depletion: the higher flow will result in a wavier liquid film and
hence increased entrainment which leads to an early liquid film

breakdown.

2.5.3 Effect of Pressure

Pressure has a strong effect on CHF primarily because of its
effect on thermodynamic properties. Figure 2.11 illustrates the

effect for water when the CHF reaches a maximum value between 4 and
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7 MPa. The same trend is valid for pool boiling and can be

predicted by Zuber’s correlation:
CHF =Chgp?2[0g(p; - pg) 1%/
(Hsu and Graham, 1976; quoted by Groeneveld, 1995).
Near the critical pressure the CHF approaches zero since 0, hg

and p; - pg all approach zero while at low pressure Py decreases

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

2.5.4 Geometry Effects
(1) Effect of heated length (Figure 2.12): For constant
cross section average CHF conditions(i.e., constant p, G, and D)

the effect of heated length in simple geometries is usually small
if Ly/D,,>30 for subcooled inlets or Iy/Dp,>200 for two-phase inlets.
For short test sections, Ly/Dp, < 60 - 80, CHF increases as L Dy

decreases due to the entrance length effect (Rogers, 1966).

(ii) Effect of diameter (Figure 2.13): Many researchers
have observed that for round tube geometries, an increase in
diameter results in reduction in CHF (constant cross section
average CHF condition), e.g., Lee and Obertelli (1963). Figure 2.13
shows that the effect of tube diameter on the relationship between
CHF and Ah;, and between CHF and x,, for fixed values of G, Ly and p.
As the tube diameter is increased, the CHF increase at constant

inlet subcooling, and the CHF decreases with increasing tube
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diameter for a given exit quality. No satisfactory explanation is
yet available but the resultant decrease in shear stress near the
wall and higher entrainment rates for larger diameters are expected
to be contributing factors (Hewitt and Hall-Taylor, 1970; quoted by

Groeneveld, 1995).

2.6 CHF Prediction Methods
2.6.1 CHF Correlations
(1) The Macbeth-Barnett hypothesis: Probably the most

general of the empirical correlations is that by Macbeth (1963) and
Thompson and Macbeth(1964) based on a hypothesis proposed and
tested by Barnett (1963) (Collier 1994). This hypothesis, the
‘local conditions hypothesis’ suggests that the critical heat flux
is solely a function of the mass quality at the point of
overheating for a given mass velocity, pressure and tube diameter.
Figure 2.14 is a proof of the approximate validity of the
hypothesis for uniformly heated round tubes, at least. Barnett and
Macbeth made the simplifying assumption that the critical heat flux

is a linear function of inlet subcooling, thus

®c=A+B (Ahgy) ; (2.7)

where A and B are assumed to be functions of G, p, 2, and D. The
heat balance equation may be written. (remembering that

(Ahsgg) i= (ATSUB) icpf)
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igi (2.8)

)=
sush™ =

x(2)h ” +(Ah
Eliminating (Ahgy); between Eqg.(2.7) and Eqg. (2.8)

_ A -Bx(z)h e

[ 4Bz (2.9)

1_

DG

Equation (2.9) indicates a linear relation between ¢. and x(z) and

implies that

¢ =M +Nx(z) (2.10)

where M and N are assumed to be function of G, p, and D only.

Comparing Eq. (2.9) and Eq. (2.10)

4= X 2.11
1-(4Nz/DGh ) (2.11)

B= =i 2.12
h, ~(4Nz/DG) (2.12)

Substituting these expressions for A and B into Eg. (2.7) gives

_ M-(N(Bhgy,), /h,)
°  1-(4Nz/DGh,)

(2.13)

and finally, writing A’=MC’ and C’=-DGh¢;/4N gives the general
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equations

A'+DG(Ahg,,) /4

/
C'+z

b, (2.14)

and

/—
_4'-DGh x(z)/4
C /

¢, (2.15)

Barnett and Macbeth developed their correlation in terms of
Eg. (2.14) rather than Eq. (2.15) since the former has the advantage
of being in terms of the independent variables. The values of A’

and C’ can be correlated in terms of G, D, and p.

(ii) The Katto correlation: Katto (1980, 1981, 1982)
and Katto and Ohne(1984) have published a general correlation
applicable to a range of fluids which they have progressively
improved over the years. The formulation of Katto and Ohne (1984)

used the following equation:

& =XG(h, +K(Ahg,,),) (2.16)
The terms X and K are functions of three dimensionless groupings
Z'=z/D

R,=pg / Ps
W =(cope / G2 z)
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Five values of X need then to be determined:

X1= (CWIO.(MB) / zZ!

X, = (0.1R’O-133r0-333) / (1 4 0.00312')

X; = (0.098R’°-133Wr0:4332/0.27) / (14 0.0031Z")
X, = (0.0384R’%SW/%173) / (1 + 0.28W’°-233z")

Xs = (0.234R’0-51yr0.433z/0.27) / (1 4, 0.0031Z')

Table 2.1 Choice of X and K Values for Katto and Ohne (1984)

correlation
For R’<0.15 R’>0.15
If X, <X, X=X, X, <X, X=X,
Xi>X; &X,<X; X=X, X >X; &X;> X, X=X
Xi>X,&X,>X, X=X, X >X; & X;<X, X=X,
K,>K, K=K, K, >K, K=K,
K, <K, K=K, K, <K; & K, <K, K=K,
K, <K, & K,>K, K=K,
The value of C is given by
C = 0.25 for Z' < 50
= 0.25 + 0.0009(2" - 50) for 50 <« 2’ < 150
C = 0.34 for 2' > 150

Three values of K also need to be established:
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K, = 0.261/ (CW’0-043)
K, = {0.833[0.0124 + (1/2')]} / (R"°-133r0.333)
K; = {1.12[1.52W10.233 + (1/21)]} / (R’ 0-6pr0.173)

The appropriate values of X and K are then chosen according to

Table 2.1.

The correlation is valid over the following ranges of data:

0.01 <z < 8.8 m
0.001 <« D < 0.038 m
5 < 2' < 880

0.0003 < R’ < 0.41
3x10% <« W’ < 2x10-2

2.6.2 CHF Models

Early attempts to obtain generalized predictions of the CHF
for liquids flowing inside of tubes were often based on the
assumption that the underlying mechanism was essentially the same
as for pool boiling. All investigators have now concluded that this
is not the case and that the appropriate model depends on the two-
phase flow pattern that exists at the CHF conditions (see section

2.4).

In addition to recognizing the probable flow pattern, the
orientation of the line must also be considered. In horizontal

flow, except at very high mass fluxes, the liquid and vapor

2-21




distributions are not uniform circumferentially, and this leads to

lower CHF.

2.6.2.1 Bubbly flow model

The mechanism most generally accepted as leading to CHF at low
qualities is that of bubble crowding and vapour blanketing at the
wall. The bubble layer near the wall is assumed to become so thick
that it inhibits enthalpy transport between the fluid in the core

and the liquid near the wall.

Weisman and Pei (1983) attempted to develop a model for the
interchange between the core region and bubbly layer and relating
this to the conditions at which vapour blanketing occurs. The model

is based on the following postulates:

(1) Under subcooled and low quality conditions, CHF is a

local phenomenon.

(ii) During subcooled and low quality boiling, the bubbly
layer builds up in thickness along the channel until it fills the
region close to the wall where the turbulent eddy size is
insufficient to transport the bubbles radially. At the CHF
location, the bubbly layer is assumed to be at this maximum

thickness.

(iii) CHF occurs then the volume fraction of steam in the

bubbly layer just exceeds the volume fraction (critical void
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fraction) at which an array of ellipsoidal bubbles can be

maintained without significant contact between the bubbles.

(iv) The volume fraction of steam in the bubbly layer is
determined by a balance between the outward flow of vapour and the
inward flow of liquid at the bubbly layer core interface. This is
reasonable based on the supposition that liquid entering the bubbly
layer may be taken as eventually reaching the wall. This implies
that the interstices between the bubbly layer are filled with
turbulent liquid and that this turbulence level is enhanced by the
presence of the bubbles and the boiling process. The critical
turbulent transport rate then appears at the edge of the bubbly
layer where the liquid turbulence enhancement is substantially

below that found within the layer.

The predictive equation is found as

h~h
bons g Glx, x,) i““’[ hf-hu] @.17)
! id

where

ALY PPN Y (2.18)
ov/ \/50‘,/
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>

0.6
i,=0.462Re '°"(k)°"(——’) 1+a PPy (2.19)
D P,

An iterative procedure is required for computing the predicted
value of O¢pp since the function of ¥, on the RHS of the predictive
equation (eq. 2.17) depends on ¢. A value for ¢ is assumed and
levy’s model (1966) is used to calculate the location, z4, and the
enthalpy h)s, at the bubble departure point. An iterative approach
is then used to calculate Xawg, and h,, at the zg;, which is at the
end of the tube. The values of i, and ¥ are then computed. By
assuming a,=0.82 at zgz, X, is evaluated at Zqr thus allowing x, and

P, to be determined at this evaluation.

where the ranges of parameters are:

P 20-205 bars,

G 3500000-49000000 kg/m2.h,
L 0.35-360 cm,

D 0.115-3.75 cm,

Oleyrs0.6.

The model provides good accuracy when applied to

(1) uniformly heated water data at a variety of conditions and
from a variety of sources,
(ii) non-uniformly heated tests,
(1ii) data at the high mass velocities of industrial interest,

(iv) CHF data obtained with fluid other than water.
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2.6.2.2 Annular flow model

In adiabatic annular flow, liquid droplets are continuously
entrained from the liquid film on the tube surface. At the same
time, some of the liquid droplets suspended in the vapor core are
deposited on the liquid film. For a long unheated tube, the rate of
deposition is in equilibrium with the rate of entrainment, and the

film thickness remains constant.

The theoretically based prediction of high-void CHF by
determination of the conditions at which the annular film dries out
was first suggested by 1Isbin(1959), Isbin and Vandewater et
al.(1961) . These workers postulated that under diabetic conditions,
the liquid film flow in a round tube is determined by an integral

balance between entrainment, evaporation, and deposition.

Whalley(1977) proposed his differential mass balances on the

film flow and entrained liquid flow as

aw

£ =nd (E-D) (2.20)
dz
and
aw
L5 ng| p-£-& (2.21)
dz h&

Integration of the forgoing equation requires appropriate
procedures for determination of the entrainment and deposition

rates. The deposition rate D is determined from the product of a
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mass transfer or deposition coefficient K and droplet concentration

C; that is,

D=KC (2.22)

The entrainment rate is based on the observation that under
equilibrium conditions during adiabatic operation, the entrainment
and deposition rates are equal. Since under these conditions E=D

and D=KC,

E=KC; (2.23)

The value of C; is often taken as a function of the
dimensionless group (tm/o0). Calculation of the entrainment rate
requires a knowledge of the interfacial shear stress and film
thickness. Use is made of the so-called triangular relationship,
which allows Wy, m, and dp/dz to be related in a way that knowledge

of any two allows the third to be calculated.

2.6.2.3 Other models

Over the years, hundreds of ad hoc correlations have been
developed for the prediction of CHF in vertical flow. Most of them
are applicable for a limited range of flow conditions only.
However, prediction methods for CHF in horizontal flow are scarce
and inaccurate; they are generally valid for a limited range of
flow parameters only. One of the reasons for the poor performance

of horizontal CHF correlations is the scarcity of horizontal CHF
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data.

Researchers (Collier et al, 1994 , Rogers, 1982, and Wong et
al.,1990) stated that in horizontal channels, gravitational forces
act on both the vapour phase and the liquid phase in a direction
perpendicular to the fluid stream, causing asymmetric phase
distribution and possibly phase separation. This maldistribution of
void can have a severe effect on heat transfer in general and CHF

in particular.

For flows with high mass velocities, the effect of tube
orientation on CHF is negligible but for intermediate and low
flows, the CHF for horizontal flow can be considerably lower.
Figure 2.15 illustrates the possible CHF occurrences in a
horizontal tube. Upstream dryout occurs in the low-quality region
where bubbles coalesce and form a continuous vapour cushion along
the wupper portion of the tube. As vaporization continues
downstream, the increase stream velocity causes higher-amplitude
waves to form on the liquid-vapour interface. The faster-moving
vapour stream impinges on the waves and thus causes liquid to be
entrained in the vapour-core region. Some of the entrained liquid
is deposited onto the upper portion of the tube and, finally, the
liguid will again cover the full circumference of the tube and

annular flow is established.

The CHF mechanisms are identified in three different quality

regions:

(1) At very low qualities, bubbles that are produced at the
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wall could form ribbons of vapour along the upper surface of the
channel under low flow conditions. These vapour ribbons act as
barriers and inhibit the replenishment of liquid lost by draining
and evaporation, thus causing a premature occurrence of the CHF

condition and a subsequent steep rise in the wall temperature.

(ii) At low and intermediate qualities, the flow in the
evaporating channel is characterized by alternating large splashing
waves which carry the liquid to the upper surface of the channel.
There is little or no droplet entrainment activity and, thus, no
replenishment of the liquid film at the top of the channel. As a
result, the liquid film at the upper surface is subjected to
drainage and evaporation which will finally dryout if sufficient
time is given before the next splashing wave touches the upper

surface.

(iii) At high qualities, the flow pattern is probably annular.
Figure 2.15 shows a horizontal annular flow in air and water, for
typical liquid film and vapour velocities. The annular liquid film
at the top of the channel is thinner as a result of draining along
the circumferential direction. At the bottom of the channel,
larger-amplitude waves give rise to a significant droplet
entrainment into the vapour core. Little entrainment occurs at the
top of the channel because here the liquid film is much smoother.
When the heat flux reaches the critical value, the liquid film at
the top of the channel will become completely depleted, thus

resulting in “dryout”.

To determine the CHF for horizontal flow, Groeneveld et al.
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(1986) suggested that the CHF for vertical flow be multiplied by a

correction factor K.

CHFhor=Khor.CHFtable . (2.24)

where CHF.. is the critical heat flux value obtained from the
look-up table. Several methods for deriving an expression for K,

were introduced by Wong et al. (1990).

(1) Mass-flux Threshold Method

The correction factor K., is strongly dependent on the flow
conditions. Groeneveld (1982) suggested that for values of mass
flux below G,;, the flow is fully-stratified and hence the CHF for
horizontal flow is zero for Kior =0. On the other hand, as mass
velocities in horizontal flow are high (G>G.,), the effect of the
tube orientation on CHF becomes insignificant and hence CHF,,, may
be assumed equal to the CHF for vertical flow (CHF,.,) . For

Gnin<G<Gmax, Knor takes the following form:

0.62
G-G_.
K, =[ J_J (2.25)
Gmax -Gmin
where Kior=0 for G<Gpin
Kpor=1 for G>Gpay

The G, is mass-flux threshold for fully-stratified flow, and
Grax 1s mass flux threshold for onset of noticeable stratification,

which can be derived from the flow-regime map (Wong, 1990).
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D - 0.5 2
_(gDp (PP )" I ] 2.26)

e X, l 0.65+1.11X. 5

where X, is the actual quality. The Lockhart-Martinelli parameter

1-x 0.9 " 0.1 p 0.5
x 1K B | P (2.27)
LM [ X; ) [ pz] [ P,)

is defined by

and
r .556
gD, ,p(pP,~P,)
Gmuz 1.2 I( I Fg oz.fz(Xu,{)z (228)
0.092(1-X,)"u,
f,(X ) =expl4 +Bln(X,, ) +Cln*(X,, )] (2.29)
where

A=-0.3470, B=+0.2920, C=-0.0556

(i1) Forced-balance and Transit-time Approach

Wong et al. (1990) developed a model to determine the
correction factor K, using the transit-time approach. The transit
time taken for a droplet or bubble to travel across the channel is
compared to the transit time to travel along the channel. This

transit-time ratio serves as a measure of void migration and hence
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a measure of the void accumulation near the top of the channel.
Some simplified approaches were utilized in the development of the
transit-time ratio for various types of flow regimes such as
droplet flow and bubbly flow, thus Wong et al. developed the

following equation to calculate the correction factor Kior -

a

)
K, =1-exp -[ —') (2.30)

The best correlation appears to be with the use of T, with b=0.5

and a=3.0.

PALE
K, =l-exp —( ?l) (2.31)

where T, is the turbulent to buoyancy force ratio,

1-x_)? 2
T,=0.046Re ,'“[ 'J ¢ —
gDp[(pl_pg)e ’

e (2.32)

and € is the cross-sectional average void fraction,

€= (DL/D) 0.5

and Re, is the liquid Reynold number.

2-31




2.6.3 Table Look-up Method

Since most empirical correlations and analytical models have
a limited range of application, the need for a more general
technique is obvious. Attempts have been made in the USSR to
construct a standard table of CHF values for given geometry. The
table development work has been continued at Chalk River Nuclear
Laboratories and was completed at the University of Ottawa.
Groeneveld et al. (1986) developed a standard look-up table based on
the western data base which has a wider range of applications, for
vertical water-cooled tubes, at discrete value of pressure (P),
mass flux (G), and quality (X), covering the range of 0.1 - 20MPa,
0 - 7500kg/m?2.s, (zero flow refers to pool-boiling conditions) and
-50 to 100% vapor quality (negative quality refers to subcooled
conditions). The UO-AECL lookup table also provided the correction
factor K, for the effect of diameter factor, bundle factor, grid
spacer factor, heated length factor, axial flux distribution

factor, flow factor (horizontal flow and vertical flow).

Compared to other available prediction methods, the tabular

approach has the following advantages:

(1) greater accuracy,
(ii) wider range of application,

(iii) correct asymptotic behaviour,

(iv) requires less computing time, and
(v) easily updated if additional data becomes
available.
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The prediction results of UO-AECL lookup table are in good
agreement with the experimental data in tubes, however, further

investigations are needed for the CHF prediction in bundles.

2.6 Summary

In this chapter, the mechanisms of CHF are presented and the
methods of predicting CHF in tubes are introduced. The three

approaches are:

a) Empirical correlations
b) CHF models
c) Table lookup method

The table lookup method is recommended for its wide range of

application and better accuracy.
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Figure 2.3

Heat Flux, ¢

Forced convection boiling surface.
From Collier (1994).
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3. CRITICAL HEAT FLUX IN INTERNALLY HEATED ANNULI

3.1 General

The CHF in internally heated annuli is more complicated than
that in tubes. The geometry and the adjacent unheated wall have a
pronounced role in the prediction of CHF. The prediction method of
CHF in annuli can be used to predict CHF in rod bundles, since they
have some similarities if the rod bundles are served as the
internal tube in the annuli. As an initial step towards improving
the understanding of CHF in rod bundles, this chapter presents the

CHF predictions in internally heated annuli.

3.2 Difference Between Tubes and Internally Heated Annuli

In a round tube, the tube wall is heated and the fluid flows
inside the tube. In internally heated annuli, the inner tube is
heated and the fluid flows in the annular section between the
heated and unheated wall. The geometry factors have more effect on
the CHF prediction in annuli than in tubes since the annular
section is usually narrow. Apparently, in an annulus heated on one
surface only, a thick liquid film collects on the unheated surface,
starving the heated surface of liquid, and hastening CHF. The
higher CHF for tube than for an annulus is presumably the resulit of
the non-uniformly distributed shear stress between heated and

unheated wall (Rogers, 1966).



In order to distinguish the difference of CHF mechanism
between tubes and concentric annuli, an insight into the physical
mechanisms leading to CHF is needed. Doerffer et al. (1994)
suggested that it can be discussed for the two limiting quality

regions.

The CHF phenomenon is a very local one in the low and negative
exit qualities regions, and therefore, in this situation, the
presence of an unheated wall in annuli does not have any
significant effect on CHF. That is why the CHF values in annuli are

quite close to those obtained in tubes in these regions.

The CHF is related with a dryout of the liquid film on the
heated surface in the positive quality range in annular flow. In
this case, CHF values are much lower than thcse in tubes at the
corresponding exit conditions. This is a result of several combined

effects described below:

(i) The total wetted perimeter is heated in tubes, while in
internally heated annuli, only a part of the wet perimeter is
heated. So, in tubes, the evaporation of liquid film can reduce the
film thickness at a constant rate around the whole perimeter. In
annuli, however, evaporation only takes place on the heated inner
wall, while the liquid film on the unheated outer tube is not
subjected to evaporation but flows along the channel at an almost
constant flowrate. Therefore, a significant fraction of the liquid
phase does not participate in the cooling processing of the heated
wall. This explains why the CHF occurs at much lower critical

qualities in annuli compared with the values for tubes at the same
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CHF value, pressure, and mass flux.

(ii) There is a uniform shear stress distribution of the
liquid film around the perimeter in tubes, however, in internally
heated annuli, the liquid film is subjected to the non-uniformly
distributed shear stress between heated and unheated surfaces. The
inner surface experiences higher shear stress than the cuter ore.
This results in a thinner liquid film, higher entrainment rate and
faster depletion on the heated surface than that on the unheated

surface.

(1iii) The deposition rate is uniform and totally reaches the
heated surface in tubes. While, in internally heated annuli, the
deposition on the heated surface is lower, since the evaporation
process on the heated wall creating a radial mass flow of vapor
produces a lift force to droplets preventing them from earliexr
depcsition on this surface and pushes them into farther downstream

region i.e., post-dryout region.

Rogers (1966) also stated that CHF for an internally heated
annulus 1is less than that for an externally heated annuius,
attributed to the higher shear stress on the inner surface than the
cuter surface, which causes entrainment from the film. And the CHF
for an annulus heated on both surfaces approaches that for a tube,

attributed also to the higher shear stress on the inner surface.

Attention should also be paid to the significant rocle that the
gap size plays on the CHF in annuli. Tolubinskiy et al. (1977)

pointed out that the geometry affects the CHF in narrow annuli and
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that the closeness of the annuli walls interferes with
disengagement of vapor from the heated surface. Some parts of the
annular cross section become vapor-locked, which reduces the CHF at
low pressure. However, the specific volume of the stream decreases
with an increase in pressure, and this reduces the probability of
a vapor lock. It is also found that the CHF increases significantly
when the annulus width is increased to a certain value, but there

is only an insignificant rise in CHF with further increases in

width.
3.3 Observed Parametric Trends
3.3.1 Effect of Pressure

The behavior of CHF=f(P) in annuli is similar to that in
tubes. Thus, while a monotonic reduction in d.r was observed upon
increase in pressure from 20 bar to 200 bar in all the studies of
critical heat flux in tubes, the curve of q. in annuli exhibits a
peak which shifts upon variations in the operation variables and
annuli width from 1/3 to 2/3 P.. At high subcooling and high mass
flowrate, the peak of the curve of CHF=f(P) is shifted toward lower

pressure (Tolubinskiy et al., 1977).

Meanwhile, Doerffer et al. (1994) pointed out that in the
positive-quality range, the effect of pressure is much stronger in
tubes than in annuli. In the high-pressure range, q., values in both
cases become closer to each other. For negative qualities, the

pressure effect is similar in both geometries, and the differences
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in CHF values are much smaller than for positive qualities.

3.3.2 Effect of Mass Flux

The general trends of CHF experimental data against mass flux
in annuli show that the CHF increases with the mass flux, which
suggests a similar mass flux effect in annuli and tubes (Doerffer,
1994). At low qualities, the effect of mass flux on CHF is
smaller, and finally vanishes with increase in the inner tube
diameter, i.e., with reduction in the annulus width, which means
the mass flux effect in annuli depends on gap size. The effect of
mass flux with a larger gap size is more pronounced (Tolubinskiy et

al., 1977).

3.3.3 Effect of Quality

As the flow qualities increase, the values of CHF decreases
linearly with low mass flux. The non-linear trend is observed when

the mass flux is larger.

Doerffer stated that the effect of quality on CHF appears much
stronger in annuli than in tubes, especially in the positive-
quality region. This may be due to the large parasitic liquid film
flow on the unheated surface, which reduces the film flowrate on
the heated surface and the deposition rate onto the heated surface.
The values of CHF in annuli and tubes are closer to each other at

the DNB-type conditions (i.e., at the low or negative qualities),
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where the unheated wall effect does not play a significant role.

The CHF is a more local phenomenon.

The quality effect seems to be the strongest one among all the

parametric factors in annuli.

3.3.4 Geometry Effects

3.3.4.1 Effect of unheated wall

The CHF value in annuli is usually lower than in tubes at the
same exit quality. This is partly because of the existence of a
thick cold liquid film build up on the unheated wall which does not
contribute to the heat removal from the heating surface. Also, for
the same reason, the CHF occurs at much lower qualities in
annuli compared with the valu:s in tubes at the same CHF value,

pressure and mass flux.

3.3.4.2 Effect of gap size

Generally, the CHF increases initially with the gap size,
reaches its maximum value at a specific gap size, and then
decreases with the gap size. However, Tolubinskiy (1977) pointed
out that the CHF increases significantly with gap size before it is
equal to 2.0 mm, but further increase in gap size produces only an

insignificant rise in CHF.



3.3.4.3 Effect of L/D,, ratio

The global effect of the L/Dy, ratio on CHF is that the CHF
decreases with increase in the L/D, ratio. The effect of L/Dw.on
CHF depends on the mass flux and gap size, but for larger gap size
the effect becomes less pronounced or is unclear. Also, the effect
of L/D,, is difficult to determine precisely because of the

experimental conditions and upstream effect.

3.4 CHF Prediction Methods

3.4.1 CHF Correlations

(i) Barnett’s correlation (1966) was based on 830 CHF data
obtained in water at pressure of 1000 psia, and collected from 13
sources. For these data points his correlation predicts CHF with an
rms error of 7.4%. Barnett found his correlation superior to the
annuli CHF correlation of Janssen and Kervinen (1963), Bertoletti
et al. (1965), Becker (1966), and Tong et al. (1964), which
predicted CHF for Barnett’s data base with rms errors of 16.1%,
14.8%, 15.3%, and 60.2%, respectively. Barnett’s correlation has

the following form:

A+BAH
CHFx10 6=——— ! (3.1
C+L

the equation (3.1) is for a pressure of 1000 psia (69 bar).



where:

- <105
A =6745D:y68(6x 10 -6)0.192[1 -0.744¢ 6.512D,,G*10 ] (3 2)
1.261 -6,0.817
B=0.2587D,,y (Gx107%) (3.3)
1.415 -640.212
C=185.0D,,¢ (Gx107%™ 3.4

This correlation uses British units and its data base covers the

following range:

Ah;: 0 to 412 Btu/1lb (0 to 0.958 MJ/kg)

G: 0.14 to 6.20 1b/(hr.ft)x10-¢ (190 to 8430 kg/m2.s)
L: 24.00 to 108.0 in (0.€1 to 2.74 m)

D;: 0.375 to 3.798 in (9.52 to 96.5 mm)

D,: 0.551 to 4.006 in (14.0 to 101.6 mm)

For the pressure other than 1000 psia, but within the range of

600 to 1400 psia, Eg.(3.1) is modified to

/4

—= | +BAH.

649) * in (3.5)
C+L

A[
CHFx10%=

where Hg; is in Btu/1b.
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Equation (3.1) was formulated for the inlet conditions. To
predict the CHF for a given exit conditions this equation is

transferred via the heat balance equation

. (aL CHE ppy 5:6)
H,\ D,G
into the following form:
A-x BH
CHFx107%= c &
cop-2BL e 3.7

he

(ii) Katto (1979) developed a prediction method for CHF in
annuli based on 310 CHF data points collected from 25 sources in
the following fluids: water, Freon-12, Freon-114, acetone, toluene,
sodium and monoisopropyl-biphenyl. A similar set of equations as
those for tubes (Katto, 1978) were used for annuli. Katto (1979)

proposed separate equations for the three regimes:

H-regime
CHF o 0.133 gp, |17
°=0.12 —£ ( ,) ‘ (3.8)
GH, P, G2 ) 1+0.0081L/D,,
L-regime



CHF G 0.043
° =o.2s[ o ) !

(3.9)
GHfg G L/D,,
N-regime
0.133
F . o 0.433 L/D 0.171
CHF, 029 Pe s (/D) (3.10)
GH, P, G 1+0.0081L/D,,
The regimes were distinguished by the following criteria:
-between L and H regimes
L _ 1
D,, M3 gp, |02 3.11
0.48 fs 71" -0.0081 G0
P, GiL
-between H and N regimes
L _ 0.0206
D, [ op, )" (3.12)
G

The above equations. refer to CHF at zero inlet subcooling

(i.e., subscript 0). When liquid is subcooled then the CHF can be

calculated as:

AH
CHF=CHF | 1 +K——"|, 3.13)
Hfg

where K is dimensionless parameter independent of Ah,,.
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L-regime: K,=1.0
H-regime: Ky=1.8(130D/L) 5-0(eg/ef)

N-regime: Ky=0.664 (pg/p¢) °-¢

The correlation covers the following range of parameters:

L: 0.0762 - 8.84 m,

D;: 5 - 96.4 mm,

D : 12.7 - 101 mm,

Pg/ P : 0.000058 - 0.16.

Equations (3.8) through (3.13) were formulated for the inlet
conditions. To predict the CHF at exit conditions Equation (3.6) is

applied and yields

_CHF (1-kx)
| _ALECHF, (3.14)

GH P he

CHF

3.4.2 CHF Models

Kirillov and Smogalev (1972, quoted by Doerffer et al., 1994)
gave an analytical droplet-diffusion model describing the dryout-
type CHF in tubes, which introduced the new parameter x,, the
quality at which droplet deposition from the core stream onto the
channel wall deteriorates markedly or ceases completely, for
adiabatic two-phase flow. This approach was subsequently used to

develop a CHF prediction model for annuli (Kirillov and Smogalev,
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1972).

Figure 3.1 shows that a formation of annular flow (internally
heated) takes place between 1 to 2. Between 2 to 3 droplets from
the wavy liquid films become entrained in the vapor core as a
result of interaction between the films and the core flow. At 3
liquid entrainment ceases and a fairly smooth liquid film begins.
In the region from 3 to 4 (i.e., to the section, where CHF occurs)
the core flow consists of the vapor and the liquid droplets. If
the effect of the vapor thrust velocity (due to the film
evaporation) on droplet deposition is neglected, then deposition
will continue until the liquid mass flow rate in the core flow

reaches its minimum value, which corresponding to the quality x,.

The mass flow rate of deposited droplets in this region is

W, =Wyp-WS (3.15)

Deposition on the inner surface is

w nW (3.16)

1, d¢p= i dep
and on the outer (unheated) surface is

W . =n W (3.17)

o, dzp= o dep

where

d and n =—2 (3.18)

A normal component of the vapor flow, q"/ (Hepy) , decreases the
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droplet deposition onto the inner surface in the ratio K,/K, as
follows:

i, dep iV aep © (3.19)

The droplets mass flow rate in the core stream, at which mass

transfer deteriorates, is

K
WL:Wf*WW}wI-Eg (3.20)
For the onset of CHF it is necessary that
c
W =W, +W, (3.21)
Eg. (3.15) and Eq. (3.20) with the following relation
c —
Wap=WaEy, (3.22)
and assuming
g,
Kq =Ka— (3.23)
Hfgpg

introduced to Eq.(3.21), which is divided by the total mass flow
rate, Wy, yields

x,=x, (1 =2y E gy~ 5]t et (3.24)
c n "% AP/ AP n .
KHp W,

where
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=l-x, —l-xn and =1-x,,
T ‘ T WT
Rearranging Eq. (3.24) with an assumption E,; = 1, yields the
following equation:
r+r KH
CHF =——x = P x(x, -, ~x_) (3.25)
r X

i nl

where the heat flux q; becomes the CHF in an internally heated

annulus.

3.4.3 Correlation Based on Observed Parametric Effects

Doerffer et al. (1994) analyzed the parametric effect on the
CHF in annuli, they found that the effect of critical quality, gap
size and pressure are the strongest influencing factors. Therefore,
a correlation with the correction factors of critical quality, gap
size and pressure, based on the tube CHF look-up table of

Groenenveld et al. (1986), was proposed as

CHF, =CHF,_xk xkgxk, (3.26)

where:

- CHFp.s is the CHF for a tube with an ID of 8 mm, as predicted by
the tube CHF look-up table of Groeneveld et al. (1986), at

given pressure, quality and mass flux.
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- k, accounts for the differences in CHF mechanism between tubes

and annuli, resulting in a strong quality effect

-for X.<0.025 k,=0.81
_for  x.»0.025 k,=0.859-16.179x,° +15.6x -7.195x In(x ),

-ks accounts for the gap effect

-for 6<4.26 mm

k;=0.2872+1.2096%-1.1565>%+0.28738°

-for 4.26<5<6.27 mm

ks=1.2672-0.02988

-for 6.27<5<8.26 mm

k5=0 - 75

-k, accounts for the pressure effect

-for P<3.30 MPa k,=0.9

-for 3.3<P<10.5 MPa k, =0.808+0.0278P

-for P>10.5 MPa k,=1.1

Doerffer (1994) is
based on the critical quality, x., which is an average value over

the whole flow area of an annulus.

also pointed out that correlation (3.21)

However, if a rod-centered
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subchannel approach were used, the critical quality would be much
greater. The CHF in internally heated annuli is controlled by the
phenomena occurring in the vicinity of the heated surface. The
subchannel can be defined as the region between the heated surface
and the surface where the maximum velocity occurs. It is known that
the same CHF value occurs in tubes at much higher exit quality than
in annuli, hence such a subchannel approach may model CHF in annuli
closer to that in tubes. It was therefore assumed that the CHF in
an annulus would occur when the rod-centered subchannel quality was
X' = X + O%x., for which CHF,,(P, G, x.) = CHFp,(P, G, X.'). The

following correlation for Ax. was found:
Axc=0 .658-0. 33XPO'QQXGO‘1°8X6’°'453XDhe°’37+0 .208xe"-18-5x(Xc-0.35) (3. 27)

where P in (MPa), G in (Mg/m?s), & in(mm), and D,, in (cm).

3.4.4 General Approach Applicable to All Flow Geometries

Two reports (i.e., Bethke and Zeggel, 1993a, and Bobkov, 1993,
quoted by Doerffer, 1994) present an attempt to generalize the flow
geometry description by some universal variables, and then to use
them for CHF prediction for annuli and rod bundles based on CHF
Look-up tables for tubes. Bethke and 2Zeggel proposed to use a
characteristic length - so called “inscribed diameter” while Bobkov
introduced an elementary heat cell. These two concepts are

described below.

(1) Bethke and Zeggel approach:
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The definition of a characteristic length or inscribed
diameter of the second order, D,, for annuli and rod bundles is
shown in Figure 3.2. For rod bundles it can be calculated

according to the formula

D,= D(2t/D - 1) (3.28)

where D and t are rod diameter and rod-to-rod pitch, respectively.

Doerffer pointed out that this dimension better characterizes
the location of heated perimeter (important from CHF point of view)
than the hydraulic equivalent diameter, when applied to CHF look-up

table prediction.

Furthermore, Bethke and Zeggel (1993) concluded that the
application of any equivalent diameter depends on the prevailing
flow regime at CHF location. They recommended, for the DNB-type CHF
and for deposition controlled CHF in the annular flow, to use the
equivalent hydraulic diameter as the diameter of an equivalent
circular tube. The reason for this is, in the regime of bubbly
boiling, the hydraulics. of the flow core affects motion and
distribution of bubbles and, hence, the onset of departure from
nucleate boiling. On the other hand, motion and distribution of
droplets in the vapour core flow affect the annular flow and,
hence, the deposition controlled CHF. But, between these two
regimes, the equivalent tube diameter should be calculated taking
into account the surface tension and the shear stress, which,

together, define the force controlled equivalent diameter, D;.
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To derive D the following forces acting at the vapour-liquid

interface are considered:

- surface tension force, which tends to smooth the interface and to

prevent droplet entrainment, is given by

1

F_=0Az=0_Az
? (3.29)

1+2=
;

where O, is the surface tension at plane surface, Az is the axial
length, & is the distance between the equimolecular interface and

the surface of tension, and r is the radius of the surface of

tension.

- shear force, which agitates the interface causing waves and

entrainment, can be assessed from

0.25
F,=tnDAz=0.0395 Y —_D 4, (3.30)
u =714 D:.ZS .

where u is the average vapour velocity in the flow core, and T is

the shear stress at the interface.

An assumption that the shear force to surface tension force
ratios in a circular tube and other flow geometry (i.e., in annuli
or rod bundles) are the same, yields the force controlled

equivalent diameter
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D, =[ gzs] (3.31)

Bethke and Zeggel (1993) proposed the following CHF prediction

in annuli:

1/3
cHF, =cuF, | 3908 (3.32)
D
where D in (m) can be either the inscribed diameter of the second

order, D,, or D¢, depending on the flow regime.
(ii) Bobkov approach

Bobkov (1993) formulated the elementary heat cell for any type
of flow geometry as shown in Figure 3.3. Each type is
characterized by the thermal boundary layer curvature parameter,

Ry, defined as

thay (3.33)

where Y, ,, is the average thickness of thermal boundary layer over
the perimeter (i.e., gap size for annuli), and Ry is the heat
transfer surface radius, which depends on heat supply (i.e., for

round tube R,.=D/2, for internally heated annulus Ry = D;/2).

To predict CHF in the concentric internally heated annuli,

first the exit quality displacement, Ax., should be calculated
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according to

Ax, =O.05(R0+1)2[ 1 -——: ] (3.34)
where
26
R =
o, (3.35)

then the CHF lookup table value for the 8 mm tube is used with the

correlation for the equivalent heated diameter as follows:

CHFan = CHFD-G(PI G, Dhel Xc+Axc) . (3-36)

3.5 Recommendation

In this chapter, the differences of CHF between tube and
annuli are discussed, the parametric effects on CHF are presented
and the prediction method is given. The three perdition methods

are:

i) empirical correlation,
ii) CHF model in annuli, and
iii) CHF prediction in annuli using tube look-up table.

Among the CHF prediction methods in annuli, Eq. (3.24) 1is
recommended. Note that Eqg.(3.24) not only has good prediction

accuracy, but also gives correct parametric and asymptotic trends

(see Figure 3.4).
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Figure 3.1 Schematic of flow patterns in annulus for Kirillov
and Smogalev’s model (1972). From Doerffer (1994).
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Single tubes Annuli

SIS

Rod Bundles:

Figure 3.2 Definition of characteristic dimension - inscribed
diameter of 2nd order for various flow geometries by
Bethke and Zeggel (1993). From Doerffer (1994).
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Figure 3.3 Definition of elementary heat cell for different flow
geometries. (Bobkov, 1993, quoted by Doerffer, 1994)

3-23




CHF [kW/m2)

-h

28868

d888

A

g

G =0.568-0.77 Mgim2s
x=034-040
Gap=425-485mm
.. Dhe = 22 - 28 mm
=85-03mm
.. -;&:-un
"\. L/Ohy = - 322
\.\ m".&"-n

Table CHF, D=8mm )_

Equation (3.24)
Equation(3.25)

Annufl Experimental Data

a
a ad

Figure 3.4

%6 200 400 600 00 10000 12500 1400 18000

P [kPa]

Comparison of CHF in annuli and
tubes against pressure. From
Doerffer(1994)

3-24



4. CRITICAL HEAT FLUX IN BUNDLES

4.1 General

In water-cooled nuclear-power reactors the fuel element is
often in the form of a bundle of small diameter rods spaced one
from another by helically wrapped wires or by grid type spacers.
A considerable number of electrically heated models of such
elements have been tested in various laboratories and the detailed
results have been compiled, correlated and discussed. The reactor
technology appears to be well established, however, detailed
behaviors of coolant in the fuel channels are not thought to be
well understood. In order to solve various problems, the related

physical phenomena should be thoroughly investigated.

When dealing with the dryout phenomenon for critical power
evaluation, dryout mechanism as shown in Figure 4.1 has to be
studied in addition to the balance of mass, enerqgy, and momentum
between subchannels. The liquid film flow on the fuel rod surface
decreases due to vaporization and entrainment by steam flow. There

are three processes which control the film flow rate, i.e.

(i) Evaporation of the film: This tends to decrease the

liquid film flowrate.

(ii) Droplet entrainment: This high speed vapor may strip
droplets off the wavy surface of the film. With high heat flux,

nucleate boiling may occur, with the subsequent entrainment of
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liquid droplets into the vapor core. Both these processes tend to

decrease the liquid film flowrate.

(iii) Droplet deposition: Droplets carried in the vapor
core can rejoin the liquid film. This is a mass transfer process
which is driven by concentration gradient of droplets, i.e. from
high concentration in the vapor core to lower concentration near

the film.

If the fuel rod surface is directly exposed to vapor, heat
transfer is highly degraded and surface temperature rises steeply.
This is dryout phenomenon. Physically, the condition for dryout
corresponds to the situation where the heating surface is not
completely covered by a liquid film. Since surface tension prevents
an infinitely thin film, there exists a critical film thickness
below which the film will break up to expose the heated surface.
However, disturbances from the core flow tend to destabilize the
film by inducing waves on the film surface and result in a larger
critical film thickness. If flow distribution is nonuniform, it may
cause nonuniformity in liquid film flow and cause dryout. The
entrained liquid droplets can deposit on the fuel surface due to
steam flow turbulence. This deposit increases the critical power
for dryout. The vapor generated on or in the boundary layer near
the wall surface has a velocity component away from the rod
surface. The drag force by this surface component works to prevent
the liquid droplets from depositing on the rod surface. Although
drag force is very small under normal conditions, it can not be
ignored when very high heat flux appears or very high surface

temperature is expected. These phenomena are also highly depended
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on the geometry of the flow path.

It should be noted that the gap size in bundles affects the
CHF in the two-phase flow regime. Becker (1967) suggested that the
bundles with a small value of t/d will be more restrictive to cross
flow and the CHF will be small. As t/d increases, the CHF will
increase until the inter-element spacing is sufficiently wide that
crossflow is not restricted. At this point CHF would be insensitive
to increasing element-to-element clearance. Actually, Rogers(1966)
described that, with helical spacers, for element spacings (t - d)
of about 1.88 mm, and larger, the critical heat fluxes approach
those of annuli, but for element spacings below 1.88 mm, they
decrease significantly with element spacing. The low CHF in the
closely-spaced bundles can be attributed mainly to poor mixing
between the sub-channels of the bundles. The complex flow passage
geometry of these bundles produces non-uniform mass velocities in
the various sub-channels. The different heated perimeter, and the
non-uniform radial heat flux, produce no uniform heat inputs to the
sub-channels. These factors, and the poor mixing between sub-
channels, results in significantly different enthalpy rises, and
hence qualities, at a given axial position in the sub-channels.
Therefore, for a given heat flux, critical conditions can be
reached in a certain sub-channel, when the bundle average enthalpy
(quality) is well below the critical value for similar conditions

in an annulus.
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4.2 Differences in Mechanisms Between Annuli and Bundles

In internally heated annuli, the heat flux is uniform, the
annular section between the tubes is the flow area, and there are
not subchannels. In bundles, the rod bundles are contained in a
flow tube and the fluid is heated by the bundle elements, each
element may have different heat flux. The heat flux is not uniform
across the cross section. In subchannel analysis, however, elements
are assumed to be contained in the subchannels. This allows the
flow within a subchannel to be treated as one dimensional in the
axial direction, together with the assumptions about the velocity

and void fraction profiles across the cross section.

There are usually two ways to divide the bundle into
subchannels, i.e., the conventional flow centered subchannel and
the rod centered subchannel. The conventional flow centered
subchannels (Figure 4.2) are best suited for the liquid continuous
regime in the lower part of the bundle. However, in the annular
flow regime the rod centered subchannels have some advantages for

keeping track of the liquid films around the rod.

CANDU rod bundles are spaced at regular intervals by wart
spacers, although there are spacers in some annuli, too. However,
the spacer effect in both annuli and bundles are quite different
due to the geometry differences. Properly designed spacers can
significantly improve the bundle critical power performance.
Shiralkar et al. (1992) pointed out that differences of the order
of 10% in critical power are not uncommon. Nishida (1992) stated

that the spacer has the following effects on liquid film flow.
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ii.

iii.

The film thickness has its minimum in the vicinity of the
spacer due to flow area reduction. However, it should be
noted that dryout does not always occur at the point of

minimum film thickness, but at the point of minimum flow

rate.

At very low droplet concentration, an increase of gas-
liquid interfacial shear stress owing to the spacer
resulted in more entrained droplets, which led to

decrease of the film thickness behind the spacer. On the
other hand, at a high droplet concentration, the film
thickness behind the spacer increased due to the larger

number of deposited droplets.

On increasing the number of installed spacers, thicker
films were generated by a sum of increased droplet
deposition rate at each spacer. This trend could be

attributed to higher critical powers with more spacers.

Figure 4.3 shows a schematic of the variation on thermal

margin along the length of the bundle. Because of downstream
benefits provided by the spacers, the limiting conditions typically
occur just upstream of a spacer. Unfortunately, this is one of the
main sources of uncertainty today. Figure 4.4 shows the various
ways in which the spacer affects the flow distribution. Two major
mechanisms are: film thinning immediately upstream of the spacer
element and enhancement of downstream turbulence. The spacer also
serves to collect impinging droplets and provides runoff of liquid

to the rod. Uneven resistance in spacer cells can cause large

4-5



crossflows. The spacer element also causes mechanical entrainment
of the film at the contact points. The relative importance of these

effects depends on the design of the spacer.

In an equilibrium flow in a rod bundle, there are no lateral
pressure difference between subchannels as the time average value
and no unidirectional crossflow from one subchannel to the adjacent
ones. Then flow rates of both liquid and vapor in each subchannel
do not vary in the axial direction. In a non-equilibrium flow, on
the contrary, flow redistributions occur along the channel axis so

as to approach the equilibrium flow.

Under the two-phase flow condition, the crossflow has been

divided into the following three categories (Sato, 1992): (See
Figure 4.5)
(1) Turbulent mixing: An inter-subchannel mixing due to

turbulence of the fluids. By this mixing, momentum and energy
transfer between subchannels take place, but no net mass transfer

results.

(ii) Void drift: A cross flow resulting from the tendency
of a two-phase flow to approach an equilibrium condition. This
phenomenon causes a net transfer of liquid and vapor from one

subchannel to another in an attempt to attain the equilibrium.

(iii)Diversion crossflow: A crossflow occurring in a non-
equilibrium flow due to lateral pressure gradients between

subchannels. Such pressure gradients may be induced by difference
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of subchannel geometry or obstructions such as spacers.

This subdivision is greatly affected by the description for
single-phase flow; turbulent mixing and diversion crossflow were
originally used in the description of inter-subchannel mixing of
single-phase coolants (Rogers et al., 1968, 1972). Unlike single-
phase flow, the crossflow processes of two-phase flow are complex
and difficult to sort out into identifiable mechanisms. However,
the above subdivision can be considered to be useful in the
development of subchannel analysis if these three types of cross

flow are superimposed on one another.

In reactor bundles, the non-uniform flow rate in the different
sub-channel geometry plays a significant role in CHF. It also
results in significant diversion cross flows in the region near the
entrance of a bundle, and the initial flow distribution and
resulting diversion cross flow is strongly affected by upstream
conditions as well as the perturbation caused by the bundle end-

plate.

4.3 Flow and Enthalpy Imbalance

In rod bundles, as the void fraction in the coolant flow
effects the thermal-hydraulic characteristics, thus changing heat
flux, coolant flow, pressure, and temperature, the void fraction is
the most significant factor. Lahey, Jr. et al. (1971) conducted a

series of experiments and concluded that:



i. There is a significant flow and enthalpy variation in the

various subchannels of a rod bundles.

ii. Cross-flow enthalpy increases monotonically with
subchannel quality beyond the bubbly-annular transition
region, where there is a drop in the cross-flow enthalpy

due to liquid slugging in this flow regime.

McPherson(1971) described a method for comparing bundle
critical power behavior based on the enthalpy rise rate imbalance
and on experimental evidence of the effect of this imbalance on
bundle critical power. McPherson stated that the greater the
difference between the maximum and mean qualities, the lower is the
mean coolant quality at dryout and the lower the critical channel

power. The bundle enthalpy imbalance number (BEIN) is defined as

(dH/dL) _ -(dHIdL)
= max mean
(dH/dL)

(4.1)

The normalized critical heat flux corresponding to the lowest
BEIN for a given arrangement is defined as the bundle performance
number, P(BEIN). If the relative critical heat flux of a reference
bundle is given by the performance number, P(BEIN,), then the
critical correlation for a second bundle with performance number

P (BEIN,) is

_IKBEUQ) PG X ) 42
BL_P(TINI)f( » G, X, geometry 4.2)

where ¢y, is the boiling length average heat flux. This correlation
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is applied to the second bundle to find the CHF at the conditions

and then the critical power calculated.

Sato (1992) pointed out that the fluid turbulence mixing
causes an inter-subchannel mixing, thus momentum and energy
transfer take place between subchannels. Since turbulent mixing
occurs even when a subchannel flow is in equilibrium, it is
generally considered that turbulent mixing results from turbulence
in the ventilated two subchannels, and the eddy diffusivity of two-

phase flow is a significant parameter.

When a two-phase flow in a rod bundle is not in equilibrium,
a flow redistribution occurs along the channel axis, approaching
the equilibrium state. Since significant transverse variations of
quality do occur in a rod bundle, with the gas seeking the more
open high velocity central region of the bundle and the liquid
passing through the lower velocity region adjacent to the shroud
wall in order to reach the kinetic balance, a void drift takes
place and results in a net transport of liquid and vapor from one
subchannel to another in an attempt to attain the equilibrium. In
order to see the relation of flow distributions to flow pattern,
Sato (1992) conducted an experiment using air-liquid in two
channels with different diameters (Figure 4.6). The results are
shown in Figure 4.7. We can see that in a bubbly flow, such as the
photograph (a) of Figure 4.7, bubble density of one subchannel was
similar to that of another subchannel and, thus, uniform flow
resulted. When the flow pattern became slug or churn flow, void
drift took place drastically with increasing air flow rate,

resulting in a high air flow rate and a lower water flow rate on
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the larger subchannel side and vice versa on the smaller subchannel
side, as seen from the photographs (b) and (c) of Figure 4.7. After
reaching the ultimately non-uniform flow distribution, the activity
of void drift decreased with a further increase of air flow rate,
and eventually the flow pattern of both subchannels became similar
to each other, as shown in the photograph (d) of Figure 4.7. 1In
view of flow pattern, it can be said that a heterogeneity of flow

is a cause of the transverse variation of flow distributions.

Diversion crossflow is a forced transfer of mass from one
subchannel to another as a result of transverse pressure gradient.
Such pressure gradient may be induced by differences of subchannel
geometry or obstruction such as spacers. Since it may be understood
that diversion crossflow takes place superimposing on turbulent
mixing and void drift, the extraction of it from an overall

crossflow is very difficult.

4.4 Parametric Effects on CHF in Bundles

4.4.1 Effect of Pressure

In round tubes, CHF is a decreasing function of pressure in
the range of interest in nuclear reactors. In bundles, CHF
generally decreases with increasing pressure, but is not as
sensitive to pressure as in tubes and annuli. Some researchers have
reported bundles which are insensitive to pressure. Rogers (1970,
quoted by Atkinson, 1981) suggested that this decreased sensitivity

can be related to the dryout of the liquid film in the following
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way. As pressure decreases, (p¢/p,) increases, which in turn
increases the void fraction. This increase in the void enhances the
non-uniformity of flow in the bundle subchannels. Also, droplet
entrainment is promoted due to the increased slip ratio. This
increased entrainment depletes the liquid film on the heater
surfaces, causing a decrease in the critical quality and CHF, when
compared with tubes. This decrease offsets the increase in CHF
observed in tubes and annuli with the subsequent lowered

sensitivity to pressure.

4.4.2 Effect of Mass Flux

In round tubes, CHF is an increasing function of mass flux in
the low and negative quality region, but a decreasing function of
mass flux in the high quality region. 1In bundles, CHF has the
similar trend as in tubes, but is more sensitive to mass flux than
in tubes and annuli, since higher mass flux can influence the cross
flow in bundles, and the enthalpy imbalance. The enthalpy imbalance
in bundles is caused by the difference of enthalpy in each
subchannel. If the mass flux is higher, the turbulent mixing among
subchannels is better, then the cross flow will be increased, and

the CHF will be increased.

4.4.3 Effect of Quality

In round tubes, the CHF is a decreasing function of quality.

In bundles, the effect of quality on CHF is more pronounced than in
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tubes, especially in positive quality region. This is due to the
large parasitic liquid film flow on the unheated surface, which
reduces the film flow rate on the heated surfaces, and the
entrained liquid fraction. But this effect is not sensitive at DNB-
type conditions (i.e., at low or negative qualities), where the

unheated wall effect does not play a significant role.

4.4.4 Geometry Effects

In round vertical tubes, the mixing of vapor and liquid occurs
without restriction and the circumferential heat flux distribution
is generally uniform so that the thickness of the liquid film is
more or less constant around the tube. In bundle geometries, the
flowrate in some subchannels can be smaller than in others. Also,
in two-phase flow conditions, the rods act as restrictions to
crossflow and inter-channel mixing of liquid and vapor. Thus, due
to the enthalpy imbalance, some subchannels may have less liquid
available for the fuel element surfaces, implying that dryout will
occur in these subchannels first. Thus, the critical condition will
be reached at a bulk quality which is lower than the quality in an
equivalent round tube under the same inlet conditions. Becker
(1967) suggests that those bundles with a small value of t/d will
be more restrictive to cross flow. Also, the crossflow will be not
restricted when the inter-element spacing is sufficiently wide.
Another important parameter in the horizontal bundles of CANDU
reactor affecting CHF is the ratio of outer clearance (between fuel
rod and pressure tube) and internal bundle clearance, which results

in potential by-pass of coolant around the bundle, thus reducing
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CHF (Rogers, 1970).

4.4.4.1 Effect of unheated wall

At a given exit quality, the critical heat flux in a channel
having one unheated wall is usually lower than that in a totally-
heated channel (Huang, 1993). This is because of the existence of
a thick, cold liquid film build up along an unheated wall which
does not contribute to the heat removal from the heating surface.
The deterioration of CHF in a subchannel containing the cold wall
is modeled by replacing the heated equivalent diameter with the
hydraulic diameter of the channel during the evaluation of CHF.
This comes from the premise that the effective flow rate for heat
transfer of a channel including a cold wall is proportional to the
ratio of the heated perimeter to the wetted perimeter of the
channel. This consideration will increase the bulk enthalpy in the

channel and result in the reduction of CHF.

4.4.4.2 Effect of spacer

In a rod or tube bundle the relative position of rods or tubes
is usually maintained by spacers. Two basically different types of
spacers are commonly used for rod bundles having predominantly
axial flows. Helical wires are attached to the rods for the entire
length of the bundle. This is called the wire wrap spacing design.
Grid spacers, honeycomb or egg-crate grids, are arranged on the

rods at fixed planes of the bundle. For bundles with wide rod-to-
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rod spacing, the grid spacers are usually used. The grid spacer
acts as flow obstruction in the bundle and causes increased
pressure drop due to its form drag and skin friction. The grid
spacers also tend to increase the local wall heat transfer. The
heat transfer augmentation of grid spacers has been observed in
single phase flow and two phase flow. However, the understanding of
the heat transfer mechanism and the ability to predict the heat
transfer downstream of the grid spacer are still very limited.
Groeneveld (1980) points out that the following trends can be

inferred from the experimental studies:

(a) Ferrule type spacer grids, which are made up of concentric
rings fitting tightly around the heater rods, have the minimal
effect on critical power. Two opposing effects were observed for
this type of spacer: (i) the liquid film on the heated rods was
stripped off, thus, the critical power was reduced, and (ii) the
turbulence and crossflow downstream were generated by the reduction
in flow area. This mixing reduced the subchannel enthalpy and flow
imbalance in neighboring subchannels and hence increase the

critical power.

(b) The grid spacer producing the largest flow obstruction did

not necessarily result in the largest increase in critical power.

(c) The maximum increase in critical power due to grid spacers
usually occurred at high flows, high qualities and short axial grid

spacings.

(d) Although an increase in critical power due to rod spacing
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devices was observed in most studies, detrimental effects could
also be present. The much larger beneficial effect of spacers

usually overshadowed the detrimental effect in most studies.

(e) CHF was mainly found to take place preferentially just

upstream of a rod spacing device in the experimental studies.

The CHF was influenced by rod spacing devices in rod bundles
primarily by affecting the phase distribution. Some insight into

the spacer effect on CHF is given by Groeneveld (1980).

(1} Film flow rate on unheated surface: A significant
fraction of the liquid flow in a fuel bundle assembly can be on the
unheated wall. The liquid film thickness on the unheated surface is
about three times that of the heated rods; this liquid film does
not take part in the heat transfer in the bundle: it reduces the
amount of liquid available for cooling of the heated rods. To
counteract this effect, rod spacing devices have been designed

which will trip the liquid f£ilm off the unheated surface.

(2) Enthalpy and flow imbalance: Considerable mass flux and
enthalpy imbalance between adjacent subchannels can be present due

to unequal subchannel power input and hydraulic resistance.

(3) Entrained liquid fraction: Hewitt (1970, quoted by
Groeneveld,1980)) had shown that in annular flow, a very large
fraction of the liquid was entrained in the core of the flow

channel. CHF could be increased by directing this entrained liquid
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towards the heated surface by using twisted tapes or mixing vanes

attached to the rod spacing devices.

(4) Breakup of bubble boundary layer: In the bubbly flow
regime, the density of bubble population increases with heat flux
and a bubble boundary layer is often formed a short distance away
from the surface. This layer can be so thick that it impedes the
flow of liquid to the heated surface and this eventually will lead
the CHF condition. The presence of rod spacing devices, which
contact the rods over large sections of the rod periphery, tends to
increase the turbulence near the heated surface and break up the

bubble boundary layer.

(5) Flow regime transitions: In horizontal two-phase flow,
a more homogeneous phase distribution across the bundle can result
from the improved subchannel mixing downstream of spacing devices.
This tends to counteract the effect of eccentricity and flow

stratification.

4.4.4.3 Effect of -segmented bundles

Atkinson (1981)stated that for segmented fuel channels the end
plate in bundles of CANDU reactors tends to strip the liquid film
from the fuel element surfaces and to redistribute the flow of both
vapor and liquid among the subchannels. Also, the 50cm fuel bundles
are placed in the fuel channel while the reactor is operating by

automatic fueling machines. The angular orientation of the bundle
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is completely random, so that the flow passages in the end plates
are generally not aligned. The effect that the end plates have on
dryout would depend on the inter-element spacing, the relative
alignment of the end plates, the void fraction, etc. and is very
unpredictable. Atkinson proposed a correlation for CANDU reactors
which based on full scale, electrically heated CANDU bundles with
end-plate. However, Rogers (1970, quoted by Atkinson, 1981) pointed
out that, when the CHF results for smooth, vertical bundles are
compared with segmented bundles of the same length, the position
of the dryout in the bundle may change, but the magnitude of the

critical heat flux is not substantially different.

4.4.5 Effect of Radial Heat Flux Distribution

The effect of radial heat flux distribution can be
rationalized using the steady flow energy equation in the following
argument. A uniformly heated round tube of diameter Dy and length
L has a coolant mass flux of G, with saturated liquid at the inlet
(X;n=0) , and measured CHF, ¢. Under these conditions, the critical

quality is

Xpgq = 4 (L/Dhe) (¢/hng)

For a rod bundle with uniform radial heat flux distribution,
equivalent diameter D,, and length L, assuming that the flow of
coolant is uniformly distributed across the bundle, so that the
mass flux is a constant, Atkinson (1981) chose a stream tube which

includes all the heating elements and whose flow crossection is
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Ax' (Phe/Ptot) (4.3)

Outside of this heated stream tube is an unheated flow (next to the
flow tube wall). The arbitrary restriction of no mixing between the
unheated stream tube and the unheated flow is imposed. If the ratio
of the vapor flow to the total flow in the stream tube at the
critical condition is assumed equal to x,4, then the critical heat

flux for the bundle is defined by

®°LrPp=GAy* (Phe/ptoc) (xrd.hfg) =GA-x'xc'hfg ’ (4.4)

Ke=Xpd' (Phe/Pco:) =Xra'l (4.5)

This idea can be extended to bundles with radial heat flux
depression. Becker (1967) suggested that the elements with

depression heat flux can be thought of as ‘partly cold rods’, i.e.,

d)_ (a/9,,)
,,_Zl_ (4.6)
nd +D:
4.4.6 Effect of Axial Heat Flux Distribution

The axial heat flux distribution has a significant effect on
CHF, especially on the location of CHF. Usually the CHF takes place

at the exit of the bundles with a uniform axial heat flux
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distribution, but it will occur at the place where the local
quality equals the critical quality for a nonuniform heat flux
distribution. The effect of nonuniform heating on CHF can be

predicted based on one of the following hypotheses:

(1) Total power hypothesis: The total power hypothesis
suggests that the total power that can be generated to a
nonuniformly heated geometry is the same as that for a similar

geometry with uniform heating.

(ii) Local conditions hypothesis: The local condition
hypothesis states that it is only the local heat flux and local
quality at the location of CHF that control the onset of CHF, and
the upstream history is not important. It is immaterial that
whether the heat flux is distributed uniformly or nonuniformly and

whether the inlet flow conditions are saturated or subcooled.

(1ii) Boiling length average heat flux hypothesis: For
high quality regions, where the annular flow regime typically
occurs, the CHF depends not only on local flow conditions, but also
on the upstream history. The boiling length average (BLA) heat flux
hypothesis is a tentative modification of the 1local condition
hypothesis to take the history effect into account. It assumes
that CHF occurs when the BLA heat flux reaches a certain critical
value. Compared with the local condition hypothesis, the BLA
hypothesis predicts the CHF and dryout location more accurately for

systems with non-uniform AFD.

The BLA heat flux is the integral average of surface heat flux
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over the portion of the heat flux surface on which boiling occurs

] [ oqdz (4.7)

9814
x=0

where 2z,,, is the axial location where the quality x=0. At x<0, the

BLA heat flux is equivalent to the local heat flux.

(iv) The ‘F-factor’ method: A consequence of the failure
of the "“local condition” hypothesis for non-uniform heat flux
distributions is that the value of the local critical heat flux
must depend, to some degree, on the heat flux profile upstream of

the point considered(Collier et al., 1994).

To correct the effect of axial heat flux nonuniformity, Tong

et al.’s F-factor (1968,1972) is widely used

zCHF.l
C
F= 5 ez
d)c,,.[l —exp(-CxZ . )] oj;,, $(z)exp[ ~Cx( crra—2)ldz (4.8)

where

4.3
C=5.91(1 X o)
GO.478

(m™) 4.9)
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4.5 CHF Prediction Methods in Bundles

4.5.1 General

In water cooled nuclear power reactors the fuel element is
often in the form of a cluster of small diameter rods spaced one
from another by spacers. A considerable number of electrically
heated models of such fuel elements have been tested in various
laboratories. Analysis of thermo-hydraulic conditions within a

multi-rod cluster can be handled at various levels of detail.

(i) Mixed flow correlation approach

In this approach the entire channel is assumed to behave in a
one-dimensional manner with ‘average’ properties being ascribed to
the variables such as mass flow-rate, quality and heat flux. No
attempt is made to consider any two-dimensional ‘fine structure’
within the channel. This method is the practical design approach
and in engineering practice. The correlation used must be developed
from experiments with the actual geometry of the fuel bundle. The
actual coolant is preferably used in the experiments or an
alternative coolant can be used if appropriate scaling rules have
been established (Atkinson and Rogers, 1982). An early attempt at

such a correlation was that of Macbeth (1964) and Barnett (1566) .

(ii) Sub-channel analyses

Under this general heading, an attempt is made to sub-divide
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the rod cluster into a number of parallel interacting flow
subchannels between rods. The equations of mass, momentum and
energy conservation are solved to give radial and axial variations
in quality (or fluid enthalpy) and mass flow-rate. Interchange of
mass, heat, and momentum is allowed between neighboring sub-
channels. The mass, heat and momentum interchange between
subchannels must be defined by appropriate empirical equations
established by separate experiments. Once the local enthalpy and
flow conditions at each sub-channel node have been established,
suitable constitutive relations in the form of empirical
correlations are used to define the heat transfer regime, including
the CHF, so as to provide the local temperature of the rod surface.
Details of such calculations have been given by Weisman and Bowring
(1975) . Bowring (1979) has published a subchannel dryout
correlation (WSC-2) for use with sub-channel analysis computer
codes. AECL (Atomic Energy of Canada Ltd.) also developed a sub-

channel code, ASSERT, for the CHF computation for CANDU reactor.

(iii) Phenomenological analyses

Under this general heading, an attempt is made to model the
kinetics of the various physical processes which occur. Clearly
such analyses must relate to the actual flow patterns present and,
more important, they must be able to handle departures from
hydrodynamic equilibrium (i.e., not ‘fully developed’ flows). To
illustrate these points an example of the Phenomenological model
developed by Whalley (1978) for two-phase flow in a vertical

cluster is given in following section. Attention must be paid that
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the Phenomenological analysis does not really represent a separate
approach from sub-channel analysis, since the Phenomenological

method must be applied on a sub-channel basis if they have any use.

4.5.2 CHF Correlations

Macbeth (1964) applied the ‘local conditions’ hypothesis to a
selection of data from uniformly heated vertical rod clusters and

obtained the following correlation for 69 bar only

_A+B(Oh

)
x10°¢ sus 4.10
berrr - (4.10)

where
A=67.6D,.% % (Gx10-5)0-57
B=0.25D,.(Gx10"¢)
C=417. 3Dhe0.57 (leo-s) 0.27

The eq. (4.10) and parameters A, B and C use British units.
Attention should be also paid that the eg. (4.10) was for a
specified type of bundle geometry, with vertical uniform sub-
channels. This correlation would not bee valid for CANDU fuel

bundles with their non-uniform sub-channel bundle end plates and

horizontal configuration.

Barnett (1966) showed that Eq.(4.10) can predict a wide range
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of rod bundle data with remarkable accuracy. In annular channels,
the CHF appears to vary qualitatively in the same general manner as
for round tube. The CHF may be assumed to be a function of six

independent variables thus:

¢CRIT = f(GI (Ahsug) ' P, Dil Do, Z)

where D; and D, are the internal and external diameters of the

annulus respectively.

For rod bundles the values of D; and D, are defined as follows:

‘equivalent’ D;=D,y, the rod diameter (inches)
‘equivalent’ Dg=([D.4(D,4+D,")]°5 (inches)
where
D,,‘= 4x(flow area) ’ and S=Z £
Sx(heated rod perimeter) rods

¢ is the ratio of heat flux on a rod to the maximum heat flux in
the bundles. If all the rods carry the same heat flux, D,"=D,;

and

A=64. O4Dhel.058 (GXlO’s) 0.511
B=0.204D,.'-?"" (Gx10-6) 0-872
C=6O . 41Dhe2.241 (leo-6) 0.388

All parameters above are in British units.
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4.5.3 Subchannel Method

Subchannel analysis is a pragmatic method to predict flow
behavior and thermal performance inside of a rod bundle. Especially
in two-phase flow conditions, conservation equations of mass,
energy and momentum are written one-dimensionally on a subchannel
base taking account of crossflows between the neighboring

subchannels.

Subchannel analysis dates back to the late 1950s, as stated by
Shiralkar et al. (1992), The first generation of computer codes
based on this concept include COBRA, HAMBO and MIXER. These are
based on the mixture equations for two-phase flow with allowance
for phase slip, which represented the state of the art at the time.
The largest uncertainty in these models is the interaction between
the subchannels caused by pressure difference across the Cross

section and by turbulent mixing across the gaps between rods.

Methods for two-phase flow analysis improved further in the
seventies and eighties, primarily due to the advances being made in
safety analysis. Two fluid models were developed and considerable
effort was expended in modeling of the interfacial shear and heat
transfer for the various flow regimes. The THERMIT code was perhaps
the first to embody a full two-fluid model for subchannel analysis.
The current trend is towards multi-field modeling of the continuous
and dispersed phases, with further refinement of the basic two-

phase flow models.
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The two-fluid model has been extended to encompass multiple
fields. In general, this means separate representation of the
continuous and dispersed fields. In the annular flow regime, the
liquid film, vapor and droplets are each represented by a set of
conservation equations. In subcooled boiling, there 1is a
superheated liquid layer which generates saturated vapor bubbles at
the heated surface, while the bulk liquid is subcooled. It is
customary to account for the superheated liquid through an energy
partition model for the wall heat flux, rather than as a separate
field. In the bubbly flow regime, the two sets of conservation
equations for the liquid degenerate into one set present the
continuous bulk liquid, and the vapor bubble present the dispersed

field.

The advent of three-field modeling has raised a question about
the optimum geometrical representation of the subchannels. The
conventional flow centered subchannels (Figure 4.2) are best suited
for the liquid continuous regime in the first part of the bundle.
However, in the annular flow regime the rod centered subchannels
have some advantages for keeping track of the liquid films around
the rod. The main disadvantage of this scheme is that there is no
data on turbulent mixing transfer across the large subchannel
boundaries. Lines of zero shear have to be assumed as the bounding
surfaces. Moreover, while deposition of droplets is based on the
region surrounding the rod, the entrainment rates could be
different on different sides of the rod if the velocity 1is
different. On the other hand, in a conventional subchannel, the
different surfaces within a subchannel could have very different

rates of heat generation and surface characteristics, and using a
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single average film is not appropriate. Thus it is important to
individually model each film as a separate field. Examples of such

multi-field analytical models are the FIDAS, MULTI, COBRAG and

ASSERT codes.

4.5.4 CHF Models

The first successful attempt to extend dryout modeling to rod
bundles is credited to Whalley (1978). The approach is basically
the same as that used for a round tube, but the mass balance
accounts for (a) turbulent two-phase mixing between adjacent
subchannels and (b) transfer of entrained 1liquid between
subchannels by cross flow.

The equation then are

dW n n w n W
LEi _ _ _ LE: LE
dz -SSI(Ei Dl) +Z kcijsFij(C/ Cl)nji +E au W JGjrnji +2 bq w IJG/injl (41 1)
J=1 =1 G AL G
turbulent mixing Transfer of entrained liquid between

between subchannels subchannels due to gas crossflow

the deposition rate D; can be written as

Di=kici

the entrainment rate E; can be written as

Ei=kicsi
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Whalley uses rod-centered subchannels (Figure 4.8). This has
the advantage of allowing the liquid film around each rod to be
treated individually. This channel arrangement is particularly

adaptable to triangular-pitch lattices.

Lim and Weisman (1988) also used conventional sub-channels,
which they argue are more appropriate than rod-centered channels,
for boiling reactors having a square rod array. Their approach may
be understood by referring to Figure 4.9, which shows the
subchannels into which a typical rod bundle is divided. The solid
lines debark the regions in which the vapor mass fluxes and
concentration of droplets are considered to be uniform. The dotted
lines debark the subchannels in which entrainment deposition

calculations are carried out.

The calculations from the previous length step will have
provided: (a) the mass flux and quality of the vapor-droplet
mixture entering the segment and (b) the liquid film flow rates on
each of the rods facing the channel. The quality and mass flux at
the inlet to each of the four subchannels is set equal to the
channel values at the segment inlet. Mass balance equations are
then written for each of the subchannels to obtain the quality,
x(i, j), and liquid film mass flux at the subchannel exit, Gq(i,

j) . That is

G 70, Mhgle(i, )=x G, )=, /)(B2) .12)
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G, 5lis N-GLliy ) =34—(Az)P><i, N-EG, ) -@] 4.13)

hky b/ 4
where the superscript "“p” indicates the values from the previous
length step.
The deposition rate, D(i, j) is obtained from
D(i, j) = k C(i, 3J) (4.14)

While the entrainment rate, E(i, j) is obtained from

E(i, j) = kCeq(i, 3) (4.15)

4.6 Summary

In this chapter, the differences of the CHF mechanism between
annuli and bundles are discussed and the parametric effects on CHF
in bundles are presented. The CHF prediction methods are also

introduced. The three approaches for predicting CHF in bundles are:

i) Mixed flow correlation approach
ii) Sub-channel analyses

iii) Phenomenological analyses

The CHF prediction in bundles is very complex. The applicable
range of the mixed flow approach is narrow, while the sub-channel

and the phenomenological methods are difficult to use and time
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consuming. The need is obvious for a simple method, applicable to
a wide parametric range and with accurate prediction. The
development of such a new method to predict CHF in bundles using

the tube look-up table as a reference is given in the next chapter.
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Table 4.1: Summary of parametric effect on CHF in bundles

IL Parameters Observed Effect Physical Explanation I
] Pressure CHF is generally a When pressure decreases, the void fraction
decreasing function increases, the non-uniformity of flow in the
of pressure, but is not | bundle is enhanced. Also, droplets entrainment
as sensitive to is promoted due to the increased slip ratio.
pressure as in tubes. Therefore, the CHF is decreased. This decrease
offsets the increase in CHF observed in tubes.
Rogers (1970)

Mass flux CHF increases with The mass flux can influence the cross flow in
mass flux increases, | bundles, and higher mass flux leads to better
and is more sensitive | mixing and evens the enthalpy imbalance in
than in tubes. bundles, then the CHF will be increased.

Quality CHF is a deceasing There is a parasitic liquid film flowing on the
function of quality, unheated surface, which passby the liquid film
and is more sensitive | flow rate on heated surfaces in bundles. Then
than in tubes. the CHF in bundles is lower than that in tubes.

Geomewry | Unheated | CHF is lower in The deterioration of CHF in a subchannel

wall bundles than in containing the unheated wall is due to the
tubes, since there is existence of a thick, cold liquid film built up
an unheated wall. along an unheated surface which does not
contribute to the heat removal from the heating
surfaces.
Spacer The existence of Rod spacing devices can influence the CHF in
spacers can improve | rod bundles primarily by affecting phase
the CHF in bundles. distribution, such as film flow rate on unheated
surface, enthalpy and flow imbalance, entrained
liquid fraction, etc. Groeneveld (1980)

Flow transient The flow transient The liquid film is thinner at higher flow rate
can deteriorate the and thicker at low flow rate in bundles. When
CHF in bundles. flow rate decreases quickly during the flow

transient, the film thickness is still thin, then the
CHF occurs prematurely.
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Table 4.1 (concluded)

Parameters Observed Effect _ Physical Explanation
Radial heat flux CHF can be The CHF occurs in the subchannel which has
distribution increased by the the highest quality or enthalpy in bundles, it is
radial heat flux usually the inner subchannel, which has the
distribution lower flow rate and higher quality. The effect of
RFD can smooth the enthalpy among the
subchannels in bundles by reducing the heat
flux at the inner subchannel, and then, increase
L the CHF in bundles.
I Axial heat flux The axial heat flux The CHF occurs only when the quality reaches
distribution distribution has a the critical quality, the CHF usually occurs at
significant effect on | the exit of uniform axial heat flux distribution
the CHF, especially | bundles, where the enthalpy or quality is higher
on the location of than the previous section of the bundle, and the
CHF. CHF might occur at the middle of the bundle
where the critical quality is reached due to the
effect of axial heat flux distribution.
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Figure 4.1 Dryout phenomena and factors affecting CHF.
From Kitayama (1992).
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Figure 4.2 Subchannel arrangements. From
Shiralkar et al. (1992).

4-34



Critical Heat Flux, ¢

SPACER
LOCATIONS S~
WITHOUT SPACERS
LENGTH

Variation of thermal margin along bundle length.

Figure 4.3
From Shirlkar et al. (1992).
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Figure 4.5 Three types of crossflow between subchannels.
From Sato (1992).
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Figure 4.6 Cross section of the test section
used by Sato et al. (1992).
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Figure 48 Thirty-seven-rod bundle
used by Walley (1977).
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5. DEVELOPMENT OF A BUNDLE CHF CORRELATION
USING THE CHF LOOK-UP TABLE

5.1 General

This chapter uses observed trends and correction factors to
derive a new CHF correlation in bundles. Due to the 1lack of
reliable CHF experimental data in bundles with the same enthalpy
distribution coupled with the complexity of CHF phenomena in
general, the task of deriving an accurate CHF correlation for a

bundle is by no means easy.

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 other geometries are related to the
tube values by applying correction factors. The following general

form for the bundle CHF correlation is proposed:

CHFbun = CHFD_anixijkk"' (5 . l)

where k;, k; and k, are correction factors to account for specific
differences between the CHF occurrence in tubes and bundles.
Equation (5.1) will have the same parametric and asymptotic trends
as the CHF look-up table. This is the advantage of using this
approach rather than an empirical correlation, which frequently
gives the wrong asymptotic trends due to their limited range of
application. The correction factors are discussed in the sections

below.



5.2 CHF Data Base

To reveal the CHF characteristics in bundles and to develop a
new CHF prediction method, available CHF experimental data in
bundles with vertical upflow were collected and checked for
internal consistency. A data bank of 929 CHF points was created,
consisting of the water-CHF data of Owen et al. (1969), Bowditch et

al.(1972), Smyth et al.(1967), and Edwards et al. (1965).

The distributions of the data against some parameters are
shown in the histograms, i.e., Figures 5.1 to 5.3. The ranges of
flow parameters and geometric dimension of the bundle for each data
set are shown in Table 5.2, and the CHF experimental data are

tabulated in Appendix A.

Table 5.1 Comparison of the Selected Data

) Owen Bowditch | Smyth Edwards"
Subchannel arrangement Same Same Same Same "
Rod distribution Same Same Same Same
Element Spacing Same Same Same Same
Axial Heat Flux Distribution Same Same Same Same
Radial Heat Flux Distribution Same Same Same Same
Spacer Device Same Same Same Same
Bundle orientation Same Same Same Same
lCorrelatable Yes Yes Yes Yes

The enthalpy imbalance in the bundle plays a significant role

in the CHF prediction, and must be taken into account in the
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development of CHF correlation. Table 5.1 shows that the selected
data base have the same bundle geometry, power distribution,
spacing device and orientation, so they can be used as the data

base for the correlation development.

5.3 Parametric Effects on CHF

5.3.1 Effect of Pressure

The distribution of the available data with respect to
pressure (see Figure 5.1) shows that the majority of CHF
experiments were carried out at pressure of about 4.5 MPa, 5.8 MPa

and 7 MPa with some in a lower pressure range.

In round tubes, CHF is a decreasing function of pressure in
the range of interest here. In bundles, CHF generally decreases
with increasing pressure, but is not as sensitive to pressure as in
tubes and annuli. Some researchers have reported bundles which are
insensitive to pressure (see section 4.4.1). Then a correction
factor would be needed, since CHF from the lock-up tables is quite

sensitive to pressure.

5.3.2 Effect of Mass Flux

The distribution of the available CHF data with respect to
mass flux (see Figure 5.2) shows that the majority of CHF

experiments were carried out at lower mass fluxes (i.e., below 4
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Mg/m?s), with a gradually decreasing number of experiments in the

higher mass flux range.

The CHF is proportional to mass flux at low quality regime,
but is inversely proportional to mass flux at high quality regime
(see section 4.4.2). The CHF shows the same trend with mass flux
in the tube lookup table (Groeneveld, 1995). So the mass flux has

similar effect on CHF in bundles compared with in tubes.

5.3.3 Effect of Quality

The majority of bundle CHF data were obtained in the positive-
quality range, most of them are located between 0.2 - 0.6 (see

Figure 5.3).

It was found for a given data base that both the CHFpun.exp and
CHFpun.exp/ CHFp.y show a decreasing trend with the exit quality, x.
(compare Figures 5.4 and 5.5). The CHF also shows a decreasing
trend with the quality in the tube lookup table (Groeneveld, 1995)
for the same parameter range. Thus, it appears that the effect of

X. on CHF must be stronger in bundles than in tubes.

This may be due to a large parasitic liquid film flow on the
unheated surface, which decreases the film flow rate on the heated
surface and the total amount of liquid taking part in the heat
transfer in bundles. The values of the CHF in bundles and tubes are
closer to each other at the DNB-type condition (i.e., at low

qualities), where the unheated wall effect does not play a
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significant role. The enthalpy imbalance at high quality regime

also plays an important role.

5.3.4 Effect of Radial Heat Flux Distribution (RFD)

A set of selected data was used to verify the effect of radial
heat flux distribution on the CHF in bundles, by comparing the data
obtained in bundles having the same geometry and same pressure,
mass flux, and quality value with uniform and non-uniform radial
heat flux distributions. The CHF occurs in the “hottest”
subchannel, which usually is the inside subchannel in bundles with
uniform RFD, and outside subchannel with the non-uniform RFD. The
result suggests that the radial heat flux distribution has a
significant effect on CHF in bundles. The CHF in bundles which has
radial heat flux distribution is greater than those without it (see

Figure 5.6).

5.3.5 Effect of Spacer

The distance between elements in bundles is maintained by the

spacer, and the spacer has a pronounced effect on CHF in bundles.

The detail of the spacer effect can be seen in section 4.4.4.2.

5.4 CHF Prediction Methods

The geometry and special effects in bundles are very complex,
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these including equivalent diameter and element spacing effect,
cold wall effect, spacer effect, radial heat flux distribution
effect, etc. Some of the CHF correlations for bundles can be found
in the literature, but they can only be used for limited

conditions.

Ulrych (1985) showed in his paper that CHF lookup tables have
a much wider range of application not just for tubes. With the
proper choice of a characteristic diameter to replace the tube
diameter, the applicability of the tables can be extended to more
complex geometries. Mainly data from the open literature were used

for verification of his method.

The parametric and asymptotic trends of the Ulrych prediction
method were examined and its prediction was compared against the

CHF data bank to find out how good is this method.

5.4.1 Ulrych Method

For both Russian(1977) and Groeneveld(1983) CHF lookup tables
in tubes, in the diameter range of 4 mm < D < 8 mm, the critical
heat flux for diameters other than 8 mm may be obtained from the

table values CHF,., by

CHF = CHF,.," (8 / D)=. (5.2)

The Russian publication (1977) recommended n = 0.5 while

Groeneveld(1983) proposed n = 1/3, and Ulrych gave n = 0.404.
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The CHF table in tubes can be used for different geometries,
provided a proper selection of the equivalent diameter is made to

replace D in Equation(5.2).

The Ulrych prediction method was based on CHF data obtained in

bundles and covering the following ranges:

Pressure 30 to 196 bar

Mass velocity 500 to 5000 kg/m3s
Subcooling at CHF -75K to 0

Quality at CHF 0 to 100 %

Approximately 1600 CHF measurements were collected.

Ulrych concluded that, for equivalent hydraulic diameters
between 2.5 mm and 80 mm, the use of the diameter of second order

(see Figure 5.7) in bundles,

D, = d(2(t/4d) - 1) (5.3)
as the equivalent diameter gives a much better prediction than the
use of equivalent hydraulic diameter when using the CHF tables to

predict CHF in bundles. where t is the element spacing shown in

Figure 5.7.

5.4.2 Assessment of the Ulrych Method

To reveal the CHF trends predicted by the Ulrych method,
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calculation was performed and its results are shown in Table 5.3.
The Ulrych method shows correct parameter and asymptotic trends but
gives a considerable discrepancy compared with the experimental

data (see Figures 5.8 and 5.9).

5.4.3 Correlation Based on Observed Parametric Effects

Due to the poor accuracy exhibited by the Ulrych method, and
to ensure the correct trends, a new CHF correlation was developed
for bundles, using the §-mm tube CHF look-up table of Groeneveld et
al. (1995) as a reference in order to ensure the correct parametric

and asymptotic trends.

The examination of the CHF data for bundles (section 5.3)
showed that critical quality, cold wall, radial heat flux
distribution, and spacer have influence on the CHFpun exp Values.
Therefore, correction factors account for these effects were used

in the proposed correlation.

5.4.3.1 Correction factors

(1) Quality correction factor, k,

Figure 5.10 shows that as the quality increases the ratio
between the CHF in bundles and the corresponding value from the
AECL-UO CHF look-up table for an 8 mm tube decreases. The following

expression represents the quality correction factor:
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k, = 0.980371 - 3.41556x + 5.82044x% - 3.30131x? (5.4)
for x < 0.65
k, = 0.33 for x > 0.65

This equation was obtained with all the 929 data points from
the data base. The general decrease in CHF with quality may be
explained in terms of phase distribution. In general, the ratio
CHFpun.exp/ CHFps 1S close to one for the very low quality and
subcooled region (where the bulk temperature is the most important
parameter and is relatively unaffected by the presence of an
unheated wall, the CHF is the DNB type in this region). This ratio
decreases gradually in the positive quality region (due to the
strong effect of the thicker liquid film on the unheated wall and
the enthalpy imbalance in subchannels, and the CHF is entrainment
controlled) and the ratio is least for the high quality region
where the CHF is deposition controlled (in this region, the
presence of the liquid located on the unheated surface is felt most

severely and has the greatest detrimental effect on CHF).

(ii) Spacer correction factor, Kep

Many types of grid spacers have been used in bundles to
maintain the rod-to-rod spacing, and some are designed to promote
the mixing of coolant and enhance heat transfer. Lin et al. (1992)
suggested that for a uniform axial heat flux with a larger grid
spacer loss coefficient, the following correlation is used for the

spacer effect in bundles:




Kep = 1 + 1.7923(G,/Dy,) "0-3962 (5.5)
where G; is the axial spacing of spacers, and equation(5.5) is
recommended by Lin et al. (1992) for PWR fuel bundle spacers and is

not really relevant for the bundles considered here.

(iii) Radial heat flux distribution and

cold wall correction factor, kg

The effect of cold wall plays a very important role in the CHF
phenomenon in bundles. Guide tubes or shroud tubes, which cannot
generate thermal energy in bundles, would decrease the CHF level
since coolant through cold walls will bypass the heated region and

cannot be used for heat transfer.

Becker et al. (1967, quoted by Atkinson, 1981 suggested that
the elements with depressed heat flux can be thought of as ‘partly
cold rods’, and can use the following correction factor to account

for its effect in bundles.

d /

. gl:(q, 9 e 5.6)
7d nd+D

where q;, and q,, are the heat flux on the ith element and the

maximum heat flux in the bundles, respectively, and D, is the

shroud diameter. Equation(5.6) for Krta, while allowing for radial

heat flux distribution in a crude way, ignores the effect of sub-
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channel enthalpy imbalance arising from difference sub-channel flow

geometries.

5.4.3.2 Correlation proposed

The following correlation is proposed for the prediction of

CHF in bundles:

CHFbun = CHFD-B.kp.kx'kSp.ktfd (5 .7 )

where:

- CHFp.s is the CHF for a tube with an ID of 8 mm, as predicted by
the tube CHF look-up table of Groeneveld et al. (1995), at given
pressure, mass flux, and critical quality.

- k, pressure correction factor,

kp=l.13474-2.2685x10'5'p (p in kPa)
- k. quality correction factor given by Eq. (5.4).
- kg spacer correction factor given by Eq. (5.5).

- Kira cold wall and RFD correction factor given by Eq. (5.6).

Noted that the CHF,,, is the bundle redial-average heat flux
and that the quality on which it is based is also the bundle

radial-average quality.

The above correlation has been created by all 929 experimental
data from the data base and found to have the correct parametric
and asymptotic trends (see Figures 5.8 and 5.9). The rms error of

929 experimental CHF data is 9% at constant inlet conditions, and
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20% at constant exit conditions. The rms error for each set of
experiment data is shown in Table 5.3. This equation is a
considerable improvement over the current use of tube CHF values.
More correction factors could be introduced to Eq. (5.7) to account
for other effects which are ignored in this work but could be
important in some cases (e.g., the outer clearance between bundle
and shroud tube, the horizontal orientation of bundle, D,, and the
axial heat flux distribution). Further improvement can be made in

the future, when additional experimental data become available.

Equation (5.7) can be used for vertical up flow in bundles
which has the similar geometry with the bundles used in this study

(shown in Table 5.2), and within the following parameter ranges:

p: 1.48 - 7.0  (MPa)
G: 0.267 - 4.11 (Mg/m2s)
X, 0.014 - 0.781

5.4.4 Application of the Proposed Correlation
5.4.4.1 General

Equation(5.7) is a local-condition type correlation, which is
based on the local (or cross sectional average) (Groeneveld, 1996)

enthalpy or quality at the CHF location, i.e.,

CHF = £(P, G, X, local geometry)
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Since in most cases, the CHF is a local phenomenon and is
relatively insensitive to the inlet condition, and it can be easily
modified to account for separate effects, such as the spacer, axial

heat flux distribution effects.

Groeneveld (1996) pointed out that “the critical heat flux
prediction methods based on local quality have two different

applications.

(i) When applied to determine the CHF margins, the CHF is
always evaluated based on given inlet conditions (as illustrated in
Figure 5.11); the margins or errors must be calculated based on the
‘constant inlet conditions approach’ or the ‘heat balance method’.
This thus corresponds to use the look-up table only for determining

the CHF vs. X relationship.

(ii) When applied in reactor safety analysis, the user
frequently compares the local heat flux with a predicted CHF based
on a local quality (‘direct substitution method’). If the heat flux
is greater than the CHF, an excursion into the post-CHF regime will
be encountered. The quality, heat flux and sheath temperature are
calculated values obtained from the safety code and will vary with

time, location and boundary conditions.

Hence this is really a special case of the heat balance
method, except here the heat balance method is more difficult to
apply because of the complex transients during a loss of coolant

accident (LOCA).
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In summary, the user would normally first calculate the
quality, via a heat balance method or a safety code, and

”
.

subsequently evaluate the CHF at this condition.

Note that Eq.(5.7) is based on the critical quality, x., which
is an average value over the whole flow area in bundles. However in
reality, the CHF occurs in the subchannel which has the highest
quality, the guality displacement or enthalpy imbalance should be
taken into account. The methods (Bobkov, 1993 and McPherson, 1971),
which account for the enthalpy imbalance, are described in sections

3.4.4 and 4.3, respectively.

5.4.4.2 Errors

Groeneveld (1996) suggested that the error must be based on
the parameters being kept constant in the experiment, i.e., the
inlet condition. The CHF quality is a calculated quality, based on

the measured CHF and hence cannot be predicted prior to the

experiment.

Groeneveld et al. (1986) have described two different methods
of predicting the CHF and their errors using the local-condition

type correlation:

(1) constant exit quality approach or the direct substitution

method, and

(ii) constant inlet conditions approach or the heat
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balance method.

Method (i) is applied when predicting CHF for a given system,
but the prior knowledge of the enthalpy or quality at CHF, which is

a dependent parameter, is required.

Method (ii) is applied when the exit quality is unknown or
assessing the error of a CHF prediction correlation. It needs to
find the CHF from the intersection of the CHF vs. X curve and

satisfying the heat balance.

A simple case of a uniformly heated bundle having fixed inlet
condition and operating at a given heat flux for the two above
methods is shown in Figure 5.11. It first shows that the CHF vs. X
curve in the bundle is obtained from the CHF vs. X. curve in the
tube by the correction factors and then shows how to determine the
two CHFs and their errors based on constant inlet and constant exit
conditions. The CHF, value is obtained at a constant quality (X=X,)
by method (i) but it does not satisfy the heat balance
relationship. CHF, is obtained by method (ii) from the intersection
of the CHF vs. X curve in the bundle and the heat balance line
(x=x,) . q, is the experimental data. The method (i) tends to give
a much higher prediction error than method (ii). The difference
depends on the slope of the CHF vs. X curve; it is least for a zero

slope and reaches a maximum for a steep negative slope.

Equation(5.7) was examined by the experimental data based on
both constant inlet condition and constant exit condition. The

results are shown in Table 5.3. Equation(5.7) gives not only a
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quite good CHF prediction in bundles but also correct parametric

and asymptotic trends (Figures 5.8 and 5.9).

5.5 Recommendation

A thorough analysis of the CHF prediction methods for bundles
given in the literature shows that these methods are not accurate.
They gives neither good prediction accuracy when applied to a large

CHF data base nor correct parametric and asymptotic trends.

The correlation developed during this study is superior. Note
that Eq.(5.7) exhibits correct asymptotic and parametric trends and
gives a good CHF prediction for parameters covered within the data

base.
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Table 5.2 CHF Data Base for Bundles

Owenetal. (1969) | Edwardsetal. (1965) | Smythetal (1967) | Bowdith etal. (1972)

* these values are not given by the experiment report.

~ approximately.
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P [MPa] 4.34-6.96 6.723 -6.929 3.38-6.79 1.48 - 6.88
G [Mg/m?s] 0.67-4.11 0.267 - 2.441 0.68-2.4 0.549 - 3.1
Xexit 0.181 -0.643 0.28 - 0.781 0.207 - 0.506 0.159 - 0.667
Shroud ID {m] 0.1306 0.1306 0.1289 0.1289
Element OD [m] 0.0159 0.0159 0.0159 0.0159
Equivalent wetted 0.01072 0.01071 0.01902 0.0101
diameter [m]
Equivalent heated 0.01346 0.01346 0.02681 0.0127
diameter [m}
Element spacing (t) 0.01908 0.01908 0.01908 0.01908
[mm]
Heated length 3.66 3.66 3.66 3.66
No. of elements 37 37 37 37
Perimeter heated [m] 1.7982 1.7982 1.5984 1.7982
Perimeter wetted [m] 2.2585 2.2585 2.2532 22532
Flow area [cm?] 60.49 60.49 57.03 57.03
Spacing devices Grids Grids Grids Grids
Grid spacing[mm)] 300* 300+ 300* 300*
kg ~0.6 ~0.6 ~0.6. ~0.6
Kep 1.5 1.5 1.5 1.5
Radial heat flux 1.00/0.662/0.566/0.0 1.00/0.648/0.565/0.0 | 1.00/0.639/0.557/0.0 1.00/0.66/0.60/0.0
distribution 1.00/0.639/0.640/0.0
1.00/0.656/0.568/0.0
1.00/0.660/0.571/0.0
1.00/0.656/0.568/0.0
Axial heat flux Uniform Uniform Uniform Uniform
distribution
No. of CHF 497 104 119 209




Table 5.3 Accuracy of CHF Prediction Method in Bundles

1
Avg.=—)Y E-100%
n

where an error, E,

. CHF,

red.

~CHF )

CHF

and

exp

Rms= ' 13 E100%
n

is defined as
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1| Error (%) Number
PaaBase | Comelation |/ Conditions | Exit Conditions e
Rms Rms
Owen et al. Eq. (5.7) 7 17 497
(1969) Ulrych 22 70
Bowdith et al. Eq. (5.7) 6 16 209
(1972) Ulrych 21 65
Smyth et al. Eq. (5.7) 6 17 119
(1967) Ulrych 38 110
Edwards et al. Eq. (5.7) 9 20 104
(1965) | Ulrych 35 100
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Figure 5.8 Comparison of Ulrych method and Eq.(5.7) with experimental data
for P=6.723 MPa, G=1.363 Mg/m3s
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6. CONCLUSIONS AND FINAIL REMARKS

An extensive review of CHF in tubes, annuli and bundles is
given in this study. The physical mechanisms of CHF were discussed
to better understand the CHF behavior in bundles, and also its
differences with tubes. The CHF value in a tube is always larger
than that of a bundle under normal condition due to the effects of

geometry and enthalpy imbalance.

The physical phenomena responsible for CHF in bundles are much
more complex. It 1is recognized that the following effects

distinguish CHF in bundles from tubes:

(i) equivalent diameters,

(11) cold wall,

(iii) element spacing (spacer),

(iv) pressure,

(V) quality,

(vi) radial and axial heat flux distributions, and

(Vii) enthalpy or quality imbalance.

The experimental CHF data, obtained in bundles, were collected
from the literature and wused as the basis for analysis. The tube
CHF look-up table (Groeneveld, 1995) was taken as the reference for
analysis and construction of a new CHF prediction method for
bundles. The prediction method uses the table CHF as a base with
correction factors obtained from observed bundle-specific effects.

The tube CHF lookup table is simple, accurate, and applicable to a
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very wide parameter range and gives correct parametric trends.

The new prediction method (Equatin (5.7), developed in this
study) predicts CHF in bundles with good accuracy. The rms error
is 9% for the constant inlet condition and 20% for the constant
exit condition, and it also shows correct parametric and
asymptotic trends. Equation (5.7) is based on the same enthalpy
imbalance and includes the effects of exit quality, spacer, cold
wall, and radial heat flux distribution, except the effects of
axial heat flux distribution and geometry. It is basically a

correction to the tube CHF look-up table.

Equation(5.7) is limited to the data range and the similar
geometry of the bundles used in this study. The ultimate goal is
to derive a new CHF prediction method which can be used in the
subchannel analysis (such as a rod-centered subchannel approach
where CHFy, (P, G, X.) =CHFp., (P, G, X." ), X =X_+A0X.), and general
analytical CHF prediction methods valid for different cases of CHF
occurrence, when more experimental data become available in the

future.
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APPENDIX A: Experimental CHF data in bundles

1.

Owen et al. (1969),

(1) .

RFD: 1.00/0.662/0.566/0.0

P (kPa) | G (kg/m?s) | Xc Xin CHF (w/m?) ]
6.72E+03 1.36E+03 4.13E-01 -5.10E-02 1.07E+06
6.72E+03 6.84E+02 6.10E-01 -1.00E-01 8.27E+05
6.72E+03 6.84E+02 6.43E-01 -7.51E-02 8.31E+0S
6.72E+03 1.36E+03 3.86E-01 -6.13E-02 1.03E+06
6.72E+03 1.36E+03 3.53E-01 -1.80E-01 1.24E+06
6.74E+03 1.37E+03 3.51E-01 -1.69E-01 1.21E+06
6.72E+03 2.04E+03 2.75E-01 -1.25E-01 1.38E+06
6.69E+03 2.04E+03 2.74E-01 -1.26E-01 1.38E+06
6.72E+03 2.72E+03 2.23E-01 -1.08E-01 1.53E+06
6.72E+03 2.72E+03 2.19E-01 -1.11E-01 1.52E+06
6.76E+03 3.40E+03 1.93E-01 -9.22E-02 1.64E+06
6.74E+03 3.40E+03 1.91E-01 -9.31E-02 1.64E+06
6.76E+03 1.36E+03 3.64E-01 -1.32E-01 1.14E+06
6.74E+03 2.04E+03 2.82E-01 -9.83E-02 1.31E+06
6.74E+03 2.04E+03 2.82E-01 -8.47E-02 1.20E+06
6.74E+03 2.72E+03 2.40E-01 -6.79E-02 1.42E+06
6.70E+03 2.72E+03 2.40E-01 | -6.32E-02 1.39E+06
6.74E+03 3.40E+03 2.04E-01 -6.17E-02 1.54E+06
6.72E+03 3.74E+03 "1.89E-01 -7.11E-02 1.65E+06
6.74E+03 2.04E+03 3.06E-01 -5.90E-02 1.26E+06
6.69E+03 2.04E+03 2.99E-01 -6.37E-02 1.25E+06
6.76E+03 1.36E+03 3.94E-01 -8.22E-02 1.10E+06
6.72E+03 1.37E+03 3.95E-01 -9.18E-02 1.13E+06
6.74E+03 1.36E+03 3.70E-01 | -1.44E-01 1.19E+06
6.72E+03 1.37E+03 3.76E-01 ~1.49E-01 1.22E+06
6.69E+03 2.04E+03 2.97E-01 ~-7.92E-02 1.30E+06
6.72E+03 2.72E+03 2.33E-01 | -9.09E-02 1.49E+06
6.72E+03 2.72E+03 2.33E-01 -9.09E-02 1.49E+06
6.72E+03 1.36E+03 3.74E-01 | -1.33E-01 1.17E+06
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Cont’d

IIEW_ g/m?s) Xc Xin
6.72E+03 2.04E+03 2.60E-01 | -1.54E-01 1.43E+06
6.74E+03 2.72E+03 2.48E-01 | -5.57E-02 1.39E+06
6.76E+03 2.72E+03 2.51E-01 | -5.89E-02 1.42E+06
6.76E+03 2.04E+03 3.12E-01 | -5.00E-02 1.25E+06
6.72E+03 6.99E+02 6.08E-01 | -1.68E-01 9.19E+05
6.72E+03 7.00E+02 6.01E-01 | -1.71E-01 9.16E+05
6.72E+03 6.89E+02 6.25E-01 | -1.16E-01 8.65E+05
6.72E+03 6.89E+02 6.21E-01 | -1.08E-01 8.49E+05
6.76E+03 6.85E+02 6.21E-01 | -1.52E-01 8.96E+05
6.72E+03 6.80E+02 6.31E-01 | -1.20E-01 8.64E+05
6.72E+03 6.84E+02 6.21E-01 | -9.38E-02 8.28E+05
6 .69E+03 6.85E+02 6.23E-01 | -9.71E-02 8.36E+05

,*6.74E+03 1.36E+03 3.02E-01 | -1.14E-01 1.14E+06

| 6.72E+03 6.80E+02 6.17E-01 | -1.31E-01 6.61E+05
6.72E+03 6.86E+02 6.14E-01 | -9.45E-02 8.23E+05
6.72E+03 6.89E+02 6.21E-01 | -9.43E-02 8.30E+05
6.72E+03 6.84E+02 6.27E-01 | -8.95E-02 8.20E+05
6.76E+03 6.81E+02 6.24E-01 | -7.73E-02 8.07E+05
6.76E+03 6.80E+02 6.11E-01 | -9.20E-02 8.36E+05
6.79E+03 6.7SE+02 6.15E-01 | -6.86E-02 8.08E+05
6.79E+03 6.75E+02 6.18E-01 | -6.86E-02 8.11E+05
5.76E+03 6.84E+02 6.11E-01 | -1.14E-01 8.75E+05
5.79E+03 6.84E+02 5.95E-01 | -1.35E-01 8.89E+05
5.76E+03 1.36E+03 3.57E-01 | -1.45E-01 1.21E+06
5.76E+03 1.36E+03 3.55E-01 | -1.48E-01 1.21E+06
5.72E+03 1.36E+03 3.73E-01 | -1.11E-01 1.17E+06
5.86E+03 1.36E+03 3.98E-01 | -6.80E-02 1.11E+06 ,
5.72E+03 1.36E+03 3.96E-01 | -6.27E-02 1.11E+06 |
5.76E+03 2.04E+03 2.91E-01 | -8.03E-02 1.34E+06
5.76E+03 2.04E+03 2.77E-01 | -1.15E-01 1.42E+06 ﬂ
5.76E+03 2.04E+03 2.66E-01 | -1.38E-01 1.46E+06
5.76E+03 1.37E+03 3.91E-01 | -1.09E-01 1.21E+06 ﬂ
5.76E+03 1.36E+03 3.82E-01 | -1.24E-01 1.22E+06 |
5.76E+03 2.04E+03 2.86E-01 [ -1.16E-01 1.45E+06 |
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Cont’d

Xin CHF (w/m?) ]
5.79E+03 2.04E+03 2.86E-01 | -1.13E-01 1.44E+06
5.79E+03 2.72E+03 2.36E-01 | -8.41E-02 1.53E+06 Jl
5.76E+03 2.72E+03 2.43E-01 | -7.07E-02 1.51E+06
5.76E+03 2.72E+03 2.51E-01 | -5.59E-02 1.47E+06
5.76E+03 2.72E+03 2.44E-01 | -6.20E-02 1.47E+06
5.86E+03 2.04E+03 3.03E-01 | -6.92E-02 1.33E+06
5.76E+03 2.03E+03 3.00E-01 | -7.71E-02 1.36E+06
5.72E+03 1.37E+03 3.80E-01 | -1.09E-01 1.19E+06
5.75E+03 1.36E+03 3.69E-01 | -1.40E-01 1.23E+06
5.76E+03 1.36E+03 3.65E-01 | -1.72E-01 1.30E+06
5.76E+03 1.36E+03 3.51E-01 | -1.99E-01 1.33E+06
5.76E+03 2.04E+03 2.59E-01 | -1.70E-01 1.55E+06
5.76E+03 2.04E+03 2.60E-01 | -1.67E-01 1.54E+06
5.76E+03 2.72E+03 2.49E-01 | -5.00E-02 1.43E+06
5.86E+03 2.72E+03 2.49E-01 | -5.68E-02 1.46E+06
6.76E+03 1.36E+03 3.99E-01 | -7.17E-02 1.08E+06
6.72E+03 2.72E+03 2.40E-01 | -8.00E-02 1.47E+06
6.76E+03 3.40E+03 2.03E-01 | -7.51E-02 1.60E+06
6.72E+03 3.40E+03 1.94E-01 | -9.55E-02 1.68E+06
6.72E+03 3.41E+03 2.14E-01 | -5.15E-02 1.53E+06
6.72E+03 3.40E+03 2.00E-01 | -8.75E-02 1.66E+06
6.72E+03 3.75E+03 1.95E-01 | -6.31E-02 1.64E+06
6.72E+03 3.75E+03 2.01E-01 | -5.65E-02 1.63E+06
6.72E+03 3.75E+03 1.90E-01 | -7.87E-02 1.71E+06
6.72E+03 4.09E+03 1.84E-01 | -5.72E-02 1.67E+06
6.69E+03 4.09E+03 1.87E-01 | -5.43E-02 1.68E+06
5.76E+03 4.09E+03 1.85E-01 | -4.81E-02 1.66E+06

| 5-76E+03 3.40E+03 2.11E-01 | -5.28E-02 1.59E+06

| 5.76E+03 3.40E+03 1.95E-01 | -7.97E-02 1.66E+06
5.79E+03 3.40E+03 1.99E-01 | -7.94E-02 1.67E+06
5.76E+03 2.72E+03 2.22E-01 | -1.26E-01 1.67E+06
5.76E+03 2.72E+03 2.24E-01 | -1.23E-01 1.67E+06
5.76E+03 2.72E+03 2.25E-01 | -1.10E-01 1.61E+06
h 5.76E+03 2.72E+03 2.34E-01 | -1.01E-01 1.61E+06




Cont’d

P _(kPa) G (kg/m2s) Xc Xin
I 5.76E+03 2.72E+03 2.34E-01 | -9.16E-02 1.60E+06
5.76E+03 3.74E+03 1.94E-01 | -5.79E-02 1.67E+06
5.76E+03 3.74E+03 1.93E-01 | -5.81E-02 1.66E+06
5.69E+03 3.74E+03 1.94E-01 | -4.96E-02 1.63E+06
5.76E+03 3.74E+03 2.00E-01 | -4.45E-02 1.61E+06
5.76E+03 3.74E+03 2.02E-01 | -4.30E-02 1.62E+06
5.76E+03 4.09E+03 1.92E-01 | -4.19E-02 1.69E+06
6.72E+03 4.11E+03 1.81E-01 | -6.53E-02 1.72E+06
6.72E+03 3.40E+03 2.08E-01 | -6.57E-02 1.59E+06
6.72E+03 3.41E+03 2.04E-01 | -7.22E-02 1.60E+06
4.38E+03 1.36E+03 3.73E-01 | -8.92E-02 1.19E+06
4.38E+03 1.36E+03 3.91E-01 | -5.20E-02 1.14E+06
4.38E+03 2.72E+03 2.32E-01 | -9.41E-02 1.67E+06
4.38E+03 2.72E+03 2.29E-01 | -9.44E-02 1.66E+06
4.38E+03 2.72E+03 2.35E-01 | -7.73E-02 1.60E+06
4.38E+03 6.75E+02 5.79E-01 | -1.28E-01 8.98E+05
4.38E+03 6.73E+02 5.75E-01 | -1.33E-01 8.98E+05
4.38E+03 1.37E+03 3.59E-01 | -1.29E-01 1.26E+06
4.38E+03 2.72E+03 2.39E-01 | -7.46E-02 1.61E+06
4.38E+03 6.85E+02 5.65E-01 | -1.91E-01 9.76E+05
4.41E+03 6.86E+02 5.68E-01 | -1.85E-01 9.74E+05
6.72E+03 3.40E+03 2.08E-01 | -5.63E-02 1.53E+06
6.72E+03 3.40E+03 2.10E-01 | -5.32E-02 1.52E+06
4 .38E+03 2.72E+03 2.47E-01 | -4.87E-02 1.51E+06
4.38E+03 2.73E+03 2.44E-01 | -5.27E-02 1.53E+06
4 .38E+03 2.04E+03 2.85E-01 | -7.72E-02 1.39E+06
4 .38E+03 2.03E+03 2.82E-01 | -8.76E-02 1.42E+06
4 .38E+03 2.04E+03 2.76E-01 | -1.24E-01 1.54E+06
4 .38E+03 2.04E+03 2.68E-01 | -1.30E-01 1.53E+06
4 .38E+03 2.04E+03 2.66E-01 | -1.32E-01 1.54E+06
4 .38E+03 2.04E+03 2.94E-01 | -5.56E-02 1.34E+06
4 .38E+03 1.36E+03 3.76E-01 | -8.25E-02 1.18E+06
4 .38E+03 1.37E+03 3.66E-01 | -1.15E-01 1.24E+06
4 .38E+03 1.36E+03 3.48E-01 | -1.63E-01 1.31E+06
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Cont’d

| P_(kPa) |G (kg/m?s) Xc Xin
5.76E+03 2.72E+03 2.29E-01 -8.32E-02 1.50E+06
5.76E+03 2.72E+03 2.25E-01 -1.04E-01 1.59E+06
5.76E+03 2.72E+03 2.21E-01 -1.15E-01 1.62E+06
4.38E+03 1.36E+03 3.73E-01 -1.27E-01 1.2BE+06
4 .38E+03 2.04E+03 2.93E-01 -1.01E-01 1.51E+06
4.40E+03 2.04E+03 2.94E-01 -8.40E-02 1.45E+06
4.38E+03 2.04E+03 3.07E-01 -5.62E-02 1.39E+06
4.38E+03 2.04E+03 3.19E-01 -3.98E-02 1.38E+06
4.38E+03 2.72E+03 2.53E-01 -5.03E-02 1.55E+06
4.38E+03 2.72E+03 2.58E-01 -4 .21E-02 1.54E+06
4 .38E+03 2.72E+03 2.48E-01 -6.79E-02 1.60E+06
4.38E+03 2.71E+03 2.43E-01 -8.13E-02 1.65E+06
4.38E+03 2.72E+03 2.37E-01 -9.06E-02 1.68E+06
4.38E+03 2.04E+03 2.81E-01 -1.28E-01 1.58E+06
5.76E+03 2.04E+03 2.80E-01 -1.37E-01 1.51E+06
5.76E+03 2.04E+03 2.99E-01 -7.93E-02 1.37E+06
4.38E+03 6.78E+02 5.61E-01 -1.34E-01 8.88E+05
4 .38E+03 6.71E+02 5.73E-01 -1.10E-01 8.63E+05
4 .38BE+03 6.70E+02 5.85E-01 -1.02E-01 8.67E+05
4 .38E+03 6.78E+02 5.93E-01 -8.12E-02 8.58E+05
4.38E+03 6.82E+02 5.94E-01 -4 .56E-02 8.20E+05
4.38E+03 6.81E+02 5.96E-01 -4 .67E-02 8.23E+05
4.38E+03 6.81E+02 5.53E-01 -1.65E-01 9.20E+05
4.38E+03 6.85E+02 5.50E-01 -1.89E-01 9.54E+05
5.76E+03 3.40E+03 2.04E-01 -7.54E-02 1.68E+06
5.80E+03 3.40E+03 2.06E-01 -6.26E-02 1.61E+06
5.78E+03 3.40E+03 2.12E-01 -4 .98E-02 1.58E+06
5.76E+03 3.40E+03 1.94E-01 -9.32E-02 1.73E+06
5.78E+03 3.40E+03 1.97E-01 -8.67E-02 1.71E+06
5.76E+03 2.04E+03 2.89E-01 -1.15E-01 1.46E+06
5.76E+03 2.04E+03 2.93E-01 -1.06E-01 1.45E+06
5.76E+03 2.04E+03 2.94E-01 -9.91E-02 1.42E+06
5.76E+03 2.03E+03 3.14E-01 -5.64E-02 1.33E+06
5.76E+03 2.72E+03 2.36E-01 -8.02E-02 1.52E+06




Concluded

P (kPa) |G (kg/m?s) | Xc [ Xin | CHF (w/m?) |

4.38E+03 6.80E+02 5.72E-01 -8.31E-02 8.36E+05

4.38E+03 6.89E+02 5.61E-01 -7.59E-02 8.24E+05 "
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2.

Owen et al. (1969),

(2).

RFD: 1.00/0.639/0.640/0.0

AFD: consine
P _(kPa) |G (kg/m?s)] Xc CHF (w/m?2)
5.76E+03 | 6.80E+02 |5.61E-01 [ -1.46E-01 | 5.66E+05
5.76E+03 | 6.77E+02 |5.64E-01 | -1.41E-01 | 5.70E+05
5.78E+03 | 1.36E+03 [2.28E-01 | -1.33E-01 | 1.18E+06
5.79E+03 [ 2.04E+03 |2.44E-01 | -1.07E-01 | 1.31E+06
5.76E+03 | 6.84E+02 [5.52E-01 | -1.08E-01 | 5.23E+05
5.76E+03 | 6.80E+02 [5.61E-01 [ -1.02E-01 | 5.20E+05
5.77E+03 | 6.85E+02 [2.61E-01 | -1.13E-01 | 5.43E+05
5.76E+03 | 6.86E+02 |5.60E-01 [ -1.29E-01 | 5.56E+05
5.76E+03 | 6.81E+02 |5.52E-01 [ -1.61E-01 | 5.71E+05
5.76E+03 | 6.82E+02 |5.53E-01 [ -1.67E-01 | 5.80E+05
5.76E+03 | 1.35E+03 |3.38E-01 [ -1.06E-01 | 1.10E+06
5.76E+03 | 1.36E+03 [3.12E-01 [ -1.66E-01 | 1.20E+06
5.76E+03 | 1.36E+03 [3.12E-01 | -1.58E-01 | 1.17E+06
5.74E+03 | 1.36E+03 [3.28E-01 | -1.37E-01 | 1.14E+06
5.79E+03 | 1.36E+03 |3.28E-01 [ -1.22E-01 | 1.12E+06
5.78E+03 | 1.36E+03 |3.48E-01 | -5.29E-02 | 1.08E+06
5.76E+03 | 1.36E+03 |3.59E-01 | -5.79E-02 | 1.04E+06
5.79E+03 | 2.04E+03 [2.69E-01 | -4.41E-02 | 1.17E+06 l
5.79E+03 | 2.04E+03 [2.62E-01] -5.91E-02 | 1.20E+06 ||
5.79E+03 | 2.04E+03 [2.53E-01 | -7.68E-02 | 1.23E+06
5.79E+03 | 2.04E+03 [2.44E-01 | -9.90E-02 | 1.28E+06 "
5.77E+03 | 2.04E+03 [2.36E-01 [ -1.22E-01 | 1.34E+06
5.76E+03 | 2.04E+03 |2.26E-01 | -1.46E-01 | 1.40E+06 "
5.79E+03 | 2.04E+03 |2.15E-01 [ -1.72E-01 | 1.46E+06
5.76E+03 | 1.36E+03 | 3.24E-01 | -1.24E-01 | 1.12E+06
5.76E+03 | 2.72E+03 | 1.96E-01 | -1.07E-01 | 1.52E+06
5.76E+03 | 2.72E+03 [2.01E-01 | -9.51E-02 | 1.48E+06
5.79E+03 | 2.72E+03 [2.10E-01 | -8.17E-02 | 1.45E+06
5.76E+03 | 3.41E+03 |2.09E-01 | -5.18E-02 | 1.35E+06
5.76E+03 | 3.41E+03 |1.87E-01 | -5.33E-02 | 1.76E+06




Cont’d

| P _(kPa) JG (kg/m?s) Xc Xin [ CHF (w/m?) |
5.76E+03 | 2.72E+03 | 2.15E-01 | -6.56E-02 | 1.42E+06
f5.76E+03 [ 2.72E+03 |2.19E-01 | -4.76E-02 1.54E+06
[5.74E+03 | 3.06E+03 |1.39E-01 | -4.96E-02 1.85E+06
[5.-76E+03 | 3.06E+03 | 1.89E-01 | -5.12E-02 | 1.83E+06 |
5.76E+03 | 3.06E+03 |1.78E-01 | -6.31E-02 | 1.87E+06
5.76E+03 | 3.06E+03 |1.65E-01 | -8.39E-02 | 1.93E+06
5.76E+03 | 3.06E+03 [1.82E-01| -4.71E-02 | 1.78E+06
5.79E+03 | 3.06E+03 |1.84E-01 | -4.96E-02 | 1.81E+06
5.76E+03 | 3.40E+03 |1.84E-01| -3.64E-02 | 1.90E+06
H5.72E+03 | 6.85E+02 | 5.18E-01 | -6.27E-02 | 7.30E+05
f5.79E+03 | 6.82E+02 | 5.22E-01 | -5.36E-02 | 7.16E+05
u5.763+03 6.81E+02 |5.21E-01 | -4.05E-02 | 6.99E+05
5.76E+03 | 1.36E+03 | 3.46E-01| -5.98E-02 | 1.02E+06
5.72E+03 | 1.36E+03 | 3.56E-01 | -4.08E-02 | 9.89E+05
5.76E+03 | 1.35E+03 |3.62E-01 | -2.99E-02 | 9.70E+05
5.76E+03 | 1.35E+03 |3.64E-01| -3.11E-02 | 9.79E+05
5.76E+03 | 2.03E+03 | 2.64E-01 | -5.76E-02 | 1.20E+06
5.81E+03 | 2.04E+03 |2.59E-01 | -4.02E-02 | 1.31E+06
S5.75E+03 | 2.72E+03 |2.11E-01 | -5.98E-02 | 1.58E+06
5.65E+03 | 2.72E+03 | 2.04E-01 | -3.92E-02 | 1.68E+06
5.77E+03 | 3.40E+03 |[1.79E-01| -4.02E-02 | 1.89E+06
6.72E+03 | 1.37E+03 |3.17E-01 | -8.88E-02 | 9.72E+05
6.72E+03 | 1.36E+03 |3.14E-01 | -4.91E-02 | 1.02E+06
6.72E+03 | 1.36E+03 |3.31E-01| -2.78E-02 | 1.01E+06
6.72E+03 | 1.36E+03 |3.42E-01 | -1.43E-02 | 9.94E+05
6.72E+03 | 1.36E+03 |3.36E-01 | -1.15E-01 | 8.88E+05
6.72E+03 | 1.36E+03 |3.17E-01| -1.53E-01 | 7.22E+05
6.74E+03 | 1.36E+03 |3.09E-01| -1.20E-01 | 1.02E+06
6.72E+03 | 6.75E+02 |5.09E-01| -1.07E-01 | 7.29E+05
6.76E+03 | 6.85E+02 |4.99E-01 [ -1.57E-01 | 7.80E+05
6.74E+03 | 6.89E+02 |5.15E-01| -7.16E-02 | 7.06E+05
6.72E+03 | 6.85E+02 |5.21E-01| -5.50E-02 | 6.90E+05
6.69E+03 | 6.82E+02 |5.29E-01 | -3.45E-02 | 6.73E+05
6.72E+03 | 2.04E+03 [ 2.43E-01 | -9.18E-02 | 1.20E+06




Cont’d

| P_(kPa) |G (kg/m?s) Xc CHF (w/m?)
6.76E+03 | 2.02E+03 |2.75E-01 | -3.86E-02 | 1.11E+06
6.70E+03 | 2.04E+03 |2.59E-01 | -3.34E-02 | 1.22E+06
6.70E+03 | 2.03E+03 [2.67E-01 [ -2.19E-02 | 1.20E+06
6.69E+03 | 2.04E+03 |2.54E-01 [ -7.31E-02 | 1.17E+06
6.74E+03 | 2.03E+03 |2.35E-01 [ -1.15E-01 | 1.25E+06
6.72E+03 | 2.04E+03 [2.00E-01 | -1.74E-01 | 1.34E+06
6.72E+03 | 2.04E+03 |2.07E-01 | -1.62E-01 | 1.32E+06
6.72E+03 | 2.72E+03 [1.80E-01 [ -1.34E-01 | 1.50E+06 |
6.76E+03 | 2.72E+03 [1.81E-01 | -1.32E-01 | 1.48E+06
6.72E+03 | 2.72E+03 |1.98E-01 | -1.01E-01 | 1.43E+06
6.72E+03 | 2.72E+03 |2.08E-01 | -8.11E-02 | 1.37E+06
6.76E+03 | 2.72E+03 [2.10E-01 | -5.67E-02 | 1.49E+06
6.69E+03 | 2.73E+03 [2.05E-01 | -3.79E-02 | 1.40E+06
6.72E+03 | 2.72E+03 |2.06E-01 | -2.61E-02 | 1.53E+06
6.72E+03 | 3.40E+03 |2.07E-01 | -2.71E-02 | 1.41E+06
6.76E+03 | 3.40E+03 |2.10E-01 | -2.52E-02 | 1.40E+06
6.70E+03 | 3.40E+03 |2.02E-01 | -4.29E-02 | 1.49E+06
6.72E+03 | 3.40E+03 |1.78E-01 | -6.47E-02 | 1.70E+06
6.69E+03 | 3.06E+03 |1.87E-01 | -8.53E-02 | 1.46E+06
6.69E+03 | 3.06E+03 |1.84E-01 | -7.09E-02 | 1.62E+06
6.76E+03 | 3.07E+03 |2.02E-01 | -6.07E-02 | 1.41E+06
6.72E+03 | 3.06E+03 |2.01E-01 | -4.32E-02 | 1.53E+06
6.72E+03 | 3.06E+03 |2.06E-01 | -3.52E-02 | 1.51E+06
6.69E+03 | 3.05E+03 [2.31E-01 | -1.56E-02 | 1.32E+06 |
6.69E+03 | 3.06E+03 [1.84E-01| -9.90E-02 | 1.52E+06 |
5.76E+03 | 1.37E+03 |2.92E-01 | -1.52E-01 | 1.11E+06 |
5.76E+03 | 3.06E+03 [2.04E-01 | -7.49E-02 | 1.60E+06 |
4.38E+03 | 3.06E+03 [1.98E-01 | -5.46E-02 | 1.50E+06
4.41E+03 | 3.06E+03 [1.92E-01 | -6.69E-02 | 1.54E+06
4.38E+03 | 3.06E+03 [ 1.89E-01 | -6.96E-02 | 1.54E+06
4.38E+03 | 3.06E+03 |1.99E-01 | -5.20E-02 | 1.49E+06
4.38E+03 | 3.06E+03 [2.03E-01 | -4.65E-02 | 1.48E+06
4.41E+03 | 3.06E+03 | 2.06E-01 [ -3.86E-02 | 1.45E+06 |
5.07E+03 | 3.06E+03 [2.07E-01 | -5.15E-02 [ 1.49E+06 |




Cont’d

[P (kPa) |G (kg/m:s)] XC Xin CHF (w/m2)
.07E+03 | 3.06E+03 | 2.0SE-01 | -5.98E-02 | 1.52E+06 |
.07E+03 | 3.07E+03 | 2.10E-01 | -4.69E-02 | 1.48E+06 |
.07E+03 | 3.06E+03 | 2.14E-01 | -3.70E-02 | 1.44E+06

[5.07E+03 | 3.06E+03 |2.14E-01 | -3.98E-02 | 1.46E+06

| 5.76E+03 | 3.06E+03 |2.09E-01 | -6.31E-02 | 1.52E+06

[5.76E+03 | 2.04E+03 [2.43E-01 | -9.34E-02 | 1.25E+06 I

[5.76E+03 | 1.36E+03 [3.34E-01| -6.34E-02 | 9.90E+05 |

| 5.79E+03 | 2.72E+03 [2.07E-01 | -8.78E-02 | 1.46E+06 |

4.38E+03 | 2.72E+03 | 2.06E-01| -6.76E-02 | 1.46E+06
4.38E+03 | 2.72E+03 | 2.11E-01 | -5.66E-02 | 1.41E+06
4.38E+03 | 2.72E+03 |1.76E-01 | -4.57E-02 | 1.83E+06
4.38E+03 | 2.72E+03 | 2.16E-01| -5.38E-02 | 1.42E+06
4.38E+03 | 2.72E+03 [ 1.98E-01| -8.63E-02 | 1.50E+06
4.38E+03 | 2.72E+03 | 2.04E-01| -7.30E-02 | 1.46E+06
4.41E+03 | 2.72E+03 | 2.00E-01 | -8.00E-02 | 1.47E+06
%6.7ZE+03 2.04E+03 | 2.21E-01| -1.28E-01 | 1.25E+06
6.72E+03 | 1.36E+03 | 3.05E-01 | -1.10E-01 | 9.91E+05
6.72E+03 | 1.36E+03 |3.21E-01 ] -7.93E-02 | 9.50E+05
S5.72E+03 | 1.36E+03 |[3.43E-01 | -4.58E-02 | 9.66E+05
 5.76E+03 | 1.36E+03 |[2.93E-01| -1.54E-01 | 1.11E+06
5.76E+03 | 2.04E+03 |2.20E-01| -1.42E-01 | 1.35E+06
6.72E+03 | 2.72E+03 [1.99E-01 | -1.09E-01 | 1.45E+06
5.76E+03 | 2.04E+03 |2.27E-01| -1.28E-01 | 1.32E+06
5.72E+03 | 2.04E+03 |2.34E-01| -1.10E-01 | 1.28E+06
5.76E+03 | 2.04E+03 | 2.63E-01| -4.76E-02 | 1.15E+06
5.76E+03 | 2.04E+03 |2.81E-01| -2.46E-02 | 1.13E+06
5.76E+03 | 2.04E+03 |2.42E-01| -9.07E-02 | 1.24E+06
5.76E+03 | 1.37E+03 |3.48E-01| -1.86E-02 | 9.14E+05
5.76E+03 | 1.36E+03 |3.60E-01| -3.84E-02 | 9.39E+05
5.76E+03 | 1.36E+03 |3.31E-01| -5.43E-02 | 9.57E+05
5.77E+03 | 1.36E+03 |3.24E-01| -8.21E-02 | 1.01E+06
5.76E+03 | 1.36E+03 |3.04E-01| -1.19E-01 | 1.06E+06
5.78E+03 | 1.36E+03 [2.89E-01 -1.65E-01 | 1.13E+06 |
4.38E+03 | 1.36E+03 |3.39E-01 | -3.23E-02 | 9.80E+05 |
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Concluded

| P (kPa) IG (kg/m?s)] Xc |  Xin | CHF (w/m?) ]
4.41E+03 | 1.37E+03 |3.15E-01| -7.47E-02 1.03E+06
4.37E+03 | 1.36E+03 |[3.30E-01] -5.12E-02 1.00E+06
4.45E+03 | 1.36E+03 |[3.26E-01| -5.72E-02 1.00E+06
4.41E+03 | 1.36E+03 | 3.04E-01 | -1.12E-01 1.10E+06
4.41E+03 | 1.36E+03 [ 3.14E-01| -9.54E-02 1.08E+06
4.39E+03 | 1.37E+03 | 3.15E-01| -8.46E-02 1.06E+06
4 .38E+03 | 2.04E+03 | 2.34E-01| -9.53E-02 1.31E+06
4.34E+03 | 2.04E+03 [ 2.35E-01| -9.37E-02 1.31E+06
4.39E+03 | 2.04E+03 | 3.35E-01] -1.20E-01 1.37E+06
4.38E+03 | 2.04E+03 [2.47E-01| -6.32E-02 1.23E+06
4.41E+03 | 2.04E+03 [2.43E-01| -7.55E-02 1.26E+06
4.38E+03 | 2.03E+03 | 2.59E-01| -4.15E-02 1.18E+06
+6.212+o3 3.06E+03 | 2.01E-01 | -7.13E-02 1.49E+06
l6.23E+03 [ 3.06E+03 | 2.11E-01| -5.98E-02 1.48E+06
l6.31E+03 [ 3.06E+03 | 2.18E-01 | -3.79E-02 1.39E+06
6.21E+03 | 3.06E+03 |1.82E-01]| -2.62E-02 1.79E+06
us.273+03 3.06E+03 | 1.86E-01| -2.08E-02 1.75E+06
IL6.26E+03 [ 3.06E+03 1.43E+06

1.97E-01 | -6.47E-02
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3.

RFD:

Owen et al. (1969),

(3).

1.00/0.660/0.571/0.0

2 _(xpa) JG (kg/mis) XC Xin

[ 5.76E+03 | 1.36E+03 | 3.94E-01 | -1.358.01 | 1 28E+06
5.76E+03 | 2.04E+03 | 3.02E-01 | -1.18E-01 | 1.52E+06
5.76E+03 | 2.72E+03 | 2.40E-01 | -1.08E-01 | 1.68E+06
5.76E+03 | 2.72E+03 | 2.54E-01 | -8.03E-02 | 1.61E+06
5.76E+03 | 2.72E+03 | 2.73E-01 | -4.90E-02 | 1.55E+06
5.76E+03 | 2.04E+03 | 3.29E-01 | -5.52E-02 | 1.36E+06
5.76E+03 | 1.36E+03 | 4.19E-01 | -6.78E-02 | 1.17E+06
5.76E+03 | 1.36E+03 | 4.41E-01 | -2.11E-02 | 1.11E+06
5.76E+03 | 1.36E+03 | 3.91E-01 | -1.38E-01 | 1.27E+06
5.76E+03 | 1.36E+03 | 4.01E-01 | -1.17E-01 | 1.25E+06
5.76E+03 | 1.37E+03 | 4.08E-01 | -8.97E-02 | 1.20E+06
5.76E+03 | 1.36E+03 | 4.15E-01 | -7.24E-02 | 1.17E+06
5.76E+03 | 1.36E+03 | 4.32E-01 | -3.37E-02 | 1.12E+06
5.76E+03 | 1.36E+03 | 4.40E-01 | -2.39E-02 | 1.12E+06
5.76E+03 | 2.04E+03 | 3.16E-01 | -6.75E-02 | 1.38E+06
5.79E+03 | 2.04E+03 | 3.12E-01 | -8.49E-02 | 1.43E+06
5.76E+03 | 2.05E+03 | 2.92E-01 | -1.15E-01 | 1.47E+06
5.76E+03 | 2.04E+03 | 2.78E-01 | -1.44E-01 | 1.52E+06
5.76E+03 | 2.04E+03 | 2.79E-01 | -1.40E-01 | 1.51E+06
5.76E+03 | 2.04E+03 | 3.28E-01 | -3.57E-02 | 1.31E+06
5.76E+03 | 2.04E+03 | 3.28E-01 | -5.28E-02 | 1.37E+06
5.76E+03 | 2.72E+03 | 2.54E-01 | -6.43E-02 | 1.53E+06
5.79E+03 | 2.72E+03 | 2.67E-01 | -3.56E-02 | 1.45E+06
5.79E+03 | 2.72E+03 | 2.56E-01 | -5.38E-02 | 1.49E+06
S5.76E+03 | 2.72E+03 | 2.48E-01 | -7.63E-02 | 1.55E+06
5.76E+03 | 2.72E+03 | 2.34E-01 | -9.97E-02 | 1.60E+06
5.76E+03 | 3.40E+03 | 2.18E-01 | -5.11E-02 | 1.62E+06
5.76E+03 | 3.41E+03 | 2.05E-01 | -8.37E-02 | 1.74E+06 ﬂ
5.76E+03 | 3.40E+03 | 2.09E-01 | -7.49E-02 | 1.71E+06 |
5.76E+03 | 3.40E+03 | 2.17E-01 | -5.96E-02 | 1.68E+06 |
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Cont’d

P (kPa)

G (kg7m’s) Xc | Xin CHF (wm

5.76E+03 | 3.40E+03 | 2.26E-01 | -3.90E-02 | 1.59E+06
5.76E+03 | 2.73E+03 | 2.26E-01 | -1.20E-01 | 1.67E+06
5.76E+03 | 2.04E+03 | 2.69E-01 | -1.57E-01 | 1.54E+06
5.76E+03 | 2.04E+03 [ 2.65E-01 | -1.59E-01 | 1.53E+06
5.76E+03 | 1.36E+03 | 3.65E-01 [ -1.70E-01 | 1.29E+06
5.76E+03 | 1.36E+03 | 3.69E-01 | -1.69E-01 | 1.30E+06
5.76E+03 | 1.36E+03 [ 3.85E-01 [ -1.52E-01 | 1.29E+06
5.76E+03 | 1.36E+03 [ 3.65E-01 | -1.83E-01 | 1.32E+06
5.79E+03 | 6.7SE+02 | 5.81E-01 [ -1.87E-01 | 9.14E+05
5.76E+03 | 6.78E+02 | 6.19E-01 | -7.19E-02 | 8.25E+05
5.76E+03 | 6.81E+02 | 6.11E-01 | -4.05E-02 | 7.81E+05
5.76E+03 | 6.75E+02 | 6.23E-01 | -6.26E-02 | 8.17E+05
5.76E+03 | 6.80E+02 | 6.10E-01 [ -9.54E-02 | 8.45E+05
5.76E+03 | 6.97E+02 | 5.97E-01 [ -1.18E-01 | 8.79E+05
5.76E+03 | 6.78E+02 | 5.91E-01 | -1.44E-01 | 8.78E+05
5.76E+03 | 6.86E+02 | 5.78E-01 | -1.23E-01 | 8.47E+05
5.76E+03 | 6.70E+02 | 5.72E-01 | -1.60E-01 | 8.67E+05
6.72E+03 | 1.36E+03 | 3.81E-01 | -1.55E-01 | 1.24E+06
6.72E+03 | 1.36E+03 | 3.83E-01 | -1.43E-01 | 1.21E+06
6.72E+03 | 2.04E+03 | 2.90E-01 | -1.08E-01 | 1.37E+06
6.72E+03 | 2.72E+03 | 2.40E-01 [ -7.98E-02 | 1.47E+06
6.72E+03 | 3.41E+03 | 2.04E-01 | -6.89E-02 | 1.50E+06
6.72E+03 | 1.36E+03 | 4.10E-01 | -5.41E-02 | 1.07E+06
6.72E+03 | 1.36E+03 | 4.26E-01 | -2.78E-02 | 1.04E+06
6.72E+03 | 1.36E+03 | 4.21E-01 | -3.44E-02 | 1.05E+06
6.72E+03 | 1.36E+03 [ 4.08E-01 | -7.89E-02 | 1.12E+06
6.72E+03 | 1.36E+03 | 3.84E-01 [ -1.09E-01 | 1.13E+06
6.72E+03 | 1.36E+03 | 3.82E-01 | -1.10E-01 | 1.14E+06
6.72E+03 | 1.36E+03 | 3.76E-01 | -1.36E-01 | 1.18E+06
6.72E+03 | 1.36E+03 | 3.57E-01 [ -1.73E-01 | 1.22E+06
6.72E+03 | 2.03E+03 | 2.76E-01 [ -1.31E-01 | 1.40E+06
|6-72E+03 | 2.04E+03 [ 2.66E-01 | -1.57E-01 | 1.46E<06 |
| 6-72E+03 | 2.04E+03 [ 3.00E-01 | -8.34E-02 | 1.32E+06 |
[ 6.72E+03 | 2.04E+03 [3.32E-01 | -2.21E-02 | 1.22E+06 |
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Cont’d

P (kPa) G (kg/m3s) Xc Xin
6.72E+03 2.04E+03 3.09E-01 -5.96E-02 1.27E+06
6.72E+03 2.04E+03 3.16E-01 -5.32E-02 1.27E+06
6.72E+03 2.72E+03 2.63E-01 -4.12E-02 1.40E+06
6.72E+03 2.72E+03 2.50E-01 -6.07E-02 1.43E+06
6.72E+03 2.72E+03 2.32E-01 -9.86E-02 1.52E+06
6.72E+03 2.72E+03 2.25E-01 -1.14E-01 1.56E+06
6.72E+03 2.72E+03 2.13E-01 -1.41E-01 1.64E+06
6.72E+03 3.41E+03 1.98E-01 -9.39E-02 1.68E+06
6.72E+03 3.41E+03 2.16E-01 -5.56E-02 1.56E+06
6.72E+03 3.40E+03 2.00E-01 -8.46E-02 1.64E+06
6.72E+03 3.41E+03 2.26E-01 -3.82E-02 1.52E+06
6.72E+03 3.41E+03 2.24E-01 -4 .45E-02 1.54E+06
6.72E+03 6.77E+02 6.26E-01 -5.41E-02 7.77E+05
6.72E+03 6.82E+02 6.08E-01 -8.14E-02 7.96E+05
6.72E+03 6.77E+02 5.98E-01 -1.13E-01 8.12E+05
6.72E+03 6.84E+02 6.00E-01 -1.43E-01 8 .58E+05
6.72E+03 6.88E+02 5.82E-01 -1.70E-01 8.74E+05
6.72E+03 6.80E+02 5.76E-01 -1.93E-01 8 .85E+05
6.72E+03 6.8CE+02 6.40E-01 -2.42E-02 7.61E+05
4 .38E+03 1.36E+03 4 .00E-01 -7.04E-02 1.20E+06
4 .38E+03 1.36E+03 4 .23E-01 -2.70E-02 1.14E+06
4 38E+03 1.36E+03 4.08E-01 -4.60E-02 1.16E+06
4 .38E+03 1.36E+03 3.80E-01 -1.01E-0Q1 1.23E+06
4 .37E+03 1.36E+03 3.63E-01 -1.23E-01 1.24E+06
4 .38E+03 2.04E+03 2.90E-01 -1.04E-01 1.51E+06
4 .38E+03 2.04E+03 2.94E-01 -8.65E-02 1.45E+06
4 .38E+03 2.04E+03 2.02E-01 -6.92E-02 1.42E+06
4 .38E+03 2.04E+03 3.08E-01 -4.48E-02 1.35E+06
4 .38E+03 2.72E+03 2.51E-01 -4.87E-02 1.52E+06
4 .38BE+03 2.72E+03 2.45E-01 -6.61E-02 1.58E+06
4 .38E+03 2.71E+03 2.38E-01 -8.50E-02 1.64E+06
4 . 38E+03 2.72E+03 2.56E-01 -3.91E-02 1.50E+06
4 .38E+03 2.04E+03 2.78E-01 -1.27E-01 1.55E+06
4 .38E+03 1.36E+03 3.56E-01 -1.58E-01 1.31E+06
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Concluded

[ _kPa) TG (kg/ms) Xin CHF (w/m?) ‘
b e wim )
.38E+03 .36E+03 57E-01 | -1.52E-01 { 1.30E+06

4 1 3.

4.41E+03 6.70E+02 5.37E-01 | -1.94E-01 9.17E+05

4.38E+03 6.78E+02 5.27E-01 | -1.79E-01 8.98E+05

4 .38E+03 6.80E+02 5.78E-01 | -8.62E-02 8.45E+05

4.38E+03 6.75E+02 5.75E-01 | -1.22E-01 8.81E+05

4 .38E+03 6.77E+02 5.69E-01 | -1.40E-01 8.99E+05
6

IS

.38E+03 6.84E+02 .15E-01 | -5.07E-02 8.50E+05
\———-—_—____*l
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4. Owen et al. (1969),

RFD:

(4) .

1.00/0.656/0.568/0.0

| P (kPa) 1G (kg/m?s) | Xc [  Xin | CHF (w/m?) |

6.72E+03 1.36E+03 | 3.95E-01 | -9.25E-02 1.13E+06
6.72E+03 1.36E+03 | 3.97E-01 | -7.58E-02 1.09E+06 |
6.76E+03 1.36E+03 | 4.00E-01 | -5.94E-02 1.06E+06 |
6.72E+03 1.36E+03 | 4.19E-01 | -2.25E-02 1.01E+06
6.72E+03 1.36E+03 | 3.89E-01 | -1.06E-01 1.15E+06
6.72E+03 1.36E+03 | 3.72E-01 | -1.41E-01 1.19E+06
6.72E+03 1.36E+03 | 3.64E-01 | -1.55E-01 1.20E+06
6.72E+03 1.36E+03 | 3.60E-01 | -1.77E-01 1.25E+06
6.72E+03 2.72E+03 | 2.44E-01 | -7.71E-02 1.48E+06
5.76E+03 1.36E+03 | 3.82E-01 | -1.48E-01 1.28E+06
6.72E+03 2.04E+03 | 2.70E-01 | -1.28E-01 1.38E+06
6.72E+03 2.72E+03 | 2.25E-01 | -1.01E-01 1.50E+06
6.72E+03 2.72E+03 | 2.50E-01 | -6.20E-02 1.44E+06
6.96E+03 2.69E+03 | 2.54E-01 | -4.42E-02 1.35E+06
"46.76E+03 2.72E+03 | 2.60E-01 | -3.04E-02 1.34E+06
6.72E+03 3.40E+03 | 2.05E-01 | -7.29E-02 1.61E+06
6.72E+03 3.40E+03 | 2.24E-01 | -3.85E-02 1.52E+06
6.72E+03 3.41E+03 | 2.12E-01 | -5.65E-02 1.56E+06
6.72E+03 1.36E+03 | 3.83E-01 | -1.20E-01 1.16E+06
6.72E+03 2.72E+03 | 2.17E-01 | -1.15E-01 1.54E+06
6.72E+03 2.72E+03 | 2.08E-01 | -1.44E-01 1.63E+06
6.76E+03 3.40E+03 | 1.94E-01 | -9.74E-02 1.68E+06
6.72E+03 3.40E+03 | 2.03E-01 | -7.56E-02 1.61E+06
6.72E+03 3.40E+03 | 1.96E-01 | -8.52E-02 1.63E+06
l 6.72E+03 3.41E+03 | 2.14E-01 | -4.71E-02 1.51E+06
6.72E+03 3.41E+03 | 2.16E-01 | -5.34E-02 1.56E+06
5.76E+03 1.36E+03 | 4.16E-01 | -6.99E-02 1.17E+06
5.76E+03 1.36E+03 | 4.22E-01 | -3.76E-02 1.11E+06
5.76E+03 1.36E+03 | 4.25E-01 | -2.25E-02 1.08E+06
5.76E+03 1.36E+03 | 4.07E-01 | -9.06E-02 1.20E+06
5.76E+03 1.36E+03 | 3.98E-01 | -1.16E-01 1.24E+06




Cont’d

[ P (kPa) [G (kg/m®s) |  Xc [ Xin | CHF (w/m?) |
5.76E+03 1.36E+03 3.85E-01 -1.41E-01 1.21E+06
5.76E+03 1.36E+03 3.76E-01 -1.60E-01 1.29E+06
5.76E+03 1.35E+03 3.76E-01 -1.81E-01 1.24E+06
4.38E+03 1.36E+03 3.74E-01 -1.55E-01 1.26E+06
4 .38E+03 1.36E+03 2.93E-01 -1.23E-01 1.33E+06
4.38E+03 1.36E+03 2.95E-01 -1.02E-01 1.28E+06
4 .38E+03 1.36E+03 4.08E-01 -7.06E-02 1.23E+0¢
4.38E+03 1.36E+03 4.17E-01 -4.63E-02 1.18E+06
4.38E+03 1.36E+03 4.18E-01 -2.47E-02 1.13E+06
6.72E+03 1.36E+03 3.72E-01 -1.53E-01 1.22E+06
6.72E+03 2.04E+03 2.80E-01 -1.17E-01 1.37E+06
6.72E+03 2.04E+03 2.61E-01 -1.50E-01 1.43E+06
6.72E+03 2.04E+03 2.57E-01 -1.64E-01 1.44E+06
6.72E+03 2.04E+03 2.93E-01 -8.89E-02 1.32E+06
6.71E+03 2.04E+03 3.03E-01 -5.37E-02 1.23E+06
6.72E+03 2.03E+03 3.14E-01 -3.33E-02 1.20E+06
6.72E+03 6.81E+02 5.84E-01 -1.37E-01 8.36E+05
6.72E+03 6.88E+02 5.75E-01 -1.68E-01 8.68E+05
6.72E+03 6.69E+02 5.83E-01 -1.96E-01 8.87E+05
6.72E+03 6.78E+02 5.85E-01 -1.12E-01 8.02E+05
6.76E+03 6.82E+02 6.02E-01 -8.52E-02 7.95E+05
6.74E+03 6.86E+02 5.87E-01 -5.14E-02 7.42E+05
5.76E+03 1.36E+03 4.07E-01 -4 .40E-02 1.09E+06
5.76E+03 1.36E+03 4.11E-01 -4 .09E-02 1.09E+06
5.76E+03 6.82E+02 6.05E-01 -1.04E-01 8 .55E+05
5.76E+03 6.78E+02 6.16E-01 -7.76E-02 8.32E+05
5.76E+03 6.74E+02 6.15E-01 -6.32E-02 8.09E+05
5.76E+03 6.73E+02 6.19E-01 -5.12E-02 7.97E+0S
5.76E+03 6.88E+02 6.15E-01 -1.33E-01 9.01E+05
5.77E+03 6.82E+02 5.84E-01 -1.63E-01 9.04E+05
5.76E+03 6 .85E+02 5.80E-01 -1.79E-01 9.22E+05
5.76E+03 2.72E+03 2.50E-01 -4 .16E-02 1.40E+06
5.79E+03 2.72E+03 2.42E-01 -6.39E-02 1.47E+06
5.76E+03 2.72E+03 2.44E-01 -5.79E-02 1.45E+06
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Cont’d

P (kPa) G _(kg/m2s) Xin CHF (w/m2)

[ 5.76E+03 | 2.72E+03 | 2.29E-01 | -8.32E-02 1.50E+06
5.76E+03 [ 2.72E+03 | 2.25E-01 | -1.04E-01 1.59E+06
5.76E+03 | 2.72E+03 | 2.21E-01 | -1.15E-01 1.62E+06
4.38E+03 | 1.36E+03 [ 3.73E-01 | -1.27E-01 1.28E+06
4.38E+03 | 2.04E+03 | 2.93E-01 | -1.01E-01 1.51E+06
4.40E+03 | 2.04E+03 | 2.94E-01 | -8.40E-02 1.45E+06
4.38E+03 | 2.04E+03 | 3.07E-01 | -5.62E-02 1.39E+06
4.38E+03 | 2.04E+03 | 3.19E-01 | -3.98E-02 1.38E+06
4.38E+03 | 2.72E+03 | 2.53E-01 | -5.03E-02 1.55E+06
4.38E+03 | 2.72E+03 | 2.58E-01 | -4.21E-02 1.54E+06
4.38E+03 | 2.72E+03 | 2.48E-01 | -6.79E-02 1.60E+06
4.38E+03 | 2.71E+03 | 2.43E-01 | -8.13E-02 1.65E+06
4.38E+03 | 2.72E+03 | 2.37E-01 | -9.06E-02 1.68E+06
4.38E+03 | 2.04E+03 [ 2.81E-01 | -1.28E-01 1.58E+06
5.76E+03 | 2.04E+03 | 2.80E-01 | -1.37E-01 1.51E+06
5.76E+03 | 2.04E+03 | 2.99E-01 | -7.93E-02 1.37E+06
4.38E+03 | 6.78E+02 | 5.61E-01 | -1.34E-01 8.88E+05
4.38E+03 | 6.71E+02 | 5.73E-01 | -1.10E-01 8.63E+05
4.38E+03 | 6.70E+02 | 5.85E-01 | -1.02E-01 8.67E+05
4.38E+03 | 6.78E+02 | 5.93E-01 | -8.12E-02 8.58E+05
4.38E+03 | 6.82E+02 | 5.94E-01 | -4.56E-02 8.20E+05
4.38E+03 | 6.81E+02 | 5.96E-01 | -4.67E-02 8.23E+05
4.38E+03 | 6.81E+02 | 5.53E-01 | -1.65E-01 9.20E+05
4.38E+03 | 6.85E+02 | 5.50E-01 | -1.89E-01 9.54E+05
5.76E+03 | 3.40E+03 | 2.04E-01 | -7.54E-02 1.68E+06
5.80E+03 | 3.40E+03 | 2.06E-01 | -6.26E-02 1.61E+06 |
5.78E+03 | 3.40E+03 | 2.12E-01 | -4.98E-02 1.58E+06 |
5.76E+03 | 3.40E+03 | 1.94E-01 | -9.32E-02 1.73E+06 |
5.78E+03 | 3.40E+03 | 1.97E-01 | -8.67E-02 1.71E+06 |
5.76E+03 | 2.04E+03 | 2.89E-01 | -1.15E-01 1.46E+06
5.76E+03 | 2.04E+03 | 2.93E-01 | -1.06E-01 1.45E+06
5.76E+03 | 2.04E+03 | 2.94E-01 | -9.91E-02 1.42E+06
5.76E+03 | 2.03E+03 | 3.14E-01 | -5.64E-02 1.33E+06
5.76E+03 | 2.72E+03 | 2.36E-01 | -8.02E-02 1.52E+06 ||
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Concluded

[ P (kPa) |G (kg/m?s) Xc Xin l
5.76E+03 1.36E+03 3.92E-01 -1.02E-01 1.19E+06
6.72E+03 2.04E+03 2.88E-01 -8.59E-02 1.30E+06
5.76E+03 2.04E+03 2.57E-01 -1.76E-01 1.57E+06
5.76E+03 2.72E+03 2.38E-01 ~-8.57E-02 1.56E+06
5.76E+03 2.72E+03 2.48E-01 -6.20E-02 1.49E+06
5.76E+03 3.40E+03 2.09E-01 ~-5.93E-02 1.62E+06
5.76E+03 2.72E+03 2.25E-01 -1.21E-01 1.67E+06
5.76E+03 2.04E+03 3.12E-01 -4 .61E-02 1.29E+06
5.76E+03 2.04E+03 2.57E-01 -1.66E-01 1.53E+06
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5. Bowdith et al. (1972).

RFD: 1.00/0.660/0.600/0.0

| P (kPa) G (kg/m2s) ] Xc [ Xin | CHF (w/m?)_

5.86E+03 | 1.37E+03 | 3.92E-01 | -3.22E-02 1.02E+06
| 5.86E+03 | 1.37E+03 [ 3.79E-01 | -4.11E-02 1.04E+06
5.86E+03 | 1.37E+03 | 3.79E-01 | -6.63E-02 1.08E+06
5.86E+03 | 1.37E+03 | 3.61E-01 | -1.09E-01 1.14E+06
5.86E+03 | 1.37E+03 | 3.54E-01 | -1.26E-01 1.16E+06
5.86E+03 | 2.05E+03 | 2.81E-01 | -4.96E-02 1.19E+06
5.86E+03 | 2.08E+03 | 2.63E-01 | -7.61E-02 1.23E+06
5.86E+03 | 2.08E+03 | 2.55E-01 | -9.14E-02 1.26E+06
5.86E+03 | 2.09E+03 | 2.42E-01 | -1.19E-01 1.31E+06
5.86E+03 | 2.75E+03 | 2.21E-01 | -5.61E-02 1.34E+06
5.86E+03 | 2.75E+03 | 2.05E-01 | -8.01E-02 1.38E+06
5.86E+03 | 2.75E+03 | 1.92E-01 | -9.95E-02 1.42E+06
5.86E+03 | 3.09E+03 | 1.78E-01 | -9.86E-02 1.49E+06
5.86E+03 | 3.09E+03 | 2.00E-01 | -6.26E-02 1.43E+06
5.86E+03 | 3.09E+03 | 2.02E-01 | -5.67E-02 1.41E+06
5.86E+03 | 3.09E+03 | 1.86E-01 | -7.95E-02 1.45E+06
5.86E+03 | 3.10E+03 | 1.72E-01 | -1.13E-01 1.56E+06
| 5.86E+03 | 2.724E+03 | 1.90E-01 | -1.15E-01 1.48E+06
[ 5.86E+03 | 2.74E+03 | 1.80E-01 | -1.27E-01 1.49E+06
5.86E+03 | 2.06E+03 | 2.20E-01 | -1.82E-01 1.47E+06
5.86E+03 | 2.06E+03 | 2.31E-01 | -1.58E-01 1.42E+06
5.86E+03 | 1.37E+03 | 3.37E-01 | -1.72E-01 1.24E+06
5.86E+03 | 1.04E+03 | 4.04E-01 | -1.91E-01 1.09E+06
5.86E+03 | 1.04E+03 | 4.19E-01 | -1.69E-01 1.08E+06
5.86E+03 | 1.04E+03 | 4.32E-01 | -1.34E-01 1.04E+06
6.83E+03 | 2.75E+03 | 1.74E-01 | -1.53E-01 1.52E+06
6.33E+03 | 3.09E+03 | 1.59E-01 | -1.40E-01 1.56E+06
6.82E+03 | 1.38E+03 | 2.95E-01 | -2.27E-01 1.22E+06
6.83E+03 | 1.38E+03 | 3.03E-01 | -2.11E-01 1.20E+06
6.83E+03 | 1.37E+03 | 3.13E-01 | -1.78E-01 1.14E+06 |
6.83E+03 | 1.37E+03 [ 3.29E-01 | -1.39E-01 1.09E+06 |
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Cont’d

lmc (kg/m?s) | Xc Xin CHE (w/m2) ]|

|6.85E+03 1.39E+03 | 3.79E-01 | -3.24E-02 9.50E+05
6.83E+03 | 1.37E+03 | 3.50E-01 | -9.04E-02 1.02E+06
6.83E+03 | 1.04E+03 | 4.52E-01 | -6.49E-02 9.06E+05
6.83E+03 | 1.04E+03 | 4.31E-01 | -1.08E-01 9.46E+05
6.83E+03 | 1.04E+03 | 4.16E-01 | -1.41E-01 9.78E+05
6.83E+03 | 1.04E+03 | 4.0S5E-01 | -1.64E-01 9.97E+05
6.83E+03 | 1.04E+03 | 3.80E-01 | -2.23E-01 1.06E+06
6.83E+03 | 1.04E+03 | 4.46E-01 | -7.80E-02 9.22E+05
6.83E+03 | 6.94E+02 | 5.91E-01 | -5.16E-02 7.53E+05
6.83E+03 | 6.92E+02 | 5.66E-01 | -1.19E-01 8.01E+05
6.83E+03 | 6.93E+02 | 5.31E-01 | -2.06E-01 8.65E+05
6.83E+03 | 5.50E+02 | 6.00E-01 | -2.44E-01 7.85E+05

| 6.83E+03 | 5.51E+02 | 6.23E-01 | -1.70E-01 7.39E+05

| 6.83E+03 | 5.51E+02 6.67E-01 | -4.25E-02 6.59E+05

 4.48E+03 | 2.75E+03 2.01E-01 | -7.74E-02 1.43E+06 "

| 4.48E+03 | 2.76E+03 | 2.08E-01 | -6.26E-02 1.40E+06
4.48E+03 | 2.7S5E+03 1.94E-01 | -9.21E-02 1.47E+06 |l
5.89E+03 | 1.04E+03 | 4.64E-01 | -6.15E-02 9.58E+05 |
5.86E+03 | 1.04E+03 | 4.75E-01 | -2.01E-02 9.02E+05
5.86E+03 | 1.04E+03 | 4.43E-01 | -1.04E-01 1.00E+06
5.86E+03 | 6.94E+02 | 5.35E-01 | -1.72E-01 8.66E+05
5.86E+03 | 6.90E+02 | 5.55E-01 | -1.41E-01 8.46E+05
5.86E+03 | 6.93E+02 | 5.65E-01 | -1.04E-01 8.16E+05
5.86E+03 | 6.92E+02 | S5.84E-01 | -5.76E-02 7.82E+05
5.86E+03 | 5.50E+02 | 6.58E-01 | -4.08E-02 6.76E+05
5.86E+03 | 5.56E+02 | 6.37E-01 | -7.18E-02 6.95E+05
5.86E+03 | 5.56E+02 | 6.13E-01 | -1.47E-01 7.44E+05
5.86E+03 | 5.51E+02 | 5.91E-01 | -2.07E-01 7.77E+05
S.86E+03 | 2.75E+03 | 2.08E-01 | -7.55E-02 1.37E+06
6.83E+03 | 2.75E+03 | 2.16E-01 | -7.21E-02 1.34E+06
6.83E+03 | 2.75E+03 | 2.23E-01 [ -5.16E-02 1.28E+06
6.83E+03 | 2.75E+03 | 2.05E-01 [ -8.98E-02 1.37E+06
6.79E+03 | 2.75E+03 | 1.87E-01 [ -1.16E-01 1.42E+06
6.79E+03 | 3.10E+03 | 1.77E-01 | -1.12E-01 1.52E+06
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Cont’d

P (kPa) G (kg/m2s)

Xc

Xin

6.83E+03 | 3.09E+03 | 1.91E-0l1 | -9.01E-02 1.47E+06
6.83E+03 | 3.09E+03 | 2.09E-01 | -5.19E-02 1.36E+06
6.83E+03 | 3.09E+03 | 2.00E-01 | -7.11E-02 1.42E+06
6.83E+03 | 2.06E+03 | 2.73E-01 | -6.09E-02 1.16E+06
6.83E+03 | 2.12E+03 | 2.49E-01 | -8.81E-02 1.21E+06
6.83E+03 | 2.06E+03 | 2.28E-01 | -1.40E-01 1.29E+06
6.83E+03 | 2.06E+03 | 2.18E-01 | -1.70E-01 1.36E+06
6.83E+03 | 2.06E+03 | 2.14E-01 | -1.79E-01 1.37E+06
6.81E+03 | 1.04E+03 | 5.03E-01 | -6.55E-02 9.97E+05
| 6.82E+03 | 1.37E+03 | 4.29E-01 | -4.01lE-C2 1.09E+06
[ 6.83E+03 | 2.05E+03 | 3.17E-01 | -6.69E-02 1.33E+06
6.84E+03 | 1.75E+03 | 2.65E-01 | -6.26E-02 1.53E+06
6.79E+03 | 3.10E+03 | 2.46E-01 | -6.34E-02 1.62E+06
6.83E+03 | 3.10E+03 | 2.38E-01 | -8.20E-02 1.68E+06
6.83E+03 | 2.75E+03 | 2.53E-01 | -9.65E-02 1.63E+06
6.83E+03 | 2.08E+03 | 2.98E-01 | -9.82E-02 1.38E+06
6.83E+03 | 1.38E+03 | 4.08E-01 | -7.25E-02 1.12E+06
6.83E+03 | 1.37E+03 | 4.00E-01 | -1.00E-01 1.16E+06
6.83E+03 | 1.37E+03 | 3.82E-01 | -1.32E-01 1.20E+06
6.84E+03 | 1.38E+03 | 3.68E-01 | -1.69E-01 1.25E+06
6.83E+03 | 2.06E+03 | 2.79E-01 | -1.26E-01 1.42E+06
| 6.83E+03 | 2706E+03 | 2.70E-01 | -1.54E-01 | 1.48E+06
[ 6-83E+03 | 2.75E+03 | 2.31E-01 | -1.23E-01 | 1.65E+06
| 6.83E+03 | 2.75E+03 | 2.37E-01 | -1.07E-01 1.60E+06
| 6-83E+03 | 2.75E+03 | 2.48E-01 | -9.238-02 1.58E+06
6.83E+03 | 2.75E+03 | 2.51E-01 | ~-7.67E-02 1.52E+06
6.83E+03 | 2.74E+03 | 2.70E-01 | -3.98E-02 1.44E+06
6.83E+03 | 3.09E+03 | 2.50E-01 | -4.38E-02 1.53E+06
6.83E+03 | 3.09E+03 | 2.50E-01 | -5.32E-02 1.58E+06
6.83E+03 | 2.08E+03 | 3.26E-01 | -3.47E-02 1.25E+06
6.83E+03 | 1.04E+03 | 5.14E-01 | -4.08E-02 9.72E+05
6.83E+03 | 1.04E+03 | 5.08E-01 | -6.72E-02 1.01E+06
6.83E+03 | 1.04E+03 | 4.89E-01 | -1.00E-01 1.04E+06
5.86E+03 | 1.37E+03 | 4.44E-01 | -3.38E-02 1.16E+06
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Cont’d

P_(kPa)

4 .48E+03 1.37E+03 4.41E-01 -4 .99E-02 1.26E+06
4 .52E+03 1.38E+03 4 .23E-01 -8.23E-02 1.30E+06
4.48E+03 1.37E+403 4.14E-01 -1.05E-01 1.33E+06
4 .48E+03 1.38E+03 4.00E-01 -1.45E-01 1.40E+06
4 .48E+03 2.06E+03 3.22E-01 -9.51E-02 1.62E+06
4.48E+03 2.06E+03 3.19E-01 -8.46E-02 1.56E+06
4.49E+03 2.06E+03 3.25E-01 -6.41E-02 1.50E+06
4 .48E+03 2.07E+03 3.12E-01 -1.05E-01 1.62E+06
4.48E+03 2.07E+03 3.19E-01 -1.03E-01 1.66E+06
4.48E+03 1.04E+03 5.12E-01 -2.56E-02 1.04E+06
4.48E+03 1.04E+03 5.06E-01 -5.56E-02 1.09E+06
4.48E+03 1.04E+03 4 .94E-01 -8.49E-02 1.12E+06
4.48E+03 1.04E+03 4.75E-01 -1.69E-01 1.25E+06
4.48E+03 1.04E+03 4.87E-01 -1.38E-01 1.22E+06
4.48E+03 6.89E+02 4.16E-01 -7.07E-02 8.85E+05
4.48E+03 6.91E+02 6.13E-01 -3.20E-02 8.33E+05
4.46E+03 6.93E+02 5.90E-01 -1.30E-01 9.34E+05
4.48E+03 6.89E+02 5.95E-01 -1.57E-01 9.69E+05
4.48E+03 5.50E+02 6.44E-01 -1.82E-01 8.51E+05
4.48E+03 5.48E+02 4.71E-01 -1.16E-01 8.04E+05
4.48E+03 5.49E+02 6.58E-01 -8.04E-02 7.56E+05
4.48E+03 5.47E+02 6.62E-01 -2.88E-02 7.07E+05
2.87E+03 5.48E+02 6.13E-01 -5.09E-02 7.34E+05
2.89E+03 5.52E+02 6.25E-01 -2.68E-02 7.24E+05
2.87E+03 5.49E+02 6.09E-01 -9.37E-02 7.77E+05
2.86E+03 5.49E+02 5.77E-01 -1.44E-01 7.99E+05
2.86E+03 6.08E+02 5.42E-01 -1.10E-01 9.05E+05
2.88E+03 6.90E+02 5.48E-01 -8.96E-02 8.87E+05
2.89E+03 6.90E+02 5.54E-01 -6.05E-02 8.53E+05
2.89E+03 6.92E+02 5.69E-01 -1.58E-02 8.14E+05
2.90E+03 1.04E+03 4.61E-01 -3.12E-02 1.03E+406
2.90E+03 1.04E+03 4 .52E-01 -5.20E-02 1.05E+06
2.86E+03 1.04E+03 4.45E-01 -7.23E-02 1.08E+06
2.86E+03 1.04E+03 4 .44E-01 -8.52E-02 1.11E+06
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Cont’d

[ (kPa) |G (kg/m®s) ] Xc |  Xin ] CHF (w/m?) ]
2.87E+03 | 1.04E+03 | 4.30E-01 | -1.44E-01 1.20E+06
2.86E+03 | 1.37E+03 3.87E-01 | -4.98E-02 1.21E+06
2.89E+03 | 1.38E+03 3.83E-01 | -7.84E-02 1.20E+06
2.88E+03 | 1.38E+03 | 3.76E-01 | -9.15E-02 1.30E+06
2.88E+03 | 1.38E+03 3.70E-01 | -1.16E-01 1.35E+06
2.92E+03 | 2.07E+03 | 2.86E-01 | -9.13E-02 1.57E+06
2.86E+03 | 2.07E+03 | 2.90E-0l1 | -6.66E-02 1.49E+06
2.86E+03 | 2.07E+03 2.75E-01 | -1.15E-01 1.63E+06
1.48E+03 { 6.91E+02 | 4.60E-01 | -1.11E-01 8.58E+05
1.48E+03 | 6.93E+02 | 4.49E-01 | -1.21E-01 8.60E+05
1.48E+03 | 6.93E+02 | 4.62E-01 | -8.40E-02 8.23E+05
1.48E+03 | 6.88E+02 | 4.90E-01 | -2.72E-02 7.73E+05
1.48E+03 | 1.04E+03 3.61E-01 | -5.14E-02 9.30E+05
1.48E+03 | 1.04E+03 3.52E-01 | -7.20E-02 9.55E+05
1.48E+03 | 1.04E+03 3.48E-01 | -9.25E-02 9.94E+05
1.48E+03 | 1.04E+03 3.39E-01 | -1.24E-01 1.05E+06
1.51E+03 | 1.38E+03 2.79E-01 | -1.17E-01 1.19E+06
1.50E+03 | 1.38E+03 2.81E-01 | -1.03E-01 1.15E+06 |
1.48E+03 | 1.38E+03 2.81E-01 | -9.16E-02 1.12E+06
1.50E+03 | 1.38E+03 2.85E-01 | -7.73E-02 1.08E+06
1.48E+03 | 1.38E+03 2.91E-01 | -6.57E-02 1.07E+06 "
1.51E+03 | 1.38E+03 2.88E-01 | -5.40E-02 1.03E+06
1.48E+03 | 5.52E+02 5.16E-01 | -7.67E-02 7.11E+05
1.48E+03 | 5.62E+02 5.42E-01 | -1.08E-02 6.74E+05
1.41E+03 | 5.54E+02 5.39E-01 | -4.28E-02 7.04E+05 |
1.48E+03 | 5.53E+02 5.41E-01 | -4.39E-02 7.04E+05
1.48E+03 | 5.49E+02 5.21E-01 | -1.19E-01 7.64E+05
5.86E+03 | 6.89E+02 6.22E-01 | -1.07E-01 8.85E+05
5.86E+03 | 6.89E+02 6.25E-01 | -9.10E-02 8.70E+05
5.86E+03 | 6.87E+02 6.31E-01 | -1.26E-01 9.16E+05
5.86E+03 | 6.93E+02 6.17E-01 | -1.54E-01 9.42E+05
5.86E+03 | 2.06E+03 2.91E-01 | -1.40E-01 1.51E+06
5.86E+03 | 2.07E+03 2.96E-01 | -1.24E-01 1.53E+06
5.86E+03 | 2.06E+03 | 3.17E-01 | -6.04E-02 1.37E+06 ||
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Cont’d

| P (kPa) |G (kg/m?s) | ~ Xc [  Xin |

| CHF (w/m?) |

S.86E+03 | 2.06E+03 | 3.03E-01 | -9.01E-02 1.43E+06
5.86E+03 | 6.89E+02 | 5.93E-01 | -1.94E-01 9.56E+05
5.86E+03 | 6.92E+02 | 5.83E-01 | -2.09E-01 9.66E+05
5.83E+03 | 6.87E+02 | 6.23E-01 | -1.18E-01 8.97E+05
5.86E+03 | 6.88E+02 | 6.02E-01 | -1.66E-01 9.31E+05
5.86E+03 | 2.75E+03 | 2.55E-01 | -6.72E-02 1.56E+06
5.86E+03 | 2.75E+03 | 2.64E-01 | -4.96E-02 1.52E+06
S.86E+03 | 2.76E+03 | 2.49E-01 | -7.80E-02 1.59E+06 |
S.86E+03 | 2.75E+03 | 2.51E-01 | -8.65E-02 1.64E+06
5.86E+03 | 3.09E+03 | 2.28E-01 | -7.28E-02 1.64E+06
5.86E+03 | 3.10E+03 | 2.38E-0l1 | -5.20E-02 1.58E+06
[ 5.86E+03 | 3.09E+03 | 2.22E-01 | -8.50E-02 1.67E+06
| 5.86E+03 | 2.75E+03 2.43E-01 | -9.68E-02 1.65E+06
| 6.83E+03 | 2.75E+03 | 2.60E-01 | -4.65E-02 1.42E+06
6.83E+03 | 2.75E+03 | 2.49E-01 | -6.88E-02 1.47E+06
6.83E+03 | 2.75E+03 | 2.47E-01 | -8.88E-02 1.56E+06
6.83E+03 | 2.75E+03 | 2.27E-01 | -1.19E-01 1.61E+06
f6.83E+o3 3.09E+03 | 2.26E-01 | -8.52E-02 1.63E+06
| 6-88E+03 | 3.09E+03 | 2.30E-01 | -6.71E-02 1.55E+06
| 6.83E+03 | 3.10E+03 | 2.38E-01 | -5.02E-02 1.51E+06
| 6-83E+03 | 3.09E+03 | 2.23E-01 | -7.77E-02 1.57E+06
| 6.83E+03 | 2.06E+03 3.15E-01 | -4.45E-02 1.25E+06
6.81E+03 | 2.06E+03 | 3.00E-01 | -7.73E-02 1.32E+06
6.83E+03 | 2.06E+03 | 2.87E-01 | -1.14E-01 1.39E+06
6.83E+03 | 2.06E+03 | 2.77E-01 | -1.56E-01 1.51E+06
6.83E+03 | 1.37E+03 | 3.67E-01 | -2.03E-01 1.33E+06
"46.83E+03 1.37E+03 | 3.75E-01 | -1.75E-01 1.28E+06
| 6.83E+03 | 1.37E+03 | 3.84E-01 | -1.47E-01 1.24E+06 |
| 6.83E+03 | 1.37E+03 | 3.87E-01 | -1.18E-01 1.17E+06
6.83E+03 | 1.37E+03 | 4.30E-01 | -2.55E-02 1.06E+06
6.83E+03 | 6.89E+02 | 6.19E-01 | -9.49E-02 8.29E+05
6.84E+03 | 6.87E+02 | 6.03E-01 | -1.36E-01 8.57E+05
6.83E+03 | 6.91E+02 | 5.77E-01 | -2.17E-01 9.28E+05
| 4.48E+03 | 6.99E402 | 5.70E-01 | -1.68E-01 9.66E+05
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Concluded

| P _(kPa) [G (kg/m?s) ] Xc Xin
4.48E+03 | 6.91E+02 | 5.89E-01 | -1.15E-01 9.11E+05
4.48E+03 | 6.90E+02 | 6.00E-01 | -7.99E-02 8.76E+05
4.48E+03 | 1.37E+03 | 4.15E-01 | -6.60E-02 1.23E+06
4.48E+03 | 1.37E+03 | 4.05E-01 | -9.26E-02 1.28E+06
4.48E+03 | 1.38E+03 | 3.82E-01 | -1.29E-01 1.32E+06
4.48E+03 | 2.06E+03 | 2.91E-01 | -1.06E-01 1.54E+06
4.48E+03 | 2.07E+03 | 2.97E-01 | -9.48E-02 1.52E+06
4.48E+03 | 2.07E+03 | 3.03E-01 | -6.90E-02 1.44E+06
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6. Smyth et al.

RFD: 1.00/0.639/0.557/0.0

[ 2 _GcPa) JG (kg/m?s) |  Xc [ Xin CHE (w/m®) |
3.46E+03 1.71E+03 2.44E-01 -4.70E-02 1.09E+06
3.46E+03 1.71E+03 2.49E-01 -4 .68E-02 1.11E+06
3.50E+03 2.06E+03 2.19E-01 -4 .15E-02 1.18E+06
3.47E+03 2.06E+03 2.31E-01 -3.97E-02 1.23E+06
3.45E+03 1.03E+03 3.29E-01 -5.25E-02 8.63E+05
3.45E+03 1.03E+03 3.22E-01 -4 .49E-02 8.27E+05
3.45E+03 1.03E+03 3.27E-01 -4 .47E-02 8.40E+05
3.38E+03 7.01E+02 3.45E-01 -1.02E-01 6.92E+05
3.38E+03 7.03E+02 3.87E-01 -5.34E-02 6.82E+05
3.38E+03 7.03E+02 3.98E-01 -5.31E-02 6.98E+05
3.50E+03 6.82E+02 3.80E-01 -8.46E-02 6.95E+05
3.50E+03 6.82E+02 3.88E-01 -8.32E-02 7.06E+05
3.46E+03 6.82E+02 3.81E-01 -8.26E-02 6.95E+05
3.45E+03 6.82E+02 3.85E-01 -8.31E-02 7.02E+05
3.48E+03 1.03E+03 3.00E-01 -8.76E-02 8.78E+05
3.45E+03 1.03E+03 2.98E-01 -8.60E-02 8.72E+05
3.45E+03 1.37E+03 2.56E-01 -8.43E-02 1.02E+06
3.45E+03 1.36E+03 2.59E-01 -8.30E-02 1.02E+06
3.46E+03 1.71E+03 2.27E-01 -8.82E-02 1.19E+06
3.50E+03 1.71E+03 2.26E-01 -8.62E-02 1.17E+06
3.48E+03 1.93E+03 2.07E-01 -8.64E-02 1.25E+06
3.47E+03 1.92E+03 2.08E-01 -7.35E-02 1.19E+06
3.48E+03 1.392E+03 2.16E-01 -7.40E-02 1.23E+06
3.45E+03 1.92E+03 2.21E-01 -5.44E-02 1.17E+06
3.45E+03 1.92E+03 2.25E-01 -5.31E-02 1.18E+06
3.46E+03 1.92E+03 2.36E-01 -3.42E-02 1.14E+06
3.50E+03 1.36E+03 2.83E-01 -4.04E-02 9.67E+05
6.72E+03 1.02E+03 3.72E-01 -7.91E-02 8 .81E+05
6.72E+03 1.03E+03 3.67E-01 -8.23E-02 8.78E+05
6.72E+03 1.37E+03 2.99E-01 -7.73E-02 9.86E+05
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G (kg Xin CHF (w/m2)
6.72E+03 | 1.37E+03 2.99E-01 | -7.40E-02 9.72E+05
6.72E+03 1.37E+03 3.04E-01 | -7.40E-02 9.86E+05 |
6.72E+03 1.37E+03 2.84E-01 | -1.09E-01 1.03E+06 |

| 6.72E+03 | 1.37E403 | 2.81E-01 | -1.09E-01 1.02E+06 |
| 6.72E+03 1.37E+03 2.87E-01 | -1.09E-01 1.04E+06
| 6.72E+03 1.03E+03 3.53E-01 | -1.20E-01 9.27E+05
|L§.7zz+o3 1.03E+03 3.38E-01 | -1.32E-01 9.27E+05
6.72E+03 | 1.03E+03 3.42E-01 | -1.32E-01 9.34E+05
6.72E+03 | 1.03E+03 3.17E-01 | -1.78E-01 9.70E+05
6.72E+03 | 1.03E+03 3.21E-01 | -1.75E-01 9.71E+05
6.72E+03 | 1.03E+03 3.75E-01 | -5.67E-02 8.46E+05
6.72E+03 1.37E+03 3.15E-01 | -4.97E-02 9.53E+05
6.72E+03 1.38E+03 3.17E-01 | -4.64E-02 9.53E+05
6.72E+03 1.37E+03 3.30E-01 | -3.14E-02 9.46E+05
6.73E+03 1.72E+03 2.88E-01 | -2.25E-02 1.02E+06
6.72E+03 1.72E+03 2.72E-01 | -4.88E-02 1.05E+06
6.72E+03 1.72E+03 2.71E-01 | -4.56E-02 1.04E+06
6.72E+03 1.71E+03 2.49E-01 | -8.61E-02 1.10E+06
6.72E+03 1.72E+03 2.48E-01 | -8.28E-02 1.08E+06
6.72E+03 1.72E+03 2.51E-01 | -8.45E-02 1.10E+06
6.76E+03 1.71E+03 2.39E-01 | -1.08E-01 1.13E+06 h
6.72E+03 1.71E+03 2.37E-01 | -1.07E-01 1.12E+06 |
6.72E+03 2.05E+03 2.11E-01 | -9.47E-02 1.20E+06
6.72E+03 2.05E+03 2.12E-01 | -9.47E-02 1.20E+06
6.72E+03 | 2.05E+03 2.19E-01 | -8.03E-02 1.17E+06
6.72E+03 | 2.06E+03 2.18E-01 | -8.03E-02 1.17E+06
6.72E+03 | 2.06E+03 2.35E-01 | -5.12E-02 1.12E+06
6.72E+03 | 2.06E+03 2.38E-01 | -5.12E-02 1.13E+06
6.72E+03 | 2.05E+03 2.42E-01 | -3.97E-02 1.10E+06
6.72E+03 | 2.05E+03 2.54E-01 | -2.95E-02 1.11E+06
6.72E+03 | 2.40E+03 2.30BE-01 | -2.67E-02 1.17E+06
6.72E+03 | 2.39E+03 2.34E-01 | -2.33E-02 1.17E+06
6.72E+03 | 2.40E+03 2.22E-01 | -4.00E-02 1.19E+06
6.72E+03 | 2.39E+03 2.21E-01 | -4.00E-02 1.19E+06




Cont’d

| P (kPa) |G (kg[m’s) Xc Xin CHF (w/m?2) |

| 6.72E+03 | 2.39E+03 | 2.16E-01 | -5.32E-02 1.23E+06

 6.72E+03 | 2.40E+03 2.15E-01 | -4.99E-02 1.21E+06
6.72E+03 | 2.40E+03 | 2.22E-01 | -3.67E-02 1.19E+06 |
6.72E+03 | 2.05E+03 | 2.28E-01 | -6.75E-02 1.16E+06
6.72E+03 | 2.05E+03 | 2.28E-01 | -6.58E-02 1.15E+06
6.72E+03 | 1.71E+03 | 2.59E-01 | -6.80E-02 1.08E+06
6.72E+03 | 1.71E+03 | 2.53E-01 | -6.68E-02 1.08E+06
6.72E+03 | 1.38E+03 | 3.21E-01 | -3.48E-02 9.32E+05
6.62E+03 | 1.37E+03 | 3.36E-01 | -2.27E-02 9.43E+05
6.72E+03 | 1.37E+03 | 2.95E-01 | -9.30E-02 1.01E+06
6.72E+03 | 1.37E+03 | 2.96E-01 | -9.11E-02 1.01E+06
6.72E+03 | 1.03E+03 | 3.55E-01 | -1.04E-01 | 9.00E+05
6.72E+03 | 1.03E+03 | 3.50E-01 | -1.03E-01 | 8.86E+05
6.72E+03 | 1.03E+03 | 3.56E-01 | -1.04E-01 | 9.01E+05
6.72E+03 | 1.03E+03 | 3.22E-01 | -1.57E-01 9.37E+05
6.72E+03 | 1.03E+03 | 3.32E-01 | -1.61E-01 | 9.66E+05
6.72E+03 | 1.03E+03 | 3.44E-01 | -1.60E-01 | 9.86E+05
6.72E+03 | 1.03E+03 | 3.26E-01 | -1.58E-01 9.50E+05
6.72E+03 | 6.85E+02 | 4.59E-01 | -7.58E-02 6.97E+05
6.72E+03 | 6.85E+02 | 4.64E-01 | -7.58E-02 7.05E+05
6.69E+03 | 6.89E+02 | 4.59E-01 | -5.23E-02 | 6.72E+05
6.72E+03 | 6.85E+02 | 4.65E-01 | -4.99E-02 6.72E+05
6.72E+03 | 6.85E+02 | 4.75E-01 | -5.15E-02 6.88E+05
6.72E+03 | 6.84E+02 | 4.57E-01 | -7.44E-02 6.93E+05
6.72E+03 | 6.84E+02 | 4.63E-01 | -7.42E-02 7.00E+05 l
6.72E+03 | 6.84E+02 | 4.38E-01 | -1.04E-01 7.07E+05 |
6.72E+03 | 6.84E+02 | 4.38E-01 | -1.06E-01 7.09E+05 |
6.72E+03 | 6.81E+02 | 4.68E-01 | -1.06E-01 | 7.43E+05 |
6.72E+03 | 6.81E+02 | 4.69E-01 | -1.06E-01 7.45E+05 |
6.72E+03 | 6.80E+02 | 4.55E-01 | -1.30E-01 | 7.58E+05 |
6.72E+03 | 6.80E+02 | 4.63E-01 | -1.30E-01 | 7.69E+05 |
6.72E+03 | 6.80E+02 | 4.49E-01 | -1.32E-01 | 7.53E+05 |
6.72E+03 | 6.80E+02 | 4.61E-01 [ -1.32E-01 | 7.69E+05 |
6.72E+03 | 6.80E+02 | 4.45E-01 | -1.61E-01 | 7.85E+05 |
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Concluded

| P_(kPa) |G (kg/m?s) Xc Xin
6.72E+03 6.80E+02 4.51E-01 -1.64E-01 7.98E+05
6.72E+03 6.80E+02 4.42E-01 -1.62E-01 7.84E+05
6.72E+03 6.80E+02 4.53E-01 -1.62E-01 7.98E+05
6.72E+03 6.88E+02 4.74E-01 -5.80E-02 6.97E+05
6.72E+03 6.88E+02 4.77E-01 -5.63E-02 6.99E+05
6.72E+03 6.88E+02 4.73E-01 -5.82E-02 6.96E+05
6.72E+03 6.88E+02 4 .83E-01 -5.80E-02 7.09E+05
6.76E+03 6.86E+02 4.80E-01 -4.29E-02 6.82E+05
6.76E+03 6.86E+02 5.06E-01 -4 .09E-02 7.13E+05
6.72E+03 6.86E+02 4 .85E-01 -3.69E-02 6.81E+05
6.72E+03 6.90E+02 4.74E-01 -8.03E-02 7.28E+05
6.72E+03 6.90E+02 4.79E-01 -8.34E-02 7.39E+05
6.72E+03 6.90E+02 4.80E-01 -7.38E-02 7.29E+05
6.72E+03 1.02E+03 3.65E-01 -6.33E-02 8.34E+05
6.72E+03 1.02E+03 3.74E-01 -6.15E-02 8.48E+05
6.72E+03 1.02E+03 3.74E-01 -5.19E-02 8.27E+05
6.79E+03 1.02E+03 3.82E-01 -3.29E-02 8.05E+05
6.72E+03 1.02E+03 3.85E-01 -3.37E-02 8.13E+05
6.76E+03 1.02E+03 3.76E-01 -4.50E-02 8.19E+05
6.76E+03 1.02E+03 3.83E-01 -4 .48E-02 8.32E+05
6.72E+03 ==£503E+03 3.42E-gl —1.17E-01_ 9.00E+05
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7. Edwards et al. (1965).

RFD: 1.00/0.648/0.565/0.0

[ kpa) Tc (ke Xin
6.84E+03 7.45E+02 4.10E-01 -1.71E-01 7.52E+05
6.84E+03 7.45E+02 4.06E-01 -1.72E-01 7.48E+05
6.92E+03 7.15E+02 4 .55E-01 -7.42E-02 6.52E+05
6 .85E+03 7.15E+Q2 4 .55E-01 -7.56E-02 6 .55E+05
6.83E+03 7.27E+02 3.92E-01 ~-2.31E-01 7.86E+05
6.84E+03 7.27E+02 3.99E-01 -2.23E-01 7.86E+05
6.83E+03 1.36E+03 2.62E-01 -1.27E-01 9.24E+05
6 .83E+03 1.36E+03 2.62E-01 -1.31E-01 S5.28E+05
6 .84E+03 1.36E+03 2.90E-01 -8.10E-02 8.71E+05
6.85E+03 1.36E+03 2.90E-01 -7.75E-02 8.66E+05
6.83E+03 1.36E+03 2.56E-01 -1.43E-01 9.39E+05
6.82E+03 1.38E+03 2.36E-01 -1.70E-01 9.72E+05
6.92E+03 1.68E+03 2.56E-01 -6.49E-02 9.36E+05
6.87E+03 1.68E+03 2.54E-01 -7.03E-02 9.43E+05
6.88E+03 1.68E+03 2.13E-01 -1.40E-01 1.04E+06
6.86E+03 1.70E+03 2.25E-01 -1.22E-01 1.02E+06
€ .85E+03 1.70E+03 2.32E-01 -1.04E-01 9.89E+05
6.70E+03 2.03E+03 2.41E-01 -3.99E-02 1.00E+06
6.67E+03 2.03E+03 2.32E-01 -5.28E-02 1.02E+06
6.63E+03 2.03E+03 2.10E-01 -9.05E-02 1.07E+06
6.66E+03 2.05E+03 1.96E-01 -1.19E-01 1.13E+06
6.87E+03 2.43E+03 2.13E-01 -4 .99E-02 1.09E+06
6.94E+03 2.56E+03 1.96E-01 -5.76E-02 1.12E+06
6.99E+03 1.03E+03 3.60E-01 ~-6.53E-02 7.50E+05
6.93E+03 1.02E+03 3.62E-01 -7.06E-02 7.58E+05
6.90E+03 1.02E+03 3.28E-01 -1.52E-01 8.11E+05
6.90E+03 1.03E+03 2.99E-01 -2.14E-01 8.64E+05
6.86E+03 7.15E+02 4.87E-01 -9.92E-02 7.21E+05
6.86E+03 7.15E+02 4.88E-01 -9.92E-02 7.22E+05
6.81E+03 7.41E+02 4 .50E-01 -1.77E-01 8.05E+05

A-31




Cont’d

P (kPa) G (kg/m2s) Xc Xin
6.81E+03 7.41E+02 4.51E-01 | -1.79E-01 | 8.08E+05
6.81E+03 6.99E+02 4.57E-01 | -2.29E-01 | 8.26E+05
6.83E+03 6.99E+02 4.57E-01 [ -2.31E-01 | 8.28E+05
6.86E+03 1.03E+03 3.82E-01 | -9.92E-02 | 8.59E+05
6.85E+03 1.03E+03 3.82E-01 | -9.55E-02 | 8.50E+05
6.75E+03 1.03E+03 3.50E-01 | -1.56E-01 | 9.00E+05
6.81E+03 1.03E+03 3.51E-01 | -1.60E-01 ] 9.10E+05
6.79E+03 1.03E+03 3.41E-01 | -1.89E-01 | 9.46E+05
6.79E+03 1.03E+03 3.42E-01 | -1.85E-01 | 9.42E+05
6.90E+03 1.41E+03 3.10E-01 [ -7.95E-02 | 9.41E+05
| 6.83E+03 1.41E+03 3.10E-01 | -7.73E-02 | 9.40E+05
i 6.83E+03 1.41E+03 2.78E-01 | -1.38E-01| 1.01E+06
 6.83E+03 1.41E+03 2.81E-01 | -1.34E-01 | 1.01E+06
6.83E+03 1.41E+03 2.95E-01 | -9.89E-02 | 9.60E+05
6.79E+03 1.41E+03 2.98E-01 | -9.51E-02 | 9.60E+05
6.76E+03 1.71E+03 2.78E-01 | -5.68E-02 | 1.00E+06
6.79E+03 1.71E+03 2.81E-01 | -5.14E-02 | 9.05E+05
6.79E+03 1.72E+03 2.59E-01 | -9.33E-02 | 1.05E+06
6.84E+03 1.72E+03 2.65E-01 | -9.19E-02 | 1.06E+06
6.83E+03 1.72E+03 2.45E-01 | -1.27E-01 | 1.10E+06
6.83E+03 1.72E+03 2.45E-01 | -1.27E-01 | 1.10E+06
6.83E+03 2.05E+03 2.49E-01 | -4.78E-02 | 1.05E+06
6.79E+03 2.05E+03 2.53E-01 | -4.21E-02 | 1.05E+06
6.83E+03 2.02E+03 2.46E-01 | -5.90E-02 | 1.07E+06
6.81E+03 2.02E+03 2.49E-01 | -5.70E-02 | 1.07E+06
| 6.77E+03 2.08E+03 2.29E-01 | -8.06E-02 | 1.11E+06
6.77E+03 2.08E+03 2.30E-01 [ -7.70E-02 | 1.11E+06
r6.80E+03 6.92E+02 5.32E-01 | -1.96E-03 | 6.23E+05
| 6.80E+03 5.53E+02 5.27E-01 [ -1.96E-03 | 6.19E+05
| 6.81E+03 6.92E+02 5.10E-01 | -4.78E-02 | 6.66E+05
| 6.83E+03 6.92E+02 S5.34E-01 | -3.47E-02 | 6.66E+05
6.83E+03 7.19E+02 4.81E-01 | -1.17E-01 | 7.41E+05
[ 6.87E+03 7.19E+02 4.84E-01 | -1.14E-01 | 7.42E+05
| 6.82E+03 | 1.03E+03 4.20E-01 |[-2.14E-02 | 7.83E+05
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Cont’d

P (kPa) G (kg/m2s) Xin
6.81E+03 1.04E+03 3.83E-01 | -7.54E-02 | 8.19E+05
6.83E+03 1.04E+03 3.59E-01 [ -1.20E-01 | 8.65E+05 ||
6.81E+03 1.03E+03 3.69E-01 | -1.04E-01 | 8.47E+05
6.72E+03 1.36E+03 3.25E-01 | -5.85E-02 9.04E+osﬂ
6.74E+03 1.36E+03 3.37E-01 | -4.01E-02 | 8.89E+05
6.80E+03 1.37E+03 2.98E-01 | -1.09E-01 | 9.67E+05
6.80E+03 1.37E+03 3.06E-01 | -1.02E-01 | 9.67E+05
6.85E+03 1.36E+03 2.80E-01 | -1.52E-01 | 1.01E+06
6.85E+03 1.36E+03 2.86E-01 | -1.47E-01| 1.02E+06
6.83E+03 1.71E+03 2.76E-01 | -7.91E-02 | 1.05E+06
6 .78E+03 1.72E+03 2.74E-01 | -7.70E-02 | 1.04E+06
6.79E+03 1.71E+03 2.85E-01 | -6.07E-02 | 1.02E+06
6.79E+03 1.72E+03 2.75E-01 | -5.88E-02 | 1.01E+06
6.79E+03 2.03E+03 2.56E-01 | -4.96E-02 | 1.07E+06
6.86E+03 2.03E+03 2.56E-01 | -4.61E-02 | 1.06E+06
6.74E+03 2.01E+03 2.40E-01 | -8.58E-02 | 1.14E+06
6.72E+03 2.02E+03 2.43E-01 | -8.21E-02 | 1.14E+06
6.79E+03 1.72E+03 2.87E-01 | -4.02E-02 | 9.75E+05
6.79E+03 1.72E+03 2.82E-01 | -4.40E-02 | 9.72E+05
6.93E+03 1.71E+03 2.95E-01 | -2.54E-02 | 9.42E+05
6.86E+03 1.70E+03 3.03E-01 [ -1.37E-02 | 9.33E+05
6.85E+03 2.02E+03 2.71E-01 | -2.14E-02 | 1.02E+06
h6.86E+03 2.01E+03 2.75E-01 | -7.85E-03 | 9.82E+05
I 6.79E+03 2.44E+03 .2.33E-01 [ -2.70E-02 | 1.10E+06
6.81E+03 2.44E+03 2.34E-01 | -2.51E-02 | 1.10E+06
f6.83E+o3 2.43E+03 2.45E-01 | -1.17E-02 | 1.08E+06
| &.83E+03 2.43E+03 2.42E-01 | -1.17E-02 | 1.07E+06
| &.78E+03 2.82E+02 7.00E-01 | -1.73E-01 | 4.25E+05
I 6.79E+03 2.67E+02 6.83E-01 | -1.29E-01 | 3.73E+05 .
6.86E+03 2.73E+02 6.55E-01 | -1.19E-01 | 3.64E+05
6.87E+03 2.78E+02 7.81E-01 | -1.76E-02 | 3.83E+05
| 6.81E+03 4.7S5E+02 6.54E-01 | -2.51E-02 | 5.59E+05
6.93E+03 4.77E+02 6.62E-01 | -1.18E-02 | 5.53E+05
l6.86E+03 5.09E+02 6.06E-01 | -1.33E-01 | 6.47E+05
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Concluded

[0kl TG Gg/mes) T %o T ¥in —Tcir (w/mi)]
= Ofal 10 Oha/mis) [_He [ _%on TOF Go/ni)

6 .85E+03 4 .83E+02 6.08E-01 -2.66E-01 7.19E+05
6.86E+03 4.75E+02 6.15E-01 -2.61E-01 7.26E+05
6.90E+03 6.73E+02 4.89E-01 -1.05E-01 6 .83E+05
6.83E+03 6.77E+02 4.88E-01 -1.10E-01 6.98E+05
6.90E+03 6.80E+02 4 .52E-01 -1.88E-01 7.51E+05
6.90E+03 6.75E+02 4.61E-01 -1.78E-01 7.45E+05
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