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Flow-regime data of condensing steam inside an inclined 13.4-mm l.D. tube are

presented. The effect of upward and downward inclinations within +10o on the different

transition lines is discussed. ln alltest runs, complete condensation was achieved inside

the condenser, with or without a full-tube condition at the exit depending on the total mass

flow rate and the inclination angle. lt is shown that the zones occupied by the wavy and

slug regimes experience significant shifts, whereas the effect on the annular-flow

boundary appears to be insignificant at the present small inclination angles. The present

data sets are compared with adiabatic gas-liquid flow-regime maps developed analytically

and experimentally for horizontal and inclined tubes. Deviations due to the condensation

process are observed; however, consistent trends are identified among the two types of

flow. For small inclinations the trend shown by condensing flow in the horizontal position

is similar to the trend shown by gas-liquid flow with a slight upward inclination. The

occurrence of slugging in the horizontal condenser was found to be coincident with the

condition of tube running full at the exit. When the tube was not running full at the exit,

slugging was not observed. A simple correlation was developed for the upper bound on

slugging. This correlation agreed well with the experimental data.

A mechanistic model was developed for determining the stratified boundary for

condensing flows in horizontal and slightly inclined tubes based on mass, momentum and

energy conservation laws. Two formulations, namely a complete and a simplified version

are considered for the equilibrium liquid level. Good agreement is found between the two

iii

ABSTRAET



formulations and generalized results were derived from the simplified version of the

model. From these results, the effect of condensation is shown to be equivalent to adding

a small upward inclination in adiabatic gas-liquid flow. The predicted transition line is

compared with flow-regime data of different fluid properties, tube diameters, and

inclinations. The predictions showed good agreement with horizontal and inclined flow

data of different fluids and tube diameters.

IV
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Dû

õ"

DL

DL

E

F

cross-sectional area of the tube, m2

dimensionless tube cross-sectional area

NOMEhICLAT'["IRË

= ctoSS-sêctional area occupied by the vapor phase, m2

= dimensionless vapor cross-sectional area

= vâpor cross-sectional area above the wave crest, m2

= liquid cross-sectional atea, m2

= dimensionless liquid cross-sectional area

= coefficient given in Equation (5.11b)

= coefficient given in Equation (5.11a)

= liquid specific heat, J/kg.K

= distribution parameter of the vapor defined in Equation (5.5a)

= distribution parameter of the liquid defined in Equation (5,5b)

= tube diameter, m

= vâPol hydraulic diameter, m

= dimensionless vapor hydraulic diameter

= liquid hydraulic diameter, m

= dimensionless liquid hydraulic diameter

- parameter defined by Equation (5.18)

= modified Froude number defined in Equation (5.30)

xiv



FB

Fs

FV

= Bernoulli force per unit sudace area, N/m2

= gravitational force per unit surface area, N/m2

= reaction force per unit surface area due to momentum change

during condensation, N/m2

= vâpor friction factor defined by Equation (5.11b)

= liquid friction factor defined by Equation (5.11a)

= total mass flux, kg/m2.s

= liquid mass flux, kg/m2.s

= VâPot mass flux, kg/m2.s

- gravitational acceleration, m/s2

= rTìâss flux entering the liquid due to condensation, kg/m2.s

fG

fL

G

GL

GG

g

GN

H

hû
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The flow of condensing fluids inside tubes occurs in a wide range of engineering

applications. Numerous examples of these applications can be found in the power

generation, refrigeration, process, air-conditioning and spacecraft industries. ln the power-

generation industry, condensers play an important role in providing the low-temperature

heat sink required in the operation of power cycles. During postulated Loss of Coolant

Accidents in pressurized-water nuclear power plants, reflux condensation provides an

important heat removal mechanism in vertical inverted U-tube steam generators. ln the

refrigeration and air-conditioning industry, the heat absorbed from a low-temperature heat

reservoir is rejected through air- or water-cooled condensing units into a high-temperature

heat reservoir. ln spacecrafts, where high-capacity thermal transport is required at low

mass flow rates, thermal load is regulated by two-phase systems [utilizing the latent heat]

operating under microgravity conditions. ln chemical process industries condensing units

are extensively used for fractional distillation of substances.

Such large and important uses in industry requires that condensers are designed

effectively and appropriately. For an effective design of condensers, the heat, mass and

momentum transport mechanisms must be properly understood. ln condensers the void

fraction continuously decreases until complete condensation is achieved, and the flow

never fully develops as it progresses along the condensation path. As the liquid and vapor

1
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fractions change gradually along the flow direction, the forces acting on the flow also

change. A shift in the dominant forces acting on the flow is accompanied by a change in

the flow regime. Consequently, the mass, momentum and heat transporl mechanisms

change, from one flow regime to another along the condensation path. The changing and

non-developing nature of condensing flows brings about a complex interaction between

the thermal and hydrodynamic characteristics of the flow. The dependence of desígn

parameters such as the friction factor and Nusselt number on the flow regimes of

condensing flows has been illustrated IBell et al., 1970; Sardesai et al., 1981;

Nitheanandan ef a/., 1990 l. Therefore, flowregime prediction has been identified as an

essential parl of the design process in condensing flows.

A hydrodynamically coupled transport mechanism motivated several studies of

flow-regime transition in adiabatic and diabatic flows I Soliman, 1986; Barnea and Taitel,

1986 l. The adiabatic gas-liquid flow studies covered, to some degree, the effects of tube

diameter, fluid properties and tube inclination. The diabatic studies involving

condensation, however, are only confined to a variety of tube diameters, fluid properties

and flow rates in the horizontal position.

One interesting aspect of the studies on condensing vapor flows is that there is

consistent disagreement between adiabatic flow-regime maps and the location of visually

observed flow regimes during condensation, especially in the slug and wavy regimes. The

continuously changing void fraction, liquid level and flow velocities have been attributed

to this disagreement IRashwan and Soliman, 1987; Rahman et al., 1985 ]. The

disagreement between the adiabatic gas-liquid flow maps and the flow-regime data of
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condens¡ng flows prompted the development of flow-regime maps exclusively for

condensing vapor flows Ie.g., Brebar et al., 1980; Soliman, 1986; Gupta et al., 1986 ].

All these flow-regime maps dealt only with the horizontal orientation of the tube.

Rahman et al. (1985) postulated that the increasing liquid depth in a horizontal

condenser is similar to an adiabatic gas-liquid flow provided a small upward inclination

is given to the tube. This similarity between slightly inclined adiabatic gas-liquid flow maps

and the horizontal condensing flow regime data, at least in trend, was demonstrated by

Rahman et al. (1985).

This thesis is motivated by the need for extending the state of knowledge I both

experimentally and theoretically I to the effect of tube inclination on the flow regime

transitions during condensation. ln doing so, it will be possible to explain the discrepancy

between the results from adiabatic flow and those from condensing flow. ln more explicit

terms, the objectives of the present study are:

(a) to develop new experimental data on the flow regimes of condensing steam

inside a tube with different angles of upward and downward inclinations,

including the horizontal orientation I no similar data is available yet ¡n the

literature l,

(b) to determine the effect of inclination on the flow regime boundaries of

condensing flows,

(c) to compare the new data with the existing correlations for gas-liquid flows

in order to obtain improved understanding of the possible relationships I in

magnitude and trend I between the regime boundaries of the two types of

3



flow,

(d) to develop a generalized theoretical model for the transition boundary

between the stratified and nonstratified flows during condensation inside

horizontal and slightly inclined tubes, and

(e) to compare the new model with data of different tube diameters, fluid

properties, and tube inclinations in order to demonstrate the capability of the

model.



Two-phase flow occurring inside tubes is generally classified based on the

presence I diabatic flow ] or absence I adiabatic flow ] of heat transfer through the tube

wall. Adiabatic gas-liquid flows occurring in horizontal, vertical and inclined tubes have

been subjected to several experimental and analytical studies. The primary objective of

the experimental studies was to observe and map-out the flow regimes for different cross-

sectional geometries, fluid properties, and inclinations. Based on the broad base of

experimental data, analytical and empirical flow-regime transition correlations have been

formulated. The empirical correlations are limited to the range of experimental conditions

on which the correlations were based. On the contrary, the analytical correlations may be

extrapolated I with caution ]to conditions where no data are available. By contrast, the

data base for condensing flow regimes does not include any information about the effects

of tube inclination.

ln this chapter the existing condensing flow-regime data and the flow-regime maps

I analytical and empirical ] are discussed. This discussion is followed by a review of

pertinent adiabatic gas-liquid maps developed for horizontal and inclined tubes.

Chapter 2

LåTHRATURE RHVIHW

2"'t Çondensing Flow-Regirne Data

A number of studies have been directed towards experimentally generating data
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on the condensing flow-regime transitions. A major portion of these data were reported

by Soliman and Azer (1971,1974), Traviss and Rohsenow (1973), Fuji ef al. (1976),

Tandon et al. (1983), Rahman et al. (1985), and Rashwan (1987). These data sets cover

a tube inside-diameter range of 4.8 to 37.6 mm and five working fluids IR-11, R-12, R-

22, R-113 and steam l. The test condensers used in these studies were double pipe heat

exchangers where the condensing fluid flowed through the inner tube while the coolant

I water was used in all experiments as the coolant ] flowed through the outer jacket. Short

visual observation sections were installed at a number of locations along the test

condenser to enable visual observation of the flow regimes. The thermodynamic quality

existing at each of the visual sections was calculated based on a heat balance

application. All these data correspond to horizontal flow.

The flow-regime classification used by investigators in the condensing-flow studíes

were generally consistent. Seven major flow regimes and three transitional flow regimes

were identified. The sequential development of these flow regimes in a condenser from

the inlet to the outlet is shown in Figure 2.1 . 'lhe seven major flow regimes are mist flow,

annular flow, semiannular flow, wavy flow, slug flow, stratified flow and plug flow. The

three transitional flow regimes are mist-annular flow, annular-wavy flow and semiannular-

wavy flow. Visual classification of the transitional flow regimes were often difficult and

subjective. Therefore, special techniques, such as the use of a stroboscope, were

required to slow the flow down to make objective identification of these flow regimes. The

descriptions used by investigators to classify the major and the transitional flow regimes

are I see Figure 2.2 ]:
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Mist flow

Annulor flow

Mist -Annulor f low

Semionnulor flow

Annulor-Wovy flow

-\^'..^5l\"'.^

Wovy flow

Semionnulor-Wovy f low

Strotified flow

Figure 2.2 Schematic of individual flow regimes during condensation

I

SIug flow
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Mist flow: No stable liquid film was apparent. Most of the liquid phase was entrained by

the vapor in the form of a mist.

Â¡rnular flow: A stable liquid film covered the entire tube wall, while the vapor flowed in

the core. Part of the liquid phase was entrained by the vapor. Asymmetry was apparent

in the liquid film with the maximum thickness being at the bottom of the tube.

Semiannulan flow: The flow had an appearance similar to the annular flow, except that

the stable film did not cover the entire wall periphery. A small portion of the upper half of

the tube appeared dry, while the liquid film thickness increased to a maximum at the

bottom.

Wavy flow: The two phases were separated, with the liquid flowing at the bottom of the

tube. The velocity difference between the vapor and liquid caused the liquid surface to

be wavy. The wavelength increased with the decrease in quality. A draining thin film may

appear on the upper half of the wall periphery.

Slug flow: The flow was basically wavy; however, surface waves grew frequently forming

slugs wetting the upper tube wall. The slugs travelled at high speeds and the frequency

of their occurrence depended on the flow conditions.

Stratified flow: Liquid flowed at the bottom of the tube and vapor at the top with a

smooth inter{ace. This flow regime existed mainly near the exit of the condenser in cases

where the mass flux was small.

PluE flow: The flow appeared as a single-phase liquid flow with the intermittent

appearance of large vapor plugs at the upper tube wall. Vapor plugs were irregular in

shape, different in size and appeared to be flowing at the same velocity of the liquid.
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Mist-anclular flow: lntermittent liquid films appeared but were swept away after their

appearance to become paft of the mist.

Annulan-wavy flow: The flow had the annular appearance but the thickness of liquid

increased at the bottom forming a thick stratum.

Serniannular-wavy f!ow: The flow had the semiannular appearance but with a thick

stratum flowing at the bottom of the tube. A fraction of the upper half of the tube was still

covered by a stable liquid film.

2.2 GondensinE Flow-Regime-Transition Gorrelations

2.2.1 Flow-regime maps

A number of flow-regime maps were developed for horizontal condensers. Among

them, Soliman and Azer (1974) proposed two different maps; one of them used the vapor

mass flux, G6, and the ratio of liquid and vapor mass fluxes, GL/G., as coordinates. The

second map proposed by the above authors used the average velocity of the liquid

phase, (u¡)¡, and [ (1 - a)/ø ] as coordinates. The third map, suggested by Breber et al.

(1980), used the nondimensional vapor velocity, jn", and the Lockhart-Martinelli

parameter, X, as coordinates. A fourth map, suggested by Tandon et al. (1983) used jn"

and [ (1 - a)/cr ] as coordinates.

The generality of the full-map approach in predicting all flow regime transitions in

a condenser is not currently accepted. lt was recognized that every flow regime is

uniquely dominated by a single dominant force. A shift in the dominant force results in a

change in flow regime. Therefore, attempting to define transition boundaries in maps

10



based on two fixed coordínate axes tend to predict one or more transitions relevant to

these axes adequately while showing highly unacceptable performance in other

transitions. More recent studies IFathi, 1980; Rahman, 1983; Rahman et al., 1985;

Soliman, 1986 lcompared the available flow-regime data with the existing condensing

flow-regime maps and found the full-map approach to be inadequate in defining all the

transitions occurring in a condenser. Consequently, attempts were made to correlate each

transition boundary individually.

2"2.2 lndividual Analvtical Correlations

Three analytical correlations for flow-regime transition in horizontal condensers

were reported by Soliman (1982 and 1983) and Rashwan and Soliman (1987). These

three correlations are for the annular-to-wavy, mist-to-annular, and wavy-to-slug

transitions, respectively. The first two correlations were compared with the existing flow-

regime data by Rahman et al. (1985) and Rashwan (1987). Thewavy-to-slugtransition

correlation was compared with the available data by Rashwan and Soliman (1987).

Satisfactory results were obtained in all comparisons.

(a) The Mist-to-Annulan Transition

Soliman (1983) developed a correlation for the mist-to-annular transition based on

a force balance between the dominant destructive force and the stabilizing forces. The

inertia force of the vapor was assumed to be the dominant destructive force acting on the

liquid film, while the su¡Jace tension and liquid viscous forces were the major stabilizing

forces. A modified Weber number was formulated based on a balance between the vapor

inertia, liquid viscosity, and surface tension forces. Based on comparisons with the

11



experimental data, it was concluded that the mist-annular transition can be characterized

by the modified Weber number for different fluid properties and tube diameters. Annular

flow corresponded to Weber numbers below 20 and mist flow corresponded to Weber

numbers greater than 30.

(b) The Annulan-to-Wavv Transition

Thistransition line, developed by Soliman (1982), marks the shift from vapor-shear-

controlled flow into gravity-controlled flow. The hypothesis adopted in that analysis was

that the annular-wavy transition occurs when the Froude number, which is a measure of

the ratio of ineftia to gravitational forces, reached a certain value. The resulting

formulation for Froude number was compared with ten data sets and it was found that the

annular-wavy transition coincided with a constant value of Froude number of about seven.

(c) The Wavv-to-Sluq Transition

Rashwan and Soliman (1987) developed a theoretical model for the wavy-to-slug

transition in condensing fluids inside horizontal tubes. The authors observed that the

surface waves seemed to be travelling upstream and downstream when the tube was

running full at the exit, in the horizontal tube. The interaction between the upstream-

travelling and the downstream-travelling waves resulted in a hydraulic jump. ln the

absence of a fulltube at the exit the surface waves appeared to be travelling downstream

only and as a result no slugging was observed. Based on these observations they

characterized the flow upstream of the slugging location as supercritical and the

downstream flow as subcritical. The slugging location was determined analytically when

12



the flow transits from supercritical flow to subcritical flow. The model showed good

agreement with the available horizontal tube data.

2"3 Adiabatic Flow-Reginre-T'nansition Gornelations (Empinical)

2.3.tr !'lorizontal Flow

Among the most popular flow-regime maps used in horizontal gas-líquid flows are

those suggested by Baker (1954) and Mandhane et al. (1974). Both maps used

dimensional coordinates: Baker(195a) used Gn and G./Gn as coordinates with correction

factors for physical properties, while Mandhane et al. (1974) used the gas superficial

velocity Vn", and the liquid superficial velocity, V,_r, as coordinates. Based on a total of

5,935 observations, a map was proposed by Mandhane ef al. (1974) which was shown

to be an average of the flow regime maps proposed by Hoogendoorn(1959), Baker

(1954), and Govier and Omar (1962). Mandhane et al. (1974) proposed correction factors

to account for the effects of fluid properlies on the transition boundaries.

2.3.2lnclined Flow

Several experimental studies have been repofted with gas-liquid flows inside

inclined tubes. Based on these experimental studies, a number of flow-regime maps have

been developed. The gas-liquid flow regimes in horizontal and downward inclined tubes

[0o, -1o, -5o, -10o, -30o, -50o, -70o, -80o, and -90" ]were experimentally studied by Barnea

et al. (1982) using 2.55-cm and 5.1-cm L D. pipes. The flow regimes were determined by

visualobservation and by conductivity probes. The experimentaldata were compared with

the theoretical model suggested by Taitel and Dukler (1976). The theoretical prediction
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of the íntermittent-to-annulartransition agreed with the data for upto about 10o. Within

this range of inclination, Barnea et al. (1982) found that the intermittent-to-annular

transition is best described by h,_/D = 0.35, rather than hr/D = 0.5 as suggested by Taitel

and Dukler (1976). The model of Taitel and Dukler (1976), however, predicted the

stratified-to-nonstratified transition in the whole range, i.e. 0o to -90o, of downward

inclination satisfactorily.

Experimental data in 2.5-cm and 3.8-cm l. D. tubes with a two-phase mixture of

refrigerant 1 13 as the test fluid were obtained by Crawford et al. (1985). An adiabatic test

section was used in this experiment. Flow regimes were visually observed at downward

angles of -90o, -60o, -45o, -30o, and -15o with the 2.5-cm tube, whereas only the -90"

downward angle was tested with the 3.8-cm tube. The horizontal flow-regime transition

conditions developed by Weisman et al. (1979) and Weisman and Kang (1981) were

compared with the experimental data. Based on the comparisons, the annular and

dispersed flow conditions for horizontal flow predicted the regime transition in downward

inclinations satisfactorily. ln the bubble-to-intermittent and separated-to-intermittent

transitions, however, small modifications were applied to the horizontal correlations for

satisfactory predictions.

Flow-regime data for upward inclined tubes I at 0, +0.25o, +2", +10o, +20o, +50o,

+7Oo, and +90o lwere reported by Barnea et al. (1985). Experiments were conducted in

2.5-cm and 5.1-cm l.D. tubes. The data were compared with the horizontal and slightly

inclined flow correlation ITaitel and Dukler,1976 ] and the vertical upward flow correlation

I Taitel et al., 1980 ]. They hypothesized that the transition mechanisms in the whole
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range of inclinations from -90o to +90o change gradually as the angle of inclination is

changed gradually. For small inclinations, the Taitel and Dukler (1976) model adequately

predicted the transition boundary, however, at large inclinations modifications were

applied. When the inclinations were large, certain transition mechanisms became

inoperative. For example, they observed that the bubbly flow regime did not occur for

angles below 60o. Hence, a model to predict the limiting condition for the existence of

bubbly flow became important. Small upward inclinations had a major effect on the

transition from stratified-to-intermittent flow and on the transition from stratified-to-annular

flow. Even for small angles I less than 1o ], the stratified boundary shrank to a small bell-

shaped region and the intermittent flow occupied the region previously occupied by

stratified flow.

Mukherjee and Brill (1985) developed empiricaltransition correlations to predict the

flow regimes in pipes at all possible inclinations. Experimental data were obtained using

kerosene and lubricating oil as test fluids in a U-shaped, 3.81-cm l.D. steel pipe. Their

empirical regime-transition correlations were obtained from a nonlinear regression

analysis conducted on the test data.

The experimental trends observed by Mukherjee and Brill (1985) agreed with the

observations made by Barnea et al. (1982 and 1985). For example, the stratified flow

envelope increased as the downward inclination was increased from horizontal to -30o.

ln the downward flow, slug flow was observed only at high gas flow rates, whereas in the

upward flow, slug flow expanded towards low liquid flow rates at the expense of stratified

flow. The inclination angle had insignificant influence on the annular-mist boundary.
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Kokal and Stanislav (1989) conducted flow-regime, liquid-holdup and pressure-drop

studies in 25-m long test sections with 25.8-mm, 51 .2-mm, and 76.3-mm l. D. tubes. The

experimental set up was able to incline the test section within +10o from the horizontal.

The flow regimes were observed visually and using volume sensor traces. The regime

transitions were modelled and compared with the data. A dimensionless momentum

equation developed by Taitel and Dukler (1976) was modified by using the friction-factor

correlation given by Chen (1984). Taitel and Dukler (1976) used Blasius'equation to

calculate the friction factors and assumed the interfacial friction factor was approximately

equal to the gas friction factor. Kokal and Stanislav (1989) calculated the interfacial

friction factor using the Ellis and Gay (1959) correlation. With these modifications, the

stratified-nonstratified transition was derived analytically.

2.4 Adiabatic Flow-Regime-Transition Correlations (Theoretical)

A generalized analytical model based on physical mechanisms was proposed by

Taitel and Dukler (1976) for predicting all flow regime transitions in horizontal and near-

horizontal gas-liquid flows. The model defined specific physical mechanisms responsible

for a given flow regime to exist. From these mechanisms analytical expressions were

developed to define the transition boundaries.

Five basic regimes were considered important: stratified smooth, stratified wavy,

intermittent I slug and elongated bubble ], annular and dispersed bubble. Starting from

a stratified equilibrium flow, a dimensionless momentum equation was derived. This

equation determined the equilibrium liquid level as a function of two dimensionless
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groups.

The stratified flow was assumed to be a basic flow configuration. When a given

condition is satisfied, the flow changes from stratified to another regime. The mechanisms

which cause these changes were expressed in terms of four dimensionless groups.

Therefore, in order to locate a flow regime, only two dimensionless parameters are

required for any given inclination. The model incorporated the effects of gas and liquid

flow rates, physical properties of the fluids, pipe diameter and the angle of inclination on

the transition boundaries.

Barnea (1986) suggested a unified model for all angles of inclination that can

successfully predict the annular-to-intermittent flow transitíon in gas-liquid flow. Two

mechanisms were considered in deriving this unified model; first the instability of the liquid

film due to liquid drainage near the wall blocking the entrance, and the second, the

blockage of the gas core due to a large supply of liquid in the film. Both of these

mechanisms are applicable only outside the range of stable stratified flow.

Transition mechanisms for each individual flow regime boundary for the whole

range of pipe inclinations were presented by Barnea (1987). This comprehensive model

incorporated the models suggested by Taitel and Dukler (1976) and Barnea et al. (1982

and 1985). The authors demonstrated reasonable success against experimental data.

One of the most important transitions for the present investigation is the transitíon

from stratified I or wavy ]to nonstratified Iannular, slug and bubble ] flow. The stratified-

nonstratified correlations of Barnea (1987), Mukherjee and Brill (1985), and Kokal and

Stanislav (1989) are compared at -5o, -1o, 0o and +1o inclinations in Figures 2.3,2.4,2.5,
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and 2.6, respectively. All three correlations predict a shrinking stratified region as the

inclination increases from -10o. This trend agrees well with the trend observed in the

experiments. The agreement among correlations in predicting the transition boundary is

very good at low liquid superficial velocities, however, slight differences appear as the

liquid superficial velocity increases beyond 0.1 m/s.

This review of existing adiabatic gas-liquid correlations and the experimental

observations provide an insight into the different mechanisms that were assumed to be

important in flow regime transitions. These physical mechanisms were based on

experimental observation of the flow. Experimental methods have also shown that the

flow regime is a function of several variables, such as fluid properties, flow rates, tube

orientation, and tube size. Although several flow-regime-transition models have been

proposed for the whole range of inclinations in the adiabatic gas-liquid flows, there are

no studies I analytical or empirical ] available that have investigated the effect of

inclination on condensing flows. The condensing flow data that are available in the

published literature deal only with the horizontal orientation. Therefore, the effect of

inclination on condensing flow-regime transitions has been identified as the major

objective of the present study.
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Chapter 3

ËXPER¡MHruT'At THST' FACSLITY ATUP PROCËDT"'RE

An experimental investigation was conducted to generate condensing flow-regime

data in inclined tubes. As part of this experimental investigation, a test facility was

designed and constructed. The experiment was conducted in a 13.4-mm l. D. tube with

steam as the test fluid. Seven data sets were generated; three data sets each in the

upward and downward inclinations, and one data set in the horizontal position. The

objectives of the experimental investigation were:

1. To obtain new flow-regime data in the upward [+1o, *5o, and +10o],

downward [-1o, -5o, and -10o ], and in the horizontal positions.

Attention is directed towards studying the effect of tube inclination on

the flow-regime transitions during condensation.

2. To observe and record the sequence of flow-regime development

under a range of mass flow rates inside the tube. The principal aim

will be to locate the boundaries between the different flow regimes

occurring in each inclination.

g. To investigate the upper bound for the slugging phenomenon during

condensation.
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3.1 The Steam Çircuit

The test facility, shown schematically in Figure 3.1, is a closed-loop circuit on the

test fluid I steam ] side. A heat-exchanger-type boiler produced controllable amounts of

steam from distilled water using a regulated supply I at a pressure of about 780 kPa ] of

building steam as a heat source. The degree of superheat in the steam entering the test

section was controlled by a superheater installed downstream from the boiler. The

superheater is basically a double-pipe heat exchanger [ 3-m long ] with the test fluid

flowing inside the inner tube and the building steam flowing countercurrently inside the

outer jacket. Type K copper tubing with 37.6-mm l.D. and 41.3-mm O.D. was used for the

inner pipe, and 49.8-mm l.D. and 54.0-mm O.D. tubing was used for the outer pipe. The

superheater was insulated with a 40-mm thick fiberglass insulation. The flow of building

steam into the superheater was regulated by a needle valve. This provided some control

over the degree of superheat of the test fluid.

Following the superheater, the flow was directed to a precondenser. This

component was found to be necessary in previous investigations where large-diameter

test condensers were used and it was desirable to achieve complete condensation within

the test condenser. However, the precondenser was never engaged in the present

experiment and the flow was channelled directly from the superheater to the test

condenser.

A detailed description of the condenser is provided in a later section. The pressure

at the test-condenser inlet was measured by a calibrated "USG" Bourdon-tube pressure

gauge and the temperature was measured by a 2O-gauge copper-constantan
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thermocouple. The steam at the inlet of the test condenser was always in the

superheated region. The pressure and temperature at the outlet of the test condenser

were measured using a calibrated "Ashcroft" Bourdon-tube pressure gauge and a 20-

gauge copper-constantan thermocouple, respectively. Complete condensation was always

achieved in the test condenser during this experiment.

Downstream of the test condenser, a vapor-liquid separator was installed to receive

the condensate. This component was found to be necessary in previous investigations

in order to separate the vapor and liquid when complete condensation was not achieved

in the test condenser. ln this experiment, the separator was used as a liquid accumulator.

It was basically a 42.4-L copper tank with a 309-mm long sight glass to indicate the

height of the liquid inside, and covered on the outside by 63.5-mm thick fiberglass

insulation. The outflow of liquid from the separator was controlled by a valve, and hence

by adjusting the opening of this valve a steady liquid level can be achieved in which case

the liquid flow rates into and out of the separator would be equal. Thus, measuring the

rate of flow leaving the separator would give the total steam mass flow rate through the

test condenser. This was done by two calibrated "Fischer and Porter" variable-area-type

flowmeters with maximum capacities of 30.3 and 157 cm3/s. Either one of these

flowmeters was used in any particular test run. An aftercooler was installed in the line

between the separator and the liquid flowmeters. This insured liquid subcooling and

avoided any possible flashing in the flowmeters. Each flowmeter was provided with a

copper-constantan thermocouple im mediately upstream. Th is allowed the measurement

of condensate temperature for the purpose of evaluating the density at the flowmeters.
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After measuring the flow rate, the condensate was discharged into a liquid receiver.

The liquid receiver was 48.8 L in capacity provided with a sight glass to monitor the liquid

level. The main purpose of the receiver was to insure a steady liquid supply to the

circulating pump. The circulating pump is a single-speed, 0.56 kW centrifugal pump with

a by-pass line used for returning the condensate back to the boiler.

The steam circuit described above was tested against leaks using compressed air.

It proved to be leakproof up to a pressure of 400 kPa. Before the start of the experiments,

the system was evacuated, then charged with steam and then re-evacuated. This was

necessary to insure the absence of air or any noncondensable gases in the circuit during

tests.

3.2 Test Condenser

The test section, shown in Figure 3.2 consisted of six copper, double-pipe heat

exchangers, each followed by a visual section. The first four heat exchangers I labelled

A, B, C, and D l were 0.61-m long, whereas the last two |abelled E and F lwere 0.46-

m long. The steam flowed in the inner pipe and the cooling water flowed countercurrently

in the outer jacket. For all units, the inner pipe was type-K copper tubing, 13.4-mm LD.

and 15.9-mm O.D. The outer pipe was 18.9-mm l.D. and 22.2-mm O.D. All heat

exchangers were covered by a layer of insulation in order to minimize heat losses to the

surroundings.

Each visual section contained a 15-cm length of standard clear-glass tubing.

construction details of a typical visual observation section are shown in Figure 3.3.
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visual sections consisted of high pressure glass tubes supported on both ends by a

stuffing box to prevent leakage. Throughout the test section I heat exchangers and visual

sections l, the inside diameter was maintained uniform at 13.4 mm. Care was exercised

in ensuring reasonable concentricity and coaxiality of the test section segments I heat

exchangers and visual sections l. An insulated, straight length of 30 diameters was

provided at the inlet and outlet sides of the test condenser in order to minimize end

effects.

3.3 Measurement of lnclination Angle

The test section was mounted on a beam truss, shown schematically in Figure 3.4.

Each test-section segment was clamped to the beam truss with two adjustable fixtures

I Figure 3.5 ]. These adjustable fixtures provided sufficient flexibility for any level

adjustments required between the beam truss and the test section. me beam truss was

pivoted at the centre and was constructed with sufficient rigidity for minimum deflection

at the two free ends. At the centre of the truss, a 13-mm thick [26.6-cm x 30'cm ] steel

plate was bolted. Two journal bearings were fixed to this steel plate, as shown in Figure

9.6. A 43-mm diameter steel shaft was passed through the journal bearings to provide

rotational flexibility about the axis of the shaft. Slippage between the shaft and the journal

bearings was prevented by a key inserted between them. The shaft was supported at

both ends by self-aligning end bearings mounted on a pair of columns. The entire weight

of the test section, visual section, adjustable fixtures and the steel truss was suppofted

by these two verlical columns. On one end of the two supporting columns the shaft was
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75 mm DIA Teflon ring

22 mm DIA hole

0.3048 m long 15.9 mm DIA
threaded rod

6 mm DIA bolt and nut

Figure 3.5 Construction details of the adjustable finures.

15.9 mm DIA bolts
and nuts

25mmx12mm
flat iron

beam 75 mm x 38 mm

25 mm x 12 mm FIat iron
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extended to protrude by 75 mm, where an adjustable "platform mount", shown in Figure

3.7, was securely bolted. This piece was necessary in order to support a surveying level.

The "platform mount" and the shaft were bolted such that both of them rotated without

any slippage. A surveying level was bolted to the "platform mount", as shown in Figure

3.8. A graduated surveyor's staff rod was placed at a distance [B] from the axis of the

shaft, as shown in Figure 3.9 . The smallest graduation available on the staff rod is 1 mm.

Therefore, the uncertainty in measuring the elevation of the test section can be assumed

to be +1 mm. With the surveying level, a datum height was obtained when the test

section, the beam truss, the "platform mount" and the surveying level were placed in the

horizontal position.The axis of the shaft and the line of sight of the surveying level were

ensured to lie in the same plane. Any inclination introduced to the test section rotates the

surveying level about the axis of the shaft. As a result, the line of sight in the surveying

level rotates about the axis of the shaft, as shown in Figure 3.9, by an angle equal to the

inclination of the test section, thereby giving a new elevation reading on the staff rod. The

difference between the current staff rod reading and the datum I value obtained in the

horizontal position I gives the vertical height I A l. The angle of inclination of the test

section was obtained by 0 = tan-l (A/B).

3.4 The Çooling Waten Cincuit

A separate loop was used to supply cooling water to the test section and

aftercooler. This circuit was designed to permit complete control on the flow rate of

coolant to the aftercooler and each condensing unit. City water was used as the coolant
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c

6

c

Surveying level

Figure 3.8 Alignment of the axis of the shaft with the line of sight of the surveying level.
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for this experiment in an open-circuit arrangement.

The circuit starts at a 19O-litre surge tank provided with an overflow line to avoid

any possible flooding. The water was circulated through the circuit by a7.457-kW turbine

pump with a maximum head of 155 m of water and a maximum discharge of 142 Umin.

Downstream from the pump, a by-pass line was used to adjust the total rate of water

supply to the cooling system. Parallel feed lines were installed to supply water to each

condensing unit and the aftercooler. Each of these lines was provided with a check valve

to avoid back-flow. The water leaving the condensing units and aftercooler was allowed

to discharge into a common drain.

To control the cooling water flow rate to each unit of the test condenser and the

aftercooler, a valve was installed in each of the upstream and downstream lines of these

heat exchangers. The upstream valves were all kept wide open, and the flow rate was

controlled by adjusting the downstream valves. This resulted in higher pressure in the

cooling water and consequently prevented any possible boiling. The following

instrumentation was provided to record the mass flow rate and the temperature rise

across each heat exchanger. The first three condensers I A, B, and C ] used "Fisher and

Porter" variable-area type flowmeters. The maximum capacities of these flowmeters were

26.2 Umin, 25.7 Umin, and 16 Umin, respectively. The next two condensing units I D

and E I used "Brooks" variable-area type flowmeters having a maximum capacity of 15.5

Umin. The last condensing unit F used a "Fisher and Porter" variable-area flowmeter with

a maximum capacity of 9.8 Umin. All these flowmeters were calibrated before their use.

The temperature at the inlet and outlet of each condensing unit was measured by 20-
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gauge, copper-constantan thermocouples. A "Leeds and Northrup" digital potentíometer

I model 914 ] was used to measure the outputs of these thermocouples.

3.5 Experimenta! Fnocedune

For every data set representing a specific tube inclination, a number of test runs

were conducted and the main variable changed from one test to the other was the mass

flow rate of the test fluid. The flow regime was observed at each visual section in all test

runs. Another important variable was the mass flow rate of cooling water flowing into the

individual condenser units. By adjusting the cooling water flow rates it was possible to

change the qualities, and possibly the flow regimes, at the different visual sections while

keeping the steam flow rate approximateiy constant. The pressure in the test condenser

depended on the flow rates of steam and coolant, hence it was not an independent

variable. ln order to calculate the inlet enthalpy of the steam it was necessary to maintain

superheated conditions at the inlet end of the test condenser; however this superheat was

not considered an experimental variable. ln each data set, experimentation commenced

from the lowest possible mass flow rate of steam through the test section and continued

until the maximum possible steam flow was achieved while ensuring enough data were

collected so that the transition lines between different flow regimes were established with

reasonable conf idence.

3.5.n TÍre Start-up Frocedure

The following procedure was followed to prepare the experimental set-up for any

particular test run:
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1. The digital potentiometer was switched on.

2. The cooling water surge tank was filled to the overflow level.

3. The cooling water circulating pump was turned on with its by'pass

valve fully open.

4. The valves upstream and downstream of each condensing unit were

turned to the wide open position.

5. The by-pass valve of the cooling water circulating pump was partially

closed to force the water to flow into the test condenser and

aftercooler.

6. The downstream valves on the drain line of each condensing unit as

well as the aftercooler were adjusted to establ¡sh the desirable

flow rate and pressure of the cooling water.

7. The building steam, after regulating its pressure, was allowed to flow

through a valve into the boiler coil.

8. The valves downstream of the separator I condensate line I

were all closed.

9. When steam started flowing into the test condenser, the bleeding

valve on top of the separator was gradually opened allowing air and

noncondensable gases to ventilate out of the system. This valve was

then closed.

10. When the liquid in the separator reached half level, the downstream

valves I condensate line ] were partially opened to allow the
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condensate to flow into the appropriate flowmeter.

1 1. When the separator became half full, the condensate circulating

pump was turned on with its by-pass valve continuously adjusted to

maintain a constant liquid level in the liquíd receiver and the boiler.

12. The flow rate of building steam into the boiler coil and superheater,

cooling water flow rates, condensate flow rate out of the separator

and rate of condensate flow back to the boiler were all adjusted

continuously until steady-state conditions were achieved.

3.5"2 Steadv-State Gonditions

Before assuming that steady-state conditions were achieved in any test run, the

following readings must have remained unchanged for at leasl lz hour:

1. Liquid levels in the separator, liquid receiver and the boiler.

2. Pressure in the boiler.

3. Pressures at inlet and outlet of the test condenser.

4. Temperatures at condenser inlet, in the separator, and inlet

and outlet I cooling water ] of each condensing unit.

5. Flow rate of cooling water to each condensing unit.

6. Flow rate of condensate out of the separator.

7. Observed flow regime at each visual observation section.

Typically, the system required at least 2Vzhours before steady state conditions could be

reached.
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3.5.3 Recordinq of Data

After steady-state conditions were establ¡shed the following readings I taken in

British units and later convefted to Sl units I were recorded in order:

1. The boiler pressure in psig.

2. The building steam pressure in psig.

3. Test condenser inlet and outlet pressures in psig.

4. Test condenser inlet temperature in oF.

5. Condensate temperature in the separator in oF.

6. Condensate temperature upstream of the flowmeter in oF.

7. Cooling water flow rates to each unit of the test condenser in either

Umin or percentage of maximum reading.

8. Cooling water temperatures upstream and downstream of the

condensing units in oF.

9. Condensate flow rate in percentage of maximum reading.

ln addition to the above readings, the flow regime at each visual observation

section was identified and recorded by a sketch and a detailed written description. The

flow regime development from the inlet to the outlet of the test condenser was sketched

separately for each test run.

3.5.4 The Shut-Down Procedure

ln order to shut-down the experimental facility after recording of data and flow

regime observations, the following procedure was followed:

1. Building steam to the boiler and superheater was shut down.
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2. When the boiler pressure dropped to near atmospheric, the flow of

steam to the test condenser was stopped.

3. The condensate circulating pump was turned off.

4. The by-pass valve of the cooling-water circulating pump was turned

wide open, then the pump was switched off.

3.6 Data Reduction

The data recorded during the experiments of the present investigatíon were

reduced on a Personal Computer using FORTRAN 77 language. The computer first

calculated the rates of heat gained by the cooling water and the heat lost by the steam

in the test condenser. Knowing the thermodynamic state I pressure and temperature ] at

the inlet and outlet of the test condenser, the flow rate of the test fluid, as well as the flow

rate and temperature rise of the cooling water in each heat exchanger, it was possible

to pedorm an overall energy balance on the whole condenser. Based on these values,

the percentage heat balance error was evaluated as { rate of heat lost by steam - rate

of heat gained by cooling water ) / { rate of heat lost by steam } x 100. Only test runs with

a heat balance error within +10% were accepted. The operating pressure in the test

condenser, P"u, was calculated as the average of the inlet and outlet pressures. The

average saturation temperatuÍo, T","u , was evaluated corresponding to the operating

pressure, P"u . The operating conditions and heat balance errors for allthe accepted runs

are tabulated in Appendix A.

W¡th the rate of heat transfer determined for each of the condenser units, it was

possible to calculate the quality of the test steam at each of the visual sections from
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simple heat balances following the procedure described by Fathi (1980). Once the quality

was determined, the superficial liquid and vapor velocities were calculated at each visual

section. All fluid properties needed in these calculations were determined at the operating

pressure P"u. A list of the observed flow regimes, as well as the corresponding qualities,

mass fluxes, and mean saturation temperatures is given in Appendix B.
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Chapter 4

EXPËR!fuTFNTAL RESULT$ AND DñSCUS$¡Oru

4"1 Test Range and Experimenta! Uncertainty

The range of operating conditions for each of the seven data sets is given in Table

4.1. An attempt was made to keep the number of flow-regime classifications to a

minimum. Four flow regimes were identified in this study. The descriptions used in

classifying these regimes I listed below for completeness ] are consistent with previous

gas-liquid and condensation studies I see Figure 2.21.

Annular Flow: A stable liquid film covered the entire tube wall, while the vapor

flowed in the core. Part of the liquid phase was entrained by the vapor. Asymmetry was

apparent in the liquid film with the maximum thickness being at the bottom of the tube.

Annulan-Wavy Flow: The flow had annular appearance with a thin continuous film

covering the top part of the tube; however, the thickness of liquid film increased at the

bottom forming a thick stratum. A crucial feature of this classification is that the liquid

height at the bottom had to exceed one quarter of the tube radius.

Wavy Flow: The two phases were separated with the liquid flowing at the bottom

of the tube. Waves of different length and amplitude appeared at the vapor-liquid

interface.

SluE F!ow: The flow is basically wavy; however, surface waves grew frequently

forming slugs wetting the upper tube wall. These slugs were pushed downstream by the

vapor at a velocity much higher than the mean velocity of the remaining liquid. Frequency
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of formation for these slugs depended on flow conditions.

ln the present study, flow-regime identification was mostly based on visual

obse¡vations using the above descriptions. The distinguishing features among the

annular, wavy, and slug flow regimes are so clearly identifiable that objective classification

was possible without difficulty. On the other hand, the distinction between annular and

annular-wavy was often hard to make with just visual observation. ln these cases, an

electronic stroboscope was used to visually slow down the flow and allow for a more

confident classification. Visual observation is the most commonly used method of flow'

regime identification Ie.9., Traviss and Rohsenow, 1973; Barnea et al., 1982; Tandon et

al., 1983; Crawford et al., 1985; Barnea et al., 1985; Mukherjee and Brill, 1985 ].

A total of 395 test runs were performed in this investigation, out of which 9O"/" ot

the test runs had heat balance errors within t5% and the remaining 10% of the test runs

had heat balance errors within +8"/o. The flow regime data Itotal of 1 139 points ] obtained

in this investigation will be presented in the form of flow regime maps using the superficial

velocities Vr" and Vn" as coordinates. The superficial velocities were calculated using,

and

Væ = G(1 - Ðlpt,

Uncertainty estimates in the calculated values of V." and Vu, were determined for

Vos = Gx lpa
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all data points using the method described by Moffat (1988) based on 95% confidence

levels, or 2Q/1odds. For all data points, the uncertainty in V'_" was estimated to lie within

+S.3%. A major poftion of the data [ 855 points, or 75.1"/"] corresponds to Vn" > 20 m/s'

Out of this portion,66.2o/o of the data points have uncertainties in Vn" within +5% and

92.2% have uncertainties in Vn" outside +5o/" but within +10"/o. For the remaining data

1284 points, or 24.9o/" I corresponding to the low velocity range Vn" . 20 m/s, unceftainty

in Vn" is generally outside +10"/o. However, the magnitudes of estimated errors in Vnt

have an average value of t2.1 m/s and never exceed 12.8 m/s. The details of the

uncertainty estimates are given in Appendix C. The inclination angle of the test section

was measured as described in Chapter 3 using a surveying level. The uncertainty in

measuring this angle is estimated to be within 10.03o.

4.2 Flow Condition at the eondensen Exit

Complete condensation was always achieved in the test section before discharging

the flow into the separation tank where liquid and vapor existed with a stable interface.

For the horizontal orientation and the three upward inclinations of +1o, *5o, and +10o, the

condenser tube was always running full at the end of the condensation path. On the other

hand, the full-tube condition was achieved only beyond certain flow rates with the

downward inclinations even though complete condensation was achieved at allflow rates'

For example, at 1o downward inclination I Figure 4.1 ], the discharging flow was stratified

for all mass fluxes G < 58 kdm' . s [corresponding to terminal velocities at the end of the

condensation path of Vr. < 0.052 m/sl, and the tube ran full only for G > 58 kg/m2. s. ln
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the present experiment, the exit condition of stratified or full-tube was found to be

independent of the rate of cooling and dependent only on the discharge flow rate I Wallis

et al., 1977 l. The boundary between stratified and full-tube condition shifted to higher

mass flow rates as the inclination angle increased; in -5o I downward ] inclination the

stratified boundary coincides approximately with G = 128kglmz. s, whereas in -10" I

downwardl inclination the stratified boundary shifts to approximately G = 151 kg/m2. s.

The tube condition at exit was found to be a major factor in determining whether or not

slugging would occur, as discussed in the following section.

4.3 Effect of lnclinatio¡'¡ on the FlowRegime Boundaries

The present results for the seven data sets are shown in Figures 4.2 - 4.8. For the

horizontal orientation, Figure 4.2 shows that the wavy flow regime is limited to a small

bell-shaped area. For small mass fluxes of G < 65 kgim2. s I corresponding to terminal

velocities at the end of the condensation path of Vr. . 0.058 m/s l, the flow regime

progresses from annular to annular-wavy to wavy to slug before complete condensation

with a full tube is achieved. W¡th intermediate mass fluxes within 65 < G < 157 kg/m2. s

I corresponding to terminal velocities within 0.058 . V.. < 0.14 m/s ], wavy flow was not

observed and the flow regime progressed from annular to annular-wavy to slug followed

by complete condensation. lnterestingly, slug flow was not observed in test runs with high

mass flow rates corresponding to terminal velocities Vr. o 0.14 m/s. Consistent with the

observation by Rashwan and Soliman (1987), the occurrence of slugging in the present

experiment always coincided with the full-tube condition at the end of the condensation

50



Ø Ë U
) J

Þ
c¡

x*
<

x*
*

A
r,

üN
U

LA
R

 -
 W

A
V

yx
xx

 l#
""

1"
'n

' *
x

0.
1

o 
A

h,
IN

U
LA

R
X

 A
N

IV
U

LA
R

 -
 W

A
V

Y

0.
01

A
A

rW
A

V
Y

¿
 S

LU
G

1\

S
LU

G

A
^

¿
A

01

x
*

**

1 
10

 
10

0
V

o'
' m

/s

F
ig

ur
e 

4.
2 

F
lo

w
 r

eg
im

e 
da

ta
 f

or
 t

he
 h

or
iz

on
ta

l 
or

ie
nt

at
io

n.

o/
 Q

.u

A
N

N
U

LA
R

A
V

Y

--
l

1 
00

0



path. The upper limit IVr_s = 0.14 m/s ]for slug initiation will be considered analytically in

a later section.

The most significant effect of inclination observed during this experiment was on

the wavy and slug flow regime boundaries. The bell-shaped wavy flow region, observed

in the horizontal position I Figure 4.2], disappears completely in the 1o upward inclination

I Figure 4.3 ]. Higher angles of inclination [ 5o and 10o ] produced small changes in the

transition lines, as shown in Figures 4.4 and 4.5. The tube was always running full at the

end of the condensation path for all test runs with upward inclination of 1o or higher. This

coincided with the occurrence of slugging in alltest runs with terminal velocities below the

upper limit of Vrs = 0.14 m/s. lt is interesting to note that this upper limit for slug initiation

appears to be independent of inclination for angles below 10o.

ln downward inclination, however, the area occupied by wavy flow expands at the

expense of the slug flow arca. Figure 4.6 shows the results for -1o I downward ]

inclination. ln this case, the tube was running full at the end of the condensation path only

for test runs corresponding to terminal velocities Vr" t 0.052 m/s. The slug flow for thís

inclination appears to be limited to flow rates with terminal velocities within the range

0.052 . Vr" < 0.14 mls. For Vr, < 0.052 m/s, the tube did not run full at exit and the

condensation path terminated with wavy [or stratified] flow. With further increase in

downward inclination to 5o and 10o , Figures 4.7 and 4.8, respectively, show that slug flow

disappears completely and its zone is now occupied by wavy flow. At these inclinations,

the tube started running full at exit only with flow rates corresponding to terminal velocities

V.. o 0.14 m/s. Figures 4.7 and 4.8 also show that the shift in the transition lines is
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insignificant as the downward inclination angle changes from 5o to 10o .

The influence of inclination Iwithin +10o ] on the annular flow regime boundary is

much less pronounced than the influence on the wavy and slug areas. The three

downward inclinations considered in this investigation produced insignificant effects on

this boundary I Figure 4.9 ]. For upward inclinations, there appears to be a slight shift in

the annular f low boundary towards lower vapor velocities, particularly in the region of high

liquid velocities I Figure 4.10 ].

Another interesting feature of the results in Figures 4.2 - 4.8 is that for V¡-. > 0.14

m/s; i.e., high total mass flow rates, the flow regime is annular-wavy near the end of the

condensation path and this regime exists down to Vn, of about 1 m/s. By contrast,

significantly higher values of Vn, are normally required in gas-liquid flows in order to

support a liquid film at the wall. Two observations can be made in order to explain this

difference between the two flow situations. First, in condensing flows, liquid is naturally

formed on the tube wall which is not the case in adiabatic gas-liquid flows. Secondly, at

the high flow rates corresponding to V,. o 0.14 m/s, the heattransfer coefficient and the

rate of condensation are high, thus contributing to an increased rate of liquid formation

on the tube wall and a stable annular-wavy flow regime.

4.4 Esti¡nate of the Uppen Bound for the Slug Region

A flow mechanism has been developed by Rashwan and Soliman (1987) forthe

onset of slugging in horizontal condensers. As illustrated in Figure 4.11, slugging was

proposed to be initiated by a hydraulic jump as the two-phase mixture changes from
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supercriticalto subcrítical flow due to condensation. A mathematical model based on this

criterion for slug initiation succeeded in predicting the wavy-slug transition for a large

segment of the available data.

Starting from the above criterion by Rashwan and Soliman (1987), the objective

here is to develop a simple analytical correlation for the upper bound of the slug flow

region during condensation. lt is proposed that this upper bound coincides with the

condition where the flow rate is high enough to prevent the transition into subcritical flow.

Therefore, at this bound, the two-phase flow would be supercritical throughout the

condenser and it only becomes critical at the end of the condensation path. The criticality

criterion, which is also the condition for no upstream propagation of surface waves, has

been commonly developed as I e.9., Wallis, 1969 ]

where,

iå' i;' ,

--l

c3 (1 - @)3

and cr is the void fraction.

At the end of the condensation path, the liquid is flowing under a stagnant vapor

bubble and therefore, Vn. = j'e = 0 . Substituting into Equation (4.3) results in

jå = veslpu/1gB (p¿ - Pc)}lo's ,

ji. = v,sTprl{gP (p¿ - pc)}lo's ,

vLs -- lgffi $ - ø)3(1 - pe /pJlo.s
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The motion of large bubbles through stationary liquids in horizontal ducts has been

investigated by Benjamin (1968) assuming negligible viscous and surface tension effects.

For the two-dimensional case of flow between two parallel plates, Benjamin (1968)

predicted cr = 0.5 far downstream of the bubble nose for the flow to be steady and free

from energy dissipation. For the three-dimensional problem of liquid emptying from a

horizontal tube, Benjamin (1968) obtained a = 0.42. There are obvious similarities

between the flow at the end of the condensation path, where liquid is flowing under a

stationary bubble, and Benjamin's problem, where bubbles were flowing through a

stationary liquid. As well, the liquid height in horizontal and slightly inclined tubes

necessary for the slug formation was discussed by Taitel and Dukler (1976). They argued

that slug flow will develop only when the liquid level is at or above the pipe centreline; i.e.,

cr < 0.5 and they used a constant value of cr = 0.5 at the annular-slug boundary.

It seems from the above discussion that a reasonable estimate of cr, in Equation

(4.6) is somewhere between 0.42 and 0.5. Using these limits with steam-water at an

average saturation temperature of 1OO"C Ipe = 0.82 kg/m3 and p, = 951 kg/mt ]and the

present tube diameter D = 0.0134 m, Equation (4.6) produces Vr" = 0.128 m/s at cr = 0.5

and V." = 0.16 m/s at a=0.42. These values form a narrow band around Vrs = 0.14 m/s,

which was obtained experimentally at this flow-regime boundary.

4.5 Cornpanisons with Gas-tiquid Gorrelations

Many of the trends discussed above for condensing flows, such as the prominence

of slug flow in upward inclinations, the prominence of wavy flow in downward inclinations
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and the relative insensitivity of the annular flow boundary to small inclinations, are

consistent with the trends repofted for adiabatic gas-liquid flows. The objective of this

section is to perform quantitative comparisons between the present data and some of the

available gas-liquid flow regime maps I empirical and theoretical ]. Perfect agreements

should not be expected from these comparisons. However, this effo¡1 can illustrate the

relationship, if any, between the flow-regime boundaries of the two types of flow, which

may guide future studies in this area.

A comparison between the present data for horizontal flow and the horizontal,

adiabatic, gas-líquid flow-regime map proposed by Mandhane et al. (1974) is shown in

Figure 4.12. The necessary property corrections, as recommended by Mandhane et al.,

were applied to the boundaries. Reasonable agreement can be seen in the annular flow

region. However, an obvious discrepancy appears in the slug flow region where the

majority of these data points fall in the stratified and wavy areas of the map.

The varying liquid height along a horizontal condenser can influence the onset of

slugging in ways similar to providing a very small upward inclination to a tube carrying a

gas-liquid mixture. ln order to test this hypothesís, the horizontal flow data are compared

in Figure 4.13 with the theoretical map for a tube with +1o Iupward ] inclination proposed

by Taitel and Dukler (1 976). The theoretical boundaries shown in Figure 4.13 correspond

to fluid properties of a saturated steam-water mixture at 11OoC and a tube diameter of

13.4 mm. Even though the present data do not fall exactly in the same areas predicted

by Taitel and Dukler (1976), the similarity in trend is obvious with the wavy flow limited

to a small, bell-shaped area and the prominence of slug flow at low superficial vapor
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velocities. As a further test of this hypothesis, a comparison was made between the

present data of -1' I downward ] inclination and the empirical map of Mandhane et al.

(1974) for horizontal, gas-liquid flow. This comparison, given in Figure 4.14, shows a

much better fit in the wavy and slug regions than the one seen earlier in Figure 4.12. The

slug flow data in Figure 4.14 lall above the wavy flow data, as the map stipulates,

although the exact transition between the two regimes is not exactly predicted. A closer

agreement may be possible with data corresponding to a slightly higher downward

inclination.

For the larger inclinations of +5o and +10o, comparisons are made in Figure 4.15

for upward flow and Figure 4.16 for downward flow between the present data and the

predictions of Taitel and Dukler (1976). The transition lines in Figures 4.15 and 4.16

correspond to steam-water flow at 110"C in a 13.4 mm tube. According to the present

data, the annular to slug transition in upward flows and the annular-to-wavy transition in

downward flows do not shift significantly as the inclination angle changes from 5o to 10o.

The predictions by Taitel and Dukler (1976), plotted for both angles in Figures 4.15 and

4.16, also show small shifts in both boundaries. As well, good agreement between data

and predictions can be seen in both figures suggesting that gas-liquid correlations may

apply satisfactorily for condensation with larger inclinations such as 5o and 10o. However,

according to the previous comparisons, care must be exercised for smaller inclinations

where, there appears to be a need for theoretical flow-regime correlations specific to

condensing flows.
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TFIEORET'ICAL AruALVSIS OF TE.{E STRATIF¡EM-NüOruSTRAT¡FSEM

TRATSSüT¡OruAL EOEJru MARY

The objective of this theoretical analysis is to develop a physically-based,

generalized, theoretical model for the transition boundary between the stratified and

nonstratified flows during condensation inside horízontal and slightly inclined tubes.

Attention is focused on this boundary since the present data suggest that the most

significant deviation between adíabatic and condensing flows correspond to this boundary

at small inclinations. Comparisons are made in the next chapter between the present

analysis and data of different tube diameters, fluid properties, and tube inclinations in

order to demonstrate the capability of the model.

The presence of heat transfer along the condensation path results in a

continuously varying liquid height. Therefore, the flow never becomes fully developed,

contrary to the case of adiabatic, gas-liquid flow. lnfluences of heat transfer and flow

development are considered in the present analysis.

The stratified-nonstratified boundary can be analyzed through two different

approaches. The traditional approach is through the application of the classical inviscid

Kelvin-Helmholtz theory to explore the departure from a stratified configuration. This

approach was followed by Taitel and Dukler (1976) in their analysis of the stratified-

nonstratified transition during adiabatic gas-liquid flow inside horizontal and near
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horizontaltubes. The second approach involves analyzing the stabílity of flow on the basís

of wave theory. Wallis (1969) has shown that the condition for marginal stability of a flow

phenomenon is obtained when the kinematic and dynamic wave velocities become equal.

Recently Braunerand Maron (1991) proposedthat, in addition tothe above criteria, the

stability problem may also be analyzed using the well-posedness of the hyperbolic

transient equations that govern the stratified flow. They have shown that the boundary of

the stratified configuration can be represented by a buffer zone confined between a lower

bound given by the stability of flow and an upper bound given by the well-posedness of

the transient equation.

Two different approaches were attempted in the present analysis. These are the

Kelvin-Helmholtz approach, later followed by Taitel and Dukler (1976), and the

mathematical approach proposed by Brauner and Maron (19g1). The results from both

approaches were compared and found to be very close for all inclinatíons. Therefore, it

was decided to ínclude all derivations and results obtained from extendíng the approach

of Brauner and Maron (1991) to condensing flows in Appendix D.

The modelling approach followed in the remaíning part of this chapter, and the

results presented in the following chapter, are based on extending the well-known work

of Taitel and Dukler (1976) to condensing flows. First, a stratified flow condítion is

assumed and the equilibrium liquid level is determined from application of the appropriate

conseruation laws. The boundary of stratified flow is then determined by considering the

mechanism by which transition from the stratified condition is expected to take place.
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5.1 Equilibriurn tiquid teve! [eomplete Formutation]

The one dimensional, co-current stratified flow in an inclined condenser tube is

shown schematically in Figure 5.1. The flow of liquid and vapor is at equilibrium under the

influences of wall and interfacial drag, gravity, acceleration, momentum transfer and

pressure gradient. The flow is assumed to be steady and both phases are in

thermodynamic equilibrium with constant properties. The tube has a uniform cross section

along the flow direction.

An equation for the equilibrium liquid level can be derived by performing mass and

momentum balances on the differential control volume shown in Figure S.1. Considering

the liquid and vapor phases separately, conservation of mass results in the following

relations, respectively:

and

afPt ¿21

where Z is the axial coordinate along the tube axis, u. is the local liquid velocity, u" is the

local vapor velocity, cr is the local void fraction, and W, is the mass flow rate crossing

the interface per unit volume. The angle brackets [ < > ] used in the present formulation

indicate averaging over the entire cross-sectional area of the tube. After reduction, the

<ut(1 - a)> l= W,,

ô1oe 
¿71

4tte&Þf=-W,,

(s.1)

74

(5.2)



-{ C
N

\ \

uc
Æ

' \

#Æ
1

ct

? 
*i

\
U

; 
*"

ry
*\

tr
 h

t'

T
w

o 
., 

s\
n 

o

fI 
P

C
 V

,7
ss

\n
o 
I 

{w
L

F
ig

ur
e 

5.
1 

S
tr

at
ifi

ed
 f

lo
w

 s
itu

at
io

n.

t, 
ôu

l
\ 

., 
+

tr
--

Ð
ur

 *
 

ò7
b7



momentum balances applied to the liquid and vapor phases produce, respectively,

AP
az

I

oQptsino +gptcoso *- =rwtSt'L AZ A<1 -6Þ

( 1 - n ) 1ue&Þ ( Cet- n ) <ut(1 - ø

<1 - sÞ (GÞ

Cgt Pt

and

<ut( 1 - a )>
<1 -c)

(<1 -qo)2

<ut( 1 - a )>ôl
-ta4

ôP

-+az

-ltt
L

epesino.#

- n - cru) ,"u 
ot

r ue 
(ooo)2

<1 -ø>

A<1 - sÞ

1

l#Pt<ut

r¡4

)o

* Csa Po

= 0 , (5.3)

where P is the statíc pressure, 0 is the tube inclination, h. is the liquid height, A is the

cross-sectional area of the tube, r*,_ is the average wall shear stress on the liquid phase,

t*n is the average wall shear stress on the vapor phase, and r, is the average interfacial

shear stress. Definitions of Sn, Sr, and S,are given in Figure 5.2. The coefficients C.n and

C.¡are distribution parameters commonlydefined by Ie.9., Hancoxand Nicoll, 1971 ]

4Ue e)

"¡4
A <ø>

t<u¿(I -a)>

(c)

(1-o)'l

r1
ôl 4Uee>l 

^l=Uô4 (e) j

<1 - sÞ (sÞ
a.

-taz Pc <u6 ø> 
]

(5.4)

76



! !

F
ig

ur
e 

5.
2 

D
ef

in
iti

on
 o

f c
ro

ss
-s

ec
tio

na
l 

pa
ra

m
et

er
s.



and

where the symbols [ < >e ] and [ . r,_ ] indicate averaging over the vapor and liquid flow

areas, respectively. ln deriving Equations (5.3) and (5.4), the interfacial momentum

transfer was formulated using the interfacial rate of mass transfer W, and the mean

interfacial velocity u,, which was related to the averaged phase velocities by the relation

I Yadigaroglu and Lahey, 1976 ]

vgc -
<d u;>

<d> ( <uGìJ '

vg¿ -
<(1-a)u.2>

<1 -ø>(ouÈt)z

The rate of condensation can be evaluated from a simple heat balance as follows:

(5.sa)

where q" is the average heat flux based on the whole pipe perimeter and h,n is the latent

heat of vaporization. Equation (5.7) was substituted in Equations (5.1) and (5.2) and the

pressure-gradient term was eliminated between Equations (5.3) and (5.4) using Equations

(5.1) and (5.2) ¡n the reduction. Thus, after algebraic manipulation, a momentum equation

(5.sb)

Wr= 4q"
Ð h,n'

(s.6)
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for the mixture was produced

"wtSt -r*s" _- "l I 1

q - AG -rlùrl4" 
n,

, n Dnrr I <ur(1- a )> I 2Crr- rt n ll- Ah,n L <1 -ø' L<1 -s> - *".JJ

*nÐq"{*runrf zc.u*n-t. n-, l}
Ahu [ <ø> L oor <1-"rlj

-f o.,.ffi *csa,.ffilfæ*l
(an.\*ptscosolå=o,

where

*(p¿-pc)6rsino

and

The shear stresses appearing in Equation (5.8) were formulated using these conventional

expressions I Taitel and Dukler, 1976 ]

rwL= ¡rar(o!Èr)'" (5.10a)'Lz'
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At=A<1 -6). (5.9b)
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and

where the friction coefficients are given by

fL = cr,( D'ouÈt

and \ v¿

Itwc - tG

E ^. ( Du <uèe
íG = vGf I 

-

\vc
while the liquid and vapor hydraulic diameters are g

pc ( <uc¡c )2

ÍJ = fG
Pc [ <uala - ou¡t1z

and

The coefficients appearing in Equations (5.1 1a) and (5.1 1b) were set as Cu = Cot = 0.046

and n = lr = 0.2for turbulent flow, and C,-r= Co,= 16 and ñ = rTì = 1 for laminarflow. The

actual Reynolds numbers [based on the phasic flow areas] were used in determining the

transition between laminar and turbulent flow.

Equations (5.10) to (5.12) were substituted into Equation (5.8), and the mixture

momentum equation was further reduced using the following identities:

(5.10b)

)" 
,

)' 
,

iven by

(5.10c)

(5.11a)

(5.x 1b)

Vts = <Ut>t <1 - @Þ = <Ut ( 1- e )t,
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and

where Vr" and V"" are the superficial liquid and vapor velocities, respectively. ln final

dimensionless form, the mixture momentum equation can be written as

where

VeS = <UeìC (4Þ = 4[Jc &],

eK-p-4 Y*yH =Ç'F!,
az

p=[u"å)'l*i {ä.

e=[a Ãl-' ( Ã\' s.

4) l.Ã,l Ã-, '

*,.ål I' t#*) #l'l

Y=

(5.13b)

"fI{lI ru"/

A

@r

&l '",.-'['
z cac - (1- r ,I t

-(*o)

^ ( Vu" Ð)-'
uar l- |

\ve)

(5.14)

l*{-.ffiI ttl 
*cscffit*i 

Iæ

(5.r5a)

.ålla")l

.ä)l

(5.15å)

(5.15c)
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V2

and

4 Cn, ( Vu, Ð\-.
nl,*,J

Y=

P, ú.s

All parameters with a bar superscrípt in Equations (5.14) and (5.15) are

nondimensionalized using the reference variables D for length, D2 for atea, and the

superficíal velocities V's and Vn, for the mean liquid and vapor velocities, respectívely.

Equation (5.14) reduces to the Taitel and Dukler (1976) model when H = 0 [ i.e., no heat

transfer I and aÁ¡aZ = 0 [ i.e., fully -developed conditions with constant tiquid height ].

The term q" in Equation (5.159) was evaluated by using an appropriate correlation

that can give the condensing heat-transfer coefficient at the tube wall. ln this study, a

correlation by Collier (1981) was used. During stratified flow in a condenser tube, the flow

experiences an adverse pressure gradíent while there is considerable shear force on the

liquid due to vapor flow. Collier (1981)modified Nusselt's theory by including the effect

of vapor shear on the cross-sectional average heat-transfer coefficient. His modified

2

4 Cu, ( Vn, D )-' pu É,
Ð [% ) z

-(P¿-Pdgrsino

paås '

H=
h6 pe vu, cat( ïf )'

2q"

(5.15e)

(5.15Ð

(5.'t5s)
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correlation is given by

where

hrr= 
o4-r= 

e

kL is the liquid thermal conductivitV, pr is the liquid viscosíty, Co.- is the liquid specific

heat, and AT is the saturation-to-wall temperature difference. The parameter E is a

correction factor given by Collier (1981) in table form and is closely represented bythe

following polynomial:

E = <a> [ 2.04 -4.30 <ø> + 4.45 ( <a> )" - 1.46 ( <d> )3 ] (5.18)

p¿(P¿-pc) &h'aÊ

h',n = åA * 0.68 (GrrAf ) ,

ÐprhT

5.2 Equilibrium Liquid Level [Simplified Formulation]

The presence of the term an¿a7 in Equation (5.14) reflects the reality of the

developing nature of the flow. However, starting from an initial condition al Z = O, a

numerical procedure is necessary in order to progress the solution along the

condensation path. A simplified approach was considered whereby the term anrta7 in

Equation (5.14) was dropped and the ratio [V,_"f/n"] was assumed negligible in Equations

(5.15b), (5.15c), and (5.15d). Thus, the model reduces to

]'*,
(s.16)

(5.17)

where

eK-þ'-4Y*n('Fl=0,
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p'=[D"Ê) '[Él{ä .x-*} ,

and e is given by Equation (5.15a). ln this formulation, e, B', and ^f are unique functions

of E¡. Therefore, for given values of X, Y, and H, Equation (s.1g) can be solved

algebraicly for the corresponding value(s) of ñ,-. A quantitative assessment of this

approach is given in the following chapter.

Of course, this approach may be considered meaningful only if it produces results

close enough to those of Equation (5.14). Any deviation between the two sets of results

would be due to the effect of the gradient of the interface on the equilibrium liquid level.

This simplified approach, if successful, can produce generalized results of ñ,- as a function

of X, Y, and H. A quantitative assessment of this approach is given in the following

chapter.

,Ar'=n (4T 2Cru-(î-rrIt .+ìl ,Ar)l

(5.20a)

5.3'['nansition Criterior¡

A finite amplitude disturbance on the smooth interface between the two phases is

shown in Figure 5.3. Taitel and Dukler (1976) developed Ifor adiabatic gas-liquid

flow I a criterion for the condition where a finite wave amplitude would grow based on

Kelvin-Helmholtz theory. The wave amplitude would grow when the gas flow rate is large

(5.20b)
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enough over the wave crest to cause a lift force IBernoulli effect ]. Dukler (1978)

proposed a transition criterion for boiling flows based on this mechanistic approach. Thís

approach is extended to condensing flows in this study.

ln condensing flows, in addition to the lift force from the vapor flow, a destabilizing

effect is created by the reaction force to vapor molecules condensing on the vapor-liquid

interface. The condition for the finite amplitude wave to grow is assumed to take the form

where Fu is the reaction force due to momentum change during condensation per unit

surface area, F, is the Bernoulli force due to the accelerating vapor above the wave per

unit surface area, and Fn is the gravitationalforce per unit surface area. The gravitational

force is given by

Fu, Fn - Fn,

where h" and h'n are the distances above the interface to the top surface, as shown in

Figure 5.3.

Fs = (ho - h'u) (P¿ - Pc) grcos o,

The Bernoulli force can be formulated

where Ao and A'n are the flow cross-sectional areas of the vapor phase where the vapor

heights are hn and h'6, respectively.

1rø-- 
2

(5.21)

Pu (o uo>a

AS

'lIai

(s.22)

'],
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The force due to the momentum change during condensation can be obtained

through the Reynolds flux concept given by Wallis (1969). From mass continuity across

the interface, we get

where vn* and vLN are the mean velocity components normal to the interface acting

towards the liquid sudace, and GN is the mass flux entering the liquid due to

condensation. lt can be shown that the pressure drop (Âp)* associated wíth this mass

transfer is

(Ap)ru = G¡,t(vau- vuv, =(*il'" f]. 
(s.2s)

Since pr_ >> pn, the last term within the parenthesis in Equation (5.25) can be ignored.

From a simple heat balance, GN can be estimated. The reaction force due to

condensation can finally be written as

PaVAu= PtVt¡t = Gn, 
'

Equations (5.22), (5.23) and (5.26) were substituted ínto Equation (5.21) using

definition (5.159) forthe relationship between q" and H. Thus, the following formulatíon

for the transition criterion was obtained:

(5,24\

(ouènr , 
{!&

-po)gcos8
Pe

2 Å,å

Ãn' - A'å

(ha-h'u)- nDHVn"

(5.26)
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For small finite disturbances, A'n can be expanded in a Taylor series around ,\ keeping

only the first term of the series and ignoring the higher-order terms. Thus,

{(ouànl"l#
I t" oq

,( tu)'
lÁul

Following Taitel and Dukler (1976), the first quantity between brackets on the right hand

side of Equation (5.28) was approximated by ( t hL /D )". lntroducing this

approximation and simplifying using Equation (5.13b), we get this final form for the

transition criterion

o(da!dn,)( (AtAzf .l l n U_ co,(v*p\-,1'1,., (s.2e)

I Au Jltt -ñr)' nrlzs, "'\ vG ) ) )

. A'n
| +-

Aq̂

ffi) lF
Ð vnt
2qr

H

)"-tïfl1

where,

'1"

and the term dÃ,_/OE,- is determined from simple geometric considerations I Taitel and

Dukler, 1976 I as,

(5.28)

É2t- ÐgcosS ,-r" '
ñ' Pe

B8

(5.30)



Computed results from the two formulations; the approximate I given by Equatíon

(5.19) land the complete Igiven by Equation (5.14) ], will be compared in the following

chapter. Based on the comparisons, one of the methods will be adopted to obtain the

equilibrium liquid levels for condensing flows in inclined tubes. The predictions of the

equilibrium liquid level will then be applied to the transition criterion. From this transition

criterion, the stratified-nonstratified transition boundary will be determíned for different f luid

properties and tube diameters. These analytical boundaries will then be compared with

the experimental data.

d4: 
=

dht
(5.31)
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Chapter 6

TþüEORET'ãCAL MËSULT'S AruD COfuTPARISOruS

The boundary between stratified and nonstratified flow during condensatíon in

horizontal and slightly inclined tubes is given by Equation (5.29). Application of this

equation requires knowledge of the dimensionless liquid height ñ.. A mechanistic model

has been developed for the evaluation of E,- with two possible formulations; a complete

formulation given by Equations (5.14) and (5.15), and a simplified formulation given by

Equations (5.19) and (5.20). ln order to solve either formulation, suitable values for the

coefficients C.n, C.., and q are required. Hancox and Nicoll (1971) recommended a value

between 1.0 and 1.2 Íor the distribution coefficients C* and C.r, depending on the flow

regime. All results in this study were obtained with a value of 1.0 for the d¡stribution

parameters. This choice makes the present results for the special case of adiabatic flow

identical to those of Taitel and Dukler (1976). A number of suggestions have been made

for the momentum transfer parameter n ranging from 0.5 to 1.0 [Wallis, 1g6g;

Yadigaroglu and Lahey, 1976 ]. The interfacial velocity is influenced by the relative

magnitudes of the average phase velocities and the liquid height. For small liquid heights,

the interfacial velocity would be more influenced by the average velocity of the liquid

because of the proximity of the wall to the interface. Similarly, near the end of the

condensation path, the interfacial velocity is more likely to be closer to the average vapor

velocity. Therefore, an appropriate estimate of q must take into consideration the changes

in the liquid height along the flow. A simple relationship, n = 1 - hL/D, was used in
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generating the present results.

ln the following sections, a comparison is made between the results of the

complete and the simplified formulations of the equilibrium-liquid-level model, followed by

a presentation of the ñ.-results, and finally the predictions of the stratified-nonstratified

transition criterion are presented and compared with experimental flow-regime data.

6.1 eomparison Between the Cornplete and Simplified Forrnulations

The development of hr/D along the condensation path was obtained for the case

of condensing steam at a saturation temperature of 100oC insíde a tube wíth D = 13.4

mm for a saturation-to-wall temperature difference of 10"C. These results are presented

sequentially from Figure 6.1 for 0 = +10o I upward ] to Figure 6.7 for 0 = -1Oo [downward].

The curves corresponding to the complete and simplified formulations are marked I CF]

and ISF ], respectively, in Figures 6.1 to 6.7.For all inclinations except the horizontal,

the results cover the range of total mass flow rates 21.6 < rh < 1 44kglh, which coincides

with the mass-flow range tested in the experimental investigation I Chapter 4]. ln the

horizontal position the maximum value of mass flow rate tested was 1080 kgih. This

higher value of mass flow rate was used to illustrate that the CF and SF formulations are

capable of providing very close results when the mass flow rates are sufficiently high.

ln executing the complete formulation, it was assumed that the region 7 < O it

adiabatic with a very small liquid height (hL/D). = 0.005 and that condensation starts at

7 =0. Therefore, an initial solution latZ = 0lwas established by solving Equations

(5.14) and (5.15) iterativelyforthe adiabatic condition IH =anJa? - O ], thus yielding
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the corresponding initial quality xo. The solution was then advanced along the condenser

using an explicit finite-difference scheme. After numerical experimentation, it was found

that the results become grid-independent with a grid size of about Â Z = 0.001.

Numerical experiments were also conducted in order to study the effect of the initial value

(hL/D). and it was found that starting from values lower than 0.005 had insignificant effect

on the rest of the solution domain. For each value of rir , the solution was then advanced

using Equations (5.14) and (5.15) and values of h./D and x were determined at each axial

station Z .

Results were also obtained from the simplified formulation using Equations (5.19)

and (5.20) at the same conditions applied to the complete formulation. At each axial

station, the value of x was matched for the two formulations and the value of hr/D for the

simplified formulation was determined.

Figures 6.1 to 6.7 show generally good agreement between the two solutions,

particularly for x > 0.2 and larger values of rh . The simplified formulation produced

multiple solutions of h./D for the same x at low values of rh and x. The existence of

multiple solutions for this type of formulation was discussed in a recent paper by

Landman (1991), who argued that the lowest value of hr/D at a given x is the most stable

solution. Keeping that in mind, it may be concluded from Figures 6.1 to 6.7, that the

simplified formulation is reasonably accurate for the present application. ln most

instances, the stratified-nonstratified transition was found to occur at condenser locations

where the deviation between the two solutions is practically indistinguishable fFigure 6.4].
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6.2 Equilibrium Liquid tevel

The simplified formulatíon was solved for a wide range of parameters and the

results are shown in Figures 6.8 - 6.13. Figure 6.8 corresponds to H = 0, and it is

identical to the results of Taitel and Dukler (1976). tulultiple solutions are predicted for the

upward inclinations corresponding to Y < -4 over a range of X. With condensation, as

shown in Figure 6.9 - 6.13, the influence on the results is very small for large Y-values.

However, significant changes in h./D occur for small values of Y with multiple solutions

possible for even downward inclinations. The influence of H on the results of h./D is

consistent in trend with the introduction of an additional upward inclination on the

adiabatic solution. This is further illustrated in Figure 6.14 for the horizontal orientation Y

= 0. lt can be seen from Figures 6.8 and 6.14 that increasing H for Y = 0 produces

trends in the hr/D-values similar to decreasing Y I or increasing upward inclination ] for

H=0.

Examining the results in Figures 6.8 - 6.13, we note that the multiple roots for the

equilibrium liquid level occur at lower values of Y as H increases. For example, multiple

roots are shown for Y = -4 when H = 0 [ Figure 6.8 ], whereas, at H = 1, multiple roots

appear at Y = -3 [ Figure 6.9 ]. This trend is seen for all values of H tested. The region

of X where multiple roots appear corresponds to low qualities, as demonstrated earlíer

in Figures 6.1 - 6.7.

ln the region of X where the equilibrium liquid level is multivalued, a maximum of

three roots are possible. As H is increased, the roots with a value of h./D < 0.5 tend to

decrease in value whereas the roots with a value of h./D > 0.5 tend to increase in value.
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No attempt was made in this investigation to explain the physical meaning of having

multiple values of h,-/D at the same flow parameters. lt is possible that this mathematical

behaviour is due to the assumed formulations of the wall and interfacial shear stresses,

but does not have physical basis. This point was not explored further because the

stratified-nonstratified boundary, which is the main objective of this analysis, was always

found in the region where a unique solution existed.

6.3 Transition eriterion

The stratified-nonstratified transition criterion was applied by solving Equations

(5.19), (5.20), (5.29), and (5.30) simultaneously. ln order to demonstrate the trend in

these results, the case of condensing steam IFigure 6.15 ]at a saturation temperature

of 100"C in a tube with 25.4-mm l.D, using ÂT = 1OoC is compared with the adiabatic

case I Figure 6.16 ]. Both sets of results indicate that the stratified region shrinks in size

as the upward inclination angle increases. This is consistent with the experimental results

shown in Chapter 4, where the wavy flow regime was not observed in upward inclinations

for V." > 0.02 m/s. Considering Figures 6.15 and 6.16 comparatively indicates that for

large inclinations, e.9., 0 = -5o and -10o, the transition line is not significantly influenced

by condensation. However, at small inclinations [-1o < 0 < 1o ], the deviation is obviously

significant and it is consistent with the trend that condensation influences the transition

line in a manner similar to the introduction of a small upward inclination in adiabatic flow.

6.4 Gormparisor¡s with Experirnental Data

Comparisons were made between the present theory and the present flow-regime
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data, as well as others available in the literature for condensation of different fluids inside

tubes of different diameters. A sample of these results is shown in Figures 6.17 - 6.23 for

horizontal and downward inclined tubes. For upward inclinations, the present data Iwhich

are the only available results I did not include wavy/stratified flow.

Figure 6.17 shows the comparison between the flow-regime data of Soliman and

Azer (1974) for condensing R-12 inside a horizontal 12.7-mm l.D. condenser and the

stratified- nonstratified transition line based on the present analysis. The calculations are

made for a saturation temperature of 27.3oC and a saturation to wall temperature

difference equal to 1OoC. lt is clear from the figure that the present theory predicts the

boundary of the wavy-flow region very well, both at the annular-wavy and the wavy-slug

transitions.

Figure 6.18 shows the comparison with the data for Rashwan (1987). ln producing

the transition line in this figure, the saturation to walltemperature difference was selected

equalto 20'C. This is a reasonable value considering the saturation temperature of steam

[ 100"C ]and the average cooling water temperature [= 50"C ] used in Rashwan's

experiment. After accounting for the thermal resistances of the cooling water and the tube

wall, a reasonable estimate for ÂT was found to be about zOoC. The data correspond to

a horizontal, 25.3-mm l.D. tube. Again, the stratified-nonstratified transition line predicts

the data very well.

Figure 6.19 compares the data of Traviss and Rohsenow (1973) with the present

analysis. These data were obtained with R-12 condensing at T"= 27 '9oC inside an 8-mm

l.D. horizontal tube. The predictions are made with ÂT= 10oC. Traviss and Rohsenow
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reported that wavy flow was not observed in their experiment and they only observed

annular, semiannular, and slug flow. Figure 6.19 shows that the present theory is

consistent with these observations.

Figure 6.20 compares the R-1 13 data of Soliman and Azer (1974) with the present

analysis. ln generating the transition line, a ÂT = 1SoC was used. The data was obtained

in a 12.7-mm l.D. horizontal tube. The transition is predicted reasonably well.

Figure 6.21 compares the present horizontal data and the transition line. A

saturation to walltemperature difference equalto 20"C was used in the analysis. Although

the transition line appears shifted to the left, the agreement is considered fair in view of

the fact that the trend of the data is very well predicted. Figure 6.22 compares the present

data at -1" I downward ] inclination with the analytical prediction. Although a few data

points in the region Vn" . 1 m/s are inadequately predicted, the agreement is considered

reasonably good. Excellent agreement is shown in Figure 6.23 between the present

combined data of -5o and 10" Idownward ] inclination and the analysis. The experimental

data and theory are also in agreement with the trend whereby changing the inclination

from -5o and 10o does not significantly influence the stratifiedJlow boundary.

It is fair to conclude from the above comparisons that the present theory for

predicting the stratified-nonstratified boundary is in fairly good agreement with a wide

range of experimental data.
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An experimental investigation has been conducted in order to study the effect of

inclination on the two-phase flow regimes of condensing flow inside a tube. The data

correspond to steam at a mean saturation temperature of about 1 10"C condensing inside

a 13.4-mm l. D. tube with inclination angles within +10o. lnside this range of inclination

angles, the annular flow regime boundary experiences very small I almost insignificant ]

shifts. On the other hand, small inclinations of only 1o I upward or downward ] from the

horizontal resulted in significant changes in the wavy and slug regions. Wavy flow is more

prominent in downward inclinations and slug flow is more prominent in upward

inclinations. The shifts in the transition boundaries due to changes in the inclination angle

from 5o to 10o are found to be insignificant.

The existence of slug flow was found to coincide always with the full-tube condition

at exit. lf the tube was not running full at the end of the condensation path, i.e. stratified

conditions at exit, slugging was not observed. Beyond a certain mass flux, which was

found to be independent of inclination, slugging was not observed and the flow regime

progressed from annular to annular-wavy to complete condensation with full tube. This

upper bound on slugging during condensation was analyzed and the resulting simple

correlation agreed well with the present data.

Comparisons with some of the available gas-liquid correlations suggested that for

small inclinations I e.9., t1o ], the present results for a given angle are consistent in trend
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w¡th those of gas-liquid flow with slight upward inclination added to the given angle. This

is attributed to the increasing liquid height along the condenser. For larger angles I e.9.,

5o and 10o l, the present data agreed reasonably well in magnitude and trend with the

gas-liquid correlation of Taitel and Dukler (1976).

A mechanistic model has been developed for the evaluation of the equílibrium

liquid level during condensation inside horizontal and slightly inclined tubes. Basic

conservation equations of mass, momentum, and energy have been applied on a

differential control volume. Two possible formulations were developed; a complete and

a simplified versions. The resulting values of h,-/D from the two versions were compared

at different inclinations and mass flow rates. Very good agreement was obtained,

particularly at large mass flow rates and large qualities for all inclinations tested. The

location where transition took place was found to be in the region where there was

excellent agreement between the two methods. Therefore, the simplified method was

utilized in predicting the equilibrium liquid levels in this study.

Using the simplified method, equilibrium liquid levels for different values of the heat

transfer parameter H were generated. These curyes qualitatively show that inclining the

tube upward in adiabatic gas-liquid flow I decreasing the parameter Y ] is equivalent to

increasing the heat transfer parameter H. This is consistent with the condensing flow

experim ental observations.

A stratified I wavy ]to nonstratified regime transition criterion for condensing flows

was developed using a force balance on a finite amplitude wave. The stratified Iwavy ]

transition boundary predicted by the proposed model was compa¡:ed with different data
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sets. lt is shown that the present theory is capable of good agreement with experimental

data in magnitude and trend.
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Appendix A

OPERAT'gruG COruÐåT[OruS ÅND HEAT' BALAruCE

This appendix lists the operating conditions for the seven data sets corresponding

to the horizontal, and +1o, +5o, +10o, -1o, -5o, and -10o inclinations. For each test run, the

values of the operating pressure P"u, corresponding saturation temperature Tr, 
"u, 

total

mass flux G, rate of heat lost by steam Q", rate of heat gained by cooling water Q*, and

the percentage heat balance error are listed. The percentage heat balance error is given

by

ErÍorg= 8"-Q*xr-oo
8s
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TABLE 4.1 Operating conditions for data in the horizontal posítion

Run
number

1
2
3
4
5
6
7
I
9

10
11
L2
13
L4
15
16
L7
18
19
20
2t
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
&L
42
43
44
45
46
&7
48
49
50
51

D

kPa

L24.6
L24.6
138 .1
L70.2
L70.2
131.4
185.4
L34.7
106.6
101.5
105 .0
LO2.L
105 .5
119 .1
L04.7
L04.7
108 .0
101.8
101.8

99 .9
LO3.2
L06.7
L02.4
104.1
L02.4
107 .5
107 .5
107 .5
108.2
113 .3
116 .3
tLz.9
115 .3
118 .1
117 .5
LL9.2
117 .5
LL7 .5
109 .0
111.1
111.1
tt7 .9
1-14 .5
111.1
111. 1
181.6
181. 5
168 .1
L64.7
140 .6
160 .8

oc

105 .9
105 .9
108 .9
tLs.2
115 .2
t07 .s
118 .0
t08.2
101 .5
100 .1
101.0
L00.2
LOL.2
104.6
100-9
100.9
101. I
L00.2
100 .2
99.6

100.6
101.5
100.3
100.8
100.3
LOL.7
LOL.7
LOL.7
101.9
103 .2
103 .9
103 .1
103 .9
L04.4
L04.2
104.6
L04.2
L04.2
t02.I
1"O2 .6
].02.6
104 .3
103 .5
t02.6
L02.6
LL1.2
tt1 .2
114 .8
Lt&.2
109 .5
113 .5

g

kg/e.m2

L23.86
L23.e6
158.84
225.14
254 .60
134 .91
105 .44
Le6.47

86.72
50.41
45 .82
37 .48
43.32
88 .80
55.42
44 .99
65 .44
32.89
34.97
21.85
40.40
47 .0e
31.64
49 .16
44.99
63.77
59.59
64 .60
59.59
66.27
75.87
65 .02
72.53
82 .54
82.96
84 .53
89.22
88.80
90 .71
81.50
87 .03

105 .44
96.23
88 .87
92.55

273.02
273.02
236.L9
245.39
190 .15
230 .66

Qs

kw

&3.42
43 .35
54.59
79 .03
90 .62
49.51
38 .26
66.25
31.36
18.46
16 .81
13 .73
15 .89
32.3t
20.2e
16 .48
23 .99
t2.07
12.80
7.98

L4.74
L7.L2
11.53
L7.e7
16 .37
23.L2
21.60
23 .34
2L.57
24.L3
27.36
23.57
26.27
30 .03
30 .07
30 .4s
32 .08
32.32
32.70
29.62
31.59
37 .eI
34.55
32.23
33.62
92.84
93.05
83.39
e6.L4
67 .21-
80.74

Q"

kw

41.58
42.70
52.02
76.09
87.31
49.82
40.26
62.58
32.t4
18 .11
16.50
13 .98
16 .18
33 .96
20.03
15.60
23.51
L2.78
L2.8t

7 .80
L4.32
L6.57
L2.02
16 .81
15 .73
22.49
22.5L
22.44
20.47
23.46
27 .t6
24.07
27 .20
30.27
28.91
28.46
29.63
30.85
31.30
30.58
30 .13
35.19
32.21
30 .71
31.56
90 .35
90 .56
83.02
87.2L
67.6e
82.54

Error 9"

4.2
1.5
4.7
3.7
3.7

-0.6
-5.2
5.5

-2.5
1.9
1.8

-1. 9
-1. I
-5.1
L.2

-0.8
2.0

-5 .9
-0.1
2.2
2.9
3.2

-4 .3
6.0
3.9
2.7

-4.2
3.8
5.1
2.8
0.7

-a1
-3 .5
-0.8
3.8
6.5
7.6
4.5
4.3

-3.2
4.6
6.9
6.8
4.7
6.1
2.7
2.7
0.4

-1 a

-0.7
-at
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TABLE 4.1 Operating conditions for data in the horizontal position (cont'd.)

Run
nr¡¡nber

52
53
54
55
56
57
58
59
60
61
62
53
64
65
66
67
68
59
70
7t
72
73

D

kPa

L44.0
157 .5
L47 .L
L43.7
L43.7
153.9
140.9
t37 .5
L27 .4
]-20.6
120 .6
L3e.4
L24.9
L24.9
118.1
118 .1
119 .3
]-24.4
t02.e
L02.e
102.8
102 .8

oc

110 .2
LLz.9
110.8
110 .1
110 .1
L]-z.2
109 .5
108 .8
106.6
105.0
105 .0
109 .0
106 .0
106.0
104 .4
104 .4
104 .7
105 .9
100 .4
100 .4
100.4
100.4

kg/g -m2

]-97.52
2L7 .77
215.93
197 .52
199.36
226.9e
195 .67
L7t.73
166 .21
116 .49
L20.L7
191.99
134 .91
L42.27
109.13
112.81
112 .81
t42.27

27 .L6
27 .75
28 .34
35 .81

8s

kltl

68.82
74 -8'l
76.0L
69.2L
70.24
80 .45
69 .48
60.51
59.12
41.98
43 .14
67 .73
48.02
50.72
39 .03
40.L2
40 .19
50.24
10 .07
L0.27
10 .54
L3.32

Qr

kw

69 .18
74.47
75.96
7L.9L
72.36
82.t9
67 .79
61.09
54.89
39.43
41.14
63.89
47 .46
49.51
37 .93
39 .30
40 .55
50.75
10.40
10.69
10 .75
t3.29

Error %

-0 .5
0.5
0.1

-3 .9
-3.0
-¿) t
2.4

-0 .9
7.2
6.1
4.6
5.7
t.2
2.4
2.8
2.4

-0.9
-1.0
-3 .3
-4 .1
-2.0
0.2
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TABLE 4.2 Operating conditions for data in -10 [ downward ] inclination

Run
number

L
2
3
4
5
6
7
I
9

10
11
L2
13
14
15
16
L7
18
19
20
2L
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
4L
42
43
44
45
46
47
48
49
50
51

D

kPa

105 .4
105 .4
106 .9
106. 9
106 .9
106 .9
103.8
103.8
103 .8
LO2.L
t02.t
LOz.L
L06.2
L06.2
102.8
102 .8
116 .4
111.3
113 .0
113 .0
LL7.L
118 .8
115 .4
118.8
Ltz.6
116 .0
116.0
109.2
113 .5
110.1
113 .5
110 .1
109.3
109 .3
106.0
LLz.8
116.1
116.1
LL6.4
L09.2
t09.2
Lt2.6
t09.2
Lt2.6
L24.2
t24.2
L20.8
L20.e
r27.6
L25.9
1_31.0

oc

101.1
101 .1
101.5
101 .5
101.5
101.5
LOO.7
100 .7
100 .7
100 .2
100 .2
100 .2
101.3
101.3
100 .4
100.4
104 .0
102.7
103 .1
103 .1
104 .1
L04.6
103 .7
104.5
103.0
103 .9
103 .9
102 .1
103 .2
r02.4
103 .2
L02.4
L02.2
L02.2
101 .3
103 .1
103 .9
103 .9
103 .5
L02.t
L02.1
103 .0
LOz.t
103 .0
105.8
105.8
105 .0
105.0
106.6
L06.2
ao1.a

G

kg/g.m2

53 .33
53 .33
51.67
50.41
51. 67
49 .16
37 .90
4L.23
33.72
32.89
34.r4
34.L4
52.92
53.33
57 .51
52.08
68.77
66.69
70.03
67 .94
8L.29
81.71
e5.47
80.45
76.29
78.37
77 .95
80 .46
96.23
88 .87
96.23
99.92
96.23
94.39
85 .19

123 .86
L29.38
136.75
133 .06
103.60
105.44
105.44
105.44
122.02
t42.27
134.91
138 .59
140.43
158.84
158.84
158.84

Q"

kw

19 .15
18.98
L8.42
18 .02
18.50
Lt .67
L3.72
L4.94
1.2.24
11.91
12 .38
t2.4L
19 .16
L9.28
20.e7
L5.79
24.87
24.30
25.32
24.58
29.64
29.72
31. 14
28.97
27.87
28.6L
28.38
29.LL
35.03
32.59
34.98
36.50
35 .20
34.48
31 ,18
45 .38
46.91
49.89
48 .62
37.86
38.33
38.26
38 .43
44.L8
50.98
48 .43
49.87
50 .48
57.00
57 .22
56.61

Otr

kw

20.48
18 .34
18 .17
17 .89
t7 .84
17.85
t4.16
15.35
t2.84
L2.47
]-2.92
L2.48
20.02
19.89
20.20
L9.52
25.37
25.52
25.27
25.02
31. 04
30 .94
30 .95
29.82
28 .60
27 .9L
27.74
28.52
33 .97
3L.62
34.44
36.04
33.84
33 .03
30 .55
46 .64
47.55
48.01
48.19
37 .98
37 .42
37 .94
38.86
42.26
49 .10
49 .03
49.89
49.10
55 .46
57 .27
55 .62

Error ?"

-6 .9
3.3
1.3
0.7
3.6

-1.0
-3 .3
-2 -7
-4.9
-4 .6
-4.4
-0 .6
-4.5
-1 .t

3.2
-3 .9
-2.0
-5 .0
0.2

-1 .8
-4.7
-4.L
0.6

-2.9
-2 .6
2.4
2.3
2.0
3.0
3.0
1.5
1.3
3.9
4.2
2.0

-2.8
-L.4
3.8
0.9

-0 .3
2.4
0.8

-1.1
4.3
3.7

-L.2
0.0
2.7
2.7

-0 .1
1-.8
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TABLE 4.2 Operating conditions for data in -10 [ downward ] inclination (cont'd.)

Ru¡r
nr¡nber

52
53
54
55
56
57
58
59
60
61
62
63

l,

kPa

127 .6
139 .0
138 .1
L32.2
133 .9
149.0
t47 .3
154 .1
111.4
113 .1
108 .0
109 .8

T",.t

"c

106.6
109 .1
108 .9
LO1 .7
108.0
LLL.2
110 .9
1]-2.2
102.7
103.1
101. I
102 .3

G

kgls.m2

155 .16
L7L.73
168 .05
L66.2L
L77 .26
223.30
223.30
2L7 .77
103 .60
107.28
109 .13

99.92

Q"

kw

55.55
60 .87
59 .73
59.22
63 .59
79.0L
79.27
76.87
37 .58
38.86
39.7L
36.50

Q*

kw

55.58
59.70
61.16
59 .61
62.28
74.70
75.83
74.28
37 .18
38.82
38.65
35 .02

Error %

-0.1
1.9

-2.4
-0.7
2.L
5.5
4.3
3.4
1.1
0.1
2.7
4.L
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TABLE 4.3 Operating conditions for data in -50 [ downward ] ínclination

Rua
number

1
2
3
4
5
6
7
8
9

10
11
L2
13
14
15
16
t7
18
19
20
t1
ta
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
4t
42
43

D

kPa

LLL.7
116.8
111.8
116.9
113 .4
125 .0
125 .0
118.3
Lzt-6
130.1
L26.7
L42.0
133 .5
t47 .O
148 .1
148.1
153 .6
L56.2
119.1
117.3
106 .5
111.0
111. 0
tLg.7
L22.1
115 .1
115 .1
118 .5
13L.7
L23.9
L31.7
111. s
LL3.2
tL3.2
103.6
LOg.7
L02.7
L02.7
LO2.7
]-02.7
102.8
102.8
102.8

Tt, 
"t

oc

102 .8
104 .1
102 .8
104.1
103 .2
105.0
106.0
104 .4
105 .2
L07 .2
106 .4
109.7
107 .9
110 .8
111.0
111 .0
1L2.L
rtz.6
104.6
L04.2
101.4
L02.6
r02.6
104.5
105 .3
103.6
103.6
104 .5
107 .5
105.8
107 .5
t02.7
t03.2
103 .2
100 .6
L02.0
100.4
100.4
100.4
100 .4
100 .4
100 .4
100.4

G

kg/s.mz

66 .69
76.70
77 .54
85 .47
96.23

L36.75
136 .75
112.81
tt6.49
147 .80
153.32
173 .58
173 .58
2L9.6L
203.04
203 .04
241.71
226.98
L22.02
116 .49
99.92
72.Lt
73.36
83 .38
82.54

123.86
t27.s4
L49.64
L47 .80
1s7.00
t49.64
105 .44
105 .44
L07 .2e

49 .16
60.01
47 .49
39 .15
53 .33
55.42
41.23
50.00
50 .41

8"

kw

24.23
27.8L
2e .19
30.95
34.17
48 .08
48.76
40 .59
41.39
52.48
54.63
51. 00
6L.62
76 .90
72.L2
72.09
85 .39
80.09
43.49
41.45
35.58
26.22
26.74
30 .32
30.00
44.73
46.t4
53.88
52.37
56.11
53.08
38.26
38.26
38.93
17.98
2L.99
t7 .28
14 .34
t9.43
20.L9
14.99
18 .11
L8.32

Q!r

kw

23.04
27 .09
27 .39
29.46
33 .08
48.60
51.52
42.83
42.38
55 .50
54 .69
62.32
62.58
70 .65
75 .05
74.75
86.97
80 .26
44.75
41.96
36.08
27.87
26.52
31.05
30.99
43.78
45 .34
53 .46
56.t2
57.L0
55 .87
40.94
40.49
40.08
18.05
22.56
t7.2t
14.15
20 .6t
2L.26
15 .33
L8 .67
18.92

Error %

4.9
2.6
2.8
4.8
3.7

-1.1
-5.7
-5 .5
-2.4
-5.8
-0 .1
-2 -2
-1.6
8.1

-4.1
-3.7
-1.9
-0.2
-2.9
-L.2
-1.1
-6.3
0.8

-2.4
-3 .3
2.L
L.7
0.8

-,t t
-1. I
-5 .3
-7 .0
-5.8
-2.9
-0 .4
-2.6
0.4
L.4

-6.0
-5.3

-3 .1
-3 .3
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TABLE 4.4 Operating conditions for data in -1Oo I downward ] inclination

Run
numbe¡

1
.t

3
4
5
6
7
I
9

10
11
L2
13
L4
15
16
L7
18
19
20
2L
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
4L
42
43
44
45
46
47
48
49
50

Ê'

kPa

L21.2
124.6
117.8
117.8
131.3
L34.7
153 .6
L50.2
133 .3
140.1
111.8
111. I
113 .5
L22.0
122.0
107.8
L07 .8
L07 .8
107.8
TLL.2
107.8
113 .0
118 .1
113.4
108.3
LTL.7
LLL.7
t29.0
125.6
125.6
129 .0
t32.4
134 .3
141. 0
134 .3
130 .9
L29.6
L26.2
L29.6
L22.9
]-28.t
131.5
134 .8
134 .8
116.8
116.8
LTL.7
L15.2
Lt3.4
LLs.2

T", 
".

oc

105 .1
105 .9
104 .3
104 .3
107 .5
108 .2
LL2.L
111.4
t07 .9
109 .4
102.8
102.8
103 .2
105.3
105 .3
101.8
101.8
101.8
101. I
L02.7
101.8
103 .1
L04.4
L03.2
101.9
L02.8
102.8
106 .9
L06.2
L06.2
106. 9
t07 .7
108.1
109.6
108 .1
L07 .4
107 .1
106 .3
LO1 .L
105 .5
L06.7
107 .5
t08.2
108 .2
104 .1
104 .1
102 .8
L03.7
L03.2
103.7

G

kgle.m2

98.08
99.92
99 .92
99.92

151.48
147 .80
r97 .52
206.72
151.48
L66.2t

68.77
57 .09
63.77
81.71
84.63
81.50
85 .19
85 .19
85 .19

103 .60
99.92
96.23
96.23
63.77
32.47
40.82
52.92

140 .43
135.75
L44.Lt
153 .32
166.2L
L66.2t
L77 .26
162.53
L66.2L
133 .06
134.91
L36.75
136 .7s
t44.LL
151 .4I
L66.21-
169 .89
105.44
98.08
70.45
63.77
47.08
51.25

Q"

kw

35 .85
36.46
36.63
36 .59
54 .67
53.38
70 .53
73.t2
54.26
58.72
25.25
21.00
23.46
29.80
31.14
30.00
3L.29
31.30
3L.29
37.95
36.64
35.29
35.20
23 .35
LL.97
15.05
19 .48
50 .60
49.37
52.05
54.92
59.2L
59.33
62.96
58.01
60 .35
47.76
48 .85
49 .10
50.04
52.97
54 .30
59.22
60.52
38.93
36.22
26.21
23.68
t7.54
19 .10

Q*

kw

36.99
35 .90
36.87
37.t7
52.48
52.72
7t.L6
75.04
56 .59
59.79
25.72
21.35
23.20
30 .70
30.27
31.00
31 .25
30.06
30.24
37.09
34.90
34.89
34.01
24.sL
L2.27
15 .53
20.Is
47 .87
49.07
49.22
5L.7 6
56.t7
58.72
60 .10
54.87
58 .49
49.49
49.86
49.77
49.L7
54.86
53.12
58 .40
59 .70
39.05
36.2L
2s.44
24.7t
L7.64
1,8 - 87

Error %

-3.2
1.5

-0 .6
-1. 6
4.0
L.2

-0 .9
-2.6
-4.3
-1.8
-1. 9
-L. I
1.1

-3.0
2.8

-3 .3
0.1
4.0
3.3
2.3
4.8
1.1
3.4

-5 .0
-2.5
-3 .1
-3 .4
5.4
0.6
5.4
5.8
5.1
1.0
4.6
5.4
3.1

-3 .6
-a1
-1-.4
L.7

-3 .6
2.2
L.4
t.4

-0.3
0.0
2.9

-4 .4
-0 .6
L.2
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TABLE 4.5 Operating conditions for data in +10 [ upward ] inclination

Run
¡¡unber

1
2
3
4
5
6
7
I
9

10
11
L2
13
L4
15
16
L7
18
19
20
2L
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
4L
42
43
44
45
46
47
48
49
50
51

tl

kPa

L25.4
125.4
L28.7
L28.7
LzL.6
116 .5
116 .5
119 .9
LLO.7
110 .7
LLO.7
110 .7
LLO.7
106.3
106.3
106 .3
106 .3
109.7
106.5
106 .5
106 .5
106.5
106.5
106 .5
106.5
L47 .0
L53.7
153 .7
L53.7
t47 .2
143 .8
143 .8
143 .8
143 .8
140.4
153 .0
156.4
153 .0
153 .0
153.0
159.8
Lzt.7
LzL.7
L25.L
L25.1
101.6
103 .3
103 .3
103 .3
103 .3
L03.3

T.,."

oc

106 .1
106.1
106.9
106 .9
L05.2
104.0
104.0
104.8
102.5
102 .5
102 .5
102 .5
102 .5
101.4
101 .4
101.4
101 .4
102 .3
101 .4
101 .4
101.4
LOt.4
101 .4
101.4
101.4
110 .8
tLz.t
LL2.1,
LTz.L
110. I
110 .1
110 .1
110 .1
110 .1
109 .4
LLz.O
LLz.6
112.0
Ltz.0
1t2.0
113 .3
105.2
105 .2
106.0
106 .0
100.1
100.6
100.6
100.6
100.6
100.6

kgle.mz

144 .11
147.80
144.11
L47 .80
133.06
136.75
L44.tt
t47 .80
LO7 .28

99.92
99 .92
99.92
99.92
85 .19
88 .87
92.55
92 .55
88 .87
60.43
57 .51
57 .51
57 .51
57 .92
58 .76
56.67

22L.45
228.82
232.50
225.t4
203.04
199 .36
206.72
203.04
203.04
L97 .s2
232.50
239.87
228.82
228.82
226.98
239.87
147.80
t36.7s
L40.43
133.06

25 .39
32 .47
33 .31
32.05
32 .89
42.07

Q"

kw

52.23
53 .49
52.47
53 .57
48.29
50.22
52.55
53 .75
39 .75
37.L2
37.08
36.82
37 .10
31 .49
33 .02
34 .30
34.34
32.78
22.58
2t.48
2L.42
2L.41
2L.59
2L.9s
2t.lL
79.L3
81.56
82.93
80 .49
72.28
7L.23
73.72
72.38
72.68
70.7e
82.08
84 .67
81.08
81.06
80 .69
85 .02
53 .30
49.2e
50 .47
48 .44

9 .42
L2.07
L2.40
11 .95
t2.27
15.68

Qw

kw

52.35
53.35
52.56
51.33
46.87
49.t7
50.99
50.69
39 .10
36.L2
37 .2e
35 .81
36.95
30.69
32.08
32.73
32 .6L
32.L4
22.24
20.97
2t.t7
2L.7 4
2L.52
21.62
20.47
8L.74
85.24
84.21
83.06
74.2L
73.26
77 .29
73.58
73.45
7L.97
82.56
83 .45
82.t7
82.34
80.63
84.27
5L.27
50 .75
50 .23
50.88

9 .77
]-2.L2
11.95
L2.40
L2.34
16.25

Error %

-0.2
0.2

-0.2
4.2
2.9
2.t
3.0
5.7
1.6
2.7

-0 .5
2.7
0.4
2.5
2.8
4.6
5.1
2.0
1.5
2.4
t.2

-1.5
0.3
1.5
3.0

-3 .3
-4 .5
-1 .5
-4. ,
-2.7
-to
-4.8
-L.7
-1.1
-L.7
-0.6
L.4

-1.3
-1.6
0.1
0.9
3.8

-3.0
0.5

-5 .0
-3 .8
-0.4
3.6

-3 .8
-0 .6
-3 .6
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TABLE 4.5 Operatíng conditíons for data in +10 [ upward ] inclination (cont'd)

Run
nr¡¡nber

52
53
54
55
56
57
58
59

D

kPa

103 .3
101 .6
103 .3
103 .3
t07.4
104.0
104.0
104 .0

Tr, 
"t

oc

100.6
100 .1
100.6
100.6
LOL.7
100.8
100.8
100.8

G

]r'g/ e.mz

40.82
44.99
45.82
44.99

114. 65
99.92

103.60
99.92

Qs

kw

L5.26
16.82
t7 .L2
t6.78
42.L\
37.L2
38.31
36.84

Qo

kw

14 .81
16.69
16.55
16.11
40 .48
36.48
37 -79
37 .L2

Error %

3.0
0.8
3.3
4.0
3.9
L.7
1.4

-0.7
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TABLE 4.6 Operating conditions for data ín +50 [ upward ] inclination

Run
nunber

1
2
3
4
5
6
7
I
9

10
11
t2
13
L4
15
16
t7
18
19
20
2L
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
4t
42
43
44
45
46
47
48
49
50
51

Þ

kPa

101. I
106 .9
106 .9
103 .5
103.s
103.s
106.¿
106.4
106.4
106.4
106.4
105 .4
106.4
tLz.3
107 .8
107.8
104 .4
107.8
138.0
134.6
t(L.4
138.0
L3L.2
t3L.2
L22.3
118 .9
115 .5
115 .5
L36.2
744 -7
L49.7
146.3
103 .0
103 .0
103.0
103.0
103 .0
103 .0
L03 .0
L02.7
L02.7
L02.7
r02.7
108.3
104.9
104 .9
104.9
104 .9
]-04.9
1-04 .9
104 .9

Ág,av

oc

100 .2
101. s
101-5
100.6
100.6
100 .6
101-¿
101 .4
101.4
101 .4
101 .4
101 .4
101 .4
L02.9
101. I
101. I
100 .9
101.8
108 .9
108 .2
109. 6
108 .9
L07 .4
LO1 .4
105 .4
104 .6
L03.7
103 .7
108 .5
110 .3
111.3
110 .7
100 .5
100.5
100 .5
100 .5
100 .5
100. s
100 .5
100 .4
100 .4
100 .4
100.4
101.9
101. 0
101.0
101. 0
101. 0
10L.0
101.0
101.0

lg

kgls.m2

44.99
6? .10
65 .02
46.24
63.77
60 .85
96.23
96 .23
98 .08
98.08
92 .55
96.23
96.23

136 .75
140 .43
136.75
L22.02
140.43
184 .63
177.26
191.99
184 .63
188 .31
188 .31
L62.53
151 .4I
140 .43
L44.Lt
203.04
223.30
223.30
22t.45
22.44
23 .03
23.9t
23.62
32.47
34 .56
38 .73
36.64
38 .73
42.90
43.74
96.23
81.50
88 .87
88.87
74.L4
61. 68
53 .33
53 .33

Qs

kw

16.81
23 .13
24.23
L7 .33
23.79
22 -74
35.72
35.77
36.54
36.46
34 .38
35.74
35 .84
50.06
51.38
50.22
44.9L
51.20
66 .41
64.06
68.62
67 .37
68.57
68.21
58 .95
55.05
5L .67
52.83
72.89
79.69
80 .09
79.39
I .36
I .58
I .91
8.79

12.09
L2.90
L4.4e
13.73
14.53
16.09
L6.4L
35.64
30 .41
33 .14
33 .19
27.64
23.t4
20.02
19.98

Q*

kw

15 .40
23 .10
23 .11
L7.t4
23.38
21.83
36.28
35 .95
36 .98
37 .26
33.35
36.06
36 .48
51.63
51.66
51.20
45.82
51.31
65 .99
66.Lt
68 .16
68.07
69.08
69 .00
59.23
57 .94
s2.24
54.48
70.lL
79.43
80 .33
79.L4
I .53
8.81
8.82
9.08

LL.7L
L2.94
14 .01
13 .39
L4.49
L5.77
16.49
35.89
29.24
31. 99
3L.73
26.54
23.48
19.66
18 .99

Error %

2.4
0.1
4.6
1.1
1.7
4.0

-1.6
-0 .5
-1 t
-t .)

3.0
-0 .9
-1.8
-3 .1
-0 .5
-2.0
-2.0
-0.2
0.6

-3 .3
0.7

-1. 0
-0.7
-1.2
-0 .5
-5-3
-1.1
-3.1
3.8
0.3

-0 .3
0.3

-2.L
-2.7
1.0

-3 .3
3.2

-0 .3
3.2
2.5
0.2
2-O

-0-5
-0.7
3.8
1q
4.4
4.0

-1.4
1.8
4.9
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TABLE 4.6 Operating conditions for data in +50 [ upward ] inclination (cont'd.)

Run
nu¡nber

52
53
54
55

t,

kPa

158 .4
151. I
165.1
151. I

"c

113 .0
LL3.7
114 .3
Lt3.7

kg/e.m2

269 .33
276.70
276.70
269 .33

Qs

kw

96 .35
98.76
98.77
96.29

Q"

kw

9L.2L
94.09
93 .50
9L.92

Error %

5.3
4.7
5.3
4.5
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TABLE 4.7 Operating conditions for data in +100 [ upward ] inclination

Run
number

1
t
3
4
5
6
7
I
9

10
11
L2
13
L4
15
16
L7
18
19
20
21-
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
5L
52

Þ

kPa

106.3
106 .3
111.4
LLt.4
111.4
111.4
111.4
111.4
114.0
114.0
114 .0
114 .0
114.0
116.0
115.0
116 .0
119 .4
119 .4
119 .4
119.4
119 .4
116.0
140 .3
140.3
L43.7
140 .3
140 .3
L47 .t
143.7
L43.7
156.4
153 .0
153.0
156 .4
L68.2
164 .8
L68.2
164.8
161.5
161.5
130.8
L34.2
t34.2
130.8
130.8
L27 .4
L27 .4
L24.1
113 .5
113 .5
113 .5
116.8

Ts, av

101 .4
101 .4
t02.7
L02.7
L02.7
L02.7
102.7
t02.7
103.4
103 .4
103 .4
103 .4
103 .4
103 .9
103 .9
103 .9
L04.7
L04.7
t04.7
L04.7
L04.7
103 .9
109.4
109 .4
110 .1
109 .4
109 .4
110 .8
110 .1
110 .1
112.5
LLz.O
LLz.O
LL2.6
114.9
LL&.2
114.9
LL6.2
L13 .6
113 .6
L07 .3
108 .1
108.1
107 .3
L07 .3
106.6
106.6
105.8
L03.2
103 .2
L03.2
104 .1

g

kgls.mz

47.08
50 .83
63.35
69.19
51.68
6L.26
59.59
65.44
74 -20
7L.28
75 .45
77 .t2
77.L2

129 .38
L25.70
L25.70
].36.75
136 .75
133 .06
133.06
140.43
136 .75
203 .04
203 .04
2L4.09
t95.67
t95.67
2L4.09
199 .36
203.04
228.82
228.82
232.s0
232.50
254.60
258.28
26L.97
26L.97
258.28
26L.97
152 .53
t66.2L
16?.53
158.84
L66.2L
]-66.21-
16? .53
162 .53
114 .65
114.65
1L4 .6s
136 .75
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Qs

kw

L7.65
19 .06
23 .59
25.76
23.08
22.9s
22.33
24.46
27.67
26.54
28.02
28.72
28.72
47 .83
46.24
46.13
50.06
50 .21
48.82
48.83
51.66
s0 .39
73.18
73.LL
76.4L
70.46
70.70
76.89
7L.33
71.85
81.86
8L.52
82.69
82.53
90 .73
9L.87
93.06
93.03
9L.67
92.45
58.29
59 .34
58 .14
56.56
6L.32
60 .43
59 .43
59.&4
42.44
42.43
42.30
50 .45

Q*

kw

17 .03
18 .56
24.09
25 .61
22.e5
22.94
23 .00
23.25
26 .69
26.33
27 .88
29.25
28.74
49 .33
46.50
a7 .79
51.35
50 .47
50 .1¿
49.44
50 .53
50.44
72.90
73.36
74.70
7L.47
7L.9t
75.07
7L.6L
72.83
84.08
83 .55
84 .28
83 .75
93.48
93 .14
93.56
93.56
90.63
88.76
59.87
61.84
58.79
58.04
64.68
63 .51
60.29
61.06
43 .67
41.99
43.14
49.88

Error %

3.5
2.7

-2.1
0.5
1.0
0.0

-3 .0
5.0
3.5
0.8
0.5

-1.8
-0 .1
-3 .1
-0.6
-3.6
-2.6
-0 .5
-¿. I
-1.3

tt
-0 .1
0.4

-0 .3
2.2

-L.4
-L.7
2.ß

-0 .4
-L.4
-tn
-2.5
-1.9
-1 E

-3 .0
-1 .4
-0 .5
-0.6

1.1.
4.0

-2.7
-4.2
-1.1
-2 .6
-5 .5
-tr 1

-L.&
-2.7
-2.9
1.0

-2.0
L.L



The flow conditions corresponding to each visual observation I or data point ] is

tabulated in this Appendix. For each test run, the flow regimes observed in each visual

section and the corresponding values of x, T.,"u, and G are provided. When the calculated

value of the vapor quality I based on thermodynamic equilibrium ] became negative

I indicating subcooled conditions ] a zero-value was entered and the data point was not

used in plotting the flow-regime maps. The following abbreviations were used in listing the

obse¡ved flow regimes.

ANNU = Annular flow

Appendix B

FtOW.RËG ¡ fuT Ë PÅRAMET'ËRS

ANWA = Annular-wavy flow

WAVY = Wavy flow

SLUG = Slug flow

STRA = Stratified flow

FULL = Tube running full
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TABLE 8.1 Flow-regime para-neters for dat,a set in the horizont,al
posit,ion.

Run
number

Visual
observat,ion

section

2

.4,

B
c
D
E
F

A
B
c
D
E
F

0.790 105 " 9
0.590
0.404
0"102
0.000
0.000

0 .7 92 105 .9
0.589
0.386
0.099
0.000
0 " 000

0.830 108 .9
0.653
0.482
0 .159
0.025
0 " 000

0 .842 LLs "2
0.650
0"389
0.116
0"000
0.000

0 .758 L75 "2
0 .498
0 "266
0.015
0 " 000
0 " 000

0"798 107.5
0.598
0"366
0.000
0.000
0 " 000

T",.t
oc

4

G Observed
kg/nt.s flow

regime

.å,

B
c
D
E
F

A
B
c
D
E
F

.å,

B
c
D
E
F

A
B
c
D
E
F

123 "86 ANNU
A¡TNU
.âNNU
AÀIWå,
FUL,L
FTIIJIJ

AÌü{U
AI{NU
ÀI{NU
A¡{WA
FtlIJIr
FUÏJIJ

ÀNNU
A¡¡NU
ANNU
A}TNU
AìIWÀ
FULL

ANNU
A¡{NU
ANNU
.â¡II^IA
FUIJL
FUIrL

A¡{NU
.å,NNU
.å.NNU
.Alrw^A,

FT'LL
FT]I,L

A¡qNU
.å.ôTNU

ÄNNU
FftIJIr
FIIï,Ir
FT]LL

t23.86

158 " 84

22s "t4

254 .60

141

L34.9L



TABITE 8.1 Flow-regime parameLers for data set, ín the horizontal
position (cont'd. )

Run
number

Visual
observat,ion

section

^A
B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

Tr,.t
"c

0.696 r_18.0
0"418
0.096
0.000
0.000
0 " 000

0.633 108.2
0"335
0.142
0.0L2
0 " 000
0.000

0.513 101. s
0.284
0.075
0.000
0.000
0.000

0 "486 100.1
0"154
0.000
0"000
0"000
0.000

0"451 L01_"0
0 "029
0.000
0.000
0.000
0.000

0"479 100"2
0"021
0 " 000
0"000
0 " 000
0 " 000

10

G Observed
kglm2.s flow

regime

105 " 44

11

.A¡INU
At{Ntt
ATVWA

FULIJ
FULL
FUI,L

^å,NNU
a,l{Nu
A}TNT]
AÀTWA

FUTJIJ
FULI,

.ã,NNU
AÀTNI]
SLUG
FULL
FI]I,L
FT]I,TJ

A¡TNU
SIJUG
STRÀ
FUIJIJ
FtllrIr
FITIJIJ

.AI\TNU

SLUG
STRå,
FÏ'LL
FULL
FULL

A.}ÏNT'
SLUG
sTR.å,
FULL
FUï,ï,
FULL

L86 "47

L2

.å,

B
c
D
E
F

.å
B
c
D
E
F

86 "72

50 .41

45 "82

142

37 -48



Tå,BIJE 8.1 Flow-regime pararnet,ers for data set in the trorizontal
position (cont'd" )

Rurr
numl¡er

13

Visual
observation

section

L4

A
B
c
D
E
F

A
B
c
D
E
F

15

0.418 Lot "2
0.000
0.000
0.000
0.000
0.000

0.743 104"6
0"483
0.000
0.000
0.000
0.000

0.632 100.9
0.220
0.000
0.000
0.000
0.000

0"368 100"9
0"001
0.000
0.000
0.000
0"000

0 "290 L01" I
0 "026
0"000
0.000
0 " 000
0.000

0.011 1_00"2
0"000
0 " 000
0.000
0 " 000
0.000

trs,av
O^

16

c Observed
kglm2.s flow

regime

A
B
c
D
E
F

.ê,

B
c
D
E
F

L7

43 "32 AIiTNT]
SLUG
STRå,
FT]LL
FT'LL
FUIJIJ

A¡{NU
AI{NT]
SIJ{'G
FULI,
FUI¡TJ
FT]LL

ANNU
wA\nr
FT'LL
FUIJIJ
FT]LIJ
FT'LL

.AÀTI^TA

SIJUG
STR.A,
FUI,L
FUIJIJ
FULL

ANNU
SLT]G
FULL
FUI,IJ
FUÏJL
FUI,IJ

SIrUG
FULL
sTR.â,
FI'LL
FUTJTJ

FULL

L8

88"80

.A

B
c
D
E
F

A
B
c
D
E
F

55.42

44 "99

65 .44

143
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Tj\BIJE 8.1 Flow-regime parameters for data set in the horízontal
posÍtion (cont'd. )

Run
number

19

Visual
observation

section

20

A
B
c
D
E
F

A
B
c
D
E
F

2L

0.42L 100.2
0 " 000
0.000
0.000
0.000
0"000

0.182 99 .6
0 " 000
0.000
0.000
0"000
0.000

0.530 100.6
0.170
0.000
0.000
0.000
0.000

0"596 10L"s
0.282
0.000
0.000
0.000
0"000

0.442 L00 " 3
0 " 000
0 " 000
0.000
0.000
0 " 000

0"602 L00"8
0"301
0.000
0.000
0 " 000
0.000

rg, avoe

22

G Observed
kglm'"s flow

regime

.ê.

B
c
D
E
F

A
B
c
D
E
F

34.97

23

ANWA
FI'LL
STRÄ
FIILL
FIIIJïr
FT]IJIJ

SLUG
STRÀ
sTR-â,
FtILL
FUIJÏJ
STR.A,

AI{NÛ
SLUG
STRå,
FtlIJIr
FttIJIr
STRÂ,

AI{NU
WAIru
sTR.ã,
FT]IJL
FULI.,
STRA

wA\ñr
SL,UG
STR.A
FUIJIJ
FUIJL
STRÂ

.?\NNU
wA\ru
FUIJL
FULIr
FULI,
sTR-â,

24

2t "85

A
B
c
D
E
F

A
B
c
D
E
F

40.40

47 "08

31"64

144
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TABITE B " 1 Flow-regime parameters for data set in t,he frorizontal
posit,ion (cont'd. )

Run
number

25

Vísua1
observation

section

26

Ä
B
c
D
E
F

.å,

B
c
D
E
F

2'7

0.575 100 " 3
0 .251
0.000
0 " 000
0.000
0.000

0 .67 4 t't .7
0 .415
0.101
0.000
0.000
0.000

0 .667 101.7
0 .387
0.072
0.000
0"000
0.000

0.687 101.7
0 .415
0.L42
0.000
0.000
0.000

0 " 658 101.9
0"376
0"090
0"000
0.000
0 " 000

0"587 103"2
0 "327
0"030
0"000
0.000
0 " 000

Ts, av
"e

28

G
kg/m'. s

À
B
c
D
E
F

.å,

B
c
D
E
F

Observed.
flow

regime

29

44 "99 ANNU
wA\ru
STR.A,
FI]IJIJ
FULL
STRå,

A}qNU
A¡{NT]
SIrUG
FUI,IJ
FT]LL
STRå,

ANNT]
.å,rqNU
SLUG
FT]LL
FUI,,L
STRÀ

ArdNu
.ê,r{NU
SLUG
FItïrIr
FULI,
STRÀ

.âNNU

.âÀTNU

SLUG
FULL
FUt'Ir
STRå,

ANNU
ANNU
SIJUG
FUIJL
FUI¡ÏJ
FULI,

63 -77

30

A
B
c
D
E
F

"â
B
c
D
E
F

s9 .59

64-60

59 .59

14s

66 "27



TABLE 8.1 Flow-regime paremet,ers for data set in t,he horÍzont,al
position (cont'd. )

Run
number

31-

Visual
observation

6ection

32

A
B
c
D
E
F

A
B
c
D
E
F

x

33

0 .7 02 103 .9
0 .459
0 .165
0.000
0.000
0.000

0 "629 103 " 1
0.370
0.103
0.000
0.000
0.000

0 .646 103.9
0.407
0.L44
0.000
0.000
0.000

0.573 104.4
0"300
0.042
0.000
0.000
0.000

0 .556 704 "2
0 .283
0.094
0"000
0.000
0.000

0 "672 104.6
0"450
0 "240
0.000
0.000
0 " 000

rg,âv
"c

34

G Observed
kglm'.s flow

regÍme

.ê,

B
c
D
E
F

A
B
c
D
E
F

75 "87

35

.A}TNU
ANIIU
A.\IW.å,

FUIJIJ
FI,IJIJ
FT'LL

A}TNT'
AI{NU
SLUG
FUIJI¡
FUIJIJ
FT]LI¡

A}INU
.A¡INU
å,NWA
FTITJIJ

FgIJTJ
FÏ]TJIJ

A¡{NU
A¡INU
SITIIG
FULL
FUTJIJ
FUÏJIJ

A¡{NU
A¡{NU
Sl'IlG
FIIIJL
FT]I,L
FULL

.ANNU

.tor{Nu
AT{NU
FtllrIJ
FULL
FULTJ

6s.02

36

A
B
c
D
E
F

.4,

B
c
D
E
F

72.53

82.54

82.96

146

84"63



T.ã'BIrE B " 1 Flow-regime parameters for data set in t,he horizontalposit,ion (cont,d " )

Run
number

37

Visual
observation

sect ion

38

A
B
c
D
E
F

A
B
c
D
E
F

39

Ts, av
"c

0 " 640 L04.2
0 .428
0. L76
0.000
0.000
0"000

0 .578 L04.2
0.309
0.073
0.000
0.000
0.000

0.599 L02.1
0.342
0 "L42
0.000
0.000
0.000

0. ss3 L02.6
0"280
0.000
0 " 000
0 " 000
0.000

0 " 573 102.6
0.279
0 "026
0"000
0.000
0.000

0"691_ L04"3
0"495
0 " 306
0 " 000
0 " 000
0 " 000

40

G Observed
kglmt.s flow

regime

A
B
c
D
E
F

A
B
c
D
E
F

4L

89 "22 At{Ntt
A¡INU
AÀTNT]

FULL
FttLIr
FULI,

AI{NU
.A¡TNT]

SIJUG
FItIrL,
FUI,L
FTTIJI¡

AIqNU
ANNU
AT\TWA

FUIJIJ
FULIJ
FT'LL

A¡INU
J\¡{NU
SLUG
FT'LTJ
FT]LIJ
FUf,I-,

ANNT'
ANNU
SLT'G
FULI,
FULI,
FULL

A¡{NU
ANNT}
AI{NU
FUIJIJ
FULL
FULL

42

88.80

A
B
c
D
E
F

"å
B
c
D
E
F

90.71

81.50

87 .03

147

10s " 44



T.âBLE B " 1 Flow-regime parameters for d.ata set in t,he horízontal
position (cont'd. )

Run
number

43

VÍsual
observation

section

44

.å,

B
c
D
E
F

.å,

B
c
D
E
F

45

Ts, avoe

0.656 103. s
0.432
0 .238
0.000
0"000
0"000

0. s37 L02 "6
0 .307
0.107
0.000
0"000
0.000

0.558 1-02.6
0 .303
0.0s9
0.000
0.000
0.000

0 .750 Lt7 "2
0.566
0.395
0.171
0"000
0.000

0.753 tt1 "2
0.562
0"365
0"150
0.000
0.000

0"692 1_L4"8
0"439
0 "2L9
0 " 000
0 " 000
0 " 000

46

G
kglmt. s

.A

B
c
D
E
F

A
B
c
D
E
F

observed
flow

regime

96.23

47

A}TNU
AI{NU
AI{NU
FULL
FULI,
FttIJIJ

A¡INT]
AI{NU
.åÀTWA

FUIJIJ
FUIJL
FUTJIJ

AÀINU
AIINU
SLUG
FttIrIr
FIIIJïJ
FIIIJIJ

.å.r{NU
A}INT'
.å,r{NU
A¡{NU
.å,r{wA
FUIJIJ

.ANNU
AI{NU
AIINU
A}TNU
FUI,IJ
FULIJ

A¡INU
ANNT]
ANNU
FUT,L
FULL
FULL

88.87

48

A
B
c
D
E
F

.å,

B
c
D
E
F

92.55

273 "02

273 "02

148

236.r9



T.ABLE 8.1 Flow-regime paramet,ers f or d.ata set in t,he horizontal
posítíon (cont'd.. ¡

Run
nu¡nber

49

Vísua1
observati-on

section

50

A
B
c
D
E
F

.å,

B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
E'

51

0 " 684 tLå "2
0.427
0.273
0.026
0.000
0.000

0.660 109.5
0.394
0.L76
0.000
0.000
0.000

0 .694 113.5
0.457
0 .280
0.004
0.000
0.000

0 " 687 LLo "2
0 "4s2
0.237
0 "026
0.000
0.000

0 "697 tt2 "9
0 .468
0"331
0 "742
0.000
0.000

0.66L r_10 " I
0"400
0"181
0 " 000
0"000
0.000

ls,av
oc

52

G Observed
kglm2.s flow

regime

245 -39

53

.å,t{NIl
AI{NU
.å,}INU
ANWA
FI,IJIJ
FUtïr

.ê,NNU

.å,tdNu

.A¡TNU
i\¡{wå,
FUIJTJ
FULL

A}INU
AI{NU
A}TNU
AI{WA
FITIJIJ
FT'LL

.ã,r{NU
AIINU
ANNT
AÀTWA

FtILL
FUI,IJ

AI{NU
AÀTNU
ANNU
AI{NU
A.}TWA

FUT,L

AI{NU

^å,r{Nu
.åbTNU

ANWA
FtlIrIr
FULL

190 " 15

54

.å
B
c
D
E
F

A
B
c
D
E
F

230.66

L97 "52

2L7 -77

149

2L5 "93



T.ABI,E 8.1 Flow-regíme paramet,ers for data set, in the horizontal
position (cont'd.. )

Rurr
nu¡nber

55

Visual
observation

section

56

.A

B
c
D
E
F

.A

B
c
D
E
F

x

57

0 " 641 110.1
0.376
0.226
0"014
0.000
0.000

0"650 110"1
0"370
0 .187
0.000
0.000
0.000

0.678 1L2.2
0 .417
0 .255
0.010
0"000
0.000

0.680 109 " 5
0.44L
0.222
0 .028
0.000
0.000

0"707 L08.8
0 .455
0.224
0 " 029
0 " 000
0.000

0.671 106.6
0 "407
0"193
0 " 054
0.000
0 " 000

rs, av
"c

58

t5

kglm'" s

^å,

B
c
D
E
F

A
B
c
Ð
E
F

Observed
flow

regrime

L97 "52

59

A¡{NU
.A.hTNU

A¡{NU
.A.t{wA
FT]IJI'
FUT,L

ANNU
.å,rdNU

À¡INU
AÀTI{A
FttLL
FUIJI'

A}TNU
AÀTNU
ANNT]
A.}TWA

FI'IJIJ
FUITIJ

ANNU
AÀÏNT]
A}TNU
A}TWÀ
FUIJTJ
FUIJL

ANNT'
AlìtNU
å¡INu
.åNW.å,

FULI,
FULIJ

.å¡TNU

.A¡ÏNU
Ä,¡[NU
.aldwÄ
FT'LIJ
Ff]LÏ,

L99 " 36

60

.å,

B
c
D
E
F

A
B
c
D
E
F

226 -98

L95 " 67

L7t.73

150

L66 "2t



T.ã,BLE 8.1 Flow-regíme para'neters for data set in t,he horízontal
position (cont,'d" )

Run
number

6L

Visual
observation

section

62

A
B
c
D
E
F

A
B
c
D
E
F

63

ls,av
"c

0 "737 105 " 0
0. s63
0"314
0.070
0 " 000
0"000

0 "727 10s.0
0 .520
0.257
0.043
0.000
0.000

0"669 109"0
0 .406
0"209
0.017
0 .000
0.000

0"704 106"0
0.461
0.272
0.049
0.000
0.000

0.678 106.0
0 "420
0"201
0"013
0.000
0"000

0"630 104.4
0.408
0 " 1_99
0.010
0"000
0"000

64

G Observed,
kg/m'"s flow

regime

A
B
c
D
E
F

A
B
c
D
E
F

tt6 " 49

65

AÀTNU
AÀÏNU
ANNT]
A}IWA
FULIr
FUIJIJ

ÀNNU
Ar{Nu
AÀTNT'

SLUG
FT]LL
FULL

.A¡INT]
AI\ÏNU
A}TNU
AÀTWA

FTIIJIJ
FULIJ

ANNU
AI{NU
ANNU
ANWA
FttLL
FUI,L

ANNU
ÀNNU
ANNU
A¡IWA
FTILL
FUI,L

.A¡ÏNU
AÀTNU
.A,NNU

SIJITG
FI]LIJ
FULIJ

t20.t7

66

A
B
c
D
E
F

.â
B
c
D
E
F

191 " 99

t34.9L

L42 "27

151

109 " 13



TABLE 8.1 Flow-regime parameters for data set, in the horizontalposition (cont,,d. )

Run
number

67

Visual
observation

sectíon

68

A
B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

69

0.691 104 " 4
0.457
0.237
0.006
0.000
0.000

0.717 l.04 "7
0 .458
0 .2s0
0"030
0.000
0.000

0.652 105.9
0.400
0.178
0.007
0.000
0.000

0 .258 100 " 4
0.000
0.000
0.000
0.000
0.000

0.324 100.4
0.000
0.000
0.000
0.000
0.000

0 "257 L00 " 4
0 " 000
0.000
0.000
0.000
0"000

rg,âv
"c

70

\t

kglm2 " s
observed.

flow
regime

1_12 .8L

7L

A
B
c
D
E
F

.å,

B
c
D
E
F

A
B
c
D
E
F'

ANNU
AI\TNU
.AI{NU
SIJUG
FUIJL
FÏ]IJÏJ

A¡{NU
.å.r{NU
ANNU
SIJUG
FUTJTJ

FUTJIJ

A¡¡NU
ANNU
.å¡TNU
AI{WA
FT]IJIJ
FUIJIJ

WA\rY
FULIJ
FUIJIJ
FULIJ
FULIJ
STRå,

wA\ry
FULL
FULI,
FUI,L
FI]I,IJ
STRå,

wÀ\ru
FULIJ
FULL
FULL
TUIJIJ
STRA

LLz " 8L

72

L42.27

27 .16

27 "7s

152

28.34



TÄBIJE 8"1 Flow-regime paraneters for data set in the horizontal
posit,ion (conÈ'd. )

Run
number

73

Vísual
observat,ion

section

A
B
c
D
E
F

T", 
"r,oc

0"285
0 " 000
0"000
0"000
0"000
0"000

G
kg/mt. s

L00"4

Observed.
flow

regiure

35"81 WA\TY
FT]LL
FUIJIJ
FUI.L
FttLIr
STRA

153



T.ABI'E 8.2 Flow-regime parameters for dat,a set, ín -1"
I d.ownward ] inclinat,Íon

Run
nurnber

Visual
observation

sectiotr

2

A
B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

.A

B
c
D
E
F

Ts, avoc

0 " 621- 101 . 1-

0.327
0"056
0.000
0 " 000
0.000

0.619 10L. L
0"333
0 .017
0.000
0.000
0 " 000

0 " 615 101. s
0 "299
0.000
0.000
0.000
0.000

0. s53 l-01. s
0 .233
0.000
0.000
0.000
0"000

0.540 L0L " s
0 "207
0"000
0 " 000
0 " 000
0 " 000

0"458 L0l-"5
0 " 098
0.000
0 " 000
0"000
0 " 000

G
kglmz " s

4

Observed
flow

regi.me

s3"33 AI{NU
A¡TNT'
SITIIG
FUTJL
FULTJ
STRA

A}TNU
AI{NU
!{A\nr
STR.A
STR.A
STR.A

AÀTNT
A¡{WA
FULIJ
STRÀ
sTR-ê,
sTR-å,

^å¡TNU
A¡TWA
sTR-å,
STRÀ
STR.â
STR.ã

.â¡{NU
wA\ru
STRå,
sTR-ã,
STRå,
STRå,

A¡{NU
wÃ,\nr
STR.A,

sTR-å,
sTR-ê,
STRA

53 .33

5L"67

s0 .4L

5L"67

154

49 "L6



T.ABLE 8"2 Flow-regime
I downward ]

Run
number

7

visual
observat,ion

section

parameters
inclination

I

A
B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

for data set in -1o
(cont 'd. )

rs,av
oc

0"531
0 .161
0.000
0.000
0"000
0"000

0"460
0 .113
0.000
0 " 000
0"000
0 " 000

0 "449
0.019
0.000
0.000
0.000
0"000

0 .481
0.046
0.000
0.000
0.000
0"000

0"36s
0"000
0 " 000
0 " 000
0 " 000
0 " 000

0 .201
0 " 000
0.000
0 " 000
0.000
0.000

1_0

G Observed
kg/mt.s flow

regime

100"7 37"90

L1_

100"7

A
B
c
D
E
F

A
B
c
D
E
F

.ê,

B
c
D
E
F

Ali¡NU
WA\rY
STR.A,
STRÃ
STRå,
sTR.â,

AI{NU
wA\ñr
STRA
STR.A,
sTR-å,
STRA

.å,NWå,

wA\ru
STRå.
STRå,
STRå.
sTR.ã,

A}qWA
wA\ñr
STR.A,
STR-êr
STRå.
srR-ê,

WÃ,\rY
STR.A,
sTR-ê,
sTR.ã,
sTR.ê,
sTR.ã,

wÂ,vY
STR.A,
STR.A,
STRA
sTR"ã,
STRA

4t.23

t2

100"7 33 "72

100"2 32.89

1-00 .2 34 "L4

L00"2

155

34 "r4



TABLE 8.2 Flow-regime
I downward ]

Run
number

1-3

Visual
observation

secLion

parameters
inclinat,ion

L4

A
B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

^â
B
c
D
E
F

.A

B
c
D
E
F

A
B
c
D
E
F

for dat,a set in -1o
(cont'd" )

tc

15

T., 
".,"c

0 .626
0"330
0 " 0L8
0.000
0.000
0.000

0.655
0.364
0.065
0.000
0.000
0 " 000

0.496
0.209
0.000
0.000
0.000
0.000

0.540
0.264
0"000
0.000
0.000
0.000

0 "7L2
0"463
0.204
0.000
0 " 000
0 " 000

0.642
0"383
0 "Ltz
0 " 000
0.000
0 " 000

16

G Observed
kglmt"s flow

regime

101"3 s2 "92

L7

10L.3

.A¡INU
AI{NU
SLUG
STR.A.
FUIJIJ
STRA

53"33

L8

100 "4

Ar{Nu
AÌ{NTT
wÃ,\nr
sTR-â,
FI]I,L
sTR-å,

AÀINT]
A}ÏWA
wA\ru
STRÀ
STRå,
STRA

AI{NU
AÀIWA
FULL
STRA
STRJA
sTR-å,

AI{NU
AIVNU
.A¡TWA

FULL
FULL
sTR.ã,

,å,NNU
A¡{NU
.â,NWå,

FUIJI,
FÚTJIJ

STR.A'

57"51

100 "4 52"08

L04"0 68 "77

102 "7

156

66 " 69



T.å3IJE B " 2 Flow-regime
I downward. ]

Run
number

L9

Visual
observatíon

sect,ion

parameters
inclinaÈion

20

.A

B
c
D
E
F

.å
B
c
D
E
F

A
B
c
D
E
F

for data set Ín
(cont'd" )

2L

Tr,"t
oe

0.597 103 " 1
0"312
0.075
0.000
0.000
0.000

0"580 103"1
0 .303
0"067
0.000
0.000
0 " 000

0.587 104 " 1
0.27L
0.001
0.000
0.000
0.000

0.613 L04 " 6
0.321
0 .078
0.000
0 " 000
0 " 000

0.617 L03 "7
0"317
0.060
0"000
0 " 000
0 " 000

0"652 1"04"6
0.398
0"155
0 " 000
0 " 000
0 " 000

c Observed
kg/mt"s flow

regime

22

70"03

23

A
B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

ANNU
A¡{NT'
SI¡ttc
FULIJ
FtIIJIJ
STRå,

.AIVNU
,ANNU
SIJUG
FITI,TJ
FT,TJIJ

sTR-e,

AÀTNU

.â,r{NU
SIJUG
FT'IJIJ
FI'TJIJ
FUTJL

AÀTNU

A}{NU
A}IWA
FUITIT
FULI,
FUTJIJ

A}TNT]
ASTNU

SLUG
FUIJIJ
FUT,L
FUI,L

ANNU
.å,NNU
ArdwÃ,
FUTJTJ

FULTJ
STRÃ,

67 "94

24

8L -29

8L "7L

85 "47

157

80"46



TABLE 8.2 Flow-regime
I downward ]

Run
number

25

Visual
observatÍon

sect,ion

paramet,ers
inclínat,ion

26

A
B
c
D
E
F

A
B
c
D
E
F

for dat,a set in -1"
( cont, 'd " ¡

27

T","t
"c

0 "547
0"276
0.0s3
0"000
0.000
0.000

0.605
0"316
0"082
0.000
0 " 000
0 " 000

0.752
0"501
0.254
0.000
0.000
0.000

0"581
0"369
0"166
0 " 000
0 " 000
0.000

0 "644
0"395
0 "L67
0.000
0 " 000
0.000

0 " 573
0"28s
0 " 006
0"000
0"000
0 " 000

28

G Observed.
kglmt"s flow

regime

1_03 " 0

A
B
c
D
E
F

.4,

B
c
D
E
F

76"29

29

103"9

A¡[NT]
.A¡TNU

SI¡IIG
FUTJIJ
FT,IJIJ
FflïrïJ

.AI\TNU

.å}INU
SIJUG
FttIrL
FttLL
FT'LL

.AÀTNIT

A¡{NU
.åI\TNU
FT]LL
FtlIJIr
FUI,L

A}INU
A¡{NU
A¡qWA
FUIJL
FT'LL
STRå,

.AÀïNU
AÀÏNU
AÀTNU
FULL
FT]I,L
FUI,L

.A.ôTNU

.A,¡{NU
SLUG
FULI,
FUIJIJ
Ff]LL

78.37

30

103"9

A
B
c
D
E
F

A
B
c
D
E
F

77 "95

]-02 "L 80"46

L03 "2 96 "23

r02"4

158

88"87



TABLE 8"2 Flow-regime
I downward. ]

Run
numl¡er

3L

Vísual
observation

section

parameters
inclination

32

A
B
c
D
E
F

.å,

B
c
D
E
F

for d.ata set, in
(cont'd " )

33

Tr,.t
"c

0 "728 L03 "2
0.477
0"183
0.000
0.000
0.000

0.546 1"02.4
0 "264
0 .044
0.000
0 " 000
0"000

0 .559 L02 "2
0.272
0.036
0.000
0.000
0 " 000

0.549 L02.2
0 "267
0"018
0"000
0 " 000
0.000

0"563 101-"3
0"307
0 " 061
0 " 000
0.000
0 " 000

0 .57 4 1-03 " 1-

0 "237
0 " 000
0.000
0 " 000
0 " 000

34

\t

kg/m2 " s

A
B
c
D
E
F

A
B
c
D
E
F

Observed
flow

regrime

96 "23

35

AI{NU
ANNT]
A}TNT'
FUïrIJ
FUIJI,
FUTJTJ

99.92

36

A
B
c
D
E
F

A
B
c
D
E
F

ANNU
.â}TNU
Sl¡UG
FUIJIJ
FI]IJI,
FUI,L

ATìTNU

.¡\NNT'
SLUG
FUIJIJ
FULfJ
FUIJTJ

ANNU
.AÈ{NT]

SLT'G
FÏ]IJI¡
FULL
FUI¡IJ

.AÀTNU

AI{NU
SLUG
FULL
FULL
FULIr

.A,NNU
ANNU
ANW.A,

FTILL
FT]LL
FULL

96 "23

94 "39

85"L9

159

123 " 86



TABITE 8.2 Flow-regime
I downward' ]

Run
nu¡nber

37

Visual
observation

section

parameters
inclination

38

.A

B
c
D
E
F

A
B
c
D
E
F

for data set, in
(cont'd" )

39

lg,av
oc

0"587 L03"9
0.284
0 .083
0.000
0.000
0"000

0. s85 103 " 9
0 .280
0 " 067
0.000
0.000
0.000

0"568 103"5
0 .25r.
0 .011
0.000
0 " 000
0 " 000

0.57 0 102.1
0 "269
0 "024
0.000
0.000
0.000

0"563 L02"L
0"30s
0"10s
0"000
0.000
0 " 000

0"65L L03"0
0"394
0"168
0 " 000
0"000
0.000

40

G Observed
kglÍf"s flow

regime

A
B
c
D
E
F

.â
B
c
D
E
F

1-29 "38

4A

.âÀïNu
A}ÏNU
A}TWÃ
FUI,L
FUI,L
FT]LL

ANNT]
AI{NU
AI{WA
FUIJTJ
FUIJIJ
FI'TJIJ

AI{NU
ANNU
A¡TWA
FT]I,L
FULIJ
FT]LL

^L¡{NU
A.}TNU
SLttG
FUIJIJ
FT]LTJ
FT]LL

ÀI{NU
AÀTNU
AI{WA
FUIJIJ
FItï,L
FT]IJIJ

AI{NU
.AI{NU
.å,NNU
FULL
FULL
FULL

L36 -75

42

A,

B
c
D
E
F

.A

B
c
D
E
F

133 " 06

103 .60

105 .44

160

L05 " 44



TABIJE 8"2 Flow-regíme
I downward ]

Rurr
number

43

VÍsual
observation

section

paramef,ers
inclinatíon

44

A
B
c
D
E
F

A
B
c
D
E
F

.å,

B
c
D
E
F

for d.ata set in -1"
(cont'd")

45

Às.åV
oc

0.525 r.02 " 1_

0 "232
0 .014
0 " 000
0.000
0.000

0"600 103"0
0 .317
0.087
0"000
0.000
0.000

0.659 105 " I
0"398
0.220
0.046
0.000
0.000

0 " 678 105.8
0"419
0"183
0.004
0.000
0 " 000

0"639 L0s"0
0 "329
0"086
0"000
0"000
0.000

0"654 10s"0
0 "392
0.139
0"000
0"000
0.000

G Observed
kg/m'"s flow

regíme

46

105 " 44

47

A
B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

A¡{NU
ANNU
SIJT'G
FUI,L
FUIJIJ
FUT,IJ

.A,¡{Nu
ANNT
AI{WA
Ff'LL
FULL
FT]I,L

.âAINU
A}iTNU
.å,NNU
.à¡ïwA
FT'I,L
FT'LL

AÀTNU

^AÀINU
AÀTNU
.A.hTWA

FT'LL
FT]IJL

.A\T¡[U

^àt{NU
A¡TWA
FT'IJIJ
FÏ'IJIJ
FUIJÏ,

A.brNu
AI{NI]
.å¡TNU
FUï,L
FUI,L
FUÏJL

L22 "02

4B

L42 "27

134.91

L38 " 59

161

:l.40 " 43



TABLE 8.2 Flow-regime
I dow¡rward ]

Run
number

49

Visual
observat,ion

section

parÉrmeters
ínclination

50

A
B
c
Ð
E
F

A
B
c
D
E
F

for d.ata set in -1"
(cont 'd. )

5L

T",.r,
"c

0.674 106"6
0 .405
0"170
0.000
0.000
0.000

0.627 L06 "2
0.331
0.077
0.000
0"000
0.000

0.693 107.4
0.447
0.227
0.053
0.000
0"000

0"69s 106"6
0 .439
0"210
0"013
0.000
0"000

0.687 109 " L
0 "442
0 "275
0"089
0 " 000
0 " 000

0 "701 108 " 9
0"449
0 "237
0"043
0.000
0 " 000

52

lg

kglm2 " s

A
B
c
Ð
E
F

A
B
c
D
E
F

Observed
flow

regime

1s8.84

53

.A,NNU
A¡{NT'
A}INT
FULI,
FUIJIJ
FttIJIJ

AÀTNT]

ANNU
Àt{wA
FtlIJIr
FITI.,L
FULTJ

.A¡TNU
A¡INU
A¡{NU
À}TWA
FttlrIr
FftL,L

.A¡INT]

.A.\TNU

AI{NU
AÀTWA

FI]IJIJ
FIILL

A¡TNU
ANNU
.åÀTNU

A}trWA
FT'IJT,
FI]LI¡

.A.ôTNU

ANNU

^A¡TNU
.ânüwA
FUIJIJ
FULL

Ls8 " 84

54

À
B
c
D
E
F

.A

B
c
D
E
F

158 .84

155.16

77L "73

162

158 " 05



TABLE 8"2 Flow-regÍme
I downward. ]

Run
number

55

Vísual
observation

section

paramet,ers
inclination

56

A
B
c
D
E
F

.å,

B
c
D
E
F

for data set, ín -1"
( cont, 'd . )

57

rg, avoc

0.624 t07 "7
0"3s9
0.170
0 .014
0.000
0"000

0.637 1-08.0
0 .348
0"110
0"000
0.000
0"000

0 .711 ttl.2
0.474
0.275
0.061
0.000
0 " 000

0"674 110"9
0"413
0"195
0"016
0.000
0"000

0 "7L7 Ltz "2
0"486
0"315
0"118
0"000
0"000

0"630 t02"7
0.349
0 "L26
0.000
0"000
0.000

58

G Observed
kglm'.s flow

regime

A
B
c
Ð
E
F

A
B
c
D
E
F

1"66.21

59

.ê,NNU
A¡{NU
ANNT
A¡üWA
FULIJ
FI'I,L

]-77 .26

60

A
B
c
D
E
F

.å
B
c
Ð
E
F

ANNU
AÀTNTT

ANWA
FUTJIJ
FT]LL
FULL

ANNU
AÀTNU
.A¡TNU
ANWA
FT'IJIJ
FTIIJIJ

.ê,r{NU
ANNU
AT{NU
.åNWA
FULL
FUI,L

AIqNU
A}TNU
ANNT'
A¡ÏNU
FT]LL
FULIJ

.â,NNU

.ã,NNU
A}{WA
FftLIJ
FUT,L
FÏ'I,L

223 "30

223 "30

2L7 "77

163

L03 " 60



T.å,BLE 8"2 Flow-regime
I downward I

Run
number

61

Vieual
observation

section

parameters
inclinaÈion

62

.å
B
c
D
E
F

.å,

B
c
Ð
E
F

A
B
c
D
E
F'

for dat,a set, in -1"
(cont,'d" )

63

T","t
"c

0.572
0.257
0"083
0.000
0 " 000
0.000

0.572
0"281
0.03s
0.000
0"000
0.000

0 "525
0 "257
0 .043
0.000
0.000
0 " 000

'Lt

kglm2 " s

L03.L

Observed
flow

regime

407 "28

101"8

A¡{NU
A¡{NU
.AI\TWA,

FT,IJIJ
FTTIJIJ

FUIJIJ

AÀÏNU
.A}ÏNU
SLUG
FttIJIJ
FUIJIJ
FULL

AldNtt
À¡{NU
SI¡UG
FUÏ.L
FT]LL
FUIJL

L09 .13

L02 "3 99 "92

164



TåBLE 8.3 Flow-regirne parameters for d.ata set in
I downward ] inclination

Run
nu¡nber

l-

Visual
observation

section

2

.â
B
c
D
E
F

.å,

B
c
D
E
F

.å,

B
c
D
E
F

A
B
c
D
E
F

^å,

B
c
D
E
F

.å,

B
c
D
E
F

0 "704
0 "46L
0 "197
0 " 000
0.000
0.000

0.707
0.472
0.222
0.000
0.000
0.000

0 .648
0 .408
0.168
0.000
0.000
0.000

0 .559
0.300
0.076
0.000
0.000
0 " 000

0.728
0 .525
0"319
0.002
0.000
0"000

0"628
0"398
0 "233
0.039
0 " 000
0 " 000

T", uv
"c

G Observed
kglm'"s flow

regrime

102"8 66"69

L04"1

AI{NU
.å}TNU
.å,NWÃ,

sTR-ê,
sTR.å,
sTR.â,

A¡{NU
A¡[NT]
AI\ÏWA,
STRå.
STR.A,
STRå,

AT{NU
.å,NNu
.A}TWA

FUI,L
STRå,
STRA

AI{NU
ANNU
WA\rY
STRÀ
sTR.â,
sTR.ê,

ANNU
.A¡INU
.ãNNU
w.å,\ru
STR.A
sTR.â,

.å,NNU
Ar{NtI
A¡TNU
wÃ,\nr
sTR-â,
STR.â

76"70

102 .8 77 .54

104"1 85.47

103"2 96 "23

1_06 " 0

165

L36"75



TABLE 8.3 Flow-regime
I downward. ]

Run
number

7

Visual
observation

sect,ion

paramefers
inclination

A
B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

.å
B
c
D
E
F

for data set, in -5"
(cont'd " )

Tr, 
"toc

0 "629
0"36s
0 .168
0 " 000
0.000
0.000

0 .586
0.292
0"084
0.000
0 " 000
0.000

0 "622
0"395
0.248
0 .004
0.000
0.000

0 .665
0"399
0"230
0.047
0"000
0 " 000

0"679
0"419
0 "ztL
0"015
0 " 000
0 " 000

0 " 690
0"451
0 "274
0.098
0.000
0 " 000

L0

G Observed
kg/m'"s f 1ow

regime

1_06 " 0 1_36"75

L1

L04 "4

AIVNT'
.AÀÏNU
A¡INU
wA\n¿
FttIrL
sTR.ã,

AIilNU
AÀINU
A}IWA
STRå,
srR-å,
srRlå,

A¡¡NU
ANNU
AbINU
wA\nr
sTR-è,
STR.A

.â,t[NU

.A}INU

^A}TNU
AIIW.ã,
FUIJIJ
sTR.å,

.A,r{Ntt
ANNÛ
.AI{TNU

.A,NWA

FULL
STR.A,

ANNU
ANNU
A¡TNU
AìTWA
FULL
STR.å

11_2 .81

L2

105"2

A
B
c
D
E
F

A
B
c
D
E
F

LL6 " 49

r07 .2 L47 "80

106"4 L53 "32

L09 "7

166

1"73 " 5B



TABITE 8.3 Flow-regime
I downward ]

Rurr
number

13

Visual
observatÍon

sect,ion

paramet,ers
inclination

t4

.å,

B
c
D
E
F

A
B
c
D
E
F

for data set, in -5"
(cont'd. )

15

T", 
"*,"c

0 "662 r07 "9
0 .394
0"185
0.000
0.000
0.000

0.699 110.8
0.473
0"288
0"L10
0"000
0"000

0.660 111.0
0 .413
0 .201
0.002
0.000
0"000

0.669 111.0
0 .410
0"191
0"000
0 " 000
0 " 000

0 " 677 LLz "L
0 "428
0 .209
0.0L0
0 " 000
0"000

0 " 680 LLz "6
0"430
0"233
0 " 021"
0.000
0.000

76

G Observed
kglm2.s flow

regime

A
B
c
D
E
F

A
B
c
D
E
F

173 " 58

17

ANNU
A¡{NU
ANNU

^âÀIWA
FUIJIJ
FULIJ

A¡TNT]
Aì{NU
A}INU
.ã¡IWA
FUIJI,
STR.A,

A}INU
ANNT]
ANNU
A.}IVÍÀ
FIIIJI,
FT,IJTJ

A}TNU
AI{NU
AÌ{NU
AI{WA
FUfJL
FttLL

AI\ÏNU
AÀTNU
A}TNU
.åNW.å.

FUIJIJ
FUTJL

A¡INU
.å,NNU
ANNU
ANWA
FULL
STR.A

2r9.6L

1B

A
B
c
D
E
F

"A
B

D
E
F

203.04

203.04

24t "7L

167

226 "98



T.A,BITE 8"3 Flow-regime
I downward ]

Run
number

19

Visual
observation

sectíon

paramet,ers
inclination

20

å
B
c
D
E
F

A
B
c
D
E
F

for data set, in -5"
(cont'd.. )

27

T", .r,oc

0.683 104 " 6
0 "432
0.207
0 " 000
0.000
0"000

0.673 t04.2
0 .458
0 "26L
0 .018
0.000
0 " 000

0 .680 101 " 4
0 .493
0.279
0.033
0.000
0.000

0 "626 L02 "6
0 .387
0 .154
0 " 000
0.000
0"000

0.642 t02 "6
0"408
0 " 020
0 " 000
0 " 000
0 " 000

0"64r. L04"5
0.379
0 "L79
0"000
0 " 000
0"000

22

c Observed
kglm'.s flow

regime

.å
B
c
D
E
F

.å,

B
c
D
E
F

L22.02

23

.âNNU
A¡{NT'
AI{NU
WAVT
STRå,
sTR-ã,

.â¡TNU
A¡TNU
.AI{NU
wA\nr
sTR.å,
STRå,

Ab¡NU
AI{NU
A¡{NU
wA\ry
STRå,
STRå,

ANNU
A}INU
AI{WA
STRA
STR.A,
STRA

A}TNI]
ANNU
WA\¡Y
sTR-å,
STRA
sTR-ê,

.â¡{NU
A¡INU
ANWA
STR.A
sTR-å,
sTR.å.

LL6.49

24

A
B
c
D
E
F

.A

B
c
D
E
F

99 "92

72.LL

73 "36

168

83"38



TABLE 8.3 Flow-regime
I downward ]

Run
rrrmber

25

Visual
observation

secti-on

paramefers
inclínation

26

A
B
c
D
E
F

A
B
c
D
E
F

for data set in -5"
(cont'd. )

27

Àg, avoc

0.696 1_05 " 3
0"433
0.226
0.000
0"000
0"000

0.68s 103.6
0 .409
0 "L79
0"000
0.000
0"000

0 "637 103 " 6
0 "347
0"140
0.000
0.000
0.000

0"605 L04"5
0"334
0"117
0 " 000
0"000
0.000

0 "7 42 107 .5
0 "527
0"319
0"086
0.000
0"000

0 "697 105 " I
0"450
0 "227
0"005
0"000
0 " 000

28

G observed
kg/mz "s f 1ow

regime

A
B
c
D
E
F

A
B
c
D
E
F

82 "54

29

ANNU
.å¡TNU
.A¡TNU

sTR.å,
STRå
STRå,

L23 "86

30

A
B
c
D
E
F

A
B
c
D
E
F

.åìINU
ÀI{NU
AI{NU
sTR-å,
sTR-å,
STR.A,

AI{NU
AÀTNU
.å.r{Nu
STRA
STRÄ
STRå,

.A}INU
A¡TNU
.ê,NNU
STR.A,
STRÀ
STR.A.

A¡{NT'
AbTNU
.AÀTNU

A¡IW.å,
FULL
FULL

A¡TNU
Â,NNU
ANNU
AI{WA
FULL
FUI,TJ

L27 "54

L49.64

1_47 " 80

169

L57 " 00



TABIJE 8.3 Flow-regime
I d.ownward ]

Run
number

31"

Visual
observat,ion

sect,ion

parameters
ínclination

32

å
B
c
D
E
F

A
B
c
D
E
F

for data set in
( cont 'd. )

X

33

0 .7L2 L07 " 5
0"481
0 "279
0.067
0.000
0.000

0 .652 L02 .7
0.368
0 .133
0.000
0.000
0"000

0 .625 103 .2
0 .333
0.086
0.000
0.000
0"000

0.609 L03 .2
0.299
0.031
0.000
0 " 000
0 " 000

0"48L l_00"6
0 "209
0.000
0"000
0 " 000
0 " 000

0 .307 L02 " 0
0"085
0 " 000
0 " 000
0.000
0 " 000

rg,av
oe

34

G Observed
kglú'.s flow

regime

À
B
c
D
E
F

.â,

B
c
D
E
F

L49 .64

35

AI{NU
AÀTNU
ANNU
AN9fA
FtILL
sTR-å,

ANNU
AI{NU
.åÀINU
STRå,
STRå,
STRå,

A}TNU
ANNU
AIIWÂ,
STRå,
STRå,
STRA

ANNU
.AÀTNU

wÀ\ru
STRÀ
STRå,
sTR-å,

A¡{NU
wA\ru
STR.â,
sTR.å,
sTR.å,
sTR.å,

.å,r[NU
WAVT
STRå,
sTR-â,
STR.A.
STR.å

10s " 44

36

.å
B
c
D
E
F

.4,

B
c
D
E
F

10s.44

1,07 "28

49.L6

170

60 " 0r-



T.ABLE 8"3 Flow-regime
I downward' ]

Run
number

37

Vísual
observatíon

section

parameters
inclinatÍon

38

A
B
c
D
E
F

A
B
c
D
E
F

.â
B
c
D
E
F

for data set ín
(cont'd" )

39

Tr,"t
oc

0"601 100"4
0.274
0"017
0.000
0 " 000
0.000

0 "4!7 L00 "4
0.037
0.000
0.000
0 " 000
0 " 000

0 "463 100.4
0 "204
0.000
0.000
0.000
0.000

0"480 100"4
0.223
0.000
0.000
0.000
0.000

0"554 L00"4
0.239
0.000
0"000
0.000
0.000

0"605 1-00"4
0 " 318
0 " 000
0.000
0 " 000
0"000

40

G Observed
kg/mt"s flow

regime

47 "49

4L

A
B
c
D
E
F

.A

B
c
D
E
F

A
B
c
D
E
F

.ANNT}
Ar{w^A,
wA]ru
sTR.å,
sTR-å,
sTR.å,

AI{WA
wÃ,vv
STR.A,
STR.A'
sTR-å,
sTR.å,

.å¡INU
Aldw.å,
sTR-â,
STRA
STRA
STRå,

A¡INU
.å¡IWA
sTR.å,
STR.â
STR.A
STR.å,

A}TNU
WAIru
sTR.å,
STRå,
STRå,
STRÄ

ANNU
A¡{WÃ,
STR.A,
STR.ã,
sTR-â.
STR.A,

39 .15

42

s3"33

55 "42

4L "23

171

s0"00



T.A,BLE I}.3 Flow-regíme paramêters for data set in -5"
I downward ] inclination (cont'd.)

Run
number

43

Visual
observat,ion

sectsion

^å,

B
c
D
E
F

x T,,., G Observed.oc kg/mt.s flow
regime

0 . 631 100 " 4 50 .4L AÀINU

0 .184
0.000
0.000
0.000
0.000

wA\nr
STRA
sTR.ã,
STR.A
STR,A

172



TABLE 8"4 Flow-regime paraneters for d,ata set in -10"
I d.ownward ] inclination

Run
number

Visual
observat,ion

sect,ion

.å,

B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

Tr,."
"c

0.65r_
0"405
0.219
0.000
0.000
0"000

0 -772
0"556
0"337
0 " 000
0 " 000
0.000

0 .581
0.2L9
0.000
0.000
0.000
0"000

0"578
0"258
0.033
0.000
0.000
0.000

0"68s
0 "426
0.248
0"000
0"000
0 " 000

0"680
0"438
0 "262
0 " 000
0"000
0.000

G Observed
kg/m2.s flow

regime

105.1 98"08

10s"9

^AÀTNU
AI{NU
.AIVNU
STRÃ,
FI]LIJ
sTR.ê,

A,NNU
ANNU
A}INU
STRå,
FUI,IJ
STRÂ

ANNU
A}TNU
STR.A,
STR.A,
STRÀ
STR.A

ANNU
.â,NNU
WA\!T
STR.A,
STR.A,
STR.A,

AI{NU
AÀÏNU
ANNU
WAI¡Y
sTR.å,
STR.A,

A¡{NT]
ANNT'
.åNNU
w.A,vy
STRA
STR.å

99.92

104 .3 99 "92

104"3 99 "92

1_07 " 5 151_ " 4B

1-08 "2

173

L47 "80



T.ê,BLE 8"4 Flow-regime
I d.ownward. ]

Run
number

Visual
observation

sect,ion

parameters
inclination

.A

B
c
D
E
F

.4,

B
c
D
E
F

.A

B
c
D
E
F

A,

B
c
D
E
F

for daLa set in -10"
(cont'd. )

|F
-S,âVoc

0 "673 L72 "t
0.44L
0 "252
0.013
0.000
0.000

0.673 t!L"4
0 .416
0.252
0.074
0 " 000
0.000

0.613 t07 "9
0 .381
0.180
0.000
0 " 000
0.000

0 -728 L09 "4
0.525
0.345
0 .138
0.000
0"000

0"702 L02"8
0 "44l.
0.120
0.000
0"000
0 " 000

0.63s L02 " I
0"339
0.000
0 " 000
0 " 000
0 " 000

L0

\t

kg'/m2 " s
Observed.

flow
regime

L97 .52

1_L

.ê,r{Ntt

.AÀTNU

AÀTNT]

.å,NWA

FUIJTJ
FUIJIJ

A¡{NU
.A}INU
AI{NU
.ANWA,

FULT,
FttLL

A}INU
ANNU
Ar{Nu
ANWÃ.
STRA
FULL

AÀÏNU
AI{NU
ANNU
A}INU
FUÏJIJ
FUIJL

A¡{NU
ANNU
WA]rY
sTR-å,
sTR.ã,
STRÀ

.ANNU

.ANNT'
WÃ,\rY
sTR-å,
sTR.å,
STR.A,

206.72

L2

A
B
c
Ð
E
F

A
B
c
D
E
F

151 .48

L66 "21

68 "77

174

57 " 09



TABLE 8"4 Florrr-regime
I downward ]

Run
number

13

Visual
observatÍon

section

paramet,ers
inclination

!4

A
B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

for data set in -10"
( cont, 'd " )

15

Tr, 
"r.oc

0"517 103"2
0.229
0.000
0.000
0.000
0.000

0 "6t7 105 " 3
0"381
O "LL1
0 " 000
0.000
0.000

0"410 105"3
0"189
0.000
0.000
0.000
0.000

0"545 L01"I
0.224
0"000
0"000
0.000
0"000

0 " 619 1_01" I
0"334
0 .082
0 " 000
0"000
0"000

0"676 L0L"8
0.394
0 "L29
0"000
0"000
0 " 000

16

G Observed
kg/m'.s flow

regime

63 "77

L7

.å,

B
c
D
E
F

.å,

B
c
D
E
F

.A

B
c
D
E
F

ANNU
A¡IWA
sTR.ã,
STRå,
STR.A,
STRå,

A¡TNU
.A,¡{NU
At{w.¡\
sTR.å,
STR.A,
sTR-ã.

AI{NU
ÀNNU
WAVT
STRÀ
STRå,
sTR-A,

.ê,NNU
A¡INU
wA\ry
STRå,
sTR-â,
STR.A,

.å.¡{NU
A¡TNU
wAvs
sTR.â,
STRÀ
STRÂ

ANNU
A.b¡NU
A¡ÏWA
sTR-å,
srR-å,
STRA

1B

81"71

84"53

81"50

B5 " 1"9

175

8s"19



TABLE 8.4 Flow-regime
I downward. ]

Run
number

L9

Visual
observation

sect,ion

parameters
inclination

20

.å,

B
c
D
E
F

A
B
c
D
E
F

for d.ata set, Ín -10"
(cont'd " ¡

2t

0.622 101.8
0.372
0 .143
0.000
0"000
0.000

0"595 L02"7
0 .298
0.074
0.000
0.000
0.000

0"583 101"8
0 "282
0.047
0.000
0.000
0.000

0 " 61s 103. L
0.368
0.164
0.000
0.000
0"000

0 .700 1_04 " 4
0 "447
0"230
0.000
0"000
0.000

0 "484 L03 "2
0 "L73
0.000
0 " 000
0 " 000
0 " 000

rs,av
"c

22

G Observed
kg/m2.s flow

regime

A
B
c
D
E
F

A
B
c
D
E
F

85.19

23

.å,NNU
ANNU
.ar{wA
sTR.å,
STRJ\
STRå,

AI{NU
A¡INU
wA\nr
STR.A,
STR.A,
STRJ\

.ANNU
A}INU
wÀ\ry
STRA
STRÀ
STR.A,

A}INU
A¡{NT]
.A¡IWA
sTR.ê,
STRå,
STR.â

.ê.r{NU

.A.ÀÏNU

ANNU
STR.ê,
STRå,
sTR-å,

.ANNU

.å,NWå,

STR.A,
STRJ\
STR.A
sTR.å,

103 .60

24

A
B
c
D
E
F

.å
B
c
D
E
.c

99 "92

96 "23

96 "23

tt6

63 "77



TABLE 8"4 Flow-regíme
I dow:rward ]

Run
number

25

Visual
observation

section

parameters
inclination

26

A
B
c
D
E
F

.å,

B
c
D
E
F

.A

B
c
D
E
F

.å
B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

for data set, in -10"
( cont, 'd. " )

27

Tr,.t
"e

0.419 101 " 9
0 " 000
0 " 000
0.000
0.000
0 " 000

0"518 102"8
0.L49
0.000
0.000
0.000
0.000

0"609 102"8
0 .289
0.000
0.000
0.000
0.000

0.726 106 " 9
0 .466
0 "284
0.052
0.000
0"000

0"676 ]-06.2
0 .40s
0.188
0 " 000
0.000
0.000

0 "623 L06 "2
0 " 364
0 "1.46
0"000
0.000
0 " 000

28

G Observed
kg/m2.s flow

regrime

32 "47

29

wÃ,\ry
STRÂ
sTR-å,
STRA
STR.A,

sTR-ê,

AI{NU
wÀ\ry
sTR.â,
sTR.å,
sTR.å,
sTR-â,

A¡{NU
ANWA
STRA
STRå,
STRJ\
STRå.

.ê,r{NU
A}INU
ANNU
A\IWA
STR.A,
FI]I,IJ

ANNU
ANNU
A¡TNU
A.}IWA
STRÄ,
FULIJ

ANNU
ANNU
ANNU
sTR-å,
sTR-å,
FÏ]TJÏJ

40 "82

30

52.92

L40 "43

136 "75

177

a44 "AL



TABLE 8"4 Flow-regime
I downward ]

Run
nu¡nber

31

Visual
observat,ion

section

parameters
inclination

32

.å,

B
c
D
E
F

.â
B
c
D
E
F'

for data set in -10"
(cont'd.. )

33

Tr, 
"t"c

0.642 1_06"9
0"370
0.175
0.001
0 " 000
0 " 000

0 .653 107 "7
0"390
0 "227
0"055
0.000
0.000

0.607 108 " 1
0 -323
0. L35
0.000
0.000
0.000

0"746 109.6
0.s33
0"334
0"108
0"000
0 " 000

0 "675 L08 "L
0 .416
0 .193
0 .025
0.000
0 " 000

0 "622 707 .4
0.307
0 " 040
0 " 000
0 " 000
0 " 000

34

G observed
kglmt.s flow

regime

A
B
c
D
E
F

A
B
c
D
E
F

L53 " 32

35

A}TNU
AI{NU
A¡{\TU
wA\iï
STRÄ
STRA

ANNU
ANNU
AI{NU
.å,t{wÀ
STR.A,
sTR.å,

.A}TNU
ANNU
.å,NNU
WA\¡T
FUIJIJ
sTR-å,

.ANNU
AI{NU
.ãNNU
.AÀTWA

FULL
sTR.å,

ANNU
ANNU
.å}INU
.At{w.A,

FULL
STRÃ,

.ê,tdNU

.ANNU

.åÀrwA
STRA
STR.A
STR.A,

L66 "2L

36

.å
B
c
D
E
F

A
B
c
D
E
F

L66 "2r

t77 "26

L62 " s3

178

466 "21



T.å,BIrE B "4 Flow-regíme
I downward ]

Run
number

37

Visual
observation

sect,ion

paraneters
inclination

38

.å,

B
c
D
E
F

A
B
c
D
E
F

for dat,a set in -10"
(cont'd.. ¡

x

39

Tr..t
"c

0.661 107 .1
0 .387
0.232
0.000
0"000
0.000

0 .651 106 " 3
0 "367
0"131
0.000
0.000
0"000

0 -672 107 .L
0 .391
0.199
0.000
0.000
0"000

0. s84 10s " s
0"251
0"000
0"000
0.000
0.000

0 "667 106.7
0 .410
0 .205
0.006
0.000
0.000

0 " 683 1-07 "5
0 "448
0 "237
0 "026
0"000
0 " 000

40

G
kg/mt. s

.å,

B
c
D
E
F

A
B
c
D
E
F

Observed
flow

regime

133"06

4L

AÀTNU
.A¡üNU
ÀNNI]
A¡[W.ê,
STR.A,

sTR"å,

AÅTNU
AI{NU
.ê,NWA
wÀ\ry
sTR-å,
STRÄ

.A}TNT]

ANNT]
AI{NU
ANWÃ,
STR.A.
STRA

.å,NNU

.â,bINU
WAVT
sTR-ê,
sTR.å,
STR.â

ANNU
.A.NNT'

.A}TNU

.at{wA
FUI,L
FÏ]I,IJ

.atdNu
ArdNtt
A}qNU
.A¡[W.å,

sTR.ê,
sTR-å,

134 " 91

42

.A

B
c
D
E
F

.å
B
c
D
E
F

136 " 75

1"36 -7s

L44.Lt

179

1_51" 4B



T.å,BLE 8"4 Flow-regime
I downward. ]

Run
number

43

Visual
observation

section

parErmet,ers
inclinat,íon

44

A
B
c
D
E
F

A
B
c
D
E
F

for dat,a set, in -10"
( cont, 'd. " )

45

rs,av
"c

0"680
0"438
0.225
0 " 007
0.000
0.000

0.694
0 .431
0.196
0.000
0 " 000
0 " 000

0.506
0 .203
0 .005
0.000
0 " 000
0 " 000

0 .544
0 .251
0.030
0 " 000
0.000
0 " 000

0 " 360
0 " 07L
0.000
0 " 000
0 " 000
0 " 000

0.426
0.071
0"000
0.000
0 " 000
0 " 000

46

G Observed
kglm2.s flow

regime

108"2

.4,

B
c
D
E
F

A
B
c
D
E
F

1"66 "2I

47

108"2

ÆqNU
AÀINT'
AI{NU
Ã,NW.A,

sTR-å,
sTR.å,

ANNU
A¡TNU
AIüNU
.A}TWA

STRÂ
FtlIJIr

Ã,NNT
A}TNU
wA\ry
sTR.ê,
FUI.,L
STR.A,

ANNT'
A¡INU
WA\IY
STRA
FULL
STRA

A}TNU
WA\rY
STRÄ
STRÀ,
STRA
STRA

ANNU
WA\rY
STRå,
STR.A,
sTR-ã,
STR.A.

169 " 89

48

104.1

A
B
c
D
E
F

A
B
c
D
E
F

105 " 44

L04"1 98"08

102"8 70.4s

103"7

180

63 "77



TABLE 8.4 Flow-regime
I downward ]

Run
number

49

Visual
observat,ion

sect,ion

parameters
inclination

50

A
B
c
D
E
F

A
B
c
D
E
F

for d.ata set in -10"
(cont'd" )

0.098
0 " 000
0.000
0.000
0.000
0.000

0.107
0"000
0.000
0.000
0.000
0 " 000

Tr,..,
oe

G
kg/mt " s

103"2

Observed
flow

regime

47 "08

103"7

WAINT
STR.A
STRÂ
sTR-ê,
sTR-å,
STRJ\

wA\ry
STRA
sTR-ê,
STRI\
sTR-å,
sTR-å,

51 .25

181



T.å,BIrE 8.5 Flow-regime parameters for data set in +1" I upward ]
inclination

Run
number

l_

Visual
observation

section

A
B
c
D
E
F

A
B
c
D
E
F

.å,

B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

A
B
c
Ð
E
F

x Tr, 
"t"c

0 " 663 r.06.1
0.422
0 .19s
0.005
0.000
0"000

0.704 106.L
0 "452
0.254
0.057
0.000
0.000

0 "734 106 " 9
0.511
0.30s
0 .088
0.000
0 " 000

0 " 750 106 .9
0. s68
0 .398
0"201
0 " 000
0"000

0.691 L05.2
0 "440
0.262
0.049
0 " 000
0"000

0.569 104.0
0"258
0 " 0L4
0.000
0.000
0 " 000

t

kglm2. s
Observed

flow
regrime

1,44 -14 AÀTNTI

A¡INU
AT\ÏNU
A¡{WA
FULL
FUIJIJ

A¡{NT]

^å¡TNU
ÄÀINu
.ê,I\TWA

FT]LL
FIILIJ

AIüNU
AI{NU
.å,¡{NIl
A}TWA
FULL
FUTJIJ

.A}INU
A¡INU
A}TNÏ]
A¡INU
FUI,L
FT]LL

A}TNU
.ê,r{NU
AI{NU
ANW.A,

FT'LL
FULL

AI{NU
.A¡TNU

SLiIG
FULL
FUTJL
FULL

147 "80

L44 "17

L47 .80

133 " 06

182

436 "75



T.å,BIrE 8.5 Flow-regj-me parameters
inclination

Run
number

Visual
observatíon

sect,ion

for data set
( cont 'd,. )

.4,

B
c
D
E
F

A
B
c
D
E
F

.å,

B
c
Ð
E
F

A
B
c
D
E
F

in +L" I upward, ]

0.602
0 "272
0.023
0.000
0.000
0.000

0.610
0.329
0 "L2A
0.000
0.000
0 " 000

0.579
0.269
0.070
0.000
0.000
0.000

0.534
0.218
0.017
0 " 000
0 " 000
0.000

0.536
0 "2L7
0.034
0 " 000
0 " 000
0"000

0"606
0.339
0 "123
0 " 000
0.000
0 " 000

rg,av
"c

10

G
kg/m2. s

104.0

Observed
flow

regime

t44.tt

1L

104.8

.A¡TNU

.âNNU
SLI]G
FT]I,L
FttLIr
FUIJL

AI{NU
.âNNU
A¡{NU
FtlïJIr
FULL
FUIJIJ

.AÀTNU

ATqNU
Aì{WA
FT]LL
FUTJL
FUI,L

.ê,NNU
AÀINU
SITIIG
FULI,
FT,IJTJ
FUI,L

Ar{Nu
A}TNU
SIrUG
FI]I,L
FT]I,TJ
FttIrIr

.A¡INU

.å.¡rNU

.å,NNU
FUIJIJ
FULL
FULL

L47 .80

L2

L02.5

A
B
c
D
E
F

.å,

B
c
D
E
F

L07 "28

102 .5 99.92

102"s 99 -92

1"02 "5

183

99 "92



TABLE 8.5

Run
number

Flow-regime parameters
inclination

L3

Visual
observat,i-on

sect,ion

L4

for data set, in +1" I upward ]
(cont'd. )

A,

B
c
D
E
F

À
B
c
D
E
F

15

T",.r,
oc

0 .5L1 1_02 .5
0 "229
0.038
0 " 000
0.000
0.000

0.545 101 " 4
0.242
0.047
0.000
0.000
0.000

0.564 101 " 4
0.274
0.049
0.000
0.000
0.000

0 . s80 101.4
0.297
0.040
0.000
0.000
0 " 000

0 " 504 t_01_.4
0 "279
0 "072
0.000
0 " 000
0"000

0.564 102 " 3
0"331
0 "127
0.000
0 " 000
0 " 000

16

G Observed
kg/m2.s flow

regrime

A
B
c
Ð
E
F

.4,

B
c
D
E
F

99 "92

L'7

.åNNI]

.å,r{Nu
SIJUG
FI'IJIJ
FUIJI¡
FULL

Àrürru
AI{NU
SLUG
FUÏJIJ
FUIJIJ
FUIJIT

AÀTNU
A}INU
SLUG
FUI,L
FULI,
FUI,L

A¡{NU
.A}INU
SLUG
FULL
FUTJIJ
FttIrI¡

A}INU
AI{NU
SLUG
FULI,
FUI,L
FULIJ

.A,NNU
ANNU
ANWA,
FULL
FUI,L
FUI,L

85"L9

L8

Ä
B
c
D
E
F

.4,

B
c
D
E
F

88"87

92 "55

92 "55

184

88.87



TÃ,BLE 8"5 Flow-regime parameters
inclinat,íon

Run
nu¡nber

19

Visual
observat,ion

sect,ion

20

for data set, ín +1" I upward. ]
(cont'd. )

.ã,

B
c
D
E
F

A
B
c
D
E
F

2L

rg, avoc

0 .327 101.4
0.035
0.000
0.000
0.000
0.000

0.353 L01 " 4
0.053
0.000
0.000
0.000
0.000

0 .468 101 " 4
0.150
0.000
0"000
0.000
0.000

0 " 6s2 L01.4
0.310
0 " 000
0.000
0.000
0 " 000

0 .433 L01 " 4
0.t24
0 " 000
0.000
0.000
0.000

0"334 101-"4
0 " 045
0 " 000
0.000
0.000
0.000

22

G Observed
kg/m'"s flow

regime

^å,

B
c
D
E
F

Â,

B
c
D
E
F

60"43

23

.å,¡{NU
SLUG
FT]IJIJ
FULIJ
FUI,L
FUIJT,

Ã,NNtt
SIJUG
FI,IJIJ
FULIJ
FUI,L
FUI,L

ANNT]
A¡{WA
FULL
FULTJ
FUI.IJ
FUI,L

ANNU
AÀTNU
FUI,L
FUI,L
FULL
FUI,L

ANNU
Ardw.å,
FI}I,IJ
FUIJL
FULL
FUI,L

.ANNU
SLUG
FULï,
FT'LI.¡
FULL
FtT,L

57 .5L

24

^å,

B
c
D
E
F

.A

B
c
D
E
F

57"51

57 " 5l-

57 "92

185

58.76



TABLE B"5 Flow-regime paramet,era
inclination

Run
number

25

Visual
observation

section

26

for data set in +1" I upward ]
(cont,'d. )

A
B
c
D
E
F

A
B
c
D
E
F

x

27

0 .535 101_ " 4
0"205
0"000
0 " 000
0.000
0"000

0 .627 110.8
0"338
0"138
0 " 000
0.000
0 " 000

0 .635 tLz.t
0 .378
0.173
0.000
0.000
0.000

0 .63 6 LLz "L
0.377
0 " 179
0.006
0.000
0 " 000

0 " 678 1L2 "L
0"404
0.196
0.002
0 " 000
0 " 000

0 "637 LLo " I
0"363
0.242
0 "042
0"000
0"000

rs,av
oc

28

G Observed
kglm2.s flow

regime

.A

B
c
D
E
F

A
B
c
D
E
F

56 "67

29

AI{NU
.A.btrwÃ.

FULL
FULIJ
FUIJTJ
FUIJIJ

ANNT]
ANNU
AÀINU
ANWA
FULI,
FT]LL

^AÀTNU
AI{NU
ANNU
.ArvwÃ,

FUIJIJ
FT]T,L

.A¡TNU
AI\ÏNU
AIiTNU
.AI\ÏWA
FULIJ
FÏ]I,L

^å,NNU
AÀ¡NU
.A}INU
.A¡n^LA,

FULI,
FUÏ,L

.å.$TNU

.å.NNU

.å}INU
ANNU
FULL
FULL

22L.45

30

A
B
c
D
E
F

A
B
c
D
E
F

228.82

232 "50

22s "14

186

203.04



TABLE 8.5 Flow-regime parameÈers
inclinat,ion

Run
number

3L

Vísua1
observation

section

32

for data set in +L" I upward ]
(cont'd" )

.å,

B
c
D
E
F

.å,

B
c
D
E
F

33

0"645 L10"l_
0"333
0.168
0 .015
0.000
0.000

0.660 110. L
0"359
0.138
0.000
0"000
0.000

0 " 6s1 1L0.1
0 .345
0.160
0.026
0.000
0 " 000

0.655 110.1
0.349
0"140
0"008
0.000
0"000

0 " 64s !09 "4
0"360
0.146
0 " 000
0.000
0.000

0.658 rL2 "0
0"396
0 "243
0 "044
0 " 000
0 " 000

Tr,.t
oc

34

G Observed
kg/mt.s flow

regime

A
B
c
D
E
F

A
B
c
D
E
F

L99 " 36

35

A.T{NU
ANqNU
AI\TNU
AIIWA
FIIï,ï,
FT'I,L

ÀNNU
ANNU

^AÀINU
ANWÃ,
FtILL
FUI,L

.å,¡{Ntt
Àr{Nu
ANNU
AI{WA
FUIJI,
FT]LL

AIVNU
A}INU
ANNU
A}IWA
Ftll¡IJ
FULL

.A¡TNT]

.A.LINU

AI{NU
AI{WA
FULL
FI]I,L

.å,NNU
A¡TNT'
.ã¡rNU
.ã,NNU
FULÏJ
FUIJIJ

206 "72

36

.â
B
c
D
E
F

A
B
c
D
E
F

203.04

203 "04

1,97 "52

187

232 "50



TABITE 8.5 Flow-regÍme parameters
inclination

Run
numl¡er

37

Visual
observation

sect ion

38

for d.ata set in +1"
(cont'd. )

.å
B
c
D
E
F

.ê,

B
c
D
E
F

39

Tr.rt
"c

0.666
0 "41-2
0.245
0.048
0.000
0 " 000

0.662
0.406
0.2t3
0 .017
0"000
0.000

0.664
0 .410
0.L97
0.009
0.000
0 " 000

0.665
0.409
0.196
0 " 003
0.000
0"000

0"675
0"430
0 "225
0 .014
0.000
0 " 000

0"665
0"40L
0"L82
0 " 006
0.000
0 " 000

I upward, ]

40

tt
kglm'. s

LA2 "6

A
B
c
D
E
F

A
B
c
D
E
F

Observed.
flow

regime

239.87

4T

112 .0

ANNU
AÀINU
A¡TNU
A}¡NU
FULIJ
FTLL

AI{NU
AI{NU
ANNU
A¡{NU
FT]IJI'
FUIJI'

.âNNU

.â,NNU
A}INU
A.}TWA

FT]I,L
FT]IJTJ

A¡{NU
ANNU
ANNU
.A¡TWA
FUIJL
FULI,

ANNT'
ANNU
.A,NNT]

.AÀIW.ã,

FIILL
FUIJIJ

.ê,NNU
ANNU
Ã¡TNU
A¡{WA
FUÏJTJ
FULL

228.82

42

ttz "0

.ê,

B
c
D
E
F

A
B
c
D
E
F

228 "82

1,1,2 " 0 226 "98

l_1_3 .3 239 "87

10s.2

188

447 -80



T.A,BITE B. 5 Flow-regime par¿rmeters
ínclinatíon

Run
nu¡nber

43

Visual
observation

section

44

for dat,a set in +1" I upward. ]
( cont 'd.. )

A
B
c
D
E
F

A
B
c
D
E
F

45

Tr,.t
oe

0"684 10s"2
0.432
0.221
0.021
0.000
0.000

0.711 106 " 0
0.467
0 "264
0"080
0"000
0.000

0 .708 106.0
0.474
0.271
0.077
0 " 000
0.000

0.276 L00"1
0.000
0.000
0"000
0.000
0"000

0.424 L00 " 6
0"000
0"000
0 " 000
0 " 000
0 " 000

0 "282 100 " 6
0"000
0"000
0.000
0.000
0 " 000

46

G Observed.
kg/m2"s flow

regime

A
B
c
D
E
F

.A

B
c
D
E
F

L36 -75

47

ANNU
A}INU
.å,NNU
SLUG
FUTJIJ
FULIJ

AÀTNU
.A¡{NU
AI{NU
AI{WA
FT]IJI'
FULL

ANNU
ANNU
.A.}INU
A.t¡WA
FI'IJIJ
FUIJL

SLIIG
FUI,L
FULI,
FUI.L
FttI¡IJ
FULIJ

ANWA
FttLIJ
FUIJIJ
FUI,IJ
FTILL
FULTJ

Ã,NWA
FULL
FULL
FUÏ,L
FT]I,TJ
FT]LL

r40 "43

4B

A
B
c
D
E
F

"å
B
c
D
E
F

133.06

2s "39

32.47

189

33"31



TABIJE 8"5 Flow-regime paramet,ers
inclinatíon

Run
nu¡nber

49

Visual
observation

section

50

for data set in +1" I upward, ]
( cont 'd. )

Ã,

B
c
Ð
E
F

A
B
c
D
E
F

x

51

T",.r,
oc

0. L7L 1_00 .6
0 " 000
0.000
0.000
0.000
0.000

0.101 100 " 6
0 " 000
0.000
0.000
0 " 000
0.000

0 "22t 100 " 6
0.000
0.000
0.000
0.000
0.000

0"149 100"6
0.000
0.000
0 " 000
0 " 000
0 " 000

0 " 141 100 .1-
0 " 000
0"000
0 " 000
0 " 000
0.000

0 .438 L00 . 6
0 " 067
0 " 000
0.000
0.000
0 " 000

52

\t

kg/mt " s

A
B
c
D
E
F

A
B
c
D
E
F

Observed
flow

regime

32 .05

53

SLUG
FUTJIJ
FUIJL
FUIJI,
FUI,IJ
FUI,L

SLUG
FttIrIr
FI]LÏJ
FUIJIJ
FUTJÏJ
FUTJIJ

ANWA
FUIJIJ
FUT,L
FUIJIJ
FULIJ
FUTJTJ

SIJUG
FIILL
FULTJ
FULTJ
FT'TJIJ
FI]I,TJ

SITI]G
FT'I,IJ
FUIJTJ
FUIJL
FULIJ
FtlLIr

A}TNU
SLUG
FULL
FUI,L
FT]LL
FT]LL

32 "89

54

A
B
c
D
E
F

A
B
c
D
E
F

42 .07

40 "82

44 "99

190

45 "82



T.A,BLE 8.5 Flow-regime parameters
inclination

Run
number

55

Visual
observation

section

s6

for data 6et, in +1" I upward ]
(cont'd" )

A
B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

57

T",.t
"c

0"345 100"6
0 " 000
0.000
0.000
0.000
0 " 000

0 .564 toL.7
0 .208
0.009
0.000
0 " 000
0.000

0 "416 100 " I
0.091
0.000
0.000
0.000
0.000

0 .424 L00 " I
0 .143
0.000
0 " 000
0 " 000
0"000

0 "423 L00 " I
0.]-2t
0 " 000
0 " 000
0 " 000
0"000

58

\t

kslmt " s
Observed

flow
regime

44 "99

59

^å,

B
c
D
E
F

A,

B
c
D
E
F

.ãt{NU
FttIJL
FULIJ
FÛLI¡
FT'IJIJ
FULL

.å,r{NU
ANNU
SIJUG
FUT,L
FttIJL
FttLL

A}INU
ANWA
FI]IJIJ
FUIJIJ
FUI,L
FT'I,L

AI{NU
.åÀTNU

FULIr
FT]LL
FUI,TJ
FUIJIJ

.AIVNU
A¡üNU
FUIJTJ
FUIJL
FULIJ
FUI,L

1"14 " 65

99.92

103 " 60

99 "92

191



TABITE 8"6 Flow-regime parameters for data set in +5" I upward ]
inclination

Run
number

Visual
observation

section

2

A
B
c
D
E
F

A
B
c
D
E
F

.å,

B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

A
B

D
E
F

Tr, 
"t"c

0 .49s 100 .2
0 "]-29
0"000
0.000
0.000
0.000

0 .442 101.5
0.059
0.000
0 " 000
0"000
0.000

0 .344 101" 5
0.103
0 " 000
0.000
0.000
0.000

0 .232 100 " 6
0.000
0 " 000
0.000
0 " 000
0.000

0.232 1_00 " 6
0"000
0.000
0.000
0.000
0 " 000

0"273 100"5
0.008
0.000
0 " 000
0 " 000
0 " 000

G Observed
kglmt.s flow

regime

44 "99 AI\ÏNU
SLUG
FULL
FTTLIJ
FUIJIJ
FUÏJÏJ

AITNU
SLUG
FUÏJIJ
FUI,L
FT'IJIJ
FT]IJI¡

AI{NU
SIrttG
FULTJ
FULIJ
FULL
FT'I,L

.å¡IWA
FUI,L
FULIJ
FUIJIJ
FULL
FUI,L

.A}ÏNU
FItIJI'
FUIJIJ
FULIJ
FULL
FUIJL

ANNU
SLUG
FT]LL
FULÏJ
FULL
FULL

62.t0

6s"02

46 "24

63 "77

192

60"85



TABLE 8"6 Flow-regime parameters
inclination

Run
number

7

Visual
observat,ion

sect,ion

for data set in +5" I upward, ]
(cont'd. )

A
B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

Tn,."
oc

0 "477
0 "226
0"000
0"000
0.000
0.000

0 .501
0 "247
0.064
0.000
0"000
0.000

0. s09
0.262
0.043
0.000
0.000
0.000

0.509
0"219
0 "024
0 " 000
0.000
0.000

0.551
0 "r97
0"028
0.000
0"000
0 " 000

0 .4L1
0.149
0 " 000
0"000
0 " 000
0.000

10

G Observed
kg/mt"s flow

regime

101"4 96 "23

LL

L01"4

A
B
c
D
E
F

.å,

B
c
D
E
F

A
B
c
D
E
F

AI{NU
ATqNU
SLUG
FÛLIJ
FUTJIJ
FUIJIJ

A¡{NTT
AÀTNU
AI{WA
FUTJL
FULL
FUIJIJ

.A¡TNU
ANNU
ANWA
FtllrL
FT]LL
FUI,L

AI{NU
ANNT'
SIJUG
FUIJTJ
FUIJIJ
FI]IJIJ

A¡TNU
AÀTNU
SLUG
FUI,L
FUI,L
FUT,L

.AÀTNLT

ÄNNT}
FttLïr
FUI,L
FÏ]LL
FUT,I,

96 "23

L2

101.4 98"08

L0L"4 98"08

101.4 92.55

Lot "4

193

96 "23



T.å.BLE 8.6 Flow-regime paramecers
inclination

Run
number

1_3

Visual
observatíon

section

L4

for d,ata set in +5o I upward ]
(cont'd. )

.A

B
c
D
E
F

A,

B
c
D
E
F

.â,

B
c
Ð
E
F'

L5

T",.*
"c

0 "424
0 " 094
0.000
0.000
0.000
0.000

0.s85
0 "239
0.000
0.000
0 " 000
0.000

0 .555
0 .209
0.003
0.000
0.000
0.000

0.536
0 "228
0"011
0.000
0.000
0"000

0"533
0 "225
0"004
0.000
0 " 000
0 " 000

0"582
0 .281
0"0s5
0.000
0.000
0 " 000

16

t5

kglm2. s

1_01" 4

Observed
flow

regime

96.23

L7

102"9

A
B
c
D
E
F

.å
B
c
D
E
F

A
B
c
D
E
F

ANNU
A¡TWA
FUIrL
FUIJIJ
FULIJ
FULIJ

.ANNU

.å¡INu
AÀÏWA
FUIJIJ
FULIJ
FULÏJ

AI{NU
A¡INU
SIJUG
FULIJ
FULL
FUIJIJ

A¡TNÛ
A}INT]
SITIIG
FUT,ÏJ
FULL
FUI,IJ

.å,NNtt

.å,¡{NU
SLUG
FULI,
FUI,L
FttLL

.â.ôïNU

"ANNU
.A,NWA

FULL
FUTJÏJ
FT]LL

L36 "75

LB

101"8 r40.43

1_01.8 736 -75

L00"9 L22 "02

1-0L " B

194

l_40 " 43



T.ABLE B"6 Flow-regime fiaramet,ers
inclinatÍon

Run
number

L9

Visual
observaÈion

sect,ion

20

for data set in +5" I upward 1

(cont'd" )

A
B
c
D
E
F

A
B
c
D
E
F

2L

trg,âV
oc

0"652 108"9
0.366
0 "172
0"000
0.000
0.000

0"637 L08"2
0.375
0.L77
0.000
0 " 000
0.000

0.692 109.6
0.449
0 "247
0.063
0.000
0 " 000

0.691 108.9
0.426
0 .201
0"009
0 " 000
0"000

0 " 59s :J.07 "4
0 "27s
0"02s
0 " 000
0 " 000
0.000

0 " 592 r07 .4
0 "270
0"043
0"000
0 " 000
0"000

22

\t

kg/m'" s

A
B
c
D
E
F

.4,

B
c
D
E
F

Observed
flow

regime

184 " 63

23

.åNNU
AÀTNT'

AÀÏNU
ANWA
FULL
FUIJfJ

ANNU
AtdNu
Ar{Nu
ANWA
FULIJ
FULL

ANNU
A}TNU
AI{NU
À¡{Nu
FUIJTJ
FT'IJIJ

.¡\NNU

^â}TNU
ANNU
Atdw.å,
FUIJTJ
FUIJTJ

AÀTNU

ATìTNU

ANWA
FULI,
FUI'I¡
FUIJIJ

.å,¡{NU
Ã,NNU
.A,NWÃ.

FUI,L
FULï,
FULL

t77 .26

24

A
B
c
D
E
F

.å
B
c
D
E
F

19L.99

184 .63

188 " 31

195

L88 " 3L



TABLE 8.6 Flow-regime Parameters
inclination

Run
nu¡nber

25

Visual
observat,ion

section

26

for data set, in +5" I upward ]
(cont'd. )

Ã,

B
c
D
E
F

.å,

B
c
D
E
F

x

27

Tr,.,,
O^

0.582
0"283
0 " 078
0 " 000
0.000
0.000

0.56s
0 .2s3
0 " 046
0.000
0.000
0.000

0.528
0.229
0.032
0.000
0.000
0.000

0"553
0.232
0.001
0.000
0 " 000
0 " 000

0 .647
0"353
0 .145
0"001
0.000
0 " 000

0 .667
0 " 390
0 "197
0"052
0 " 000
0 " 000

28

G Observed
kg/mt.s flow

regime

L05 .4

A
B
c
D
E
F

A
B
c
D
E
F

L62 " s3

29

L04.6

ANNU
.å}TNU
.ANNU
FULIJ
FT,TJTJ

FUÍrIr

.â.r{NU
ANNU
AI{WA
FUI,L
FULIJ
FUÏ,IJ

ATìTNU

ÀNNU
ANWA
FT'I,L
FUIJIJ
FUI,IJ

AI\TNU
AI{NU
SLUG
FUIJI,
FttLL
FULL

.A}{NU
A¡TNT
A¡INU
AT{WA
FULI,
FUI,L

ANNU
AI{NU
A¡TNU
AbTNU
FUTJL
FULL

151 .48

30

103 "7

.â
B
c
D
E
F

A
B
c
D
E
F

L40 "43

l_03 " 7 L44 "LL

l_08 .5 203.04

1_1-0.3

196

223 "30



T.A,BLE 8"6 Flow-regime parameters
inclination

Run
number

31-

VÍsua1
observation

sectÍon

32

for d.ata set in +5" I upward ]
(cont'd. )

A
B
c
D
E
F

.å,

B
c
D
E
F

33

Tr,.t
oc

0 "67 6 11"L.3
0"403
0.189
0"000
0 " 000
0.000

0"666 110"7

34

G Observed
kgr/m2. s f low

regime

A
B
c
D
E
F

A
B
c
D
E
F'

0.390
0.191
0 "026
0.000
0"000

0 .197
0.000
0.000
0.000
0.000
0"000

0"111
0 " 000
0 " 000
0 " 000
0.000
0.000

0 " 069
0.000
0 " 000
0.000
0.000
0 " 000

0 "24L
0 " 000
0 " 000
0 " 000
0 " 000
0 " 000

223 "30

35

Aì{NU
.ê,NNU

^A}TNU
.ANWA
FÏILIJ
FUIJL

ATiINU
.ê,NNU
.å,r{Nu
AÀTWA

FT'LL
FUfJIJ

SLIIG
FULI,
FULIJ
FULIJ
FgIJÏJ
FttLL

SI,I]G
FULIJ
FULIJ
FUIJIJ
FUIJI,
FI,TJf,

SLI]G
FUTJTJ

FULIJ
FULIJ
FÏ'I,L
FIILï,

STJUG
FULL
FULL
FftLIr
FULL
FULL

221- "45

36

100.5

.å
B
c
D
E
F

A
B
c
D
E
F

22.44

1-00 .5 23"03

100"5 23 "97

L00"s

197

23 .62



ÍABLE 8.6 Flow-regime parameters
inclination

Run
number

37

VÍsua1
observat,ion

section

38

for d.ata set in +5" I upward ]
(cont'd" )

A
B
c
D
E
F

.4,

B
c
D
E
F'

39

Te,av
oc

0"397 100"5
0.000
0 " 000
0.000
0.000
0 " 000

0.354 r.00.5
0"000
0.000
0"000
0"000
0"000

0.280 100 " 5
0.000
0.000
0.000
0.000
0.000

0.436 100.4
0.000
0 " 000
0 " 000
0"000
0 " 000

0.340 100.4
0.000
0 " 000
0 " 000
0"000
0 " 000

0 "286 100 "4
0 " 000
0.000
0.000
0 " 000
0.000

40

G observed
kglmt"s flow

regime

A
B
c
D
E
F

.å,

B
c
D
E
F

32 "47

4A

.å¡trwA
FUI,L
FULI¡
FULI¡
FUI,L
FtILL

AÀTWA

FUIJIJ
FULL
FUTJI,
FUI,IJ
FT]LL

AT{WA
FUTJIJ
FUI,L
FULIJ
FULL
FULL

ÃÀÏNU
FULL
FT]IJIJ
FUÏJTJ
FT]LIJ
FI]I,L

AÀTWA

FI]LIJ
FULL
FUT,L
FULI,
Fïll,L

ANWA,
FIILï,
FUIrL
FULIJ
FULï,
FULL

34 .56

42

A
B
c
D
E
F

Ä
B
c
D
E
F

38"73

36.64

38"73

198

42.90



TABLE 8.6 Flow-regime parameters
inclinat ion

Run
number

43

Visual
observat,ion

sectíon

44

for daLa set in +5" I upward ]
(cont'd. )

.A

B
c
D
E
F

A
B
c
D
E
F

45

T.."t
oc

0"197 100"4
0.000
0.000
0.000
0.000
0.000

0.676 101 " 9
0.374
0 .115
0.000
0.000
0.000

0 "61-2 101 " 0
0.350
0 .125
0.000
0.000
0.000

0. s54 101 " 0
0.277
0"086
0.000
0.000
0.000

0 " 561 L0L.0
0"285
0"05L
0.000
0 " 000
0.000

0.65L 1-0L " 0
0"378
0"1_30
0 " 000
0 " 000
0.000

46

G Observed
kglmt"s flow

regime

.å,

B
c
D
E
F

A
B
c
D
E
F

43.74

47

SIJUG
FUI,L
FUI.,L
FIIIJIT
FULL
FULt

AÀINT'
.å,r{Nu
Àt{wA
FUIJL
FUI,L
FUÏ,L

ANNU
ANNT]
.A}IWA
FTTLI,
FI]IJfr
FUI¡Ir

ANNU
AT{NT
ANWA
FULL
FULI¡
FULIJ

.å¡TNU
AI\TNU
SLUG
FULI,
FI]TJIJ
FULL

ANNU
ANNU
AI\TWA
FT'LIJ
FT]LL
FUIJIJ

96.23

4B

A
B
c
D
E
F

.â
B
c
D
E
F

81. s0

88"87

88"87

199

74-44



T.ABLE B"6 Flow-regime parameters
incli-nat,ion

Run
number

49

Visual
observat,ion

section

50

for data set, in +5" I upward ]
(cont'd")

A
B
c
D
E
1t

.å,

B
c
D
E
F

x

51

0.639 101.0
0.347
0.062
0.000
0.000
0.000

0.493 r.0L.0
0 .157
0 " 000
0.000
0 " 000
0.000

0.557 101.0
0.226
0.000
0.000
0.000
0.000

0.673 113.0
0 .405
0"200
0.038
0.000
0 " 000

0 "672 Lr3 "7
0"410
0.207
0.044
0.000
0 " 000

0"670 1L4"3
0 "404
0 "223
0"058
0 " 000
0 " 000

T...t
"c

52

\J

kg/m'" s

.å,

B
c
D
E
F

A
B
c
D
E
F

Observed
flow

regrime

61.68

53

ANNU
.âÀTNU

SLUG
FULI¡
FUIJIJ
FTILL

ANNU
A}TWA
FUI,IJ
FIlIrl'
FIIL'Ir
FULL

.A.hTNU

ANWA
FUI,TJ
FUIJIJ
FULTJ
FUI,L

.å,NNU

^å.r{NU
ANNU
AÀTWA

FT'I,L
FT]IJIJ

^â,NNU
A¡¡NU
AÀTNU
.å,¡{w.â,

FULL
FULI,

.å,NNU
ê.NNU
.A¡INU
.AÀÏNU
FUIJÏ,
FT'LL

53 .33

54

A
B
c
D
E
F

.A

B
c
D
E
F

s3 .33

269 "33

276"70

200

276"70



TABITE 8.6

Run
nuÍÌber

Flow-regime parameters
inclination

55

Visual
observation

section

for data set in +5" I upward ]
(cont'd. )

A
B
c
D
E
F'

T.,"t
oc

0 " 654 tt3 "7
0 .415
0 "223
0"052
0.000
0.000

G Observed
kg/mt"s flow

regíme

269.33 ANNU
ArdNu
A¡INTT
ANNU
FUTJIJ
FI]LL

201



TABLE 8.7 Flow-regirne paraneters for data set, in +10" I uBward ]
inclination

Run
number

Visual
observation

section

A
B
c
D
E
F

A
B
c
D
E
F

A
B
c
Ð
E
F

Ã,

B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

x T". ..,
"c

0"540 101"4
0.189
0.000
0.000
0.000
0.000

0 .449 1-04 "4
0. L19
0.000
0.000
0 " 000
0 " 000

0 .449 L02.7
0.t77
0.000
0.000
0.000
0.000

0 .401 L02 .7
0 .145
0"000
0"000
0"000
0"000

0 .39 9 L02 .7
0 .125
0"000
0.000
0 " 000
0 " 000

0 "277 L02.7
0"013
0 " 000
0.000
0 " 000
0 " 000

G Observed
kg/mt"s flow

regime

47 "08 AÀTNU
At{wå,
FTILL
FttlrIJ
FT]LL
FttLIr

ANNU
SLIIG
FUIJIJ
FULIJ
FttIJIJ
FttIrIr

.ã}INU
AI{WA
FUI,L
FUIrI¡
FUIJIJ
FUI,TJ

A}INU
AIIW.å,
FUIJIJ
FUïrIJ
FttIJL
FUïrIr

ANNU
Sï,UG
FULL
FUI,L
FUI,L
FUI,L

.â¡[NU
SLUG
FT]I,L
FULÏJ
FUIJL
FUTJI,

50"83

63 .35

69"19

6L"68

202

6A.26



T.ABITE 8.7 Flow-regime parameters
inclination

Run
number

7

VÍsual
observation

sect,ion

for data set in +L0" I upward ]
(cont'd" )

å,
B
c
D
E
F

A
B
c
D
E
F

À
B
c
D
E
F

.4,

B
c
D
E
F

x rg,av
oc

0 .261
0"000
0"000
0.000
0.000
0.000

0.537
0"209
0.000
0.000
0 " 000
0 " 000

0.588
0.282
0.019
0.000
0.000
0 " 000

0.687
0.408
0 " 149
0.000
0.000
0"000

0. s61
0"311
0.083
0.000
0.000
0.000

0"sL8
0 .2'15
0"04L
0.000
0 " 000
0 " 000

10

G Observed
kglmt.s flow

regrime

L02 "7 s9"59

1L

L02 -7

.ê,r{NU
FULL
FUIJI,
FUI,L
FT]IJL
FUIJL

AI{NU
.ê¡dNu
FT]T,L
FULI'
FUIJIJ
FUIJI,

.ã}TNU

.å,NNI'
SLUG
FUIJIJ
FUI,L
FUTJIJ

ANNÛ
.ANNU
.A¡IWA
FULL
FUIJIJ
FULI¡

ANNU
ANNU
A¡TWA
FIILL
FT]T,L
FUÏ,L

.A}TNU
ÂNNU
SIJUG
FT'LL
FUT,L
FULL

65"44

L2

103"4

A
B
c
D
E
F

A
B
c
D
E
F

74"20

103"4 7L "28

103"4 75 -45

103"4

203

77 "L2



TABITE I}"7 Flovr-regime parameters
inclínation

Run
number

L3

Visual
observation

sectÍon

L4

for data set,
( cont, 'd. " )

.å,

B
c
D
E
F

.å,

B
c
D
E
F.

15

in +l-0" I upward. ]

0"s62 L03"4
0"304
0 " 068
0.000
0 " 000
0.000

0.560 103 " 9
0 "224
0.000
0.000
0 " 000
0 " 000

0.532 103 " 9
0.217
0.000
0.000
0.000
0.000

0.590 103 " 9
0"289
0.049
0.000
0.000
0.000

0 " 615 \04 "7
0"281
0 " 063
0 " 000
0 " 000
0 " 000

0.6L4 L04 "7
0"276
0"076
0 " 000
0"000
0"000

Tr,"t
"c

1_6

G Observed
kg/mt.s flow

regime

A
B
c
D
E
F

.å,

B
c
D
E
F

77 "t2

L7

AÀTNU
A¡{NU
SLUG
FULï,
FUI,L
FUIJI,

AI{NU
A}INU
SIJUG
FULL
FULL
FUI,L

AI{NU
AÀTNU

SI¡UG
FULL
F{,I,IJ
FULIJ

ANNU
AI\TNT]
ÀNWA,
FUI,L
FULI¡
FUIJIJ

ANNU
ANNU
AI\trWA
FULIJ
FtIIJIJ
FUTJIJ

ANNU
.åNNU
AÀTNU
FUI,L
FT]LL
FUI,L

L29.38

L8

.A

B
c
D
E
F

A
B
c
D
E
F

L25 "7 0

r25 "7 0

136"75

204

136"7s



TABIJE 8.7 Flow-regine paraneters
inclination

Run
number

19

Visual
observatíon

section

20

for data set in +10" I upward ](cont'd. )

.å,

B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

A
B
c
D
E
F

å,
B
c
D
E
F

Ã,

B
c
D
E
F

2L

0 " 602 L04.7
0 "286
0.083
0.000
0 " 000
0.000

0 .59 6 704 "7
0 "297
0.116
0.000
0.000
0.000

0 .565 104 "7
0.232
0.005
0.000
0.000
0.000

0.562 103 " 9
0.230
0.015
0 " 000
0 " 000
0"000

0 "627 109 "4
0"3s9
0.L54
0.009
0.000
0.000

0 "622 L09 "4
0 "347
0 " 1_87
0.036
0 " 000
0 " 000

rg, av
"c

22

.\f

kg/m2. s
Observed

flow
regj.me

L33.06

23

A¡{NU
ANNU
A}ÏNÛ
FUIJL
FttLL
FUI,L

.å,¡{NU
A}TNU
AI{NT'
FULIJ
FULI,
FT]LL

AÀINU
A}TNU
SLUG
FUTJL
FUIJL
FUIJI¡

A}TNU
At{Nu
SIrUG
FUIJL
FUIJI¡
FT]I,IJ

A¡{NT'
A¡{NU
A¡{NU
.å,NW.å,

FUIJL
FUT,T,

.âNNU

.A¡INU

.A¡TNU

.â,NWA
FÏ'LL
FULL

133.06

24

140.43

136.75

203.04

205

203.04



T.A,BL,E 8"7 Flow-regime parameters
inclinat ion

Run
number

25

Visual
observatíon

sectiofr

26

for data set, ín +10" I upward, ](cont'd")

.A

B
c
D
E
F

A
B
c
D
E
F

27

0 "622 1_L0 " L
0 "377
0.218
0.069
0"000
0.000

0.656 ]-09.4
0.375
0"170
0.000
0.000
0 " 000

0.646 109.4
0 .388
0.178
0.000
0.000
0.000

0.664 110 " I
0.417
0.2L3
0.045
0.000
0.000

0.641 110.1
0"391
0 .201
0.050
0 " 000
0 " 000

0.669 1r.0.1
0 "427
0 "235
0 "077
0 " 000
0 " 000

T",.t
oc

28

G Observed
kglmz"s flow

regime

A
B
c
D
E
F

.å,

B
c
D
E
F

214 "09

29

.å,t{NU

.ANNU
ANNU
AIINU
FT]IJIJ
FUI,L

.å,¡TNU

AIVNU
AI\TNU
ANWA
FUÏJL
FULL

AÀTNU
Ä¡INU
.A}TNU
A¡TWA,

FULL
FUIJIJ

A}INU
AÀTNU
ANNS
ANNU
FT]IJIJ
FUIJTJ

.AI{NU
ANNU
AI\ÏNU
ANNU
FULL
FUI,L

ANNU

^åNNU
A}TNU
AI{NU
FUI,L
FUï,ï,

795 " 67

30

A
B
c
D
E
F

A
B
c
D
E
F

195. 67

214.09

L99.36

206

203 " 04



TÃ,BIrE 8.7 Flow-regime parameters
inclination

Run
number

3L

Visual
observation

section

32

for d.ata set, in +10" I uBward ]
( cont 'd. )

A
B
c
D
E
F

A
B
c
D
E
F

33

Tr,.t
"c

0.663
0"403
0 .20s
0.006
0.000
0 " 000

0.666
0 .405
0.203
0 .034
0 " 000
0.000

0.660
0.399
0.199
0.0s3
0.000
0.000

0.663
0.397
0.215
0"067
0.000
0.000

0 "672
0"418
0 "2LL
0"01s
0.000
0 " 000

0"668
0 "402
0"178
0"001
0 " 000
0 " 000

34

G Observed.
kg/m'.s flow

regrime

tLz "6

A
B
c
D
E
F

A
B
c
D
E
F

228.82

35

L7-2.0

.A}TNT}

ANNT'
A}TNU
ANWA
FUIJIJ
FUIJT,

.å¡INu
A.\TNU
.A¡INU
AIVWA
FUIJL
FULIJ

AI{NU
AI{NU

^å}INU
A}qNU
FULIJ
FUI,L

AI{NU
A}TNU
.âÀïNU
AI{NU
F{ILIJ
FUIJIJ

A}INU
ANNU
ANNU
Ardw.å,
FULI,
FI'IJL

Ã,¡{NU
.ANNU
.A.bTNU

.å,NW.A,

FUÏJI,
FULL

228.82

36

1t2.0

.A

B
c
D
E
F

A
B
c
D
E
F

232.50

atz "6 232 "50

tLå.9 254 .60

Lt$ "2

207

258 "28



TABLE 8.7 Flow-regime parameters
inclinat ion

Run
nurnber

37

Visual
observat,ion

section

38

for data set
(conL'd. )

A
B
c
D
E
F

.å,

B
c
D
E
F

39

in +10" I upward. ]

ls,av
O^

0.668
0 "401
0.L78
0 .01s
0.000
0.000

0.666
0"396
0"191
0 "027
0.000
0"000

0"661
0 .386
0.19s
0 .04s
0.000
0 " 000

0.659
0"385
0 "2L4
0"099
0.000
0 " 000

0"633
0"370
0"159
0 " 000
0"000
0 " 000

0"674
0.390
0.178
0.000
0 " 000
0.000

40

\5

kglm2. s

ttå "9

A
B
c
D
E
F

A
B
c
D
E
F

^å,

B
c
D
E
F

.A

B
c
D
E
F

Observed
flow

regime

26L "97

4t

Ltå "2

A}TNU
AI{NT'
Ardttu
AÀTWA

FUI,IJ
FUI,L

.A,NNU

.å,l{NU
AÀTNU
A,NW.A,

FT]IJL
FI]IJTJ

À¡{NU
AI{NU
.ã,NNU
AIqNU
FUIJIJ
FULIJ

ANNU
å,NNU
A¡{NU
ANNU
FI]IJIJ
FUTJIJ

¡\NNU
AI{NU
A}TNU
ANWA
FUIJIJ
FItï,L

ÀNNI]
.A,r{Nu

^A}¡NU
.å¡trwA
FULTJ
FULL

261- "97

42

113 .6 2s8 "28

113"6 261" " 97

107"3 162 " 53

108 " r.

208

166 "2L



TABLE 8"7 Flow-regime parameters
inclinat ion

Run
number

43

Visual
observation

section

44

for data set ín +10" I upward ]
(conL'd. )

A
B
c
D
E
F

A
B
c
D
E
F

^å,

B
c
D
E
F

A
B
c
D
E
F

45

rg,aV
"c

0.66s L08 " L
0"419
0.209
0.023
0 " 000
0 " 000

0"678 107"3
0 .440
0 "223
0 " 029
0 " 000
0 " 000

0 "572 107 " 3
0 .233
0.000
0.000
0 " 000
0 " 000

0 " 546 106.6
0 .258
0.039
0 " 000
0 " 000
0"000

0 "597 L06 " 6
0 "273
0 .043
0 " 000
0 " 000
0 " 000

0 .586 1_05 " I
0"255
0 "027
0 " 000
0 " 000
0 " 000

46

G Observed
kg/mt"s flow

regime

L62 .53

47

A,NNU
.å¡INU
ANNU
AìüWÃ,
FUI,IJ
FULL

.å,r[NU
ÀNNT'
A¡{NT]
A¡dw^å,

FttLL
FUTJL

AT{NU
A¡{NU
A¡{WÃ,
FULI
FULTJ
FUIJIJ

ANNU
.âNNU
å,¡{wÃ,
FULI,
FttïJIr
FT]IJIJ

A¡{NT]
ANNU
ANNU
FtlIrIJ
FULL
FULL

ANNU
.ê.NNU
AÀTWA

FULI,
FUT,IJ
FÜLTJ

158.84

48

.å
B
c
D
E
F

A
B
c
Ð
E
F

166 "2L

t66.21

L62 "s3

20s

162 " s3



TABI¡E 8"7 Flow-regime parameters
inclinat,ion

Run
number

49

Visual
observation

section

50

for data set in +10" I upward ]
(cont'd" )

A
B
c
D
E
F

.å,

B
c
D
E
F

51

T", 
"t"c

0"558
0 "242
0"012
0 " 000
0 " 000
0"000

0.522
0.209
0.007
0.000
0 " 000
0.000

0"ss9
0 -242
0.028
0.000
0"000
0.000

0. s56
0 "234
0 "022
0.000
0 " 000
0.000

52

G Observed
kglm2"s flow

regime

L03"2

A
B
c
D
E
F

A
B
c
D
E
F

Lr.4 " 65

L03 .2

.â,NNT}

AÀTNU
SIJIIG
FIILL
FUTJIJ
FULIJ

Aì{NT
.å¡¡NTt
SLIIG
FT]IJÏJ
FULL
FUIJÏJ

A¡INU
.A}INU
SIrUG
FUIJI¡
FULIJ
FUI,L

A}TNU
.å-i{NU
SLUG
FULL
FULI,
FT]I,L

L14.65

L03 "2 114 " 65

104 .1_ L36.75

210



Appendix u

ËST'[fuT,qT'8Oru TF ËXPHR¡MHruTAL UNCERTASTTV

This appendix describes the procedure followed in estimating the experimental

uncertainty of measured and calculated variables described in the experimental study.

The uncertainty in measured variables such as temperatures, static pressures and

volume flow rates were obtained from calibration curves. All pressure gauges,

thermocouples and flow meters were calibrated prior to the experiment. From the

calibration data of an instrument a least sum of square curve fit was obtained. This least

sum of square fit to the calibration data Iof a given instrument ] provided an estimate of

the uncertainty in the observed value I using that instrument ]. From the curve fit the

unceftainties were estimated at a confidence level of 20:1 odds or 95"/" probability. The

confidence level indicates that the odds are 20 to 1 against the uncertainty for a

measurement X, being larger than +õX¡. ln order to estimate the odds the standard

deviation (S,*,) of the calibration curve was obtained. The uncertainty in the measurement

is estimated by

where t is the Student's t values appropriate for the number of samples N and the

confidence level desired.

The unceftainties in calculated variables [such as

211

- rs,*
oXí= 

-
lN

such as mass flux (G), quality

(c.r)



(x), superficial liquid velocity (V,_r) and superficial vapor velocity (Vu")l were estimated

using the method suggested by Moffat(1988). lf R is the calculated value from a set of

measurements 1', Xz, Xs, etc. using a data interpretation program then

The partial derivative of R with respect to 1n is defined as the sensitivity coefficient

for the result R with respect to measurement /^. When several independent

measurements are used in the funct¡on R, the individual terms are combined by a root-

sum-square method given below.

R = Ft(Xt,Xz,Xs,.....X)

The relative error is the fraction ôF/R. The uncertainties reported in the following

pages are the relative errors given as percentage.

A computer code was used to reduce the experimental data. The estimated

uncertainties in the measured variables were supplied to this computer program that

converted the measured data I such as pressures, temperatures and flow rates ] to the

final form of reduced data I such as G, x and Vu, , and V." ]. In order to calculate the

superficial velocities the vapor quality and the mass flow rate are required. The vapor

quality in each visual section was calculated by using the following relationship.

(ð82 = #f,+u,)'
rt1\ ox¡ )

(c.2)

,,ä

^í-

(c.3)

o

Ðt'
i=1"

c* (T*,, - T,r,ll - h,

hM

212
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where h,n is the enthalpy of steam at the inlet to the test section; m*,, ls the mass flow

rate of cooling water to ith heat exchangeri Cpr- is the average specific heat of liquid water;

,i't" is the steam mass flow rate; h, and h,n are the enthalpy of liquid water and the latent

heat of vaporization respectively at the saturation temperature; and Torr,, and T,*,, are the

temperature of cooling water leaving and temperature of cooling water entering

respectively in the ith heat exchanger. For any given test run the variables such as G,

X, Vrs and Vu, were first calculated by the computer program using the observed values

of the measured variables for that run. The resulting values of G, x, Vrs and Vu" were

stored as base values for that run under consideration. Each of the measured variables

used in the computer program I such as pressures, temperatures and flow rates ] were

pefturbed sequentially by adding the unceftainty in the measurement Iestimated from the

calibration curves ] to the respective observed value of the variable. The difference

between the resulting value Iafter perlurbation ] and the base amount was then squared

and summed as the measured variables were pefturbed one by one. The root-sum-

square of all differences was recorded as the uncertainty in the calculated variable. The

relative uncertainty was obtained by dividing the uncertainty by the base value. This

relative uncertainty is reported as a percentage.
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TABLE C.1 Experimental uncertainty estimates in the horízontal data set

Ru
llo.

vlÂual
r6cqlotr

À
E

D

B

D

F

À
B

D

F

À
a

D

F

À
B

D

F

À
I

2
F

À
E
c
D

o
à

2.5¿

¡
t

2.5{

0.95
1.65
8.¡6
0.00
0.00

tt

2-74
3.08
3.65

!0 .1a
0.00
0.00

0.52 2.77
0.9ó 3.08
1.78 3.76
8. 92 t0 .59
0.00 0.00
0.00 0.00

0.39 2.{8
0 .67 2 .6a
1.08 2.92
..39 5.79

30.00 31.36
0.00 0-00

2.71

2.26
2.19
2. 5{,
2.5a

2.25
2.t9
2-51
2 .5¿

2 .10

?.20
2. 1{
2. 11

2.66

2. 18
7. t7
2.16
2.16

2.32

¡.10

2-a2
2.29
2.a6
2.{6
2.{6

2.67
2.a3
2.3 t
2 -17
2-73
2-73

2.90
2.30
2.22
2.16
2 .21
2 -2a

2 -91

2 .6'l

2.67

3.20
2- 63
3.66
3.66
3.66
3.66

l.¿0
2.96
3.93
3.93
3.93
3.93

3 .52
3.15
¿.60
{.60
a.60
{.60

l.{9
{ .10
{.10
{.r.0
4.i0
{ .10

Ruq vlcual
Nô. ¿acclon

0.3{
0.6{
1.a9
5.95
0.00
0.00

0.61
:. .2{

{4.06
0.00
0.00

0.98
2.0a
0.00
0.00
0.00

L¿ À
s

D

P

À
B

D
g
I

À
B
c
o

?

À
B

D
z

À
B

D

2
F

À
B

P

B̂

D
v
F

À
a

D

F

À
s

D
g
F

À
B

D

À
3

D

?

Î

D

;

2.39
2.89

0.00
0.00

2.29
2.62
l.ó2

46. 63
0.00
0.00

2.67
2-96
¡ .82
0.00
0.00
0-oo

2-¿6

G
t

15

2.6¿

2 -7a

B

D
I
F

À
B

D
2
F

À
I

D

F

À
B

D

P

À
B
c
D

z
F

À
B

D

z
F

¡

0.?6

0.00
0.00
0.00
0.00

l.{8
6.9S
0.00
0.00
0.00
0-00

0.42 3.16
2.06 r.15

12.33 1{ .07
0.00 0.00
0.00 0.00
0.00 0.00

1.23 2.73
2. 65 3 .81
6.18 7.12

72.21 73.2L
0.00 0.00
0.00 0.00

2-09 3.88
r.05 5.70

76,02 L7.59
0.00 0,00
0.00 0.00
0.00 0-00

vo" V..
tt

L1

10

3.98

2-99
3.70
0.00
0,00
0.00
0.00

t,J7
9.51
0.00
0.00
0.00
0.00

?,.67

¿.83 7.83
1{28.31 1{68.01

0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

5.75 7 . 58
67 -7L 70.01
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

27{.16 285.2€
0,00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

2.90

2-61
2-61
2.6{
2.6a

3.L7
7.77
3.¿3
3.{3
l.¡3
3.¿3

3.a1
2.79
3.98
3.90
3,96
3.9A

3.06
?-67
3.09
3.09
1.09
3.09

3.6¿

5.13
5. 13
5. 13
5.13

3.67

{.87
t .67
| .87
t .87

4 .87
7.¿0
7 .40
?.¡0
7 .10
7.ó0

3. {9
3.:.2
a.33
{.33
4.33
{.33

3.29
2.92

1.85
3.85
3-S5

1.95
5.30

5 .10
5.30

2-91

3 .71
1 .13
3-?3

3.38
3,01
1.96
3.98
1.98
3.98

1,05
2.65
2.{9
L 1ó
3.i¿
3.1{

11

l-09

3.66

19

2.69
11. 1{
0.00
0.00
0.00
0.00

20

t-47

3,3€ 5.16
72.96 77.06
0.00 0.00
0.00 0,00
0,00 0.00
0.00 0.00

3.22 7.ra
116 . 1,2 1,22.97

0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

5.61
13.99
0.00
0.00
0.00
0.00

{.60

2t

4.2{
0.00
0.00
0.00
0.00
0.00

18. 9{
0.00
0.00
0.00
0.00
0.00

2.5¿
11.¡6
0.00
0.00
0.00
0.00

1.79
5.a0
0.00
0.00
0.00
0.00

1. t9
0.00
0.00
0.00
0.00
0.00

¿.94
0.00
0.00
0.00
0.00

2.02
6.63
0.00
0,00
0.00
0.00

1.1¿
2.52

0.00
0.00
0.00

?.¿0

{.10

8.{0
0.00
0.00
0.00
0.00
0.00

25.95
0.00
0.00
0.00
0.00
0.00

15.1{
0.00
0,00
0.00
0.00

5.09
8.57
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00

{.89
7 .91
0.00
0.00
0.00
0.00

5.{1
9 .88
0.00
0.00
0.00
0.00

3.80

15.90
0.00
0-00
0-00

¿.33

! -07
0.00
0.00
0.00
0.00
0.00

0.00
0.00

0.00
0-00

24

5-10

3 -9a
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TABLE C.1 Experimental uncertainty estimates in the horizontal data set (cont'd.)

Ru Vlsual O
No. 6ocÈ1oÂ $

27 À 3.27
B
c
D

P

2A 
^ 

1.11
B

D

F

¡

29 À 3.27
B

D

P

:,.20
2 .92

20,7{
0.00
0.00
0.00

1.06
2. {5
8.99
0.00
0.00
0.00

1. :6
3.05

16.20
0.00
0.00
0.00

3.62
46.33
0.00
0.00
0.00

0.96
1.99.
7.LA
0.00
0.00
0.00

1.¿1
3.12

73 .87
0.00
0,00
0.00

r.27
2.59
9.05
0.00
0.00
0.00

L.72
3 .8?

0.00
0.00
0.00

L-A2
{.08

13.2{
0.00
0.00
0.00

1.06
1.92
¿.18
0.00
0.00
0.00

2.70
5.89
0.00
0.00
0.00

1. 6{
3.51

16,36
0.00
0.00
0.00

1. ó1
1.33
8.89
0.00
0.00
0.00

v", v.oqq

30 À 3.07
s
c
D

F

{.01

23.{a
0.00
0.00
0.00

3.72
{.9a

0.00
0.00
0.00

{ .03
5.65

18.74
0.00
0.00
0.00

{ .05

50.9{
0.00
0.00
0.00

3 ,3¿
4.19
9. 11
0.00
0.00
0.00

3.93
5. {8

16.10
0.00
0.00
0.00

3 .62
{.76

11.00
0.00
0.00
0.00

3 -6?
5. 61

33.07
0.00
0.00
0.00

5.79
1{.85
0.00
0.00
0.00

3 .92
6.00
0.00
0.00
0.00

3 ,23
3.97
7.52
0.00
0.00
0.00

3.¿9
5. 16

17 .8{
0.00
0.00
0.00

3,86
5.{{

10.91
0.00
0.00
0.00

31 À 2.85
B

D
z
P

3.04
i.65
¡ .50

3 .27
a .21

3.02
2.62
2.{8

t.11

3.10

3 .27
1 -27
3 -27

3 .0{
2.6{
2.a7
!.07
3.07
1.07

2-96
2.57
2. 12
2.85
2 .85

l.0a
2.66
2.51

3.10
l. 10

3.00
2.62
2.t7
2.91
2.9L
2.9L

1.01
2.56
2.39

2.77
2 -73

1.01
2 .54
2.¡0
2 -72
2.72

2.91
2.52
2.f8
2 .10
2.70
2-70

2.9 a

2.35
2. 63
2.ó3
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2-52
2.36
2 .61
2-6^
2.6{

3.09

2.47
2-95
2.95
2.95

32 À 3.10
s

D
E
F

Ru Vlcual o
No. o6cÈ1oÀ t

33 À 2.91
B

D

F

À 3.1{
B
c
D

P

À 1.02
B
c
D

F

À 2.?3

D

F

{1

3{ À 2.73
E

D

F

_ V:r
tì

15 
^ 

2.72
B
c

2
F

1.73
0.00
0.00
0.00
0.00

a .50
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0.00
0.00
0.00
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1.63

0.00
0.00
0.00

2.16
{. {4
0.00
0.00
0.00

2.11
4.0{

12.50
0.00
0.00
0.00

{3 
^ 

2.85
a

D

P

36 À 2.70
B

D
z
F

{.{0
7.00
0.00
0,00
0.00
0.00

{.09
6.60

57.7a
0.00
0.00
0.00

3.21
3.7{
5.00
0.00
0.00
0.00

3.{8
{.f3
6.{9
0.00
0.00
0.00

¿.25
6. i.0

1{.53
0.00
0.00
0.00

1{ 
^ 

2.98
B

D

P

37 
^ 

2.63
B
c
D

F

3 .l¿
2.66
2.39
3 .1{
3.1{
l.1a

2,63
2.¡6
3.02

¡.02

2.95
2.5¿

2.69
2.73
2.77

2.99

2.12
2 .85
2 .85
2.85

3.1{
2 .66
2.{9
2.98
2.98
2.9A

2.62
2. ¿3
2.9t
2 .9L
2.91

2. 66
2.29
2.16
2 .09
2. L0
2.10

2.66
2.28

2.09
2.70
2.10

2 .8A
2.38

2.1{
2,14
2.1{

2.86
2.37

2. 13
¡.13

2 .91
2.lL
2.23
2.t4

2 -21

2 .19
2.35
2 -2L

2 .15

2.88

2 -21

{5

38

À 2.91
B

D

À 2. ¡.0
E

D

F

À 2.6{
s

D

z
F

À 2.95
B
c
D
z
P

l9

47

L.92 1.O2
l.9a 5.93

22.)7 2a.3g
0.00 0.00
0.00 0.00
0.00 0.00

À
B

Ð

F

À
ts

c

E

B̂
c
D

P

À
B
c
0
a
F

B̂
c
D

?

À
I

D

?

{8

0.60
0.90
1.3?
3.{6
0.00
0.00

0.59
0.91
1.53
{.00
0.00
0.00

0.9{
L.77
3.61
0.00
0.00
0.00

0.96
!.?8
2-7A

29.79
0.00
0.00

1.13
2.16
{.96
0.00
0.00
0.00

2 -10

Á9

2 -27

2.71
{.39
0.00
0.00

2.{2
2 .81

0.00
0.00

2.96
¿.53
0.00
0.00
0.00

2-15
2 .9'l
3.78

30.35
0.00
0.00

2.66
3.¡1
5.9¿
0.00
0.00
0.00

50

51 0 .88 2. a¿
1.53 2.85
2.60 3.69

202.10 203.15
0.00 0.00
0.00 0.00

0.96 2.55
1.65 3.02
) .24 {.3 9

10.65 31.{8
0.00 0.00
0.00 0.00

21s



TABLE C.1 Experimental uncertainty estimates in the horizontal data set (cont'd.)

RU
Vo.

vlÁual O

a6c¿Iod È

53 À
B
c
D

P

B̂

D
z
P

2.17

55 À 2.21
B
c
D
z

0 .86
1.¡,t
2.05
a.95
0.00
0.00
1. 1a
2.11
a.12
0.00
0.00
0.00

1.2I
2.a0
3. 97

6¿.19
0.00
0.00

1.23
2.a6
4.86
0.00
0.00
0.00

1. 0¿
1.t5
3 .23

90.{3
0.00
0.00

31.00
0.00
0.00

0.90
1.69
3.13

30.7{
0.00
0.00

1. 1{
2.t6
a-66

r7 .07
0.00
0.00

0 .81

2.89
15.56
0.00
0.00

0 .85
1.{7
3.66

25.00
0.00
0.00

1. 11
2.07
{.03

¿a. 19
0.00
0.00

0.95

20.3d
0.00
0.00

2.09
¿.65

76.13
0.00
0,00

v"" v,o

56 À 2.21
B

D

F

2.{6
2 .82
3.30
5.89
0.00
0.00

5.59
0.00
0.00
0.00

2.7 7
3.56
{.96

65.00
0.00
0.00

2.68
3.60
5.77
0.00
0.00
0.00

3.13
a.27

91.13
0.00
0.00

2.59
3.13
t.19

11.78
0.00
0.00

3.r.6
{.93

t1.?{
0.00
0,00

I .51
5.78

18. 02
0.00
0.00

2.96
3.32
{.68

L7.t2
0.00
0.00

2.9t
3.¡1
5.3d

26.55
0.00
0.00

3.6{

5.06
{9.0ó

0,00
0.00

2.86
3.{8
¿.81

2L.66
0.00
0.00

3.6{
5.99

77 .67
0.00
0,00

57 À 2.16
B

D

F

2.74
2 .31
2 -7r

2.11
2.96
2.t2

2. L7

¡.01
2.{a
2.¡8
2. L7
2 .21

3.01
2.{a
2.26

2 -93
2-aL

2. 15
2.16
2. 16

2.97
2.a3
2 -24
2.16

2.9r.
2.¡1

2.16
2.28

3.05
2-17

2 .20
2.30
2.30

2 .98
2.56
2.38
2.30
2.61
2.6t

2.98
7.52
2.3{

2.57
2.57

2.98
2. a3
2.21

2.96
2. !7
2.31

2.46
2.¿6

t.00
2 .17
2.29
2.27

58 x 2.22,
B

D
E
F

R.ù vl¡ual G

No. sôccloD C

66 À 2.58

D
z
F

67 À 2.6{
B

D
E
F

59 
^ 

2-28
B

F

60 À 2.30
B

D
g
F

¡

6A À 2.6¿
B

F

1.¡0 3.38
2.a7 a.31
s.61 1.26

121.35 123.69
0.00 0.00
0.00 0.00

1.01 3.12
1. 88 3 .82
¿ . 12 5.89

19{.32 197,S6
0.00 0.00
0.00 0.00

0.90 3.06
r.87 3.82
3.89 5.69

36 .12 38.59
0.00 0.00
0.00 0.00

1.23 2.95
2.26 3.78
5.37 6. 66

l{0.12 1{2.15
0.00 0.00
0.00 0.00

12 .55 r7 .27
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

61 À 2.61
B

D

F

v"¡ v:t
ta

69 À 2.{2
B

D

F

62 À 2.57
B

D

F

70 À 6-06
B

D

F

3.08
2.59
2.{1
2,33
2.68
2.68

2.97

2.3{
2 .26
2.64
2.6{

2.97
2.50
2.3{
7.26
2 .6¿,
2.6¿

3,00
2.¡6

2.20
2-a2
2.a2

¿.83
6.06
6.06
6.06
6.06
6.06

a -72
5.95
5.95
5.95
5.95
5.95

¿,70
5.8¿
5. S{
5..9{
5. 8{
5.8{

4,12
a.78
a .78
t.78
1.78
¿.?8

6l 
^ 

2.23
B

D
e
F

71 À 5.95
B
c
D
E
F

64 À 2.46
B

o
I
P

À 2. ¿2
B

D
Eî

72 À 5.8¿
s

D
2
F

73 À ¿.78
B

D

65

8.93
0.00
0.00
0,00
0.00
0.00

13.66
0.00
0.00
0.00
0.00
0.00

12.21 16.69
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

8. 98 12. ¿1
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

¿lo



TABLE C.2 Experimental uncertainty estimates in the -1o I downward ] data set

Ru vleul
ño. socËloD

o

3 .52

¡

1.61
a.¿2

33.16
0.00
0.00
0.00

t.l2
113.55

0.00
0.00
0.00

1.6¿
5.00
0.00
0.00
0.00
0.00

?.19
7 .31
0.00
0.00
0.00
0.00

2.29
I .37
0.00
0,00
0.00
0.00

3.28
20.36
0.00
0.00
0.00
0.00

2.80
1{.35
0.00
0.00
0.00
0.00

3 .12

0.00
0.00
0.00
0.00

{.30
155.50

0.00
0.00
0.00
0.00

3.82
6¿ .51
0.00
0.00
0.00
0.00

6.10
0.00
0.00
0.00
0.00
0.00

1{.5{
0.00
0.00
0.00
0.00
0.00

à

a .56

36.05
0.00
0.00
0.00

{.5a
6.99

L!7 .4 6
0.00
0.00
0.00

{.66
7.7?
0.00
0.00
0.00
0.00

5. 1{
10.03
0.00
0.00
0.00
0.00

5 .12
10. 9a
0.00
0.00
0.00
0.00

6 .10

0.00
0.00
0.00
0.00

6,69
18,09
0.00
0.00
0.00
0.00

7.00
2a.08

0-00
0.00
0.00
0.00

8.a9
163.15

0.00
0.00
0.00
0,00

8.19
69.96
0.00
0.00
0.00
0.00

10.07
0.00
0.00
0.00
0,00
0.00

0.00
0.00
0.00
0.00
0.00

{.60

110.56
0.00
0.00
0.00

3.60

3.23

2 -74
3 .52

3 .52

3.31
2.96
2 -47

3 .5¡

2.93
2.60
1.60
3.60
3.60

2.99
3.66
3.66
3.66
3.66

3.36
2.98
3.60
3.60
3.60
3. ó0

l.a0
2.98
3 .73
3 .73
3 .73
1 .73

r.69
3.36
a.56
{ .56
a .56
{.56

3.69
3.27
a.26
1.26
{.26
{.26

3.96
1.60
5.02
5.02
5,02
5.02

3.99
3.66
5.13
5.13
5. 13
5. L3

3.98
4 .71
1.97
| .97
1.97
t -97

{.:.6
1.97
d.97
1.97
a.97
I .97

1.30
2.90

3,5{
3 .5{
3 .5{

1.66

RE
No.

vlsual,
qocÈ.loE

1{ À
B

D
E
P

15 À
B

P

16 À
B

D

P

17À
B

D

?

G

t

3.52 :..{5 ¡.¿3
3.89 6.62

28.9{ 31.ó6
0.00 0.00
0.00 0.00
0.00 0.00

¡

3.35

À -26

va' Y"o
8\

3 .54

2.7 9
g. 07
0.00
0.00
0.00
0.00

2.39
6.30
0.00
0.00
0.00
0.00

1.09
2.50
?.61
0.00
0.00
0-00

5.02

2 .91
2.74
3 .52

3.52

3.36
2.9 L
3.35
3.35
3.35
3.15

3 .37

3 .56
3,58
3.56
3 .56

3.?7
2.89
2.7 a
3.00
3.00
3.00

3 .25
2.85
2-70
3.06
3.06
3.06

7.26
2.6{
2.69
2.97
2.97
2.97

3 -27
2.64
2 .69
3.02
3.02
3.02

3 .07
2.61
2.3ó

2.75
2.73

3.0{
2.60
2.15
2.7 4
2.74
2 .71

3.00
2.60
7.¿3
2.68
2.66
2.68

3.0{
2 -6L
2.45
2.76
2.76
2.7 6

3.L7
2.7L
2.54
2.8{
2 .8{
2.ø4

3 .13
2 .67

2.80

!0.30
0-00
0.00
0.00
0.00

5.20
8.9¿
0.00
0.00
0.00
0.00

3.56
¡. 6A
9.{3
0.00
0.00
0.00

3.00

À
B

D

E
P

À
B

D

B
F

À
B

D

P

5.13

L2

3.06

1.97

20

1.{A 3.89
3.a2 5.56

15.09 16.95
0.00 0.00
0.00 0.00
0.00 0.00

1.78 7 -97
4.5{ 6.a2

22.74 2¿. ¿6
0.00 0.00
0.00 0.00
0,00 0.00

1.93 a.1a
{.60 6.71

25.91 27 .?2
0.00 0.00
0.00 0.00
0.00 0.00

7.70 1.67
t.72 6.39

1{59 , 11 1{78. {3
0.00 0.00
0.00 0.00
0.00 0.00

1.50 3 .53
7.7L 5,¿6

1?.82 19.39
0.00 0.00
0.00 0.00
0.00 0.00

1.¿9 ¡.{{
3.70 5.36

22.59 2{ . 07
0.00 0.00
0.00 0.00
0-00 0-00

L3

2.97

Á.97

3.02

À
s

D
z
?

À
3

E
F

3 .5{ 1. 6{
{.{9

106,{9
0.00
0.00
0.00

22

2.75

23

2.7a

À
E

E
7

À
B

D

s
?

^

D

B

?

2l

2.64

2.7 6

26

2.84 2.09 a.05
{.98 6.70

29 .25 30.91
0.00 0.00
0.00 0.00
0.00 0.00

r.27

8.19
0.00
0.00
0-00

217

3.41
¿.59
9 .87
0.00
0.00
0-00

2.80
3.93

L7.73
0.00
0.00
0.00

19.30
0.00
0.00
0.00



TABLE C.2 Experimental uncertainty estimates in the -'1o Idownward ]data set
(cont'd.)

Ruû
No.

V16uê1
c6cE1 ot

ŝ
c
Ð
g
I

À
ã

D
E
P

À
B

D

F

e

2.81

t

29

2-76

5.26
0.00
0.00
0.00

1.88
3.¿6
8-86
0.00
0.00
0.00

1.¡9
2.90
8.1¿
0.00
0.00
0.00

It

30

3.20
{.05
6.9{
0.00
0.00
0.00

3.7A

r0.33
0.00
0.00
0.00

{.86
9.86
0.00
0.00
0.00

2-85

À
B
c
D

P

À
s

D

F

À
B

D

F

¡,
B

D

31

1.20
2.81
2.66
2.81
2.81
2.81

3.2{
2 .81
2.6{

2.76
2.7 6

2.72
2.56

2. 85
2 ,85

3 .27
2.77
2.59
2.98
2.98
2. 98

3 .11

2.5L

2.85

2.67
2.t9
2. 80
2 .80
2.80

3.30
2 -75

2 .85
2.85
2.85

3 .3{

2.59
2 .88
?.84
2 .68

3.28
2.7 9

2.61
3.05
3.05

1,19
2.59
2.51
2.54
2 .5¿
2 .5{

3.10
2 .51
2.3{
2.50
2.50
2.50

3.t5
2.5{
2-35
2.¿5
2.¿5
¡.¿5

2.5?
2.36
2-â7
2-t7
2 -47

2,98 L.97 a.11
1.92 6.82

27t.51 275,77
0.00 0.00
0.00 0.00,
0,00 0.00

72

Rw vlcual,
No. s6cqloB

{0

33

À
B

F

À
3
c
D

z
F

À
B
c

P

À
B

E

À
B

D

F

À

D

E
F

^

D

B
P

À
B

D

P

À
E

D

?

À
B
c
D

¿
P

À
B

D

?

À
B
c
D

z
?

^
c
D

z
?

2 .60

0.93
2.03
7.03
0.00
0.00
0.00

o

{1

2.1a {.02
5.08 6.75

33.55 15.2t
0.00 0.00
0.00 0.00
0.00 0.00

2.10 a.04
5.18 6 -8?

{¿.5¡¡ {6.26
0.00 0.00
0.00 0.00
0.00 0,00

2. A3

¿. 16
I .8{
0.00
0.00
0.00

À
B
c
D
B
F

D

F

À
B
c
D

?

L
B

D
E
P

À
B

D

F

À
B
c
D
z
?

b

¿2

1.93 3.81
{.8{ 6.{8

60.26 62.09
0.00 0.00
0.00 0.00
0.00 0-00

2.73

2.8A

vro v.,
t¡

{3

36

2.00
{.1{

13 .07
0.00
0.00
0.00

t.27

7.06
0.00
0.00
0.00

2.23
5.a2

89.21
0.00
0.00
0.00

3.05 2.07 ¿.28
{ .50 6 .5¡.

26.50 2S.51
0.00 0.00
0.00 0,00
0.00 0.00

4{

2-6a
2. as

2-75

2.67
2.{9
2.73

7.73

3.05
2.58
2. a2
2-71
2.73
2.71

3.13

2-12
2.73
2-73

1.10
2.5{
2.36
2.56

2.56

2.98
2.a6
2.31
2.21
2. a2
2.t2

2.96
2. t7
2.30
2.24
2.a6
2. 16

3.03
2.¿6
2.30
2. {t
2.14
2.ó¿

¡.00
2.{8
2 -30
2.{3
2.17
2.{3

2.97
2.¿{

2.¡3
2.33

3.03
2.{5
2.26
2.33
2.33
2.33

2.89
2.{1
2.25

2.33
2.33

2.90
2.at

2-18

5.78
1{.56
0.00
0.00
0.00

1.3?
{.51
8.75
0.00
0.00
0.00

2 .71

t.L7
7.L2

91. 31
0.00
0.00
0.00

{5

2.23 {.02
5.70 7.27

10{.a5 106.63
0,00 0.00
0.00 0.00
0.00 0.00

1.61 3.35
1.¿7 {.98

13.63 1{.9¿
0.00 0.00
0.00 0.00
0.00 0.00

2.56

2.50 r.71, 3.3{
3.99 5.36

1¿.23 15.a5
0.00 0.00
0.00 0.00
0.00 0.00

5.50
0.00
0.00
0.00
0-00

{6

39

2. 15

6.78
0.00
0.00
0.00
0.00

47

7. \'1
2.26
4.33

22 .01
0.00
0-00

2. {6 1.06 2.92
2. 11 3.71
5. {5 6 .82

2{8.29 251.09
0.00 0.00
0.00 0.00

:.,76

18.11
0.00
0.00
0 - 00

2.91
1 .17
5.ó6

0.00
0.00

2. {¿

:..96 3.{6
4.95 6,16

Lt?.7r 119.20
0.00 0.00
0.00 0.00
0.00 0.00

3-30
5.{0

19.17
0.00
0.00
0.00

{9

1.31

L2.77
0.00
0.00
0.00

r.2r
2.37
7.a0
0.00
0.00
0.00

1.09
2. 1{
5,17
0.00
0.00
0.00

1.39
3.00

13.t9
0.00
0.00
0.00

0.95
r.? a

3.7L
i6.95
0.00
0.00

2.{3

3.02
{ .5:.

13.91
0.00
0.00
0.00

2.95
I .87
8. 61
0.00
0.00
0.00

2.77
3.56
6.61
0.00
0.00
0.00

2.93
{.25

1{.{5
0.00
0.00
0.00

2.70
1.27
5.01

18.03
0.00
0 - 00

2.33

2.33

218

0 . 95 2.72
1.81 3.35
¡.16 5.{5

0.00 0.00
0.00 0.00



TABLE C.2 Experimental uncertainty estimates in the -'1o I downward ] data set
(cont'd.)

Ru! Vl6uÀl
llo. gocÈLon

53 À
B

D

F

B
c
D

P

À
B

D
E
F

o
t

2 -28

-
t

s5

0.9{ 2.6a
1. 69 3 .17

9.3{ 10.38
0.00 0.00
0.00 0.00

0.84 2.63
1. 67 3 .18
3. a{ ¿.71

20.{8 27.a9
0.00 0.00
0.00 0.00

2.30

2.30 1.32 2.86

5. t? 6 .51
6A.77 69.91
0.00 0.00
0.00 0.00

À
s

D
9
F

À
s
c
D

F

À
B

D
9
P

À
B
c
D

F

À
B
c
D
g
F

À
Ð
c
D
g
P

À
B

D

F

B
c
D
z

2 .83
2.37
2.2a
?.16
2.2A

2 .81

2.30

2-93
2.{1

2.18
2.30
2.30

2.97
2. !2

2 .27

2.79
2.34
2.L9
2-12
2.16
2.16

2.89
2.37
2.20
2,13
2 ,16
2.L6

2.77
2.3{
2.20
2.13
2-r7
2-!7

3.09
2.60
2-14
2.7 5
2.75
2,75

3.12
2 .57

2.70
2.70
2.70

3.15
2 .58
2 .38

2.68
2-68

3.15
2.65
2 .1ø
2-80
2.80
2.80

1.28 2.7A
2.6{ 3. ê5
s.5¿ 9 . {8
0.00 0.00
0.00 0.00
0.00 0.00

0.80 2.a2
1.¿1 2.79
2 .51 1 .67

11.90 L2.61
0.00 0.00
0.00 0.00

1.02 2.5t
1.88 3.09
4 .05 t .97

50.26 50,95
0.00 0,00
0.00 0.00

0 -77 2. ¿2
1.3¿ 2.76
2.16 3.39
6.15 7.01
0.00 0.00
0.00 0,00

1.¿2 3.a9
3.21 5.0{

10 .06 lL.72
0.00 0.00
0.00 0.00
0.00 0.00

1.84 3.?0
¿.88 6.a8

15.9? 17. I 9
0.00 0.00
0.00 0.00
0.00 0.00

r.87 3 . 68
1 .29 5. 90

36.99 t8.62
0.00 0.00
0.00 0.00
0.00 0.00

2-24 ¿.11
5.16 6.83

13.26 3a.95
0.00 0.00
0.00 0.00
0.00 0.00

59

60

2-r7

61

2.75

62

2.70

63

219



RE vl¡ual
lÌo. sócElon

TABLE C.3 Experimental uncertainty estimates in the -5o

I downward ] data set
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TABLE C.3 Experimental uncertainty estimates in the -5"[ downward ] data set
(cont'd.)
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ÏABLE C.4 Experimental uncertainty estimates in the -10o Idownward ]data set
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TABLE C.5 Experimental uncertainty estimates in the +1o I upward ] data set
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TABLE C.5 Experimental uncertainty estimates in the +1o Iupward ]data set (cont'd.)
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TABLE C.5 Experimental uncertainty estimates in the +1o Iupward ]data set (cont'd.)
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TABLE C.6 Experimental uncerlainty estimates in the +5o I upward ] data set
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21.3?
0.00
0.00
0.00

2.66
3 .52
5.95
0.00
0.00
0.00

7.7 t
3 .53
5.9S
0.00
0.00
0.00

2.53
2.99
a .21

13. {9
0.00
0.00

3.1s

101.79
0.00
0.00

2.89
{.68

{1,10
0.00
0.00
0.00

1.78
2{.56

0.00
0.00
0.00

3.07
{.80

1¿ .56
0.00
0.00
0.00

3.2a
5 .57

25.90
0.00
0.00
0-00

!0

2.¿S

2.{5
5.73

2¿.55
0.00
0.00
0-00

La

11

2.96
2.a2
2.¿5
2.{5
2.{5
2.¿5

3.03
2. ¿{
2.21
2. al
2. {3
2.{3

3.04
2.a7
2.30
2.a5
2.45
2 -t5

3.06
2.50
2 -32
2.56
2.56
¡ .56

3,00
2.a5
2.24
2.a3
2.{3
2.a3

2.81

2.08

2 -16
7.22
2.19

2.75
2.33
2 -20
2.1a

2 -23

2.?8
2.3¡û
2.20
2.1r

2 -25

2.98
2 -aL
2.23
2.2t
2.2a
2.2a

2.99

2 -23
2 -24
2 -21
2.2t

2 -99
2.{3
? .21

t.03
2 .45
2.29

2 -37
2 -37

{.36
7.a3

26.19
0.00
0.00
0-00

2.35 ¿.25
5.23 ó.9{

35.8A 37.57
0.00 0.00
0.00 0.00
0.00 0.00

2.3{ 4 .24
6.{ó 8.12

64.68 66.60
0.00 0.00
0.00 0.00
0.00 0.00

2.05 {.11
7.5{ 9.25

57.37 59.f2
0.00 0.00
0.00 0.00
0.00 0.00

2 .83

19

L2

2.91

20

13

2 -25

2 .27

3,59

0.00
0.00
0.00
0,00

2.85 3.38 5.11
17.{5 18.9€
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

2.23

1¡.31
0.00
0.00
0.00
0.00

23

2r
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TABLE C.6 Experimental uncertainty estimates in the +5o I upward ] data set (cont'd.)

Ru
No.

vlauâI
socÈ1oÂ

27^
B

D

28 À
B
c
D

z
F29À
s

D

P

o

2.¿3 2.1{ 3.55
5.26 6.¿0

39,03 a0-09
0.00 0.00
0.00 0.00
0.00 0.00

2.{0 1.90 3.36
5. 03 6. 18

1095.31 110{.26
0.00 0.00
0.00 0.00
0.00 0.00

2-20 1.11 2.61
2.33 3.51
5.78 6.67

1002. ¿ 6 100a.16
0.00 0.00
0.00 0.00

2.76 0.97 2.50
L.92 3.14
3 .89 { .8{

15.09 15.?8
0.00 0.00
0.00 0.00

I

9

D

F

À
B

D

F

À
B
c
D

E
P

À
B

D

À
B
c
D

F

À
B

D

?

À
B
c
D

F

B̂
c

z
?

À
I

F

À
ê

D
2
F

3.08
2.50
2.3{
2-43
2.{3
2.{3

3.0{
2.47
2,19
2.¿0
2.{0
2.a0
?.82
2.3¿
7.20
2.09
2.20
2 -20

2.7 6

2. 13
2.16

2-76

2. 18
2.05
2.16
2.16

2.75
2 .32
2. 18
2 .13
2. 16
2.:.6

7.22

7.22
7 -22
7 .22

5. 05
7.05
7.05
7.03
7,05
7.05

5.02
6.8L
ó.81

6.81
6.81

{.96
6.86
6.88
6.66
6.8A

{.15
5.19

5. 19
5.19
5.19

3 .92
t.92
4 -92
4 .92

{.92

3.79
¿.{6
4.{8
{.{6
(.{8
¿.{8

RU
No.

2-16

vlrual
qâc! I oÃ

a0 .r.

B

D

P

{1 À
B
c
D

P

42À

D

F

{3 À
B
c
D
z
F

1{ À
B

D

P

a5 À
B

D

F

{6 À

c
D

F

17À
B

D
2

{8 À
3
c
D

L
P

{9 À
B
c
D

50 À
B

D

F

51 
Î
c
D

z
F

52À
B

o
E
F

33

2.16 0.97 2.50
1.9! 3. 15
t.oa a.99

30.92 31.50
0.00 0.00
0.00 0.00

0.93
1,.83
¿.04
0.00
0.00
0.00

G

{.69

't -22

2.¿8
1 .07
5.01
0.00
0.00
0.00

¡

{ .5{
0.00
0.00
0.00
0.00
0.00

6 .52
0.00
0.00
0.00
0.00
0.00

7 -49
0.00
0.00
0.00
0.00
0.00

12.6 9

0.00
0.00
0.00
0.00
0.00

1.09

11.{9
0.00
0.00
0.00

1. 5{
t.60

12 .31
0.00
0.00
0.00

1.89
4.77

17 .50
0.00
0,00
0.00

1.8{
{.56

10 .22
0.00
0.00
0.00

r.. 37
l.{1

0.00
0.00
0.00

1.¿{
3.99

29.55
0.00
0.00
0.00

12-67
0.00
0.00
0.00
0.00

2 .27
8.2{
0.00
0.00
0.00
0.00

0.91
1.75
3,60

19.04
0.00
0-00

( .48

19.3{
0.00
0.00
0.00
0.00
0.00

36.68
0.00
0.00
0.00
0.00
0.00

7.05

v"o vr.
t$

36

0.00
0.00
0.00
0.00
0.00

9.80
0.00
0.00
0.00
0.00
0.00

10,69
0.00
0.00
0.00
0.00
0.00

15.31
0.00
0.00
0.00
0.00
0.00

3.44
t -92

13.30
0.00
0.00
0.00

¡.05
5.88

1{.a0
0.00
0.00
0.00

{.12
6.73

19.39
0.00
0.00
0.00

a.08
6.56

32.19
0.00
0.00
0.00

{.1.6
5.9{

15.0{
0.00
0.00
0.00

¿.06
6 .27

31.65
0.00
0.00
0.00

5.a9
1ó.9{
0.00
0.00
0.00
0.00

{.96
10.55
0,00
0.00
0.00
0.00

2.92
{. a5

19.56
0.00
0,00

4.13

25.52
0.00
0.00
0.00
0.00
0.00

a3 .15
0.00
0.00
0.00
0.00
0.00

6.61 60.01 66.6ó
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

11

a.05
a.03
4.69
a.69
r.69
{.69

3-90
¿.¿8
{.48
{.{8
¿.¿a
¡. a8

3.7t
{.13
{.13
a. 13
a.13
{.13

3.68
{ .0?
t.07
t.0?
{.07
1 .07

2.95

2.{6

2.85

1.10
2-76
2.6¿
3.1{
3.1{
3.1{

3.0{
2.67
2-56
2.98
2.98
2.9S

2 .68

¡.98
2.)8
2.98

3.19
2.86
2.75
3.33
3.33
3.33

3.r7

2.7 6

1.20
3.20
1.20

l-a0
3.06

3. t2
3.13
3.52

2.10
2.r7
2 .:.L
2.L0
2.10

I .07

6.88

2.35

1{.08
0.00
0.00
0.00
0.00
0.00

5.{1
0.00
0.00
0.00
0.00
0.00

5-19

3-1{

19.95
0.00
0.00
0.00
0.00
0.00

9.61
0.00
0.00
0.00
0.00
0.00

a.92

2 .94

{. d8

6.16 10.07
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

8.21 11.¿7
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

2.94

3.33

3-20
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TABLE C.6 Experimental uncertainty estimates in the +5o I upward ] data set (cont'd.)

tu¡ vlsuÀl
No. eøcclon

e

55

0 .92 2.39
1.70 2.A7
3 . al a.27

15.85 16 .37
0.00 0.00
0.00 0.00

0.93 2.39
1.?{ 2.90
3,16 {.05

12.11 12.65
0.00 0.00
0.00 0.00

1,.01 2.{{
1.70 2.88
1.19 a, t0

13 . 6A !a .21
0.00 0.00
0.00 0.00

2.77
2 -29
2.L6
2.10
2.10
2.10

2.73

2.11
2.10
2.10

2.71
2 .11
2 .17
2.11,
2 .10
2.10
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TABLE C.7 Experimental uncertainty estimates in the +10o Iupward ]data set

Ru¡
No.

vlcqal
côcE !oa g

3.S5

¡

2-74
12.26
0.00
0.00
0,00
0.00

19.62
0.00
0.00
0.00
0.00

3.19
10 .13
0.00
0.00
0.00
0.00

3.75
L2.27
0.00
0.00
0.00
0.00

{.01

0.00
0.00
0.00
0.00

167 .27
0.00
0.00
0.00
0.00

7.7L
0.00
0.00
0.00
0.00
0,00

2 .27
8.26
0.00
0,00
0.00
0.00

1.6{
[.11

89.26
0.00
0.00
0.00

1.09
2 .40

10.05
0.00
0.00
0.00

7 .19
{.04

0.00
0.00
0.00

2.13
1.ø2

38.61
0.00
0.00
0.00

1.80
{.18

22.15
0.00
0.00
0.00

3 - 6{

v-- Y,"

5. 67
14.68
0.00
0.00
0.00
0.00

6 .27
27.42
0.00
0.00
0.00
0.00

5.32
11.98
0.00
0.00
0.00
0.00

5.59
13 .82
0.00
0.00
0.00
0.00

6.06

0.00
0.00
0.00
0.00

8.82
!70.10

0.00
0.00
0.00
0.00

9.56
0.00
0.00
0,00
0.00
0.00

{.47
10.03
0.00
0.00
0.00
0.00

3 .80
6.5a

91.32
0.00
0.00
0.00

3 .52
¿.90

11.81
0.00
0.00
0.00

3.89

19.66
0.00
0.00
0.00

¿.:.0
6.55

{0.29
0.00
0.00
0.00

5.96
2¿.03

0.00
0.00
0.00

3.15

3.77
3.50
3.85
3.85

3.85

3.61
3.32
3.6{
3.6{
3.ó{
1.6{

3.23
2.92
3 .15
3.15

3.18

2.99
2.99
2.99
7 .99

3.30
2.99
3,20

3.20

3.32
2.9t

3.22
3.22
3.72

3.33
2.8{
1 .27
3 ,27

3 .27

2 .93
3.09
3.09
3.09
3.09

1.05
2 .71
2.50

2 .68

3.06
2,7 4
2.6a
2-91
2.9{
2.94

3.00
2.67

2.99
2.6?
2.5{

3.01
2 .67

2-99

Ru vl¡ual
No. eocçloa

3-20

I{
ŝ
c
D
z
P

À
B

D
z
P

À
B
c
D
E
F

À
s

D
s
F

À

D

F

À
B
c
D

P

À
B

D

F

B̂
c
D

z

À
B
c
D
E
F

À

D

F

À
B

D

À
a

D

z
?

B̂

D

3.22

o
$

15

2.50

f

1.76 3.a1
5.21 6.52
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

7.97 3.59
5.53 6.65
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00

3 .77 5.25
2t.70 26.00
0.00 0.00
0.00 0.00
0.00 0.00

1.36 3.06
3.71 5.10

19.01 19.17
0.00 0.00
0.00 0.00
0.00 0.00

t.37 3 . 09
3. g0 5.15

La ,77 15. 92
0.00 0.00
0.00 0.00
0.00 0.00

1.aa 3.17
3.69 5.i.0

13.79 1{.99
0.00 0.00
0.00 0.00
0.00 0.00

1.¿8 3.19
1.52 a.9{
9.65 10.86
0.00 0.00
0.00 0.00
0.00 0.00

1.68 3.25
r.7a 5.97

21a.15 216.15
0.00 0.00
0.00 0.00
0.00 0.00

L.7 4 3.32
a.91 6.1ó

19.!6 60.53
0.00 0.00
0.00 0.00
0.00 0.00

1.20 2.66
2.30 3.a9
5.{ê 6.38

96.95 97.85
0.00 0.00
0.00 0.00

1.21 2.68
2. a2 I .58
{.51 5.{6

23.83 2{.55
0.00 0.00
0,00 0.00

2.09 3.29
3.6a ¿.63

77.73 12.¿6
0.00 0.00
0.00 0.00

r,0{ 2.61
2.13 3.39
{.r¿ 5.91
0.00 0-00
0.00 0.00
0.00 0.00

l-09

vrr v:t
ts

L7

2.53

2 .AA

18

2.95
2-¿6

2.50
2 .50

2.96
2. ¡g

2.53

2.53

2.9{
2. a1

2.53
2 .53

2,90
2. a3
2.29
2. a5
2.¡5
2. ¿5

2.r3
2.30
2.t5
2.t5
2.a5

2.91
2.{{
2 .31
2.t7
2. t7
2.47

2.¿5

2 .11
2.17
2-a7

2.93
2.at
2.29
2.a3
2.a3
2.43

2.95
2 .11
2.10
2 -a5
2.a5
2.{5

¡ ,81

2 .20

2.20
2.20

2.11
2.27
2.16
2 -20
2 -20

2.2t

2.34
2.2L

2. ¿5

t1

19

2.15

20

2.^7

13

2 .82

2 .47

2 -42

2.¿3

23

2.15

2t

2 -20

2.20

26

2.18
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TABLE C.7 Experimental uncerlainty estimates in the +10o Iupward ]data set
(cont'd.)

Ru v!sual
No. socElod

B

P

Â
a

D

P

À
B

D
z

À
s

D

P

À
B

D

À
B
c
D

P

À

D

?

À
s
c
D

P

À
B

D

F

À
B
c
D

À
I

D

P

À
I

D
E
F

À
ts

D

o

28

2 -22

¡
t

29

2.03
a.66
0.00
0.00
0.00

0.96
!.?{
3.55

r7 .43
0.00
0.00

1.11
1.99
{.00

16.?0
0.0ù
ô.00

v.. l,
b¡

2. ó3
1.31
5.66
0.00
0.00
0.00

3.0{
I .57

18.15
0.00
0.00

2.63
7 .27
5.03

17. ¿S
0.00
0-00

2.2t

31

2.77
2.3{

2.09

2-33
2.19
2.13
2. 18

2.74
2 -3t

2.15
2 .27

2. 19
2.1a
2.20

2.7r
2 -J2

2.75

2-7t

2.LA
¡.12

2. 15

2.31

2.!2
2 -15

2.7 t
2.31
2.18
2.13

2.69

2.10

2.72
2.30
2.16
2.0ô

2-t2

2.30
2.16
2.10
2. 1l
2.11

2.72
2.30

¡.t1
2. 11
2.11

2.75

2.L7
2.11
?.L2

2 -20

RUD vlÂual
No. sôcgLoD

0 . 93 2.53
1.65 3.02
3 . 18 t.29

10.18 1r.02
0.00 0.00
0.00 0.00

0.97 2.t9
1.82 3.06
3 .73 ó. 68

1{0.26 la1.15
0.00 0.00
0.00 0.00

0.96 2.a8
1.81 3.05
3.?3 {.68

22.91 23 .59
0.00 0.00
0.00 0.00

0.98 2.a9
1.83 3.06
3.78 1.7L

1{,41 15.07
0.00 0.00
0.00 0.00

o.9a 2.a8
1.85 1.0?
3.a9 a.¿5

11.35 12.0{
0.00 0.00
0.00 0.00

0.90 2.a1
1.ó5 2.88
3,39 a.32

{9.95 50.5{
0.00 0.00
0.00 0.00

0.9{ 2.42
L.79 2.97
1.L7 5.00

485.77 {8? .56
0.00 0.00
0.00 0.00

0.9{ ¡.¿2
L-79 2.96
{.1{ {.9ó

{?.56 ¿8.10
0.00 0.00
0.00 0,00

0.95 2.{2
1,82 2 .98
3 .42 1 .67

26.66 27.L9
0.00 0.00
0.00 0.00

0.99 2.{4
L.92 3.06
3.80 ¿.66

16.28 16.8{
0.00 0.00
0.00 0.00

33

g

¿1

3{

t

0.98
1.8 9
3.3a
1.L7
0.00
0 .00

1- 18
2 .76
5.55
0.00
0.00
0.00

0.96
2.01
{.71
0.00
0.00
0.00

1.00

3.92

0,00
0.00

0.9a
1.69
3.65

30.68
0.00
0.00

7.67
¿.70
0.00
0.00
0.00
0.00

1.3 9
Á .23

0.00
0.00
0.00

21 .82
0.00
0.00
0.00

1.5{
{.05

39.70
0.00
0.00
0.00

1.79
a.96

:,10.01
0.00
0.00
0.00

2.09
5.99

:.80,¡0
0,00
0.00
0.00

{.9{
{6.28
0.00
0,00
0.00

4.115
52.17

0.00
0.00

35

2.15

{l

2.{{
3.03
¡.24

0.00
0.00

3.66
6.7L
0.00
0.00
0.00

2.68
3-a6
5.91
0.00
0.00
0,00

5.20
l9.aa

0.00
0.00

2.71
3.26
{.98

31. 8{
0.00
0.00

3.08
5.72
0.00
0.00
0.00
0.00

5.28
29.54

0.00
0.00
0.00

2.99
4.90

25-7r
0.00
0.00
0.00

3 -02
5.16

40.6{
0.00
0.00
0.00

3.59
ó.¿8

112.03
0.00
0.00
0.00

3.80
?. {3

182.85
0.00
0.00
0.00

3 .59
6,¿6

¿7 ,85
0.00
0.00
0.00

3.3{
6 .02

5{.02
0.00
0.00
0.00

36

2.L2

2.73
¡-30
2. L7
2 .12
2.11
2. 1t

2.32
2.32
2.72

7.17
2 .33
2.20
2.09
2.30
2.3 0

7.77
2.35

2.1ó
2.32
?.32

2.77
2.36

2.16

2.96
2.a2
2.30
2.30
2.30
2.30

2.99
2.aa
2.27
2.10
2.30
2.30

2.95
2-t2
2.26

2-92
2.r0
2.24
2.32
7.32

2,96
2.50
2,3 6
7.62
2.62

2,99
2.57

?.62
2 .62

2,9 6
2.50
? -77

2.62

2.95
2.¿¿
2.30

2.{5

t7

2-12

¿5

¡6

2 -30

39

2.30

¿8

2.32

{9

2.32

2-62

?.62

2 -62
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Appendix D

T'þ{E ANIALY$IS OF STRÅT'SFüHÞ*ruOh{ST'RAT'FSED TMAruSãTåOru

MIJHING COTMFNSATgOru BV WAVE TF{EORV

The one dimensional, co-current stratified flow configuration in an ínclined

condenser tube is shown in Figure 5.1. Considering this flow configuration and applying

the one dimensional two-fluid transient conservation laws, the resulting continuity and

momentum equations are,

o.$"r-c)+orstl-&)4uL>ù=W,, (D.'Í)

ec$.o' - ouþFc><uâd = -W.,

erftourrr. ffi*.t - crÞ . T**,
- o:\0"!Sr*,o - s) * csLpL<uLrr*r.up,

crS, c,.S; ôF,,
+tL--

A<1- s) AZ: ., - Ptgsino . # * Prørxl"g#

_wl
<1 _;ln<ur>¿*(1 -q)<uÈG] =0, (D.3)

and

(D.2)
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,ufi.u¿.#*< s,- %P*,
_ aecp q<ucl G g.o, + crup ucuoy' ulur.u¿ u

. *=3. 7s + p4Pino - #. onpo"$

w,
+ .lf4<ur>, + (1 - n)<¿¡Èe] = 0,(ct)'

where P,,- is the interfacial pressure experienced by the liquid, P,o is the intedacial

pressure on the vapor and t is time. All the other variables were defined in Chapter 6.

Substituting Equations (D.1) and (D.2) into Equations (D.3) and (D.4) respectively

to eliminate â/ât(<pn <a>) and ð/ðt(<p..1 - at) and subtracting Equation (D.3) from (D.4),

fo,,t 
- r,¡T * pc(1 - Oræ]#+

* (p¿ - pn)scosr*. V#H. rr$

pt<ut>tcstry - orry - po<uèurrul? = afæ, (D.s)

(D.4)
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where

^rñ= #.',t{å. å] 
. * - bt- pu)snine

{ru+.å] 
_#)*.(,,_,,þ.å] æ)4X (Dsa}

The effect of surface tension, o is assumed to cause a difference in the interfacial

pressures (P,,_ É P,n) experienced by the two phases where

The analysis of instability and the transitional criteria are obtained by linearizing Equations

(D.1), (D.2) and (D.5) around a smooth fully-developed stratified flow pattern (H., Ur,Un

) where the ¡nstantaneous phase averaged velocities are pefturbed using the following:

4Utlt = Ut * Uf ,

<uèo -- UG * uä ,

(p.6)

ht=Ht*hf,&nd

^Fñ(Í'l,UL,Ur) 
= 0 .

(ôFr - ôP,u)

az
,l=1"

th,
az

.I ôht

az)1"'

(D.5b)
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The parameters H¡, U¡, Un, and AF"o are obtained by solving the steady stratified

flow equation for a given flow rate. The steady flow equations obtained from the present

analysis are exactly the same equations as in Chapter 5. Substituting the terms given in

Equation (D.6) into Equations (D.1), (D.2) and (D.5) and performing the required

differentiations two set of equations are obtained. One set describes the equilibrium

steady stratified flow and the other set describing the perturbed unsteady flow. The

perturbed set of equations are linearized by neglecting terms such as

nflHr< I ,

and the time variation of the steady state parameters for small perturbations. These

parameters are small and do not provide any significant contributions to the resulting

equations. Hence they are neglected.

The equilibrium condition in the flow field is described by,

lnåo _,
\ ôLt

ufluL< 't ,

uÈtua< I ,

where

/\=

dA,,U,
dht L

Ãrun

- pn)6roos0 -(p¿

(D.7)

^9d-

a*

AL

0

P ¡U¿Ctt
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t
-Åĝ

-P6Uu0tn

, (D.8a)



and

H

|l

J=

The linerized forms of the perlurbed equations are gíven by

(r-9- . Æ31 I = FE\ ôf ôz)

where

(D.Bb)

(D.8c)

dAL 
0

dht

dAL 
0

dht

ru Pt

T-

(D.e)
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dA,,U,
dh, L

R= dA,

#ru" o

G p t2stUt

ALCI

AW,vYYJ

ôHt

AW,

,),

,),

\E

-Aĝ

T

Ar,

1

M

ñ

F=

-PaCsoUe

w¡

HL

AA

vzv¡

aH,N

00

CI0

ôAFú ôAFú

1

Ap.

(D.eb)

ôH, ôu, ôuu

hf

uf

+
uâ

G = (p. - pi6rcose - o4, (D.loa)

t IJ' gg " (D.loh)ru = 
[or(1 

- ctù 
A, 

* pe(1 - crà-^u]df,r,

E=

(D.sc)

(D.ed)
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and

The stability analysis is performed by substituting a standard form of perlurbation into the

linearized perlurbed equation, i.e Equation(D.g)

aaFú 
=

ôH,

aAf"þl

ahL lh, = H, ,

ôaFú 
=

ôut

ôAfú:,

,r, lr,=r, u j=L,G.

where k ìs the real wave number, or is the complex angular velocity, i is fi , andñ, ùr,

and ûn are complex amplitudes of the perturbation. When these terms are substituted

Equation (D.9) becomes,

hf = firoi(w - 't) ,

uf = ûrøi Va - "Ù , yfid

uf -- ûuøt(E - 'rt

(Þ.10c)

where

(D.10d)

ME=0

(D.'¡ 1)

8=

hL

ûL

ttû

(r).12)
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æ+l+*,,*(#\#)*l 1 o

#åli-uu (*,Jx,lrþ] o 1

tufl1 tufz Ms

ffi=

and

Mt = ry*(p. - pu)grcosl * aK - +æ, (D.13a)

Mz= ++prtJrcrr-+æ, (D.lsb)

For non-trivial solutions det M = 0 from where the dispersion equation is obtained. The

dispersion equation is given by,

ad -2(b, * rWC * d, * idr=g (D.14)

Mg=# -p6tJucr".iÏæ

where

, (D.12b)

^ (¡)u= k'

(t).13c)
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bz= 1(
-t2k\

dAL

dh,
1

AL

aaFñ
ôU,

dt= P r}rrt M, 
*

AL dh'

dÅ, 1 ðAF* 
*

dhL AG ôUn

and

Å 't( M, uL a^Fú
"" - kldhr r4,- au,

- {(or - pi6rcoss

(uw,\ 1 ( .l

- I 

- 

¡-r-

\aH') a# lo êe

pn.craf dA,

ir 1lôw,t\
f 
o" = 

4*lulr,A) '

The neutral stability condition is obtained when

(D.14) become equal to zero. Then

AG dh,

* o#j

M, Uu AAFú

aaFñ

dhL Åc ðuu

ôUu

Substituting the values of d, and br,

(D.14d)

1 aAF*l
p'e au, | '

dAL aLaAFø _dAL uGaaFñ _ôFø .

dh Å, AU, - dfr, Å" N" - 
AHr'

^dzum = zq,

the imaginary quantities in

(D.14e)

_1. 4LAAF* _ 1 MI.AAFú * Il_l_ *
AL dhL ôu' Åc dhL ðun AlAn

Equation

L
d

ôW,

ôH,

uucru , urcil
AG ÃL

(D.1s)
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Substituting the value of C,n in Equation (D.14) the equation of stable equilibríum is

obtained.

( otffi¿ Pe Mt
lArdor- 4dh,

o p r}rrt. M, 
*

ÅL dh'

.-L(rylp-
AÊ,\aH')lP #u

This dimensionless form of this equation is,

pucseÈ üt (,

Tä-i(c'-pn)srcoso*øÊ]

l#(#lle

ôAFú
ôUn

l(p. -pn)-L r .

1 ôAF*l A
t-v.pt&t AUt )

,l'
)

Ûnn

The last term in Equation (D.17) is the contribution due to condensation during the

flow. lf the last term in Equation (D.17) becomes zero (adiabatic) then the analysis must

yield the gas-liquid transition boundary given by Brauner and Maron(1991). The results

obtained with the properties of air and water under adiabatic conditions are given in

Figure D.1. These are exactly the same as reported by Brauner and Maron(1991). ln

Figure D.2 the predictions of Equation (D.17) are compared (diabatic flow) with horizontal

* (cse - t,(t

* (cs,- r{r +)

p.@s0
(t

'?)l Ì

awtaHL

trÊ,Ap rgwso

(D.16)
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steam-water data of 0.0134m L D. tube. The predictions show similar trends as the

mechanistic model described in Chapter 5.

244




