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NOMENCLATURE

Cross sectional area of the tube [m’]

Cross sectional area of the liquid column [m?]
Cross sectional area of the vapor column [m?]
Wall friction factor

Tube diameter [m]

B D

- Jo/elpi-py)

Mass flux [kg/m’s]

Maximum mass flux at the CHF [kg/s.m’]
Gravitational acceleration [m/s’]

Latent heat of evaporation [kJ/kg]

Heat transfer coefficient for the liquid phase
Heat transfer coefficient for the vapor phase

Superficial liquid velocity [m/s]

25m .
=7 constant for calculating rate of change of momentum

Yeo /vaIg
YJor (o —p,) /P
50m

=" constant for calculating rate of change of momentum

Kutateladze number | =

Liquid-vapor interface profile length [m]
Tube heating length [m]
Lpe/L

Liquid-vapor interface profile index

System pressure [MPa]



P. Critical pressure
P, Reduced pressure [= P/Pc']

P, Liquid pressure [MPa]

Py Vapor pressure [MPa]

q Heat flux [W/m?]

Geo  CHF for saturated boiling [kW/m?]
Re;  Reynolds number for liquid

r Radial coordinate of the tube

Io Radius of the tube [m]

U Velocity of liquid [m/s]

uy, Velocity of vapor [m/s]

X Mass quality

Xeit  Dryout quality

z Vertical coordinate along the tube
z" z/L

Greek Symbols

ol Density of liquid [kg/m’]

pv  Density of vapor [kg/m’]

c Surface tension at vapor-liquid interface [N/m]
T Interfacial shear stress [N/m?]

Ty Wall shear stress [N/m?]

o Void fraction [=A,/A] or [=(z/L)*"]
il Viscosity of the liquid [Pa.s]
Subscripts

co Critical condition in saturated boiling
fw Wall friction

i Liquid-vapor interface

I Liquid

lg Liquid-vapor phase change

v Vapor

w Wall
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ABSTRACT

An analytical study has been made for the prediction of Critical Heat Flux (CHF) of
natural convective boiling in a vertical u'niformly heated tube, submerged in a
saturated liquid bath by a flow model in which the CHF has treated to be occurred
under annular co-current flow of liquid and vapor. Mass, momentum and energy
balances for the two-phase (liquid-vapor) flow in a vertical tube are used to construct
the flow model together with the criterion that the CHF is assumed to be taken place
at the exit of the heated tube when void fraction is unity and mass flux is maximum.
CHF data are calculated for saturated Water, R113 and R12 at different pressures of P
= 0.1 to 3.0 MPa for the tube diameter of D = 1.12 to 18.4 mm, and the tube heating
length of Lye = 23 to 960 mm. The effects of the pressure which corresponds to the
density ratio p,/py ranging from 0.622x10™ to 0.2095 and of the ratio of Lye/D =5 to
857 on the CHF, are mainly discussed. The characteristics of the CHF are
satisfactorily explained against different parameters. About 300 predicted CHF data
are compared with available experimental data to verify the basic performance of the
model. The comparison shows that the predicted results by the present model agree

with the experimental data within + 50% for the Ly/D > 20.

xii



INTRODUCTION

1.1 MOTIVATION

Dissipation of large heat fluxes at relatively small temperature differences is possible
in systems utilizing boiling phenomenon as long as the heated wall remains wetted
with the liquid. With the wetted wall condition at the heated surface, heat is
transferred by a combination of two mechanisms: (1) bubbles are formed at the active
nucleation cavities on the heated surface, and heat is transferred by the nucleate
boiling mechanism, and (ii) heat is transferred from the wall to the liquid film by
convection and goes into the bulk liquid or causes evaporation at the liquid-vapor
interface. But the removal or depletion of liquid from the heated wall leads to a
sudden degradation in the heat transfer rate. The way in which the heated surface
arrives at the liquid starved condition in a'boiling system determines whether it is
termed as Critical Heat Flux or Dryout condition. The evolution of the terminology

itself is quite interesting. From a mechanistic viewpoint, the following definitions

-seem to be appropriate.

Critical Heat Flux (Departure from Nucleate Boiling) condition represents the upper
limit of heat flux (in heat flux controlled systems) followed by a drastic rise in wall
temperature, or considerable degradation in heat flux with an increase in wall
temperature (in temperature controlled systems) in the nucleate boiling heat transfer.

A vapor blanket covers the heated surface separating the surface from the liquid.



Dryout (Critical Heat Flux in Annular Flow Regime) condition represents the
termination of continuous liquid contact with the wall. It follows the gradual depletion
of liquid due to evaporation and entrainment of the liquid film. The vapor, from the
continuous vapor phase in the bulk flow, covers the heated surface, and the discrete

liquid droplets flowing in the vapor core may make occasional contact with the heated
surface.

As early as 1888, Lang [1] recognized through his experiments with high
pressure water that as the wall temperature increased beyond a certain point, it
resulted in a reduction in heat flux. However, it was Nukiyama [2] who realized in
1934 that “the maximum heat transmission rate” might occur at relatively modest
temperature differences. An excellent summary of the historical developments in this
area was presented by Drew and Mueller [3] in 1937. Another aspect of historical
significance is the evolution of the term Critical Heat Flux. Early investigators used
various terminologies to describe this condition, e.g., maximum or peak heat flux,
maximum boiling rate (Drew and Mueller [3]), and burnout heat flux. Nukiyama [2]
described it as the critical point on the boiling curve. The earliest usage of the term
Critical Heat Flux is seen in the work of Zuber {4] in 1959. Further investigation is
needed to determine if publications in other languages (by investigators such as
Kutateladze and Fritz) used this terminology. In the mid-1980s, the term Critical Heat

Flux, and its acronym, CHF, became widely accepted.

The major impetus for the CHF studies in the recent past was the nuclear
reactor core cooling. The catastrophic nature of the disaster associated with the CHF
in a nuclear reactor, Icading to core meltdown, put a high premium on the CHF
studies. The urgency of the problem led to exhaustive experimentation in geometries
similar to the reactor core. The safc operating limits were established through
compilation of data from various experiments — developing the lockup tables. In his
exhaustive literature survey report, Boyd [5-6] points out the severe inadequacies in

the theoretical modeling of the CHF phenomena leading to empiricism.

Another major impetus for research in CHF was provided by the refrigeration
and power industry in determining the dryout point in an evaporator and the safe
operating limit in a boiler. The concemns in these cases were largely regarding safety

and economic optimization of the systems. The focus for CHF and dryout studies as



we enter the new millennium has somewhat shifted. The issues related to the nuclear
industries are still valid. However, the emphasis has now moved toward gaining the
‘basic understanding of the mechanisms leading to the CHF condition. In the present
days, enormous data and various empirical, semi-empirical correlations for CHF are
available for each application. However, the applicable range of those correlations is
geometrically and thermal-hydraulically confined to the experimental condition. The
parametric trends are, however, identified from the data collected so far. A

comprehensive theoretical model is yet to be developed.

In 1952, the most famous correlation of the CHF for ordinary pool boiling was
developed by Kutateladze {7]. Compared with the pool boiling, both the theoretical
and the experimental studies of the. natural convective boiling in tubes and narrow
channels are limited. Katto and Kurosaka [8] measured the CHF for three liquids
(water, ethanol, and R113) in vertical annular channels. In 1993 Monde et al. [9]
carried out an analytica) study of the CHF of a two-phase thermosiphon, in which
liquid and vapor form a counter current annular flow. Kodana and Kataoka {10}
predicted forced convective CHF for DNB (Departure from Nucleate Boiling) type
boiling transition that occurs inside of uniformly heated round tubes based on two-
phase turbulence model. Their predicted CHF agreed well with experimental data, and
the accuracy was within about 20%. Many more studies on CHF for various
applications had been carried out in the past, from which the effect of various
parameters on CHF can be understood. Some of them are described in the Literature

Review (Chapter 2), which is devoted to the state-of-the art of CHF studies in general.

From the liferature review it will be clear that very little analytical study on
CHF of natural convective boiling have been carried out to obtain the fundamental
design information necessary to apply the system as an efficient heat transfer device.
Thus the present study is devoted to develop an analytical method to predict the CHF
of natural convective boiling in vertical heated tubes, submerged in saturated liquid
bath where liquid and vapor form a co-current flow and CHF is treated to be occurred

at the exit of the heated tube with unit void fraction.



-1.2 OBJECTIVES

The present work is of analytical type performed to understand the CHF mechanism
in a vertical heated tube. Analysis is done for saturated water, R113 and RI2 at
various pressures to have p,/py in the range of 0.622 x 10™ to 0.2095 and by varying
different geometrical parameters of the tube such as heating length of the tube,

diameter of the tube, and also liquid—vapor interface profile index in order to fulfill

the following objectives:

1. To obtain an analytical model for predicting CHF using mass, momentum and
energy equations for the two phase (liquid—vapor) flow in the vertical tube
together with the criterion that the CHF is assumed to be taken place at the exit of
the heated tube when void fraction is unity.

To examine the effects of working fluid on the CHF

To examine the effects of tube diameter and heating length on the CHF

To examine the effects of working pressure on the CHF

A CR

To compare the analytical results with the experimental results, for similar

geometry and thermal-hydraulic conditions.

v



2
LITERATURE REVIEW

2.1 GENERAL CONCEPT OF CHF

Saturated internal flow boiling is most oﬁen encountered in applications where
complete or nearly complete vaporization of the coolant is desired. Perhaps the most
frequently encountered example is the evaporator in a refrigeration or air conditioning
;system. Other examples include cryogenic processing applications, boilers in nuclear
and conventional power plant systems, and chemical processing involving pure
hydrocarbons. With the saturated film boiling regime the liquid film at the walil
disappears due to evaporation and consequently the wall is exposed to vapor phase,
which is termed as critical heat flux (dryout) in annular flow regime. In this case, heat
transfer from the heating wall is suddenly deteriorated and Wall temperature rapidly

increases since the heated wall is almost covered by vapor phase.

Upward flow boiling in a vertical tube generally exhibits a sequence of
vaporization mechanisms. As indicateld schematically in Fig. 2.1, nucleate boiling is a
major factor in the early stages of the vaporization process, where bubbly and slug
flow occurs. Once churn or annular flow is attained, film evaporation usually becomes
important. If the vaporization process continues, dryout of the liquid film will
eventually occur, leaving vaporization of entrained droplets of liquid as the final stage
of boiling process. The effect of varying heat flux or wall superheat on the flow and
boiling mechanisms can be better understood by considering the boiling regime maps
shown in Figs, 2.2 and 2.3 which are modified versions of a boiling regime map
presented by Coiller [11]. As seen in Figs. 2.2 and 2.3, to avoid the high wall

temperatures and/or the poor heat transfer associated with the saturated film-boiling
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regime, the vaporization must be accomplished at low superheat or low heat flux
levels. For this reason, evaporators and boilers are usually designed to avoid the high
heat flux (CHF/Dryout) and high wall superheat levels of saturated flow boiling.
Because most equipment operate in this range, so accurate prediction of critical heat

flux due to the dryout of liquid film is particularly important from an engineering

standpoint.

The critical heat flux condition is indicated schematically in Figs. 2.2 and 2.3
as diagonal lines. The nature of the transition indicated by these lines varies with the
enthalpy of the flow. At subcooled (bulk flow) conditions and low qualities/low void
fraction, this transition corresponds to a change in the boiling mechanism from
nucleate to film boiling. For this reason, the critical heat flux condition for these
circumstances is often referred to as the departure from nucleate boiling (DNB). In

Soviet literature, this transition is referred to as burnout of the first kind.

At moderate to high qualities/void fraction, the flow is almost invariably in an
annular configuration, and the transition corresponds to dryout of the liquid film on
the tube wall (Fig.2.4). For this range of conditions, this transition is usually referred
to simply as dryout. Most Soviet investigators have used the terminology burnout of
the second kind for this transition. Once dryout occurs, the flow enters the so-called

liquid-deficient region, in which the remaining liquid exists as entrained droplets.

2.2 EXPERIMENTAL STUDIES ON CHF

Although numerous investigations of critical heat flux conditions have been
conducted, the mechanisms responsible for the critical heat flux transitions are not
well understood yet. However, some light has been shed on the nature of these
mechanisms. The complexity of these mechanisms has also made analytical modeling
generally difficult. As a result, most proposed methods for predicting CHF conditions

are some correlations based on experimental data.

Numerous CHF data were collected hitherto for different geometry. Bergles
[13] has estimated that several hundred thousand CHF data points have been obtained

so far, and that over 200 correlations have been developed in attempts to correlate the



data. Most of the available data have been obtained for upward flow boiling of water
in a uniformly heated tube. The interested reader may wish to consult the summary of

CHF data for water in vertical tubes compiled by Thompson and Macbeth [14] for

further information.

With the large available database, cvaluation of the data to eliminate
questionable points is a formidable task. In the late 1960s, a group in the Soviet Union
at the Ali-Union Heat Engineering Institute addressed this issue by reviewing
available data. They subsequently tabulated recommended values of CHF conditions
for upflow of water in a vertical tube with an inside diameter of 8 mm. These
tabulated values were listed in a paper by Doroschuk and Lantsman [15]. This paper
also described methods for extrapolating the CHF conditions to round tubes with
different diameters. A more extensive tabulation, including DNB as well as dryout
transitions, was published somewhat later by the heat and Mass Transfer section of
the Scientific Council, USSR Academy of Sciences [16]. The tabulated CHF
conditions were also for water in a vertical round tube with an inside diameter of

8mm, and the following method was recommended for predicting the CHF for other

tube diameters:
i

qcc-:(q“) )gmm‘(%)z (2.1)

Where D is the inside diameter in millimeters. These values of the CHF were plotted

for two pressure levels in Figs.2.5 and 2.6. These figures clearly indicate the effects of

varying system conditions on the CHF.

In general, for upward flow of water in a round tube, the parameters that may
affect the critical heat flux include the mass flux G, the pressure P, the tube diameter
D, the location z down stream of the tube inlet, and either the quality x or subcooling

( Tsa — Touix ). For sufficiently long tubes, the critical heat flux depends mainly on the

four variables:

Qeo= f( D, P, G, Xerit ), for saturated flow (2.2)

Qeo = S(D, P, G, Tsa — Toutk ), for subcooled flow (2.3)
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A relatively recent paper by Groeneveld et al. [17] presents the summary of the latest
1995 look-up table developed jointly by AECL Research (Canada} and IPEE
(Obninsk, Russia). It is based on an extensive database of CHF values in tubes with
vertical upflow of steam-water mixtures. The table is designed to provide CHF values
for 8 mm diameter tubes at discrete values of pressure, mass flux, and dryout
qualities. Linear interpolation is provided for intermediate values, with an empirical
correction factor for diameters different from 8 mm. The look-up table provides a tool

capable of predicting data with an rms error of 7.82 percent for the 22,946 data points.

A comprehensive paper by Nariai and Inasaka [18] presents a summary of
their own experimental work and presents useful parametric relationships between
CHF and important system variables. A comparison with the available correlations is
also presented. A recent review of CHF fundamentals, models and correlation
schemes is presented by Celata and Mariani [19]. They present a comprehensive
summary of investigations of the CHF condition and reflect our current understanding
of this phenomenon. Earlier review articles by Celata [20-21] provide a good
overview of the models describing the CHF mechanism. Tong and Tang [22] present

a very comprehensive summary of the available literature on various aspects of flow
boiling crisis.
Building on earlier investigations by Thompson and Macbeth [14], Bowring

[23] proposed an empirical correlation for the prediction of CHF in tubes with vertical

up flow of steam-water mixtures. Collier reports that the root-mean square error for

this correlation is 7%.

Biasi et al. [24] proposed the following CHF correlation scheme for vertical

upflow boiling of water in uniformly heated tubes:

1 Fg; .
ql. = 88?/6 [ B'](/IZ) - x}, For low qualities subcooled flow (2.4
DTG G
Qerit = 3752}:3%‘ ép ) [t-x], Forhigh qualities saturated flow (2.5)
Where, - m=04forD>1 cm

m = 0.6 for D<1 cm



12

Fgi(P) = 0.7249 + 0.099P exp (-0.032P)
_ Hgi(P) = -1.159 + 0.149P exp (-0.019P) + 8.99P/(10 + P?)

In these dimensional relations, D is in c¢m, P is in bar, G is in gm/cm’s. The
correlation is reported to be valid over ranges 10<G<600 gm/em’s, 2.7<P<140 bar,

0.3<D<3.75, 20<Z<600 cm, py/(pi. p)<x<1. The RMS error of this correlation against

a database of over 4500 points was reported to be 7.3%.

The correlations discussed above are all for boiling of water. There is a need,
however, for CHF prediction methods for other fluids as well. The best generalized
correlation of CHF conditions in vertical, uniformly heated tubes is that recently
proposed by Katto and Ohno [25] which is an updated version of the correlation
proposed by Katto [26-27]. It attempts to correct some inconsistencies and improves
the accuracy of the earlier version. It has been found to agree reasonably well with

available data for boiling of water, R-12, R-22, and liquid helium for tube diameters

near 10mm, and heated lengths near 1000mm.

Additional CHF prediction methods have also been proposed by shah [28],
Levy et al. [29], and Groeneveld et al. [30]. The correlation [30] is a simple tabulated
correlation which provides a reasonably good fit to CHF data.for water, R-11, R-12,

R-21, R-113,R-114, COz and Ny,

Monde et al. [31] carried out an experimental study of CHF for natural
convective boiling of saturated liquid in a vertical uniformly heated tube. The
experiment was performed at a pressure of P = 0.1 to3.1MPa for the tube diameter of
D = 1.12 to 18.4 mm, the tube length of L|,c=23 to 960mm and three kinds of liquids
(water, R-113, and R-12). The effects of the pressure which corresponds to the density
ratio p,/ p ranging from 6.24x10™ to 0.236 and of the ratio of Ly/D=5 to 857 on the
CHF were mainly examined. The experiment shows that the characteristics of the
CHF can be divided into two regimes at a point that a nondimensional parameter of

D is equal to about 13. The CHF data for D*<13 and Ly,/D< 240 are predicted within

an accuracy of +20% by the following correlation:



13

Jp H
Qeo / Py lg ) 0.16 (26)

Yog(pi-p, )/ Pl 1+o.025[Lh%3)

While for D*>13, the CHF data are predicted by the correlation:

/p,H
deo /Py Hg 0.16 o

{oe(pi-p.)/p} 1+0-003(Lhe/\/0/g(p|-pv))

The CHF for D*>13 is dependent on the tube length only in place of Lne/D.

2.3 THEORETICAL STUDIES ON CHF

Celata [19] summarizes the previous models for predicting CHF in the following five
categorics. |

1. Boundary Layer Ejection Model

2. Critical Enthalpy in the Bubble Layer Model

3. Liquid Flow Blockage Model

4. Vapor Removal Limit and Near-wall Bubble Crowding Model, and

5. Liquid Sublayer Dryout Model

Boundary Layer Ejection Model. This model was originally proposed by
Kutatleadze and Leont’ev [32]. The boiling mechanism is compared with the injection
of a gas stream into liquid flow through a permeable plate. The ejection of bubbles
into the mainstream is postulated to be the cause of the boundary layer separation at
the heater surface. However, the photographic study conducted by Mattson et al. [33]
does not show any abrupt changes in the macroscopic structure of the flow near the

CHF location. The high velocity vapor ejection from the heater surface into the flow

was also not observed.

Critical Enthalpy in the Bubble Layer Model. This model was proposed by
Tong et al. [34]. They assume that a layer of small bubbles flowing adjacent to the
heater surface traps the liquid between the bubble layer and the heated surface. This

bubble layer separates the trapped superheated liquid layer from the mainstream. They
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postulated that the CHF condition is reached when this superheated liquid layer
attains a certain limiting enthalpy. This model does not provide a clear explanation of
the CHF phenomenon other than stating the existence of a critical liquid enthalpy in
the superheated liquid layer. Fiori and Bergles [35] suggest that, based on their
observations, the CHF condition results from a periodic wall temperature rise
followed by a disruption of the liquid film caused by nucleate boiling. Kirby et al.

[36] observed such wall temperature behavior near the CHF location; however, the

actual CHF mechanism is not clearly described by this model.

Liquid Flow Blockage Model. Bergel’son [37] proposed this model based on
the assumbtion that the flow of the liquid toward the heated surface is blocked by the
outflow of vapor from the heater surface. This behavior may be feasible under very
low mass flux conditions where the liquid and vapor flow structure is similar to that in
the case of pool boiling. However, the vapor flow away from the wall is not seen to be

a limiting factor in subcooled flow boiling. Due to the inadequate evidence supporting

this mechanism, this model is not being pursued by other researchers.

Vapor Removal Limit and Near-Wall Bubble Crowding Model. This model is
based on the limit of the turbulent interchange between the bubbly layer and the bulk
of the liquid, and the crowding of the bubbles preventing the liquid access to the
heated wall [38]. Weisman and Pei [39] consider the existence of a bubbly layer
adjacent to the wall at subcooled or low quality conditions. Although their model
assumes the existence of a bubbly layer, the enthalpy transpdrt from this bubbly layer
to the bulk flow is considered as the limiting factor leading to the CHF condition.
They consider the CHF to be a local phenomenon. The liquid region in the immediate
vicinity of the heater fills with bubbles building a bubbly layer. In this region, the
turbulent eddy size is insufficient to transport the bubbles away from the heater
surface. At the CHF location, this layer is assumed to be at its maximum thickness. It
is postulated that the CHF condition occurs when the volume fraction of vapor in the
bubbly layer just exceeds the critical volume fraction at which an array of ellipsoidal
bubbles can be maintained without significant contact between the bubbles. Weisman
and Pei used the homogeneous flow model in the bubbly layer. The résulting model

has three adjustable empirical constants that are evaluated from the experimental data.
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This model includes the two-phase considerations that are readily extendable to the

saturated flow conditions as well.

Liquid Sublayer Dryout Model. Katto and Yokoya [40] proposed a preliminary
model describing the macrolayer dryout as the mechanism leading to CHF in pool
boiling. Later, Haramura and Katto [41] completed the model development by
introducing the mechanism for macrolayer formation in both pool and flow boiling.
Further description of the pool boiling CHF model is given by Haramura [42]. Figure
2.7 shows a schematic of the macrolayer model. According to this model, as a result
of the Helmholtz instability, the columnar structure of vapor stems collapses with a
vapor film blanketing a thin liquid film on the heater surface. Numerous vapor stems
emerge on the heater surface thorough this liquid film. Under flow conditions, both
the liquid sublayer and the vapor film move in the flow direction. Entrainment and

deposition phenomena are ignored because they are presumed to be scarce. Under
these conditions, liquid is fed into the film from the upstream end, while it depletes
along the flow direction due to evaporation. The CHF condition is reached when the
heat supplied by the heater surface provides the necessary latent heat required to
completely evaporate the liquid entering the film. Katto [43-44] provided a detailed
description of the model based on the macrolayer evaporation. Their model uses
several empirical constants in determining the liquid film thickness, the liquid film
flow rate, and temperature of the liquid entering into the sublayer. Lee and Mudawar
[45] considered the effect of velocity in the subcooled flow in terms of stretching the
large bubble in the Haramura and Katto model to a vapor blanket of length
equal to the critical Helmholtz wavelength. The vapor blanket separates the bulk flow

from a thin sublayer trapped between the vapor blanket and the heated surface.

. :‘sf:o te merged with
" | neighboring stems

Fig. 2.7 Macrolayer dryout model schematic proposed by Haramura and Katto
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The bubble moves at a velocity u, while the sublayer moves at a velocity of up. The
sublayer is depleted if the rate of evaporation from the sublayer exceeds the rate at
which the sublayer is replenished due to the difference in velocities of the sublayer
and the vapor blanket. The sublayer mass velocity, its thickness, and the vapor blanket
length were calculated by considering the buoyancy and drag forces acting on the
vapor blanket. Their modeling resulted in a correlation scheme with three empirical
constants, which were determined from a large set of experimental data. Celata et al.
[46] eliminated the empirical constants in the Katto, and Lee and Mudawar models by
using the homogeneous flow model and by introducing appropriate correlations from
available literature to calculate the sublayer thickness, flow rate, enthalpies, and vapor

blanket length. However, the basic features of the model are similar to those proposed

by Lee and Mudawar [45].

As mentioned earlier, for saturated conditions at moderate to high qualities,
the critical heat flux condition most often corresponds to dryout of the liquid film on
the tube wall. To predict the conditions at which dryout occurs, one approach would
be to model the annular film flow evaporation process which would require analysis
of the mass and momentum transport in the core flow and the liquid film on the tube
wall and transport of heat across the liquid film and computationally predict the

conditions at which the film thickness or the film flow rate goes to zero.

The condition at which the film dries out is largely dictated by the transport in
the core and the film regions and the interaction of the mechanisms of deposition,
entrainment, and vaporization. This approach for predicting the dryout condition is
plausible because, at low to moderate heat flux levels, the entrainment and deposition
mechanisms apparently are largely unaffected by the presence of the applied heat
flux. This makes it possible to apply the entrainment/deposition models developed for
adiabatic equilibrium annular flow with evaporation of the liquid film. An analysis of
this type proceeds by integrating the transport equations in the core flow and in the
film along the channel from known or assumed boundary conditions at the starting
point to the point where the film thickness goes to zero. Dryout is thus determined as
the point where the processes of evaporation, deposition, and entrainment lead to a
condition in which the film flow rate becomes zero. Analytical treatments of this type

have been explored in depth by Whalley, Hewitt, and co-workers {47-50]. The results
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of these investigations indicate that this type of method can be used successfully to
predict dryout conditions for forced-convective boiling in tubes, annuli, and rod
bundles. For a further discussion of this method of predicting dryout conditions, the

interested reader may wish to consult references [51-53].

Okawa [54] predicted CHF in annular flow using a film flow model. His
predicted results agree with the experimental data fairly well when the flow of pattern
at the onset of critical heat flux condition is considered annular flow. The predictive
capability was not deteriorated even in the cases of small diameter tube, short length
tube as well as low vapor quality. Good agreements were also achieved in the

preliminary tests against the critical heat flux data for Freon12 and Freon21.

In the present analysis, the model considers mass, momentum, and energy
balances for the tWo-phase co-current flow where the vapor forms a paraboloid and
the CHF is assumed to be taken place at the exit of the heated tube where the mass

flux is maximum. From the above literature review it is clear that the approach of the

present analysis is not used so far by other existing analytical models.

2.4 CLOSURE

In this chapter, some fundamental principles of CHF have been presented surveying
the literature available upto now. In addition, special attention has been given to the
CHF mechanism in the vertical tube and all the available empirical correlations and
theoretical models for predicting CHF are reviewed. In the following chapter, the
‘analytical methodology for predicting the CHF during natural convective boiling in

vertical tubes submerged in saturated liquids is described.
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“ ANALYSIS METHODOLOGY

Flow model, assumptions, and necessary equations for predicting the CHF of natural

convective boiling in a vertical tube are described in this chapter. The analysis ranges

and the solution procedure are also mentioned in detail.

3.1 BASIC MODEL AND ASSUMPTIONS

An analytical study has been made for the prediction of CHF of natural convective
boiling in a vertical uniformly heated tube, submerged in a saturated liquid bath. This

analysis has been carried out by a flow model in which the CHF has treated to be
occurred under annular co-current flow of liquid and vapor. The proposed model
assumes the flow situation of liquid and vapor just before the CHF point as shown in
the Fig. 3.1. The interface of the annular flow is a paraboloid formed by Eq. (3.1)
where the exponent ‘n’ gives the shape of the interface.

n
Z{L] forn 22 G.)

L I'g

The profile length, L may vary in such a way that it may be greater than, less than or
equal to the tube heating length, Ly as shown in the Fig. 3.3.

From Eq. (3.1) the void fraction, o, at any location can ecasily be obtained by:

SBRCE
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The CHF is assumed to be taken place at the exit of the heated tube when the void
fraction is unity. In addition to this assumption, both entrainment and deposition of
liquid are ignored and the two phases are considered in local thermodynamic

equilibrium and the flow is considered steady.

3.2 GOVERNING EQUATIONS

For de'riving the necessary equations for this model, a control volume, abed, is chosen
as shown in the Fig. 3.1 bounded by dotted line.
In Fig. 3.1,

I = Control volume containing vapor

I1 = Control volume containing liquid

— o Pv Z Uy, o
i
4 !
7 I N
] ; ‘
7 -
7 Z
7 7
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7 Sr-——
z
7 z
- “
-—
Z
" o ———
q g e
P
Z v
“ 74
2 L
I——/ 4..-_
7 7
-
- /
7
7
e il N
' or
. . c
Saturated Liquid P;

Fig. 3.1 Idealized flow model of the analysis of CHF
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From the mass conservation equation, we get

LSlpudAz LSl[pudAzO (3.3)

The force-momentum balance of the control volume (1) in the z- direction can be

expressed as-

~ [, PV [ PdA-2x [ r(%;) dz= [ (Gu),, dA- [ (Gu), dA (3.4)
And the force-momentum balance of the control volume (1) in the z- direction is —

- [, v+ [ PdA+2n fr(x )”dz—fzmorwdp [, (Gu) da- [ (Gu),da  (3.5)

For steady flow, the interfacial shear forces must be balanced. Adding Eq. (3.4) and

Eq. (3.5) the following relation for the overall momentum balance of the control

volume ‘abed’ is obtained:

{ [ pda + J‘PdA}—g{ [ pyav + Ip,dV}—:janotwdz

Csl CSll cvi cvil (3.6)
= [(Gu),, dA - [ (Gu), dA
Csl sl
F-F -F, ~F=0 3.7
Where,
Fp =[ J. PdA + J‘ PdA:l = Pressure Force
cS1 csi
k= g[ J pdV + I QdV:l = Gravity Force
v oIl
L
Fy = Pnro'cwdz = Wall Friction Force
Fu = [(Gu),,dA- [ (Gu), dA = Rate of Change of Momentum

CSl csit



Now Fp, Fg, Fu, & Fy can be simplified as follows:

EVALUATION OF Fp

Fo =[ [ PdA + J.PdA}
CSl CSil

acd

[PdA - [P,dA - [P.dA + [RdA
ad be

aed

“PldA- '[P\,dA} + LJC'P,dA—a!PVdA

aed acd

| SR

Surface tension force Buoyancy force

~F =2n,0 + pgn’l
EVALUATION OF Fg

Fg :g[ [pudv+ jp.dV]
Cvi cvIl

L L
= g{ ijAvdZ + IplAle }
o} 4]

L L
A A
= Ag{ jpv dez + Ip, —A—'-dz}
0 o

ML L
= Tlg J-pvoadz+ J-p[ (1 —a)dz}
0

0

L L
= milg| (py — 1) Jadz + py IdZ}
0 4]

= ngg| (py = P )j‘(%)

-

=

. L
dz + p, J'dz}
0

n
ko= Tﬂrosz[(Pv - P )er P:}
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EVALUATION OF Fy

By = [(Gu)y dA- [ (Gu), dA
CSt Cslt

Here,

J (Gu),, dA = J‘pvu%2nrdr,
Q

CSI
K, 2
= J'errpvuﬁlm‘(l—iy dr, as uv(r)=um'(1—i
5 I To
N 2
I (Gu),, dA= 21p Ulae]is Let, I, = Ir(l —{—)7 dr
CSl1 ' o o

I r
Substitutingl —— =z, we get
rO

Total volume per unit time pas sin g through the sec tion
Total area of cross section

Upean =

To

1
Umean = ;_2 JuvdAv

o0

L 1

= ._1? J'umax 2nr[1 - LJ-] dr

Ty Io

o r
Considering 1-— =2z, we get
To

I !
S Upean = 2Umax I(l —z)z7dz
[}

602
2 2
umax - 492 U mean

' 602 G2

2 _ _
Umax = 492 p%’ > as [G - pvumean]
Using the value of I; and umax we get,

50 ,G?
[ (Gau),, dA = 5 o

CSI



2
= _[ (Gu),,dA = k2 %—, Where, k,

Csl!

Again, I (G.u), dA can be analyzed by the following way,
CslI

Fig. 3.2 Velocity profile of liquid at inlet

Let the inlet velocity profile for liquid is
u(r)= A+ Br+ Cr? + Dr?

With boundary conditions,
@Hr=0, u=0
.. du
=0, — =0
(fiyr=0, 5

(iidr=1, u=0
Applying boundary conditions in (3.8), we get,
u(r)=-Dr,r? + DI’

Again if U be the mean velocity at the inlet, then,
— rﬂ
maU = [2nru(r).dr
(4]

%
2nD j( - )dr

() = mﬁ.(g,(l __)

23

50
=—.n

49

(3.8)
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r0
J.(Gu)mdA = _[Zn.plufr.dr as G = py
s 0
N 2 Rk G
=27l'p;-|- IOU(—E-) .(I—LJ xdr as U=—
P Iy Iy Pi
25 , 5 G?
ﬁ.(ﬂfo )p_I
2G2
J‘(Gu)m dA = k] G , Here, k, = 25n
csii Pi 21
k, k
SRy = (—"—-'—).rz.(}z
M Pv Pi °
EVALUATION OF Fy
L
F, = Ianotwdz
0
1 P i :
Tw = chwplu]2 = prl l as ) = (l—Ot)l.l;
(1-a)’
. F, = ntopy jcfw ——-—dz (3.9)
(I—a)

Civ, the wall friction factor, can be obtained from the equations provided by Wallis
[58] in the laminar and turbulent flow regions and by Monde [57] in the transition

regions as follows-

Cp ==2 . When, Re; <160 ' (3.10a)
Re,

C,, = Exp[ 5.48616 ~ 2.10284log, (Rey) + 0.11855(loge Re,)*
3 (3.10b)
~1.30035x 107 (log. Re; ) }, when, 160 < Rej <10

Cpy = 0.079/Re,®%*,  When, Re 210  (3.100)

The value of Cr, depends on Reynolds number, which again depends on the liquid

property and velocity. The variation of the superficial liquid velocity, ji along the



length of the tube can be analyzed as follows-

L<Lhc

L=Lhc

L>Lhe

-

P

Liquid
Fig. 3.3 Liquid-vapor interface profile length variation

ForL > Ly, or [L+ = -]—-JI':—°<1]

Fig. 3.4 Liquid velocity variation for L>L,

25
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For z= 0 to (L.-Lye) tiquid enters into the main flow from the side because tube wall is

not exist there, so that increasing j) is seen in this region as j, = % .
pil-a
j= G T\ 0<z'*<1-L' (3.11)
Pl(l—ZJ'ﬂJ
And,
. G(1-z")
i = 5 , 1-L" <z" <1 (3.12)
pl{l—(l—L‘” )H}.U
- Rep = p':"D ___GD . 0<z <1-TF (3.13)
: 2
pl[l—z+ :l
And
GD.(1-z")
Re; = 1-Lr <z* <1 (3.14)

2 2
M[L{L&fﬁ}v
ForL=L, ie. L' =1

- Gipy

L=Lhc

1
Fig. 3.5 Liquid velocity variation for L=Lye
Here at z=0, j; = G/p; as «=0 (flow is in liquid phase only)

G{1-2z*
L= % for 0<z' <1 (3.15)
I

GD.(1-2z"
Ref = +——) for 0<z" <1 (3.16)
1
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For L <Ly ie. L' >1

Fig. 3.6 Liquid velocity variation for L<Lk,

For z= -(Lye-1.) to 0, j; decreases due to wall friction only because in this region o=0
and j;= G/pL" at z=0.

) G(l-—-z*)
L= for0<z" <1 (3.17
(o] P
GD(1-z") -
Rey = ——m——= for 0<z* <1 (3.18)
Lt

Now using the above relations of j, and Rer and the equation (3.9) we can get the

expression of frictional force for various conditions as follows-

For L>L,, or L*<1

F, =mr,Lp, |C,,
0 1 ’l- |:1 ( )21’“]
Using Eqs. 3.9 and 3.10, we get,
H G ! Gl-z'y

F = dz dz"
e uj Crw;),2{1.—(5)2’“]2.{1—({)2’“}2 +Hjj+crwpf{1—(1~L*)2’“}21J2.{1—(z*)2’"}2
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1-L* i +32
— F = TII'OGZL wa dz* wa (1-27) dz*
= w pl .[{ (Z-r-)l.’"}4 z +I.[{ (] L+)2."n}2 L+2'{]_(z+)21'n}2
2
F n, G LI
P
Where,

s C, (1-2") '
I 1 zm PpRRTRTA S LLI N RelR BT rdz
; () .L{l (1-L") } {1-@y"}

Let I=1,+1;
Here,

I-

L

J dz!
2ln

0

If Cull=2 .
. I—(l Lt 2.’n} L+2.{ _(Z+)2."n}2

The Leibniz Integral rule

b(z) 11(7) a

ob
— | f(x,2)dx = —d +f(b(z), z)——f( (z),2)—
Za('!} a(z[) oz 0z
‘ ‘J acfw 7 . Cp, o(1-1L")
by aL (Z )2."1\ } {1 _(1 L+ 2/n } aL
Let,
- [1 _ (1 _ L+)2."n 14
3_ +2
e B T ST
db =n L,
Now,
dC,, _ 0C,, 9IRe,
oL dRe, oL

_oc, 8| 6D
dRe, oL [1—Z+2m]ll|
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2

~ac oC,,  2GD(z )L
" 8L ORe 2)?
H 1_(2 ) hc

fw _

2 —
1-L" . At 2 1+
L _gcm 26D(z")"L Cmé%{L{fy} dz++cfra(laLL)
Re 2 X
’ ] ul{]_(z )"} he

’- 2

2 —
al, _ _l-]; oC., 2GDzH L . C.8(z")L dz* +E& e(l-L")
o

4

aRe[. ¢ 2)* X dL
My {Hz*)“} L,.n {1—(7,*)"} LN

2
8C,, ~ 2GD(z' )y L
6’Rel 218
Hl 1 (Z) hc

Let,

=P,

2
C, 8(z') L

{1_(‘3 )" } he!?

a _ . Ch 00-L)
O (P, 4P )dt = BT )
6"(4+5)Z+X4 L

and, =P,

Now,

! Cp(1-2")? .
I, = f d
1_£+{1—(1-L+)2’"}2L*Z.{l—(z+)2’"}2 ’

: Cp (1-2)

=1, = dz*

2

L L+2X+2.{1 . (Z+ )an }2

I [ jl -2y 4,0 Co 20-L7)
J._— de oA
L oL {]_(Z«v)zfn} X AL

1-



Here,
6C 2 1 L+ f_] L+2 L+3
L+2x2 fw _wa L+2.2X.(—1). ( - ) . +X2_(_ J
0 C oL Lhe' Lhe
. fw =
aL[L+2X2:f (L+2X2)2
2
[ Cy ]_8Ch 1 Cy A=) x
AL LA AL 1*2x2 Lhc-x3 a0 I
2,
C v | 4 1-L)n X
Let, L f‘x3 ( n) +_L_+ _p,
he -
And,

[ —(;*)2’“]2 .%(1 —2 Y- _z+)2,_6%[] @ T

—

[I _(Z+)2/n]2

[2.{1 -(z+)2’“}2 (-z)z" L /Lhe]—[tl.(l ~2 P 1-@) @ /n.Lhe]
N [1_(Z+)2fn:|4
2

oty 4I~—+2.+-';L+
-'-—q-{(l—z*f/[]«-(z*f’"]‘*}: A0 L e O LS
* [1"(Z+)2/n:| Ly [I—(Z+)2/“:| an.Ly,

oL oL L% L n L {1—(Z+)2/n}2
2

Ch | 20-7'T 41-2)@)L
+2 2 2 3
L X {1 e (Z+ )2/[‘! } Lhe {1 _ (Z+ )2/[’1 } .n.Lhe

2
==

Coo [M-L) X ||| g+ _Co 20-L)
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Again,
oCq,  9Cg, ORe
L  8Re 4L

oRe, & GD(1-7")
oL oL [1_(1_L+)2fnj|2pl.L+

Here,

2
=
+ _T*3n +
6Re,=GD_ 1 +(l—z )2.(1-L")» L
JdL Ky | XL XL

2
S
8Cn, 0Cq, GD| 1 20-z7)(1-L) L'
= + =D

8L ORe p 1xLy KLy,
a, ]I ( P +P3J (a-z'y" . Cu 4y Cm 00-L)
’ - + ’ 2 T2 2 4"
gL Ll L2 x? [1—-(2+)2/":| I*x X oL
Let,
P 1-z")?
(L+2]X2 ijl: ( + 2)/n:| _P6
1-(z")
wa |
PZ'L+2X2 =P
al, 'I( ., Cp 00-14
.'-—'———= P6+P7)dz _—4_-—“‘”_'
L . x' oL
al 1-LY 1
rer =T [ (P +P)dz" + [ (P +Py)de’
0 1-L*
FOI‘L=L|1e
F, =T|:roplLIJ-wa——Jﬁ——2~dz*
b4 [I"(Z+)2m:|
. G(-z"
Ji :——'_)'

P



a-z)y .
[1 (Z )an:!

1
axz_a_j =z .
LO

A [T

Applying Leibniz Integral rule, we get

I= [c,-w

1 _ o+ _o+y2
_al - awa . (1 Z ) - + wa _g_ (1 Z ) - dZ+
oL ; oL [1_(Z+)21n] AL I:l_(z+)2fn]

Now,

ac,, _8C, @Re
oL  ORe, &L

0Cy, _ oC,, GD
oL aRel Hi Lhz

We have,

d (1-z")
— =P,
L [1_(Z+)2!n]
I +71+ _ +32 ‘
ol —f 6Cr, GD (z L ][ (1-2z") + (Co )P |dz*
1 -

) JL B B oL ' b ' Lhc 2/n :lz

+7 + _ o1+y2
Lt dCry GD [ZLL J (1-z") _p,
he

b5 Ky ' '|:1__(Z+)2:'n :|2

)
nor s Jlep+(c,, P)]dz
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For, L<L,.
.2

E, =nr,Lp, .[C ——J'—-—df

[1-@y" T

G(l-z")

We have, j= "
' pL

' G*(1
Fw=mopiLICr _(—;T")_ z
i 1@y T
Where,
1 (1_Z+)2

] 2 [1_(Z+)2/n]2

dz*

o o e R (T
oL [

OQ___.—'

L+2 1- (Z+)2!n ]2 L+2 [1 _ (1)2In ]2

Here,
i(cm _2C, aL+2+ I [2C, ORe
aL\L7) L% oL, L7\ 6Re oL
We have,

2
Re, = GD(1-z%)

Hy

. ORe, _GD 9 f1-2
;) PR TREY. 9 G Oy
.i[&w_]_zcm+ oCy, GD
AL L L'L,, L aRe: Hthc

2C,, oC;, GD
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and, EI; P, =q,

F;) S .
.-55=ﬂj(qz+q3)dz

Hence the frictional force becomes,

F = m,G'L |
Pi
where,
-t 1 .
J’ dzt + CFW(;_Z )2 2d2+ ; ) for UF <1
0 (Z )Zﬁ'n} [_L+{]—(]—L+)2{n} L+2'{l_(z+)2/n} -
! +42
- J.C _(I;L.dz*, for U =1

b fw[l _(Z+)2."n ]2

= _[wa -2y —dz", Cfor P>l
0 L+2I:] _(Z+)2In]

Using the value of Fp, Fg, Fu, and Fy in the equation (3.7), we get

2
.'.E(G,L):m‘)p(: L.I+[? lg:jr G2+7tr0gL(pV—pl)———§+2nrcr 0 (3.19)

From the energy balance at a certain heat flux, g, we get

H,,DG |
- 3.20
ST (3.20)

At the CHF, q fixes the profile length, L maximizing the mass flux, G.

So, for maximum G, a—G«r =0
oL

According to Euler’s theorem, Eq. (3.19) can be written as-

@éﬁ +@6L =0
oG oL

oF G OF _, a2l

aG oL aL
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Hence, from Eq. (3.21), we get

oF,
—=0=F(G,L} (Let
AL 5, (G,L) (Let)

_‘nr(,G2 ﬂ o2 _ n 399
= EK(GL)= o (L-aLH)Mrog(pv pn)n+2-—0 (3.22)

Solution of the simultaneous Egs. (3.19) and (3.22) will result the maximum G and

then using the Eq. (3.20) the value of CHF can be predicted as follows-

_ ngDGmax

- 3.2
Ao o (3.23)

3.3 SOLUTION PROCEDURE

The relations above are closed now. Knowing the properties of fluid and geometric

parameters, the above model can be solved as follows-
(1) An initial guess is made for the mass flux, G and the profile length, L

(2) Within the guess range of G and L, the value of the functions Fi(G,L) and
F2(G,L) from the Eqgs. (3.19) and (3.22) are computed for a particular tube
geometry, working fluid and working condition (Appendix B).

(3)  The contour of the functions F;(G,L) and F5(G,L) are plotted against the
range of G and L (Appendix C).

(4) The intersection point of the contour Fi(G,L) = 0 and F»(G,L) = 0 is the
solution of the Egs. (3.19) and (3.22) and gives the maximum mass flux,

Gumax for a particular tube geometry and thermal-hydraulic condition of the

working fluid.

(5) The value of Gmax 1s used to calculate g, using the Eq. (3.23).
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CHF data of natural convective boiling in vertical heated tube has been calculated by

varying several parameters namely, working fluid, working pressure, tube diameter,

and tube heating length, the profile index and heating length and diameter ratio.

Different values of these parameters are categorically given in the Table 3.1 which is

identical with the experimental ranges of Monde et al. [31]

Analysis are conducted for eight different density ratios in the range of p /p1 = 6.22 x

10* — 0.2095, eleven different Lie / I} in the range of 5 to 857 and for working fluid

R113, R12 and water.

Table 3.1 Ranges of the analysis

' Heating Tube
Working | Pressure _ Profile
_ Length Diameter Li/D pv/p )
Fluid (MPa) index, n
{mm) (mm)
RI113 0.1-0.3 23-960 1.12-18.4 5-857 | 4.95x107-0.0147 2-14
Ri2 0.793-2.907| 23-960 L 12-18.4 5-857 0.0348-0.2095 2-4
Water 0.1 23-960 1.12-18.4 5-857 6.22x107 2-4
3.5 CLOSURE

Analysis model, assumptions, methodology, and analysis ranges have been discussed
in this chapter. In the following chapter, CHF data of this analytical study will be

presented as functions of different parameters, and the characteristics of CHF will

also be discussed.
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RESULTS AND DISCUSSION

Critical heat flux (CHF) in the present analysis has been defined as the heat flux in
annular flow regime, which leads to the wall temperature excursion of the heated tube
and deterioration of heat transfer from the heating wall due to the termination of
continuous liquid contact with the wall. The vapor, from the continuous vapor phase
Ain the bulk flow, covers the heated surface. In this analysis around 300 CHF data, of
which 33 for water, 99 for R113, and 165 for R12 are calculated by varying different
parameters mentioned in Table 3.1 of the previous chapter. Thermo-physical
properties of different working fluids necessary to calculate several variables used in

this chapter are given in Table A.1 of Appendix A.

4.1 CHF CHARACTERISTICS

Many CHF data have been calculated by varying the tube geometry and thermal-
hydraulic conditions of the various working‘ fluids, which is done to evaluate the
effects of various parameters on CHF and to compare these with existing CHF data of
similar geometry and thermal-hydraulic conditions. Accordingly, Fig. 4.1 has been
constructed with the present analytical data to explain the basic CHF characteristics of

different working fluids and Fig. 4.2 representing the experimental data (Monde et al.

[31]) has been constructed to compare the characteristics of CHF with the analytical

ones.
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Figure 4.1 represents all the CHF data plotted against the density ratio (pv/p1). The
solid line for each working fluid as shown in this figure is the Kutateladze correlation,

Eq. (4.1) for predicting the CHF in an ordinary saturated pool boiling.

/p,H
dolPve  _ 16 (4.1)

Yog(p; - p,)/ P’

Where Ku is called the Kutateladze number for dimensionless CHF in saturated pool

Ku=

boiling.

Each of the symbols in Fig. 4.1 represents a CHF data for a particular
combination of heating length and diameter of the vertical tube. The CHF ina vertical
tube basically depends on the ratio Ly/D and p,/py and its character has a tendency
similar to Kutateladze’s prediction for saturated pool boiling. The CHF of the present
analysis should be smaller than the Kutateladze’s prediction by Eq. (4.1) because this
analysis is done for the boiling in a narrow confine of a tube whereas Eq. (4.1) is for
pool boiling, But the Fig. 4.1 shows that some of the CHF for smaller Ly/D are higher
than the Kutateladze’s prediction and this may be due to the various assumptions that
are considered for the simplification of this analysis. The dotted line for each working

fluid in the Figs. 4.1 and 4.2 represents the Imura’s correlation [59] for closed

thermosyphon.

For the same value of L/D, the CHF increases with an increase of p,/p; for
R113, while decreases for R12. This is because of the working pressures chosen in
this study such that the reduced pressure, Py, is in the range of 0.192 to 0.703 for R12
and P,<< 0.192 for R113. It is well known that the CHF increases with P, and
becomes maximum at a working pressure of about Py/3 (i.e. P/=1/3), beyond which it
decreases continuously [55]. As P increases with p./pj, the CHF as shown in Fig. 4.1
is obtained. It is worth mentioning that for a constant p,/p;, the CHF increases with an
increase in tube diameter for a fixed length of the tube and decreases with an increase
in tube length for a constant tube diameter. These are also explained clearly in section
4.3-4.5. The Characteristics of the analytical CHF values in the Fig. 4.1 shows the
similar tendency as in the Fig. 4.2, which was the prediction of CHF experimentally
by Monde et al. [31]. The analytical model always overpredicts the CHF than the
experimental model except for the Ly/D=23/4 and Lie/D=960/1.12 in case of R113
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and at Ly,/D=960/1.12 for R12. Again for Water, Fig. 4.6 shows that the analytical
model overpredicts the CHF for Ly/D = 960/4.

4.2 EFFECTS OF PRESSURE ON CHF

Fig. 4.2 shows the CHF variation with eight different working pressures for two
Lpe/D. Both analytical and experimental CHF values of R113 and R12 are shown
here. For R113 CHF increases with the increase of pressure while for R12 it decreases
and its reasons have already discussed in section 4.1. Pressure has a weak influence
on the CHF for low-pressure range. The pressure change from ¢.1 MPa to 0.3 MPa
causes only 13 percent of CHF changes but it is significant in the high pressure region
where the reduced pressure, P; near to 1 (Bewilogua et al., [56]). Fig.4.2 also shows
that the variations of CHF with pressure for both analytical model and experimental

model have the same tendency.
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Fig. 4.3 Effect of working pressure, P on CHF
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4.3 EFFECTS OF L;/D ON CHF

Influences of tube heating length and diameter ratio, Li/D on CHF are shown in the
Figs. 4.4, 4.5 and 4.6 where different symbols are for different working pressures. For
all the working fluid, CHF decreases as the Ly/D increases and the changes are more
significant for Ly/D < 50. In this range an increase of Ly/D by 10 decreases 22% of
the CHF while above this range it decreases only 4%. Therefore, the effect of Ly./D
on CHF is less significant for Ly,/D > 50.

4.4 EFFECTS OF TUBE HEATING LENGTH, L;. ON CHF

The variations of CHF with the tube heating length, L, for a fixed diameter, D =
9mm, are depicted in Figs. 4.7 and 4.8. The CHF for both R113 and R12 decreases as
the heating length, L;. increases but the changes become more flat at higher Ly than

the lower Ly, region.
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4.5 EFFECTS OF TUBE DIAMETER, D ON CHF

Figures 4.9 and 4.10 show the CHF variation with tube diameter, D for L. = 960 mm.
where different symbols are for different working pressures. For a constant heating
length of the tube, the CHF for both the working fluids increases with the increase of

tube diameter because the boiling characteristics shift towards the pool boiling for

larger diameter.
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4.6 EFFECTS OF PROFILE INDEX, n ON CHF

The liquid-vapor interface of the annular flow in this analysis is assumed to be a
smooth curve defined by Eq. (3.1) and Fig. 4.11 shows the change of the shape of the
interface with the change of profile index, n. According to the Eq. (3.2) it also shows
that for a fixed value of z and L, where z < L, the void fraction increases with the
increase of n because the interface shape becomes wider at that z location for higher
n. Fig. 4.12 shows the variation of CHF with the profile index n for the working fluid
R113 at a fixed Lye/D. It shows that with the increase of n the CHF decreases because
the void fraction increases with the n. At higher n the analytical CHF approaches to
the experimental values but Fig. 4.13 shows that the change of the CHF is significant
upto n = 8 and then further increase of n has very little effect on CHF. The effect of n
on CHF for R12 and Water may have the same characteristics as shown for R113 and

one may use higher n, upto 8, for better results of the present analysis.

1.0
08F b

06 - -

z/L

04f -

0.0

Fig. 4.11 Effects of profile index ‘n’ on the liquid-vapor interface
shape
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4.7 EFFECTS OF WORKING FLUIDS ON CHF

In this analysis CHF data have been calculated for different working fluids, viz.
Water, R113 and R12 at different pressures to study the effect of physical properties
of the fluids on the CHF. A comparison is made in Fig. 4.14 for water at P=0.1MPa,
R113 at P=0.1MPa and R12 at P=(0.793MPa by varying the L;/D. The operating
conditions are not identical but a qualitative comparison can easily be made from this
figure. The CHF for R113 is the smallest of that for the liquids used in the present
study for a particular Lxe/D. This is due to the smallest heat of vaporization of R113.
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Fig. 4.14 Effect of working fluid on CHF



48

4.8 VERIFICATION OF THE PRESENT MODEL

To test the basic performance of the present analytical model, the CHF data of R113,
R12 and Water of this analysis have compared with the experimental data that were
measured by Monde et al. [31] at the same geometry and thermal-hydraulic conditions
given in the table 3.1. The comparison has done with the help of Kutateladze
correlation (4.1). Figures 4.15, 4.16 and 4.17 show the comparison of reciprocal of
Kutateladze number for experimental model with that of the present analytical model.
Though these figures for R113, R12 and water indicate that the present model has the
tendency to over-and under-predict the experimental CHF values, the analytical CHF
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Fig. 4.15 Comparison between anaiytical and experimental CHF for R113
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values agrec with the experimental CHF within+50%. Also the ratios between
experimental and analytical critical heat fluxes, qc(experimental)/qc(analytical) are
potted against Ly /D in Fig 4.18. It shows that the present model predicts the CHI
well within £50% for Ly/D>20 and within +£30% for higher Li/D but the significant
scattering is seen in case of small Ly/D. For shorter Ly/D, the CHF characteristics are
presumably similar to that of pool boiling giving its higher values as observed for
both the present and existing experimental study. But the analytical values are much
more higher than the experimental values because here L>>L4, for maximum mass
flux. This may be due to the absence of the tube wall (Fig. 3.3) for z= 0 to (L — Lhe),
which causes the in flow of excess liquid into the main flow with less friction. For
L1/1D>20, the present analysis shows some discrepancies as shown in Figs 4.15, 4,16

and 4.17, which may be attributed to the assumptions adopted in the present model.

Acceleration of the vapor core during vaporization process very often
produces entrainment of the liquid droplet. This effect, together with direct
vaporization of the film, tends to reduce the film thickness quickly than with no
entrainment resulting in the decrease in CHF. But the present model did not consider
entrainment and thus over-predicts the CHF.
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Phase-change systems are almost always subjected to instability associated with the
liquid-vapor interface. This kind of instability of interface has strong impact on heat
and mass transfer during phase change process, which is not considered in the present

model. This may also be one of the reasons of over-predicting CHF by this model.

4.9 CLOSURE

An attempt has been made in this chapter to explain the CHF characteristics of the
present model. The effects of various parameters on the CHF are also discussed here.

In the following chapter a summary of the present work will be presented and

conclusion will be drawn accordingly.
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CONCLUSIONS

5.1 CONCLUSIONS

An analytical study has been made for the critical heat flux of natural convective
boiling of saturated liquid in a vertical tube, where liquid and vapor form a co-current
annular flow. Saturated Water, R113 and R12 at different pressures are the working
fluids in this study .to obtain CHF data for wide range of p./p| (0.622){1{)4 to 0.2095)
and of Ly/D (5 to 857). The CHF data have been presented to show the effects of
different parameters and are analyzed with a view to understanding its inherent

characteristics. From the predicted CHF data presentation and subsequent analysis,

following inferences may be drawn:

1. This model considers mass, momentum, and energy balances for the two-phase
flow in a vertical tube submerged in a saturated liquid, where the liquid-vapor
interface is a paraboloid formed by z/L = (1/r;) ™. The CHF is assumed to be taken
place at the exit of the heated tube when the void fraction is unity and the mass

flux, G is maximum.
2. The predicted CHF values show the simitar characteristics as shown in available

experimental studies.

3. The liquid-vapor interface profile index, n has significant effect on CHF for
R113, the recommended range of n is about 2-8. '

4. The variations of the CHF with the Ly,o/D are more significant for Ly/D<50.

5. The predicted CHF data agreed well with the experimental values within £50%

for Lp/ID> 20.
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5.2 RECOMMENDATIONS

In order to improve the prediction of CHF by this model, following suggestions may

be taken into account.

1.

A numerical method could be undertaken to solve the simultaneous equations
developed for finding maximum mass flux, Gmax instead of the present
graphical method.

The mass transfer due to entrainment and deposition of the liquid droplets
between the liquid and vapor phases could be incorporated in this model.
Instability associated with the quuid;vapor interface can also be taken into
account in this model rather than assuming the interface as a smooth curve
because instability of the interface has strong impact on heat and mass transfer
during phase change process.

This model could be employed to predict CHF in a concentric tube open
thermosyphon as the flow situation is similar to the present system.

The effects of channel orientation, surface roughness and surface tension on

the CHF may be incorporated for further investigations.
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Table A.1 Thermo-physical properties of working fluids [12]

Thermo-Physical Properties

Fluid
P Tsat P Py Hy, Y H
[MPa]} [°C] [kg/m’] [kg/m3] [kJ/Kg] | [mN/m] [},th/m2 |
Water | 0.1 100 | 958.3 0.597 2257.8 58.98 284.62
0.1 47.6 | 1507.6 7.457 143.8 14.66 494.07
R113 0.2 69.6 | 14522 14.177 138.9 12.31 385.67
0.3 84.6 | 14125 20.885 130.7 10.75 329.94
0.793 32 1284 44.8 137.7 7.7 208
1.145 47 1225 654 127.2 5.9 187
Ri2 1.602 62 1157 94.6 114 4.2 167
2.183 77 1057 136.4 97.6 28 144
2.907 92 969.7 203.2 75.8 1.3 119
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APPENDIX B

FLOW CHART OF THE COMPUTER PROGRAM

BEGIN ]

INPUT
Constants- pi, kv, kl, gr
Tube geometry- Lhe, rad
Fluid Property- rohl, rohv, st, mul
Profile Index — n
Initial gauge range of G & L

Yes

Lplus = Lhe/l.

Calculate
Ref, cfw, dcfw
[&dl
Using formula for L>Lj,

Calculate Calculate
Ref, cfw, defw Ref, cfw, defw
[ & dl 1 & dl
Using formula for L.<Li, Using formula for L==L,

J

e = Upper limit of z coordinate
Calculate Q =No. of segments of the

Fl & F2 integration range '
Using Egs. (3.19) & (3.22) K gy ot mealeutating
I pi=3.14159
Lhe = L

rohv =p,

OUTPUT rohl =
G, L, FI,F2 st=g

mul=m

Lplus =L*

di = di/dL

Ref=Rer
END Cfw =Cy,

defw = dCr/dL

rad=r,
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COMPUTER PROGRAM

% This is a Program to calculate F1 and F2 according to Egs. (3.19) & (3.22).
% The Software used here is MATLAB 6.1

% Input the Constants

pi=3.14159; % =

kv=3.2057. % constant required to calculate Fy

kl=3.7399; % constant required to calculate Fy

gr=9.81, % Gravitational acceleration (m/s’)

Q=30.0; % No. of segments of the total range of integration required in
Sympson rule

Pe=0.9999; % Upper limit of the '(= z/L) co-ordinate

% Input the tube geometry
rad=0.002; % 1o (M)
Lhe=0.023; % Lpe (m)

n=2.0; % Liquid-Vapor interface profile index
% Input the fluid propertics

rohv=6.33; % py (kg/m®)

rohl=1486; % py (kg/m’)

st=0.0155; % o (N/m)

mul=0.000373; % w, (Pa.s)

D Burerresrneereseassaresrtaeerrran e e e e s s s st es et e rre s neassian
D=rad*2.0; %Tube diameter (m)

% Open output files for G, L, F1, F2
fidG = fopen('finalG.table','w");

fidL = fopen('finalL.table','w");

fidF 1 = fopen('finalF1.table’,'w");

fidF2 = fopen('finalF2.table','w'),

fidall = fopen('finalall.tabie','w");

for G=1:0.99:100 % For-loop for initial guess of G
for L=0.001:0.001:1 % For-loop for initial guess of L



65

Lplus=Lhe/L; % L°
% Calculation of I & dI for L>Lhe

if L>Lhe

h=(1-Lplus)/Q; % Length of each segment used for integration

k=0; '

for zplus=0.0:h:(1-Lplus) %z

Ref=(G*D)/((1.0-(zplus™(2.0/n)))*mul); % Rer
if Ref<160
cfw=16/Ref; % Caw
defw=-(16/(Ref"2)); . % dCr/dL
elseif (Ref>=160) & (Ref<=10000)
cfw=exp(5.48616-2.10284*log(Ref)+0.11855*((log(Ref))"2)-...
0.130035*((log(ReH))*3));
defw=cfw*((-2.10284/Ref)+(0.2371*log(Ref)/Ref)-(0.00390105*((...
log(Ref))"2)/Ret));
else
cfw=0.079/(Ref*(1/4)),
defw=-0.01975/(Ref"(3/4)),
end
k=k+I;

Fl{k)=cfw/((1.0-(zplus™(2.0/n)))"4.0});
dF1(k)=((dcfw*2.0*G*D*(zplus~(2.0/n))*Lplusy/(mul*n*Lhe*((1.0-...
(zplus™(2.0/n)Y6.0)))+H((cfw*8.0*(zplus™(2.0/n))*Lplus)/...
(n*Lhe*((1.0-(zplus~(2.0/n)))"5.0}));

end
[sum1=0.0;
dsum1=0.0;
forj=2:1.Q

[sum1=lsum1+2.0*F1(});

dsum l=dsum14+2.0*dF1(j);

end

Int1=(h/2.0)*(FI(1)+Isum 1+F1(Q+1));
dint1=(h/2.0)*(dF I (1)+dsum |+dF 1{Q+1));



h2=(Pe-(1-Lplus))/Q;
k1=0;
for zplus =(1-Lplus):h2:Pe
Ref=(G*D*(1-zplus))/(((1-((1-Lplus)*(2/n)))"2)*(Lplus"2)*((1-...
Zplus (/)Y 2); |
if Ref<160
cfw=16/Ref;
defw=-(16/(Ref*2));
elseif (Ref>=160) & (Ref<=10000)
cfw=exp(5.48616-2.10284*log(Ref)+0.11855*((log(ReD)"2)-...

0.130035*((log(ReN)"3));
defw=cfw*((-2.10284/Ref)+(0.237 1 *log(Ref)/Ref)-(0.00390105*((...

log(Ref))"2)/Ref));

cfw=0.079/(Ref"(1/4));
defw=-0.01975/(Ref (3/4));
end
kl1=k1+1;
R=(1-(1-Lplus)™(2/n));
S=(1-(zplus™(2/n)));
F2(k D=cfw*((1-zplus)"2)/((R"2)*(Lplus"2)*(5"2));

plpl(kD)=((dcfw*G*D)mul)*((1/R*Lhe)+2*(1-zplus)*((1-Lplus)"((2/...

n)-1)*Lplus/(R*2)*Lhe*n));
p3p3(k1)=(cfw/Lhe*(R"3))*((4*((1-Lplusy ((2/n)-1))/n)+(R/Lplus));
p6p6(k N=((p1p1(k1)/(Lplus*2)*(R*2))+p3p3(k1))*((1-zplus)*2)/(S"2);
p2p2(k1)=((2*(1-zplus)*zplus*Lplus/Lhe*(5"2))-((4*((! -zplus)*2)*...
(zplus™(2/n))*Lplus)/n*Lhe*(5"3))); -
p7p7(kD)=(cfw/(Lplus”2)*(R"2))*pZp2(k1);
dF2(k1)=p6p6(k1)+p7p7(kl);
end
[sum2=0;
dsum?2=0;

forjl =2:1:Q
[sum2=Isum2+2*F2(j1);
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dsum2=dsum2+2*dF2(j1);

end
[nt2=(h2/2)*(F2(1)+1sum2+F2(Q+1));
dInt2=(h2/2)*(dF2(1)+dsum2+dF2(Q+1));
[=Int1+Int2;
di=dInt2-dIntl;

% Calculation of I & dI for L=Lhe

elseif L==Lhe
h3=Pe/Q;
k2=0;
for zplus =0.0:h3:Pe
Ref=G*D*(1-zplus)mul,
if Ref<160
cfw=16/Ref;
defw=-(16/(Ref"2));
elseif (Ref>=160) & (Ref<=10000)
cfw=exp(5.48616-2.10284*log(Ref)+0.11855*((log(Ref))*2)-...
0.130035*((log(Ref))"3));
defw=cfw*((-2.10284/Ref)+(0.237 I *log(Ref)/Ref)-(0.00390 105*((...

log(Ref)"*2)/Ret));

else

cfw=0.079/(RefA(1/4));
defw=-0.01975/(Ref"(3/4));

end
k2=k2+1;
H={1-(zplus"(2/n))),
F3(k2y=cfw*((1-zplus)*2)/(H"2);

p8p8(k2)=dcfw*G*D*zplus* Lplus*((1-zplus)*2Z)/mul*Lhe*((1-(zplus™...

(2/n))*2);
p9p9(k2)=(2*(1-zplus)*zplus*Lplus/Lhe*(H"2))-((4*((1-zplus...
Y2)*(zplus™(2/m))*Lplus)/(n*Lhe*(H"3)));
dF3(k2)=p8p8(k2)+cfw*p9p9(k2);

end

67



Isum3=0;
dsum3=0;
for j2 =2:1:Q
Isum3=Isum3+2*F3(j2);
dsum3=dsum3+2*dF3(j2);
end
[=(h3/2)*(F3(1)+sum3+F3(Q+1));
dI=(h3/2)*(dF3(1)+dsum3+dF3(Q+1));
% Calculation of I & dI for I.<Lhe
eise
hd=Pe/Q;
k3=0;
for zplus =0.0:h4:Pe
Ref=G*D*(1-zplus)y/mul*Lplus;,
if Ref<160
cfw=16/Ref;
defw=-(16/(Ref"2));
elseif (Ref>=160) & (Ref<=10000)
cfw=exp(5.48616-2.10284*log(Ref)+0.11 855*((log(Ref))*2)-...
0.130035*((log(Ref))*3));
dcfw=cfw*((-2.10284/Ref)+0.237 I *log(Ref)/Ref)-(0.00390 105*((...
log(Ref))"2)/Ref));
else
cfw=0.079/(Ref"(1/4));
defw=-0.01975/(Ref*(3/4));
end
k3=k3+1;
w=(1-(zplus™(2/n}));
F4(k3)=cfw*((1-zplus)"2)/(Lplus*2)*(w"2);
q1q1(k3)=(2*cfw/Lplus*Lhe)+(1/(Lplus*2))*(defw*G*D/mul*Lhe);
q2q2(k3)=q1q1(k3)*((1-zplus) 2)/w"2;
plOpl10(k3)=((2*(1 -zplusy*zplus*Lplus/Lhe*(w”2))-((4*((1-zplus)*2 ...
Y¥(zplus™(2/n))*Lplus)/n*Lhe*(w"3)));



q3q3(k3)=(cfw/(Lplus"2))*p10p10(k3);
dF4(k3)=q292(k3)+q3q3(k3),
end
[sum4=0;
dsum4=0,
for j3 =2:1:Q
[sum4=Isum4+2*F4(j3);
dsum4=dsum4+2*dF4(j3);
end
[=(h4/2)*(F4(1)-+Hsum4+F4(Q+1));
di=(h4/2)*(dF4(1)+dsumd+dF4(Q+1));
end
% Calculation of F1 & F2
% Here F1=FF1 & F2=FF2
x=(pi*rad*G*G)/rohl;
y=pi*rad*rad*gr*(rohv-rohl)*(n/(n+2});

FF1=((x**L)+(y* L)+(((kv/r0hv)-(kl/rohl))*rad*rad*G*G)—(Z*pi*rad*‘..

st));
FF2=x*(L*dI+I)+y;

% Show output in the output file
fprintf(fidall, %10.4f %10.4f  %10.4f %10.4f\n',G,L,FF1,FF2)
fprintf(fidG,'%10.4A\n’,G);
fprintf(fidL, %10.40\n',L);
fprintf{fidF1,'%10.4\n",FF1);
fprintf(fidF2,'%10.4\n",FF2);

end
end
fclose(fidall);
felose(fidG);
felose(fidl);
fclose(fidF1);
felose(fidF2);
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APPENDIX C

Analytical and Experimental Data sample

Table C.1 Analytical and experimental CHF data for R113 at n=2

70

Ly, D ‘ P=0.1MPa P=0.2MPa P=0.3MPa
mm[ | (mm] | 2P| oo deo deo e qeo
[Ana] [Exp.] [Ana.] [Exp.| [Ana.] [Exp.
92 18.4 5 954.048 180.2 1164.3 224.2 1253.5 250
23 4 5.75 126.36 228 138.85 280.3 159.57 289.3
55 11 5 §19.02 205 942.59 260.2 083.69 284.1
110 i 10 520.18 190 614.14 221 660,82 248
180 9 20 321.56 160 352.54 175.2 386.04 183.2
360 9 40 208.39 110 245.42 135.3 265.4 150.2
720 9 80 134.88 75.1 159.43 952 178.17 112.2
840 7 120 38.48 60.03 120.53 70.1 131.15 78.1
900 5 160 72.74 4272 78.5 46.2 83.2 54.2
960 4 240 55.58 33.7 58.8 36.6 68.3 38.2
260 1.12 857 4.44 8.02 8.09 8.8 10.24 9.5
Table C.2 Analytical and experimental CHF data for R12 at n=2
Lo D Lo P=0.793MPa | P=1.145MPa | P=1.602MPa | P=2.183MPa | P=2.907MPa
tmm] | fmm) [ T T a0 [ G | 9w | o | @ | G0 | G | Ge
[Ana] | [Exp.]|[Ana.][|Exp.]||Ana.] |]Exp.]} [Ana] |[Exp.]| [Ana.] | |Exp.
92 1184 5 |1502.8| 300.5 |1807.6|340.2 1797 | 326 | 1708 | 260 ! 14754 | 200.5
23 4 5.75 [894.87|400.05(898.91{400.1| 748 | 410 | 500.73 | 305.5 | 255.8 | 250.2
55 1t 5 |1325.4] 366.2 1472.81360.2 | 1482 | 310 | 754.83 | 240.2 | 478.98 | 180.4
110 11 10 [925.34( 333.2 |817.89] 280.5 |960.16| 280.2 | 746.08 | 180.2 [ 609.35 | 150.2
180 9 20 (472.96| 280.2 [414.19(242.2 1395.58(210.2 | 304.43 145.02) 213.18 | 115.4
360 9 40 [319.65] 210.1 1349.95( 182.5351.88 175.5] 330.68 | 112.3 | 245.84 | 100.12
720 9 80 [235.59| 160.5 |263.81: 145.6 (249.37( 135.2| 239.53 | 85.5 | 184.87| 70.3
840 7 120 |170.33) 110 |173.49|110.21172.49] 94.2 | 154.23 | 72.4 [117.25) 60.3
900 5 160 | 101.6 72.2 | 99.26 | 70.02|89.165| 65.2 | 75.23 51 55.63 | 48.2
960 4 240 | 64.92 | 57.2 | 57.18 |'55.2 | 54.36] 51.2 | 4331 | 40.2 | 35.24 39.8
960 | 1.12 | 857 | 1243 | 11.36 [ 17.65 | 13.5 [ 14.58 { 18.01| 9.67 14 6.788 14.5




71

Table C.3 Analytical and experimental CHF data for Water at n=2

L D P=0.1MPa
[m::l] [mm] Le/D Qeo Geo
[Ana] [Exp.]

92 18.4 5 4199.4 1364.085
23 4 5.75 3786.3 994.9799
55 11 5 2374.6 1084.273
110 11 10 1467.5 704.7774
180 9 20 937.95 522.0573
360 9 40 617.56 352.3887
720 9 80 456.49 291.632
840 7 120 324.96 2114332
900 5 160 93.4 156.6172
960 4 240 35.53 21.12748
960 1.12 857 4199.4 1364.085




SAMPLE PROGRAM OUTPUT -

72

For R113, n=2, Lhe= 840mm, D= 7mm, Lhe/D=120, P=0.3Mpa, pi=1412.5 kg/m3,

bl T e I SR PN

G

.aooe
.0000
.0000
. G000
L0000
.Q000
. 0000
.00G0
.0000
.oooc
. 0000
.0000
.0s000
. 0000
.0000
. 0000
.0000
.0000
.0000
.0000

. 0000
.Qooc
. 0000
L0000
.0000
. 0000
.0c00
.0c00
.0000
.0000
.0000
.00G0
.0000
. 0000
.0ooc
.0o0C
,0000
L0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0000
.0o0o0
.0000
.0o000
.0000
.0000
L0000
. 0000
. 0000
. 0000
. 0000
L6000

0000

0,=20.885 kg/m®, p/p=14.78x10°

PR OO R B WWNNR,FOO LA WWNNHNHOO SR WNN L, PO AR WWNNEL RO AMBWWNN PO R WP, DO

.1000

6000

.1000

6000
1000
6000
1000

. 6000
.1000

6000

.1000
. 6000
L1000
L6000
L1000
. 6000
.1000
.6000
L1000
.6000
.1000
. 6000
L1000
.6000
.1000
.6000
.1000
.6000

1000
6000

.1000
. 6000
.1000

6000

.1000
. 6000
.1000

6000

.1000
L6000
.1000
. 6000
.1000
L6000
.1000
.6000
.1000
, 6000
.1000
. 6000
.1000
. 6000
.1000
.6000
.1000
.6000
L1000
L6000

1000

. 6000

10c0

L6000
.1000
L6000

-0,
-0,
-G.
-0,
-0.
-0.

0.
-0.

0.

Q.
~0.
-0.
-0,
-0.
-0.
-0.

0.
-0,

c.

0.

Fl

-0.0265
-0.1578
-0.2835
-0.4166
-0.5489
-0.6807
-0.8124
-0.9440
-1.0755
-1.2062
-0.0247
-0.1561
-0.,1105
-0.2974
-0.4587
-0.6176
-0.8027
-0.9440
-1.0745
-1.2027
-0.0196
-~0.
0
-0
-0
-Q
-0
-0
-1
-1
-0
-0
0
-0
-0
-0
-0
-0
-1
-1
0
~0
0
0

1510

. 0658
L1759
L3740
L6118
.8075
. 9369
.0606
L1720
L0112
. 1425
L2454
.0505
.3044
L6677
L7964
.9218
.0268
L0683
.0005
L1308
.4284
.0750

2594
6558
7828
8826
9047
8196
0156
1157
6147
2010
2487
6405
7252
7774
7276
4552
D340
0973
8043
3266

F2

.2629
. 5458
L9437
.3591
.2686
.2628
.2624
L2625
L2628
L2630
L2677
L0377

-114.3729

-194.
-556.
-14.

-232.
-666.
-17.

.2521
. 4454
L2666
L2608
,2627
L2625
.2618
L2726
.5295
.8021
L1447
L0227
.2746
.2626
L2621
L2605
.2566
.2775

0209
2314

.0375
.7920
L2626
L2619
. 2606
.2551
.3603

.2824
.5127

.6606
L9267
.9307
.2625
L2615
L0229
L9671
.5825
.2872

0044
0898
8088

.9969
.2625
L3173
L2335
.8588
.4523
.2921

4925
5191
6779



181.
181.
181.
181.
181.
i8l.
211.
211,
211.
211.
211.
211,
211.
211.
211.
211.
241.
241,
241,
241.
241,
241.
241.
241.
241.
241,
271.
271,
271.
271,
271.
271.
271.
271.
271.
271.
301,
301.
301.
301,
301.
301.
301.
301,
301.
301.
331.
331,
331,
331.

331.
331.
331.
331.
331.
361.
3el.
36l.
361.
361.
361.
38l.
361.
361,

391.
391.
391.
391.
391.
391.
391.
391.
391.
391.

W WM DO D G G YN

O OB s

W hor

-D-Dbd(.dl\)l’\)t—-'HOO#&UWNNJ—'I—‘OOD&uwNNHHODbhwwNNb—‘)—'OO-&b-debJNl\)l—‘b—‘ODhu;

.1000
. 6000
.1000
L6000
L1000
L6000
.1000
-6000
,1000
. 6000
.1000
. 6000
.1000
. 6000
L1000
. 6000
L1000
. 6000
.1000
. 6000
.1000
.6000
. 1000
L6000
L1000
. 6000
.1000
. 6000
L1000
. 6000
L1000
L6000
L1000
. 6000
L1000
L6000
.1000
.6000
L1000
. 6000
.1000
.6000
.1000
L6000
.1000
L6000
L1000
. 6000
.1000
L6000
L1000
. 6000
L1000
. 6000
L1000
L6000
.1000
. 6000
. 1000
. 6000
L1000
. 6000
.1000
.6000
L1000
.6000
.1000
. 6000
L1000
. 6000
.1000
. 6000
. 1000
. 6000
.1¢00¢
L6000

-0.2818
-0.5972
-0.6704
-0.6683
-0.5034
0.0072
0.0558
-0.0756
0.9946
0.4511
-0.3593
-G.5511
-0.5882
-0.5281
-0.2083
0.6099
0.0808
-0.0505
1.1905
0.5737
-0.4242
-0.5013
-G.5151
-0.3692
0.1494
1.3790
0.1092
-0.0221
1.3897
0.8979
-0.3846
-0.4472
-0.4302
-0.17€8
0.5154
2.4332
0.1499
0.0096
1.5923
0.81%2
-0.3411
-0.3904
-0.3118
0.6427
1.0292
3.38%6
0.1759
0.0446
L7981
.9363
L2927
.3265
L2111
.2991
L6341
.2384
.2143
L0831
.0074
.0485
~0.2416
L2317
L0595
.5136
.2185
L1433
.2560
L1250
L2216
L1550
. 1867
L1612
0.08628
0.8315
3.0177
6.1071

[
PNOoOOLHEHFODOOoDOOR

[
oo

CoORPNOOSDUNOD

wha o oo

-0

-270.
~776.

=20.
L4935
.4136
L5700
L6603
.1861
L6917
.3019

=0a

-309.
.3487
.3411
L0157
. 7698
L3121
L1611
.9499
L4817
.3068
-347.
L7744
L0607
.1653
L1555
L1911
.9279
L1728
.0489
3116
-386.
-1108.
L7170
L3229
.5726
.1803
.9262
.8972
.4260
.3165
L9482

-887

-424

-1218.
.2936
.4981
L0509
.2842
.1982
.1006
.6524
.3214
.4418
.0508
L7646
. 6802
.5761
,5240
.7326
.8127
. 7490
.3263
. 9360
. 4669
.1009
.8791
L1580
.8959
,5516
L1409
L7475

.9258
L0648
.B698
.3162
.7923
.7059
L2970

9837
9231
5256

4748

9659

4571
2001

6258
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421.
421
421.
421,
421,
421.
421.
421.
421.
4z1.
451.
451.
451,

451.

451.
451
451.
451,
451.
451.
481.
481.
481.
481.
481.
481.
481.
481.
481.

481

511.
511.
511.
511.
511.
511.
511.
511.
511.
511.
541.
541.
541.
541.
541.
541,
541
541.
541,
541.
571,
571,
571.
571.
571.
571.
571,
571.
571.
571.

000G

.000¢

0000
0006
0000
0000
0000
0000
[Heli]]
0coo
0000
0000
0000
0000
0000

.0000

0000
oooc
0000
0000
0000
0000
0000
0000
ogoo
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
¢ooo
0000
0000
0000
oooo
0000
00600
0000
0000
0000
0000

.0000

0000
0000
ooco
0000
0000
0000
coo0
0000
0000
0000
0000
0000
0000

&bwwf\)NI—-‘l—lOO.h.hLdWI\JI\JI—-‘HOOJ—’-»ﬂ:uuNMF‘HOO&bU}wMNI—‘I—‘DOAhuUNNI—‘I—-‘DODDUJL.JNNI—‘P-—‘OO

. 1000
L6000
L1060
.6000
.1000
.6000
L1000
.6000
.1000
. 6000
. 1000
. 6000
.1000
. 6000
.1000
.6G00
L1000
L6000
L1060
L6000
.1000
L6000
.1000
.6000
L1000
.6000
L1000
. 6000
L1000
L6000
L1600
L6000

1000

.6000
.1000
.6000
.1000
.6000
.1000
L6000
.1000
. 6000
L1000
. 6000
L1000
. 6000
. 1000
L6000
L1000
. 6000
.1000
L6000
L1000
L6000
.1000
L6000
L1000
. 6000
.1006
. 6000

CHRMNMODO-NWHOoODOOoOKHKNOD

H =

=

WLHWrROOOFWOoOOHHROWODOORWOOOD-INOOQRRWODOWOWINOODOHNODOO&EE OO

L3010
L1701
. 4284
L2550
L1277
L0797
L2511
.1880
.9364
.1308
. 3494
L2186
.6484
.3477
.0648
.0068
.3978
.58889
.9g48
.2089
L4010
L2704
.B715
.4320
L0017

0973

.5509
L0331

9413

L3421
. 4560
.3255
.0972
.5066
.0ss2
.232%
.7931
.5235
L2372
L5277
.5143
L3839
L3264
L5717

1631
3367

. 9695
.0642
L2590
L1676
.5760
. 4457
.5589
. 6264
.2419
. 4458
.2577
. 6579
.1919
.0609

L3311
-540.
-1549.

-38.
L0959
. 7966
.4025
12,
L7932

63.

-0.
-578.
~1660.
.2349
,3316
.4940
.0562
L0385
.0758
.5289
.3409
.4253
.454%
.9549
.5866
,2514
.8544
.7186
L9472
L3460
L3458
.9230
.8593
.3833
.8440
.0517
L1822
L6925
L2658
L1374
. 3507
L4220
.2638
. 4684
L1379
L9323
.B774
L9640
.2187
L9194
. 3555
.9225
L6679
.1536
.4535
.8778
.093¢
.5346
L7667
127,

4316
6475
2699

6508

6694
3360
9267
0504

7069
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CONTOUR PLOT OF THE SAMPLE PROGRAM OUTPUT

For R113, Lpe=840mm, D=7mm, P=0.3MPa, n=2

\ \ ~6 12
) 4 10
8 ~J
2
6]
4\
2
0 \
. \ .
l
2 - -
/—l— 0
0 /Zf
2
1 \
2]
OM
07
100 200 300 400 500
G

Fig. C.1 Contour Plot of F1

75



For R113, Lhe=840mm, D=7mm, P=0.3MPa, n=2
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f

e 1000—]
500
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< < 1500 50004
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00—
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Fig. C2 Contour Plot of F2
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