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ABSTRACT

Flow regime identification and void fraction measure-

ment are two important areas considered in vertical two-phase
flow. A series of chordal void. fraction measurements were

made and formed into the probability density function (PDF)-

and power spectral density (PSD) function. The first four

moments associated with these distributions were studied to
obtain an objective flow regime indicator. !

The moments of the PDF indicated the various flow
regime transitions. The moments of the PSD also show some

flow regime transition information, but are very sensitive
to liquid phase velocity. The PDF variance, or second

moment about the mean, was found to be the best indicator

of flow regime. A variance of 0.04 appear to adequately

discriminate between the bubbly, slug and annular flow
)

regimes in low pressure air / water flow in tubes.

A dual bean x-ray system was designed and conatructed

to make the chordal void fraction measurement required. This

x-ray system employs a DC excited tube filament, full wave

rectificatlan and voltage filtering to produce a srtble

photon source. The large photon flux made analog lineariza-

tion of the signal possible.

Vertical two-phase was produced with air and water

at-atmospheric pressure. Calibrated rotameters were used to
regulate the flow rates into the one inch I.D.,. plexiglass

tubular test section.

!
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Local void fraction measurements were made with a
.

Karlsruhe impedance probe. The probe was operated at radio

frequency to minimize-sensitivity to liquid-phase resistiv-

ity. Two types of signal thresholding were used: level and

derivatise. The dual beam-x-ray system was used as a cali-

bration standard for the radio-frequency excited impedance

probe. Calibration was perfarmed in vertical air / water

i flows. Derivative thresholding was found to be preferable

to level thresholding, however, in both schemes the effects

of surface tension were observed below a liquid superficial

velocity of 0.5 m/sec.

Table salt was added to the water to verify the

probe's response to changing water resistivity. Derivative

thresholding-provided reasonable void fraction measurements.

Level thresholding was found to be inadequate due to a shift-

ing baseline. capacitance.

Several novel void fraction measurement techniques

were alsc investigated. A diamond tipped optical local void

probe was developed and tested. A global void probe using

scanning light beams was constructed and tested. Both sys-

tems appear to be promising but need further development.

|
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1.. INTRODUCTION

1.'1 Background

Multiphase flow phenomena are observed in many

industrial applications. Petroleum, chemical and nuclear

industries commonly utilize multiphase flows. Efficient

-plant operation and optimum equipment design require

accurate knowledge of the various parameters associated with

this phenomene.

The recent accident at Three Mile Island has
raised additional interest in light water nuclear reactor

(LWE) sa fe t y . Accurate techniques for tha measurement of

two-phase. parameters are required to conduct the necessary

safety experiments.

Void fractions are central paremeters associated

- with two-phase phenomene. The volumetric for global) void

fraction is defined as the ratio of the vepor volume to the

total volume of the control'velume under consideration. An

area-average void fraction is the ratic of the vapor area tc

the total cross sectional area. In a similiar fashion , the

chordal-average void ' fraction is the ratio of pathlength

through vapor to the total chordal pathlength. The local

void fraction is defined as the ratio of the time that a
.given point is in-the vepor phase to thc total observation

time. All void. fraction definitions indicate that this
parameter ranges numerically from zero (all liquid phase):to -

one (all vapor. phase).

I
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The measurement of void frsction in many systems

of practical concern is difficult. High temperature and

mass flows place considerable demands on any void measuring ,

device. Moreover, mcssive pressure vessels and thick walled

piping may require penetrations to insert the appropriate

instrumentation.

All void fraction measuring devices can be

classified into two groups; intrusive or non-intrusive. An

intrusive device would be placed in direct contact with the

two-phase flow. Typical examples include a local impedance

probe or drag disk turbine transducer (DTT). Non-in..rusive

devices de nct require intimate contact with the media being

measured. They include radiation attenuation or ultrasound

techniques.

Two phases, flowing simultaneously, will configure

themselves in different fashions depending upon the void

fraction. Vertical two-phase flew can be classified into

four besic categories or flow regimes [1):

1) Eubbly

2) Slug

3) Churn-turbulent

4) Annular

These various regimes are shown schematically in Figure 1. 1.

Bubbly flow is characterized by small, discrete

bubbles surrounded by liquid,- A spherical-capped " Taylor" '

bubble may occasionally appear, but -this flcw regime usuclly

consists of low void fr ac tion .

l
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Slug flow consists of slugs of liquid separated by.

region:. of high vapor content. The vapor phase apppears as
.

large, spherical-capped bubbles, followed by a collection of

much smaller voids, in bubbly form. At the lower flow

rates, this flow regime represents a trcnsition between

bubbly and annuler flow.
,

Churn-turbulent is a special case which occurs at

high flow retes, and is characterized.by' chaotic mction

between the phases. This f1cw regime can be considered to

be a transition between the bubbly and annuler flow regimes

at high flow rates. Liquid bridging, a chcracteristic of

slug flows , is still observed, however it is quite

intermittent.

Annular flow occurs at high void fractions and is

characterized by a central vapor ccre surrounded by an

i' annalus of liquid. Liquid phase entrainment, i.e. droplets

moving in'the vcpor ccre, are also frequently observed.

Roll waves mry scve clong the interface, however the liquid

bridging, observed in slug flow, does not exist.

Heat transfer rate and the pressure drop depend on

the existing flow regime. Correlations for these parameters

must be relsted to flow regime. The verious fick regimes

must then be objectively identified if accurete predictions

are to be.made.
I

The flow regime is a global phenomena. _Thus any

objective indicator must be bcsed on a measurement which

charecterizes the entire conduit. Several of the void
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| fractions previously discussed are such a parameter. Henec,

any correlation for flow egime should include this
;

fundementel quantity,

j Flow regime identification is normally performed

by visual observt to [2,3). This technique is usually
|

| based on a review of photographs or on an actual real-time

observation. Flow regime identificetion by visual means is

quite subjective. The results of verici2s investigEtions

rarely agree , particularly near the flow regime boundaries.

Several other schemes have previously been

employed to predict flow regimes. Channel pressure drcp

changes have been used [4] to indicate flow regime

transitions. More objective techniques, such as the power

spectral density (PSD) fun tion, determined from pressure

trensducer measurements [5), or the probebility density

function (PDF) and-PSC computed from chordel x-rcy

measurements _[6] have been proposed. Interpretation of the

results of these methods is still subjective and cumbersome,

consequently these techniques have not been widely used. Two

fundsmental' problems clearly exist:

1) How to measure vcid fraction.

2) How to objectively identify the flow regime.

1. 2 Pur pose of The Stud y

The basic purpose of this study was to develop

accurate and reliable instrumentation for the measurement of
.

void f action in two-phase flows . In addition, these

instruments were utilized to develop an objective flow

.. - __
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regime indicator. This study investigated techniques for

arec-tverage, chordcl-cverage and local void fraction

measurements. Several previously employed schemes involving

x-ray attenuation and impedance probes were improv ed End

used. Novel techniques, such as cn opticc1' digital

interferometer, and a dismond tipped optical local probe,

were developed and tested.

An objective flow regime indicator was formuleted

frcm the PDF and PSD associated with the meesured

instantaneous vcid fractions. In principle, the moments
|
'

computed from the void fraction PDF and PSD should provide

an objective measure of the flow regime because of a well

known theorem of statistics [7,6), which states that any'

distribution can be completely characterized by its mcments.

Calculation of the PSD requires a Fast Fourier

Trcnsform(FFT) clgcrithm [9,10) to convert the time demain

; deta into the frequency domain. If the frequencies

associated with void passage are to be resolved , the void

} measuring device must have a sufficiently fast time response
and high eccuracy. Such a device will also allow for many

'

void fraction reasurements in a relatively short period of
i

time, thus making ensemble averaging possible.
'

In summary, the three major objectives of this
|

| study were:
i

1) To develop a local void probc.

2) To. develop a global void probe.
~

3) To develop an objective flow
f

.

regime indicator.

._ . -. . - -. . - - , . . . _ _ _ - . - - _ . . - . - . ._
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1.3 Techniaues

Many techniques are available for void fraction

measurement [11,12). X-ray tttenuation was selected as the

standard for celibrstion of 1ccel probe measurements and to

provide the statistical data required for the cc1culation of
!

| the PDF and PSD. The technique developed provided the fast

response and accuracy necessary.

|

1.3.1 RFI X-Ray System

Several design criteria were incorporated into the

x-rcy system developed at FFI for chordel-cverage void

measurement:

1) Relctive chordal-average void fraction error ,

(Aa/a) of less than five percent in ene

millisecond, along the test section diameter,

j for the lowest void fraction of interest.
!

2) Test and reference beams from the same source

(i.hich allows for the application of a L.C. bias

!

| to the reference beam to reduce commcn mcde

noise).
i
'

3) Analog linearization of the vcid signal before

digitization (to eliminate dynamic bias) .

4) DC excitation of the.x-ray tube's filament for

photon' output stability.

5) Mobility so that a conduit could be scanned

' laterally and vertically.

; A system based-on the above criteria.will_be abic to ,

l-

_
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accurately measure the instantaneous chordal-average void

fraction and provide data for the formation of the PDF and

PS D. -

1 3.2 X-Ray Data Analysis

rive moments are commcnly associated with any

distribution:

1) The mean, or first mcment about the origin.

2) The second raw mcment, or second moment about

the origin.

3) The variance, or second moment about the mean.

a) The skewness , or third moment about the mean. .

5) The kurtosis, or fourth mcment about the mean.

The mean is the average value of a distribution. The second

raw moment is a measure of the spread of the distribution

from the origin. Variance is a measure of the distribution

about the mean.

The third mcment, skewness, is a measure of the

asymmetry of a distribution. A symmetric distribution such

as a normal distribution, has zero skewness since the mean

and the median coincide. A unimodel distribution which hes

a median to the left of the mean, (i.e., it is skewed to the

left) has a neEstive skewness. If the distribution is

skewed to the right it will have a positive skewness. This j

mcment is usually normalized by the variance to the 1.5

power. The resulting value is celled the coefficient of

skewness and relates the skeviess to the spread of the
.

e
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distribution.

Kurtosis is the fourth moment and is a measure of

the distribution's peakedness. Similar to the ske wn e s s ,

this moment is often normelized by the square of the

sariance end the resultant parameter is called the

coefficient of kurtosis. The normal distribution is

mesokurtic, i.e., it has e coefficient of kurtosis equcl to

three. A distribution with a coefficient of kurtosis less
than three is called platykurtic. These distributions are

fl a t t e r than a normal distribution. Distributions with more

peakedness than a normel distribution are called

leptokurtic, i.e., the coefficient of kurtosis is greater

than three.

These moments have physical significance and can

be relcted to the various two-phase flow regimes. The

variance of the void distribution should be sms11 in bubbly

and annular flows. These flows should also be leptokurtic

and possess large positive or negative skewness. Slug flow

void distributions, on the contrary, should have a large

variance and near zero skewness. The slug flow void

distribution is normslly platykurtic. Flow regime

identification should thus be possible with these mcments.

Calculation of the mcments of a discrete

distribution is straight forward. The mean,is the sun of

the products of the possible void fractions and their

associated probabilities, as shown in Equation (1.1),



10

N

a=[ apt (1 1)p
i=1

where,

mean chordcl-cverage void fractiona =

chpt = probability of i veid fraction

th
t= the i void fractiona

The second raw mcment about the origin is calculated by
squaring the instantaneous vcid measurement before

summation, Equation (1.2),

H
2M =[a1 p. (1.2)sr 11,1

where,

M = se nd raw moment about the meansr

Moments about the mean are ec1culated in similar fashion, as
shown in Equation (1.3),

N

1"n "i=1 ("i- a) P (1.3)i

where,

" th mcmentM *
n

2 for variancen =

3 for ske wne ssn =

4 for kurtosisn =

l,
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The coefficients of skewness and kurtosis are formed by
4

dividing the skewness snd kurtosis by the variance raised to
,

the appropriate powtr. That is,

[
''

- M /"2 ( 4)C
3n

3:

9'

C = M /M ' (1.5)
.

g 4 24

i

.f

where,

C. = the coefficient of skewness
13

the coefficient of kurtosis; C =
M4

the varianceM2=
the skewnessM3=

M the kurtosis
,

4=
Later reference to skewness and kurtosis should be taken to

mean the coefficient of skewness or the coefficient of

kurtosis.

!

1.3.3 Local Void Probes
Let us now turn our attention from flow regime,

I identifiestion to the measurement. of local void fraction.

An ideal local void - fraction probe should have several

properties. This- device should be very small so as to,

i permit rapid two-phase interface penetration. The small

size will also minimize void or droplet deflection caused- by.

| the probe's presence. Mechanical considerations will limit

:

f

!
t

. - - - - . , -- ,,, - , - - - . . .,. -
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the amount of miniaturi:ction possible since the probe must

be ableE toL endure itbe harsh two-phcse environment. The

probe's sensitive region should be a non-wetting surface so.
.

that any' liquid will not ccver the probe tip during the

presence of~the.vepor phase. In addi. ion, an ideal local

void measuring device would be independent of local

tempereture, local pressure and local phase velocities since

these parameters are rerely contrc11ab2 c,

While no probes possess all these charscteristics,
<

two techniques were identified for local void frection

measurement: impedsnce arid optical techniques.

1.3.3.1 Impedance Probes

An impedance type loccl void probe measures the

impedance associated with each phase. Most of these

techniques measure only the resistive component of the

impedance.. During transients , however , the liquid phase

resistivity will change radically with temperature.

Moreover, it is not unusual to have water purity vary with

time. Thus data obtained with a resistive probe can be very

unreliable.

The charteteristic impedance of a measurement is

mede up of resistance, capacitcnce, and inductance.

Resistance effects can be minimized by emphasizing the
.

capacitive-or inductive components. A novel capacitive

excitation scheme, for ccmmerically available impedance -

probes, such as the.Karlsruhe (KfK) type [13 3, was c eveloped

- - -. . - .- ~ . . .._. . - - ,
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at RPI. The (KfK)' probe was used a capccitive element in a

variable frequency oscillator - (VFC) . Polsrization effects

were eliminated as the probe operates at ground potentiel.

The different dielectric constant associated with each phase

; produces the needed discrimination.
.

f 1.3.3.2 Optical Probes

An optical void probe measures the refractive

index associated with each phase. The refractive index of

each phase is different and they are relatively independent

of the-phasic temperatures and water purity, giving the

}
optical probe an inherent cdvantage over en impedance probe. '

Critical angle reflection is used to make the void

I fraction meararement. Light, incident on the probe / media.
,

interface, undergoes total internal reflection when the

vapor phsse surrounds the probe 'tip. Existence of the

liquid phase at the prcbe tip results in light transmission

into the liquid. Measurement of the reflected signal will
,

yield the locc1 void fraction.

Unfortunately, the two-phase environment imposes

htrsh operating conditions on an optical probe. Destruction

; of a glass probe tip can result from the high temperature

fluid encountered. Fortunately, optical quality sapphire or

diamond tips may be able to withstand such an environment.

i 'A diamond-tipped optical void probe should have

good void measuring characteristics. Diamonds have a high

refractive index:'indeed, the largest known to' exist [14).

1

1

-l

-- _ ., . _ _ _ _ _ _ _ . _ - _ - - _ _ - - - . , - , - ----w- - , - - - - - , - - - - . . - - ,. ,. , , . - ,-
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Moreover, the mechanical properties ci this material are

constant up to fifteen hundred degrees ' Fahrenheit [153. In

addition, operation of this probe in the visible light range

is possible becaust no absorption resonances exist at these
:

: frequencies [16,17).

Stendard glass fiber optics can be used for light
]

input and output, however, an optical interface will be

required between the diamond tip and the fiber optic bundle.

j In additicn. a seal is required between diamond tip and the

j outer sheath, since the two-phase mixture must not come into

I direct contact with the glass fibers. A typical local

optical probe is shown schematically in Figure 1. 2.

Several mechanical design considerations are also

significant. Differential thermal expansion, associated

with the probe components, must be considered if the seal is

to remain intact. Finally, manufacture of a diamond tipped

local void probe is difficult because of the small size

required.

1. 3. 4. Global Void Probes

An ideal global void probe would require many of

the characteristics associated with a local void probe. In

addition, this device should not interfere with the

two-phase flow. A short response time is also an important

- consideration. Moreover, the phase distribution within the

sensitive region should not affect the indicated void
.

fraction.

1

|
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Global void measurements can be mcde using optical

techniques. Light transmission techniques have been used

pri '.ousl y [ 18 ), particularly at low void fractions. The

transmitted intensity is usually measured and related.to

void fr a c tio n .

A void can be considered a lens system. Light
'

incident on a bubble will initially be scattered and

refracted. Lue to refraction, the back interface of the

void acts to further disperse the light rays as shown

schemcticelly in Figure 1. 3 Clearly, the voidage will

effect the transmitted intensity.

A system of well collimsted light beams, as shown

in Figure 1.4, can be employed to measure global void

frtction. The x-y plane arrangement, through a logic

interface, can detect the presence of vcids at the beam

intersection points.

A critical design parameter will be the ability to

introduce and detect the ccllimrted light besms, i n view of

the temperature and pressure considerations and the conduit

size. Sapphire has exhibited good resistance to erosion

under these conditons. However, transmission losses at the

(light) source / sapphire wave-guide junction can

substantially reduce the intensity in the two-phase mixture.

' Ideally, this optical junction should also act as a thermel

expansion buffer between the sapphire and the light source.

Light beam. detection can be achieved in a number
,

of. ways. Phototransistors, or. photocells, can be used to

i

4
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detect light. Miniature linear arrays of phototransistors

are also commercielly available for fine spatial resolution.

Many light sources een be considered. A laser,

striking a rotating mirror, can provide a scanning light

beam. Light emitting diodes (LEDs) ccn be interfcced

directly for each beam required. These LECs are available

individually or in minature arrays. The LEDs have an

excellent frequency response and thus can be pulsed Et a
.

fast rate.

Each of the void measurement techniques, discussed

above, was developed at EPI. Operational prototypes were

constructed for each device, and these prototypes were used'

to measure two-phsse void fraction.

4
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2. DISCUSSION

2.1 Flow Regime Analysis

Flow regime maps represent a convenient way to

indiccte the phase distribution of' a two-phase mixture.

Flew regime boundaries can be indicated on a plot of

parameters commonly measured or esiculsted. The map's

coordinate axis will depend on the particular application. ;

and generalization of results is difficult.

The best.known of the early flow regime maps was

developed by Eaker [192 He studied the pressure drop

resel!ing frcm natural gas'and oil flowing simultaneously in

a horizontal pipe. This pressure drop was greater than the

drop associated with a single-phase fl o w. Baker correlated

his results in terms of the mass flux of the vapor phase ,

G , and the ratio-of the liquid to gas mass fluxes, G /G .g

Figure 2.1 shows a Eaker plot. A pressure correction, shown

in Equation (2.1), is applied to the gas mess flux ,

I 1/2* -

i .

p 1 l'p 1
A" (2.1)0.075 62 3

.
_

where, !

A= density correction factor for the gas mass

flux
,

gas phase density, lbm/cu ftp =
g

; pg :- liquid phase density,' Ibm /cu ft
,

t

20
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An aditiencl correction factor was used to account for

viscosity effects. This expression is shown in

Equation (2.2),

1/39 ..
73 62.3 1 ~

. * " ( T) u- p t (2.2)

,where,
'

$.= viscous correction factor for the liquid

mess flux

pg= liquid phase viscosity, centipoise

o= sur face tension , dynes /cm

The Eaker plot shows shcrp transition lines on the graph,
,

however, the boundsries are really broad transition regions.
r

One of' the first vertical ficw regime maps was

proposed by Govier, et.al. [4,20). These experiments used :

air and water to simulate the two-phase flow. They

investigated the effects of pipe diameter and air end . water

flew rates on flow pattern, " holdup" void fraction and

pressure drop. Measurements of'the pressure drop and void

fraction were plotted agcinst the air-to-water volumetric
4

flux ratio. A change ~in pressure drop accompanies a change

of flow regime. _Govier, et. al. thus correlated the

superficiel water' velocity and-the air-to-water volumetric

flux ratio. .They. indicated that the flow regime,

transistions occur atL inflection points of- the void fraction-

$
~

curves and at minimums in the-pressure drop curves.
L '

Griffith andL Wallis- [21] proposed L a; flow regime

;.

!
'

. _- .. -- -,. . . - - - _ . . _. - .--
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map for vertical fully-developed sl ug fl ow . Their

experiment consisted of an eighteen foot plexiglass air / water

loop. Pressure drop' measurements were made with a

manometer. A plot of the relative gas flow rate verses the

mixture Froude number results in e curve separating ennular

and bubbly flow from fully developed slug flow. This map

attempts to incorporate the effect of pipe size into the

correlation. Unfortunately, this correlation is only valid

for fully-developed sit'g fl ow.

Hubbard and Lukler [5] measured the pressure

fluctuations at the wall cf a one and a half inch diameter

horiziontal pipe , containing various two phase mixtures.

The time response of the pressure transducer was digitized.

The power spectral density (PSD) function was computed from

the autocorrelation. The resulting power spectrum could be

classified ini.o three broad categories. The various flow-

regimes were categorized by considering the energy

distribution. Apparently, this work represents the first

attempt at objective classification of flow regimes.
n

Taitel, et.al. [22] developed models for

predicting flow regime transitions in vertical flow. These

mcdels are based on the physical mechanisms' associated with

each transition. The effects of fluid properties and pipe

size were considered. The Taitel-Dukler fldw regime maps

are plots based on superficial velocities; a carameter

commonly measured in experiments. Several criteria are

proposed. A criterion for the existence of bubble flow is ,

I

- -- -
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shown in Equation (2.3),

1/4- ~
2p gDg

(p . p )o 1 4.36 (2.3)
o

~

where,

liquid phase density, Ibm /cu ftp =

vapor phase density, lbm/cu ft=p

2g= acceleration due to gravity, 32.2 ft/sec

D= pipe diameter, ft

c= surface tension, lbf/ft

The bubbly-to-slug transition criterion proposed is given

by,
_ 1/4-

g(p -p )c
Ej = 3.0 j - 1.15 (2.4)g g 2
P
t

where,

liquid phase superficial velocity, ft/secj =

vapor phase superficial velocity, ft/secj =

Taitel proposed that the bubbly-to-dispersed-bubbly

transition is given by,

0.089 0.446""

p G.q I (p--

g -p,) f2.5)D .429 p0 g, g

j " Jg + J, = 4.0 0.07Y p
. .

v 16
g

A
" ~where,

liquid kinematic viscosity ov =g
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The. slug-to-churn-turbulent transition was given by,

L "
..

* = 40.6 .3 + 0.22 (2.6)p'
/ gD

- _\

where,

entrance length, ftL =
e

= total superficial velocity, ft/sec (j=j +jg)j g

The annular transition relationship, suggested by Taitel, is

given by,

.1/2j p

= 3.1
)" 1/4 (2.7)og(p -p

g

Considerable disagreement between authors exists

regarding the actual location of flow pattern transition.

Nevertheless, Taitel claims that his correlations,1 based on

" theory", appeared to agree with most of the earlier

experiments.

The first-x-ray technique used for flow regime

identification was developed by Jones [6). .This system

utilized- dual beams and a rectangular test. section. Air and-

water, flowing vertically, were used to simulate the

two-phase conditions. The probability density- function

(PDF) ~ was formed for the data set collected. -Jones observed

that bubbly flow could be characterized by a single, low.

void,' peak in'the PDF. Slug flow had a bimodal PDF; the 1cw

| void mode corresponding to the vapor in the liquid slug and

the high vcid = peak' corresponding to the spherical-capped

!

!
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L bubbles. Annular flow displayed a single peak, 'similar to

bubbly flow, but at high void fraction. Un for tun a tel y ,

Jones did not attempt-to deduce an objective criterion from

his data.

2.2 Local Void Measurement

Electrical impedsnce (Z) void probe excitation

schemes can be classified into.two basic types; resistance,

and capacitance [23]. The resistance method is the most

common mode of operation. Basically the liquid

short-circuits the probe, while the presence of vapor phase

results in an open circuit.

The size , shape and wetability of a probe are

, critical parameters. Interfacial sur face tension will

interact with the probe tip resulting in hydrodynamic

effects [24). An ideal probe would instantly penetrate any

interface. Moreover ,- the probe would be so smell that voids

are not deflected by its presence. however, any practical

probe must be capable of withstanding the two-phase

environment.

A high temperature -probe is currently being

marketed in Karlsruhe, Germany. The device has a stainless

steel jacket.. An inner stainless steel electrode is

insulated from the jacket by aluminum oxide, as shown in
.

i

Figure 2.2. A typical probe is only seven ' tenths (0.7mm) of

a millimeter in diameter to minimize flow effects.

|
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Kobori [25] has studied two methods of void probe
,

excitation and signal processing. The two major methods of

thresholding are; level and derivative thresholding. Kobori

states that derivative thresholding should be more accurate

because the probe output is triggering on the slope of the

analog signal as opposed to the level, and thus the delays

are less. 1

Kobori [25] also investigated the response of 'I'

shaped, or straight probe, vs. 'L' shaped probes. Flcw

effects hamper the 'I' shaped design. He recommended the

use of the 'L' shaped probe for transient blowdown tests.

The first optical probe was designed and tested by

Piller and Mitchie [26]. Their device consisted of glass

rod drawn to a diameter of twelve mils. The rod was either

bent into an 'L' shape, parallel to the flow, or ir.to an 'I'

shape, perpendicular to the flow. The probe tip was

polished into a conical shape.

The back-end components consisted of a light

source, a photodetector and a thresholding unit. Light was

produced by a ten watt quartz-iodine lamp and focused onto

the probe's fiber optic input by a large aperature lens.

Re fl ec ted light was received by a phototransistor and

ampl i fied . The signal thresholding was of the level type.

Testing of the probe was performed in air / water

Iand Freon-12 flows. High speed photography was employed to

verify the probe's operation. A correlation of the voidage
1

measured by the probe, and that measured by quick-closing

.

- _ _ _ _ _ . - _ . _ _ _ _ _



-_

29

valves, indicates that the device responds appropriately.

This testing occurred in two sizes of small- bore pipe.

Danel and Celhaye [27] developed a local void

probe using a smaller ditmeter tip and weaker light source

than Miller and Mitchie. This probe has a U-shaped, one

hundred micrometer' diameter, tip. A fiber optic, bent one

hundred and eighty degrees, made the sensitive region. This

small size m2de the device.very fragile.

Reflected light was detected by a phototransistor

having a fast response. Like the Miller and Mitchie design,

this. scheme used level thresholding to process the signal.

Two thresholds, one corresponding to the rising signal and

the other corresponding to the decaying signal, are employed

for formction of the digital void fraction signal.

Danel and Delhaye tested their design in an

air / water flow, with free rising bubbles, and in Freon

flows. The tests were conducted in a small bore pipe and-

the probe responded accurately.

Gr ,[28] has compared the two optical devices'

discussed above and concludes that these probes need

additional _ improvements to increase the response time.

Nevertheless, he felt the simple principle and operation of

these type of probes made them very promising for industrial

applications.

DISA [29] has:now made the Danel and Delhaye type

optical probe a commerical product. This company also

markets optical liquid level probes and void passage time

;

- - _ - _ _ _- _
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devices.

.

2.2.1_ Optical Co n sid e r a tio n s -

Let'us now turn our attention to the principles

underlying the development of an optical global void probe.

The optics of a two-phase interface have been studied for-

years. Davis-[30]-computed the angular intensity

distribution of light ir.cident on an air bubble in water.
i

He fo und that external reflections from the void interface

can occur. The light may also undergo total internal

reflection once-inside the bubble. Most intensity was

scattered in the forward direction. Indeed , light was not
,

observed to scatter beyond eighty-two and eight tenths
!

degreees frcm the forward direction because of critical
!

angle considerations.

Calderbank [18] has employed light transmission

techniques to measure interfacial area. His system was

arranged so that the transmitted light received by the
i

photocell depended only on the projected area of the

dispersed phase, i.e. the photocell subtended a small solid

angle. Even for small particles, forward scattering

predominated. The~1ight-transmitted could then be related
,.

to the source intensity as,

i 7-
o at

1 810 T- " 9. 210 (2.8)
!

where,

~ initial-light' intensity, photons /cm -seeI =
g _

t

'
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t

-31+

-2
transmitted light intensity, photons /cm -secI _=

{ ~1-interfacial area density, ema =
;

[ t = beam path; length, em

! The : work of' Calderbank [18] was modified by

p Lc ekett -[31]. Equation (2.8) was'found to be valid uc to
!

} thirty one percent void fraction. Higher voidage' blocked

out the transmitted beam. Cnly scat tered light could then'

be detected. .Lockett used e glass tube and introduced

bubbles at the base. The liquid phase flowed downward at a

velocity large enough to hold the bubbles stationary.

It is important~to note that the approach taken in

the development of the. optical digital interferometer (for

global void measurement) is more restrictive than that used

- in previous investigations. Advantage.has been taken of the

fact that a collimated light beam can be refracted and

reflected at a _ liquid / vapor interface, but the scattering

characteristics of the the two-phase medium have not been

considered.. As will be discussed in more detail in'Section

3.4, the approach resulted in a prototype capable of the

accurate measurement 'of both low and high global void

fraction and . distribution.

!

>-
_

'
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2 3 DESIGN OF EXPERIMENT - AND INSTRUMENTATION

.

3.1 Air / Water Loop

A crucial component in any two-phase experiment 11s

the flow -loop. This device must be .able to produce a4

veriety of two-phase conditions. Visibility of the flow is
~

also desirable , _ particularly in the region where

measurements are made. Adequate flow regulation and

metering is required to assure steady-state conditions,
i

- A- small air and water loop was built incorporating

these considerations. Operation at atmospheric pressure
r

avoided the use.of pressure vessels and specially designed-

piping. The vertical test section consisted of one inch

diameter plexiglass pipe. The mixing section was constructed

of copper tubing as illustrated in Figure.3 1. Water was

introduced from the . city water supply, while the air was

supplied by a Cuir.cy positive displacement air compressor.

Air was injected into the test section through an aquarium

type airstone or input through a vertical mixing tee. _The

coupling between the one inch copper tube and the test

section was mede with a Dresser coupling to assure a smooth

transformation.- After flowing through eight feet of

plexiglass pipe the two-phase mix ture entered a one inch
copper' pipe. This copper pipe was connected to the

air / water phase separator by a one inch flexible hose. -Air

was then vented directly into the atmosphere while the water

- was dumped into the normal city drainage system.

32 ]
- . .-- .. -
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The entire. loop set up is shown in Figures 3.2 nd

33 Equipto framing .was used to support the upper and

lower sections of the loop. This framing was rigidly

fastened to the floor and walls witn studs. -The test

Isection was' observed to move less than one thousandth inch

under all two-phase operatinE conditions studied.

Flow instrumentation for this loop is shown in

Figure 3.4 . Reguletion of the air and water flow rates was

performed with calibrated Ewyer rotameters. A single water

rotameter with a range of one to eight gallons per minute

(gpm) was used. Three air rotameters, connected in a ,

manifold fashion, permit control between one and one

thousand standard cubic feet per hour (sefh). The pressure
"

at the inlet and outlet of the rotameter manifold was
measured to determine the appropriate density correction.

The air could be routed through the airstone or mixing tee
I via the appropriate valve.

A manometer was used to measure the pressure drop

along the test section. Two pressure taps were located

I twelve and three sixteenths inches apart, straddling the
point of x-ray measurement. The pressure lines are filled

with water and eloped downward to avoid entrapment of air
i bubbles. These lines were initially plastic tubing and then
!
! connected'to copper tubing. The plastic tubing permits a

. visual check for entrapped bubbles. A manometer fluid with

a specific gravity of one and three quarters (1 75) was used
~

q_A -dial guage micrometer was placed on the pipe while the
________________

'two-phase mixt: re was flowing to measure, the movement.

I
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:

for the pressure measurement. The associated valving was

provided to isolate the manometer from the loop and zero the

device.

Due to the low flow rates involved the global void
i

fraction could be calculated fr nm the manometer pressure

drop. A typical two-phase conditien is shown schematically
|

. in Figure 3 5. The hydrostatic pressure drop on both sides

of the manometer legs must be equal . This pressure drop

can be calculated as shown in Equation (3.1),

c gh P g(h ' 1)+ P ~1g h1
. P,+ 2=P+ iy' 3 (3.1)2 b^

C C C
|

where,
i

P
1 pressure at point-1, psia=

P = pressure at point-2, psia
2

acceleration of gravity, 32 ft/seeg =

gravit> tion conversion factor,g =

2
32.2 lbm ft/lbf sec

density of water , lbm/cu f to =
g

pggy = density of manometer oil, lbm/cu ft

height of oil above datum Jevel, in.h =
1

total height'between upper pressure tap andh =
2

datum level, in.

h * * E ' * *" **" * * "
3

datum level, in.

h * * *" * **" E ***" * *' "'
4-

Noting that h = g+ hand that pgg= 1.75, Equation (3.1)

.
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can be solved for the pressure differential P-P3 l.

p gh 0.75 o g h,_ g 4 g 1_
~2 1 g S ( .2)'

c c

The hydrostatic two-phase pressure drop is:

~

g(1-<a>) + pP-P <a> h (3.3)2 y
- p=

4
C . .

where,

<a>= global void fraction

density of air , Ibm /cu ftp =

These pressure drops can now be equated. Di v id ing both

sides by g/g gives an expression for the vcidage in terms
c

of measurable parameters,

- - -

- o (1-<us) +p <c> h h -0.75 p h (3.4)g 4"
-

t4 g y
C = C= . -

Equation (3.4) can now be solved for void fr ac tion ,
- -

p 0.75 hg 7'"' " p -p h *g g 4
- -

For the test under consideration: pt = 62.4 lbm/cu ft ,

o = 0.080E lbm/cu ft and h = 12.1875 inches. Substituting
g 4

these vale 3 into Equction (3.5), an expression to calculate

the vcid fraction in terms of manometer height difference is

obtained,
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<a> = 0.0616 h (3.6)
1

where,

h mancmeter fluid deflection, inches1=
1

3.2 Dual Eeem X-Ray System

Moncenergetic radiation attenuation follows the

well known relationship known as Eeer's Law,

-UXI=I eg

where,

I= unattenuated intensity at distance x into

2
the media, photons /cm -see

2
source intensity, photons /cm -seeI =

g

energy dependent attenuation coefficient of=p

media, em"

x= thickness of attenuating media, em

Measurements of two-phase attenuation coefficient (p) can be

made using this radiation attenuation law. The two-phase

attenuation coefficient can be expressed as,

"* " U *g + u xg tt (3.8)

where,

p= attenuation coef ficient o f .two-phase

-1
mixture, cm

x= total path length through two-phase mixture, cm

_ - ____ _ _ _ _ _ .
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-1vapor attenuation coefficient, emp =
8

-p g= ' liquid. attenuation coefficient,
-

: cm

x ;= vapor' path length , em

xg= liquid path length, em

This expression can be substituted into Equation (3 7) to
yield,

-(p x + p x )
E8 E E1=I eo (3.9)

The attenuation coef ficient of the vapor , pg , is usually
much less than the attenuation coefficient for the liquid-
phase. For the -(atmospheric) conditions of our test,
Equation (3.9) reduces to,

EAI=I eg (3.10)

Several radiation sources are available for
two-phase measurements-[32,333- Sources such as Cs-137 or

Co-60 have photon emission rates which- very slowly with time

in a well known fashion. X-ray radiation sources have

strengths which depend upon their operating conditions.

That is, variation in the x-ray tube's voltage or filament

current will cause a change in the photon output.

Dual beam- systems [6,34] use a reference beam- to

compensate for variations in x-ray tube photon output. This

type of set-up uses two beams from the same source: one

passing through the two-phase mixture and one passing
'through a reference attenuator. A typical arrangement [32]

is shown in' Figure . 3. '. The instantaneous chordal void

-+- '# * * 11' tt-? -? 4 M' - T T@
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fraction will fluctuate with time, since the water

pathlength, x will vary as a function of time. This timeg,

dependence can be introduced into Equation (3.10) rielding,

I(t) = I eg (3.11)

where,

x(t)= time _verying water path length, cm

An x-ray detector will produce an output voltage related to

the incident intensity.

'

EV (t) = V es gg (3.12)

where,

V (t) = x-ray detector output voltage correspondings

to intensity, I(t)

x-ray detector output voltcge correspondingy =

to initial intensity, I g

The inherent modulation of the x-ray beam et the source

causes a corresponding mcdulation of the detector output.

Most c f cnis fluctuation is due to noise ( typically at six ty
hertz; the line frequency). An expression for the

fl uc tua ting detector voltage is calculated by Equation
(3.13),

* - .

v (U) " Y (t) 1.0 + a f(t) (3.13 )s s
~ .

where,i

*
V = m dulated signal voltages

emplitude of fluctuation resulting froma =

,
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i

I noise
,

;
-

f(t)=. time dependent noise
I

The reference beam of a dual beam system has a -
_

; ' response similar to the signal beam, however the reference

x-ray detector'should be steady since the attenuating-media4

:

is constant. If we follow the suggestion of Smith [34] and

include a EC bias, the modulated - reference signal response

is given by.

*
V (') " Y 1.0 + b f(t) +V (3 14)r r DC

j where,

*
V (t) = m dulated reference voltager

I steady-state reference voltageV =
r

j b : amplitude of reference voltage noise
J

DC bias voltage; V =
9g

' Equation (3.14) can be rearranged as,

= .
bV

; V*(t) = (V + VDC) 1.0 + (y + y'DC)
i

f(t) (3.15)r r
r

"
.

-

r

The measurement, Equation-(3 13), and the..

reference, Equation (3.15), signals are separately passed
i

through logarithmic amplifiers. The resulting signals are
i

subtracted as shown in Equation (3.16),

* * V (t)'

8i .En V (t) - En Vg(t) = En 9 ys
r DC; ,

+ An ("1. 0 ' + a f(t)); b V f(t). (3.16).

+ (V VDC)
*

r
., ,

This' equation establishes the value of'the necessary DC

i
_ _ .. ._. ._ _ _ _ . . . . _ _ _ _ - ._ ___ __ . . -
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bias. The last term cn the right hand side of Equation

(3.16) will vanish if,

bV r
" 17 + y (3.17)8

r bc

In theory the DC bias necessary.for the elimination of the

commen-mode' noise is obtained from Equation (3 17) as,.

- .
'(3.18)r a."V g-1JV ~

DC r

Unfortunately, no two detectors will have exactly the same

response , there fore , 'b' will not equal 'a'. Nevertheless,

application:of Equation (3 18) will simplify Equation (3.16)

to,

*
V (E) Y (t)s s

in = En (3.19), y+y
V (t) r DC
r

The expression for V (t), Equetion (3.12), can be combineds

with Equation (3.19) to yield,

*
V-(t) V

s s
An = In - x(t) (3.20)y+

Vg(t) r- DC~

Rearrangement of Equation (3.20) yields a linear expression

of tne instantaneous water path length in terms of measured

voltages,

.

-*
Y (C) Y

x(t) = i1 .- En- . - in'y + y (3.21)
s

,.

E V (t) . r DCr

|

_ _ _ - -. . -, . _ - . - .- _ . . - _ . - . _ . . - . - _, ,- -
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This expression does not contain any noise terms. As

discussed previously, in actual practice it has been found

that all noise can not be eliminated . Nevertheless, the EC

bias can be used to effectively reduce most of the

undesirable noise.

The instantaneous water path length is easily

related to the chordal-average void fraction by,

a(t) = 1 *f') (3.22)

where,

a(t) = instantaneous chordal-average void fraction

C = chord length

The instantaneous chc"dal-average void fraction is defined

by Equation (3 22). This expression can be solved for x( t)

and substituted in Equation (3.21), yielding,
-,.

)IV (t)I I V
u(t) = 1.0 + l.0 En .$ - In (3.23)

s
y,y

(Vr( (# j
E

- -

Two bounds limit Equatien (3.23), an empty pipe where

<a> = 1.0 and a full pipe where <a> = 0.0. The ex pression

for an empty pipe is given by,

= .

fV*i fv T
1.0 = 1.0 + 1.0 ' sin -h - In (3.24)y y

E V DC(r jL rj g
- -

while the expression for a pipe full of liquid is given by,

=..

IV*I f V
0.0 = 1.0 + 1.0 En -) - En. (3.25)

"

(y + DCjE {Vr1 r
L. -
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where,

L subscript denoting all liquid=

G= subscript denoting all vapor

The time dependence is removed since these equations can be

considered to be time-averaged. Equ'tions (3 24) and (3.25)

can be solved for the last term on the right as shown in

Equations (3.26) and (3.27),

f v i t v*)s
En -h (3.26)En =

y , g,

L' i k IjG

and,

IV \ IV
*

-h )s
in in +uC (3.27)=

(y , g
r DC V

3 rj

These expressions can be combined with Equation (3.23) to

yield two expressions for a(t) ,

*
f V (t)1 fV*Ia(t) = 1.0 + 1'0 E" -N - En -h ' (3.28)C

i V (t)j iriVr( G
-

and,

f V*(t)I IV*Ia(tj = 1.0 + 1.0 En $ - En -h -uC (3.29)gD R' (V (t)i (Vr ri L
_ ,

It is convenient to redefine several of these ratios,

I V*$
P e in -$ (3.30)

(Vrj g

i
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i

! I v* 1
R A in -$ (3.31)G,

Y
L rl G

1

!

j f V (t)I
*

R(t) S in (3.32)s

V (U))
'

r

:

!
| Using these definitions, and subtracting Equation (3.26)

'
from '(3. 29) yields,

U C =-R ~

L (3.33)g G

Equations (3.28) and (3.29) are equivalent, thus

substitution of Equations (3 3C), (3 31), (3.32), and (3.33)

into either veid fraction expression yields,

R(t)-R R(t)-RG L
a(t) = 1.0 + R _R (3.34)=

G L- R -k| G
i

This expression for the time varying void fraction obviously

has the correct endpoints. For all liquid, R(t) =Rg , and,

thus a(t) =0.0; for all vapor,_R(t)= RG , and thus-

a(t) = 1.0. -Measurements made with a dual beam system can

easily be converted :into_ instantaneous chordal void fraction

readings using the linear expression given in Equation

(3.34).;

The_. design parameters for an actual dual beam ,

x-ray system can be calculated from the radiation
~

t

1 attenuation law, Equation (3.10), and geometrical

- - . . . .
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considerations. Predesign specifications, such as the

desired relative void f raction error and response time,

enter the analysis. Two major parameters mi;st be computed;

. source strength and geometric positioning of components. ,

The source-intensity ana the detector intensity,

shown in Figure 3 7 are related as indicated in Equation

(3.35),

I . I -(2pg) -(uC)Tg
-

2 e2
_ o

e
R E (3.35) iST SDJ

|

where,

Id= intensity incident on detector,

photons /cm -sec

Ig= source intensity'on the test section,

-2 .
photons /cm -sec

RST = s urue to test section distance, em

RSD . = .s urce to-detector distance,_cm

up = sttenuation coefficient of walls of test

-l
section, cm

average attenuation coefficient forp- =.

~1two-phase mixture, em

wall thickness of conduit , emT =

chord length . through two-phase mix ture , cmC =

The attenuation coefficient of the two-phase media cEn be

expressed as,

...

u.= au + (1-a)p =u-+a (p u) (3.36)
'

g . g g g
.

. .- ,-.., _ .. - - ., - . , . . - . . - - - .,
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Equations (3.35) and (3.36) can be combined , and rearranged,

to yield the intensity ratio in terms of the chordal-sverage

void fraction

2

5 )I R ~( P T+C k+a(pd ST W -p

T- *
p'SD j

e - - (3.37)o

The photons emitted by an x-ray tube are

statistical in nature and occur with the associated

statistical fl uc tua tio n s . " Propagation of errors" [35] can

be applied to Equation (3 34), the expression for the

instantaneous void fraction for a dual beam system,

resultinE in an expression for the absolute void fraction

error,

(aa) (AR ) + (AR ) + (AR) (3.38)=
g G

The partial derivatives for this expression are from

Equation (3.34),

R "R~Ng G L

aa -a (3.40)
,

BR -

LG G

3_a , 1 (3.41)
aR R"

G L

1
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Three unknowns still exist in Equation (3.36): AR , A E and
L g,

a R. These parameters can be calculatec if we assume that

the x-ray detection counts follow Poission statistics. The

expression for E, indicated in Equation (3.30), can be

rewritten as,

R = in (V )L ~ t" (V )L (3.42)g r

This expression can be form ed into an error expression in a

straignt forward fashion. Assuming that the variation of

each signal with respect to the mean value of the signal,

is the same , "propsgation of errors" yields,

f 3R j 2 IBR} ,22

(AR )2 (AV ) + (AV )
g

=g , * rs

i sj (aVr;BV

or,

,)2fAV* )2 faV
(6R )2 $

r+ (3.43)- ,g
(VrjV

L sj

If we can employ a well known Poission statistical

relationship,

* *
AV O

1
s% r % AN (3.44)g = /R~y y
s r ;

1

|
|

1

|
|
1

-____
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,

where,

N-= number of counts registered on the photon .

,

detectors
-

The expression, shown 13 Equation (3 44) can be substituted

into'Equat' ion (3.43) to yield,

,

2 2
f 1

1 1
h (3.45) '(AR ) += =g

> dT1 l /H f

Similar expressions can be calculated for AEG and AR because -

Equations (3.31) and (3 32) have the same form'as Equation

(3 30). Thus assuming that the statistical error is

independent of the fluid in the test section,

h (3.46)(AR ) = (AR ) (AR)= =g G

Thus, combination of Equations (3.38) through (3.46) results

in, '

(Aa) [1 : a + a ] (3.47)=

(R " L)2 NG

The relative error can be calculated by taking the square

root of both sides of Equation (3.47), and dividing by the-

chordal-average void fraction. The resulting expression is,
, -

1

Aa 2
/l-a+a (3.48)

~"

a a(R ~ L) /g .G

An equation' relating the relative void fraction- error , as a

j

I

.,

- - e n w c-- v- w - r- s n:--
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function of chordal average void fraction , the given chordal'

position, material parameters and the accumulated counts, is

formed by combining Iquations (3.48) and (3 33),

g, 1 '2 /1-a+a (3.49T
u a" O g

Noting that the counts (N) can be related to the intensity

by,

N = OI A Ed d (3. 50)

where,

counting time, sec0 =

c= detector e fficiency >

2Ad= detector area, em

I P oton intensity on detector , photons /cm seehd:
A combination of Equations (3.49), (3.50) and (3 37) yields,

1

(1~"+"2) * (2p T + u C + a (u -u WR y g g gSD4 R
ST) (3.51)

'

1 =

A ec p ha
d g

The inverse square law terms, RSD and EST , are

calculated from geometric considerations. Ideally, the

collimators, test section'and detectors should be close to

the x-ray source to minimize inverse square law attenuation.

Physical constraints, i.e., the size of the radiation



- _ - _ - - .-. . . . _ _ . . - . ., . - - _. -. . -- ..

56
,

idetector and their associated magnetic and radiation

shielding , and the size of the collimators, help determine
-

the minimum distance. '

The maximum angle. of uniform photon illumination '

r

is specified by the .x-ray tube manufacturer. Eoth reference
e

and test beams should receive the same intensity so the two

detectors must be separated by an angle less than the

maximum. Thus the physical constraints associated with the

size of radiation detector or collimator and the angle of

uniform x-ray emission basically fix the minimum

source-to-detector distance. It is important to note that
t

both reference and test detectors should be the same

distance from the source, thus each detector kill see the

same inverse square law attenuation.

Collimator design and position is calculated from

intensity, detector size and distance considerations.

Consider the isotropic point source shown in Figure 3.8.

The collimator dimensions can be related to the area of the-
detector by the law of similar triangles,

e

SC
CX"R D (3. 52)XSD

R
C7 R Y (3.53)=

SD

,

1
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SC

.

where,

C = a-dimension of collimator , emx
C = y-dimension of collimator , emy
D = x-dimension of area of detector , cmx

D = y-dimension of area of detector , cm
Y

RSC = s urce to collimator distance, em

RSD = source to detector distance, cm

Inverse square law attenuation considerations indicate that

R should be equal to R f r maximum photon intensity.SC SD

However, physical constraints, such as the test section

size, collimator supports and detector shielding, require that

RSC is less than F SD. Equation (3.51) shows that the

intensity is inversely proportional to the detector area

(Ad). Thus, a small detector area will increase

substantially the source intensity required.

It is desirable to make the collimator area as

small es possible to minimize photon streaming errors [36).

On the other hand, intensity considerations favor a large

collimator , however , the size of the collimator , combined

with the position, must not result in an incident beam

larger than the sensitive area of the detectors. The exact

size of the collimator depends on the size of the desired

region-to be measured. NormcIly the design of a collimation
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,

system is iterative, in which the first guess is based on
1

; the considerations just discussed .
:

j The photon output spectrum of an x-ray tube depend
;
'

on the operating voltage and current. Thus the intensity

i calculated with Equation (3 51) nust be related to a set of
i

operating-conditions Co111 mated x-ray photons can be

considered uniaxial if scattering is neglected. The total
!

energy-integrated intensity which strikes the radiation
;

detector is, .
i,

,E
; max

1(E)dE (3.54)I =
O

; ;

E'

! min

where,

E= photon energy, eva

I(L)= photon intensity as a function cf energy

maximum energy in spectrum, evE =
max

Emin =
minimum energy in spectrum , ev

,

The maximum energy associated with an x-ray spectrum is
1

fixed by the tube's high voltage. The minimum energy,'

I theoretically, can be very close to zero. In practice,

filtering of the spectrum, due to the increasing attenuation;

!
coefficient at. lower energy, causes the existence of ai

non-zero minimum. Krammer [37] suggests ,2

.,

I(E)' a U (E - E) (3.55)
(hc)3 max

|

____________

p _e__c _a_ll E = he/ A wh e r e ' h ' is Planck's constant, 'A' is theF
wavelength and 'c' is' the speed of light.

4

. - - - - . . - , - . - , . . - . - , . . -
.

. -
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where,

I(E): ' intensity at a given energy, key

'Z= atomic number of target

i= x-ray tube filament current, amps .

E = maximum energy of photons ;max

To celculate the spectrum's relative intensity, Equation
(3.54) can be divided into small energy subintervals and

.

combined with the relative intensities calculated by
.

Equation (3.55) to yield an expression for photon intensity
as a function cf energy,- I(E ) .

) ,E 5' 2 lmax 1 r

I(E)dE = ' I(E)dE + I(E)dE + ....

I k E $min- min 1
,

1

1

' *E- max
;- + I(E) dE = I (3.56)

3 o
En

!

,

where,

E. = average ph'oton energy within each energy

interval

The operational curves for each x-ray tube can be
used; to provide the relationship between tube current and

voltage. A typical curve is illustrated 'in- Figure 3 9
I
j Trial' and error substitution of points on the FA-60 tube's
I

[ operating curve into Equation (3.56) will result in the

selection of_ appropriate operating conditions.
* 'These' design considerations were incorporated into

i

_ _ _ - .-. .
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Figure 3.9
A typical operational curve
for a Philips FA series
x-ray tube
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the RPI dual beam x-ray system. The system employed in this

experiment is shown schematically in Figure 3.10. It

features full-wave rectification and high voltage filtering

to insure a stable high voltage source. The x-ray tube

filament is excited by a battery current source. 1his

provides additional stability to the photon spectrum.

Figure 3.11 shows the batteries and the resistors and

capacitors which comprise the high voltage filter.

A Philips FA-60 x-ray tube , rated for two and a

half kilowatts , provides the x-ray source. Water cooling

was necessary for stability because of the high power of the

tube. Radiation detection was accomplished using thick

plastic scintillators coupled to ECA E575 photomultipliers.

These detectors were operated in the dynode current mcde and

were covered with a leed shielding shroud to stop scattered

radiation. Mu metal also covers the detector to insure

magnetic shielding. Background light was remcved by a thin

aluminum sheet taped over the apperisture to the plastic

scintillator. Two identical systems were assembled for the

test and reference x-ray beams. Eoth systems were driven by

the same , stable, high voltage supply.

Rectangular , lead collimators were used. These

collimators were one quarter inch thick and have rectangular

openings of fif ty mils wide by one hundred mils high. The

rectangular design was chosen.because more photons can be

passed to the detector without sacrificing. lateral

resolution. These collimators were mounted in vertically

I

. _ - _ .
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and horizontally adjustable stainless steel cradles. The

collimators are bolted firmly in place af ter positioning. A

closeup of the detectors and collimators is shown in Figure

3. 12.

The x-ray tube , radiation detectors and

collimators are mounted on a machinist's table. This table

permits accurate 1steral movement of the x-ray system about

the test section. A system of gears and shafts permit

remote positioning of the table. A dial gauge micrcmeter is

used to measure the exact table position. The actual set-up

is shown in Figure 3.13

A reference attenuator is also affixed to the.

machinist table. This device is a plastic cone on a

micrometer drive. The plastic is remotely driven into the

reference x-ray beam to compensate for the attenuation of

the walls of the test section along the diameter. This

attenuator is also shown in Figure 3 12.

The reference attenuator is not readjusted when

off-diameter chcrdal void fraction measurements are made.

Prior to running the actual two-phase flow conditions ,

measurements of the diameter and off-diameter chords with

only single phase air and single phase water present were

made. The all water and all air measurements are

substituted directly into Equation (3.37) for E gand R g,

respectively, to calculate the chordal void fraction along

each chordcl position.

Two major hazards associated with these types of

_.
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measurement are; high vcitage and high radiation. Personnel

must not have access to the dengerous areas during

operation. High vc1tegc protection was achieved by fencing

off the appropriate area. The fence is tied to ground.

Access to the high vcltage region is possible only if the

capacitors are grounded by a grounding red. This rod has an

alarmed holder, i.e., removal cf the rod from the device

trips the x-ray system. The primary x-ray beam is direct at

a six foot thick concrete wall . Protection from scattered

radiation is achieved by an sixteen inch thick high density

concrete brick wall. Access to the measurement area is

permitted via a lead covered door. This is interlocPad to

the x-ray system; opening the decr automatically trips the

x-ray unit. Radiation surveys were conducted witn the x-ray

unit in operation to insure that adequate shielding had been

installed. Figure 3.14 shows the main x-ray system control

panel, the high voltage fencing, radiation indicators and

the door interlock.

Analog signal processing for this system, which

follows the analysir discussed previously, is shown

schematically in FigLre 3.15. The current output from the

test and reference photomultipliers were fed , via shielded

cables, to logarithmic amplifiers and differenced

electronically. Figure 3.16 shows a schematic of the

electronics employed. As discussed previously a EC bias

voltage was applied to the reference signal to reduce noise.

The photomultipliers produce a current output, which was

1
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converted to a voltage just prior to entering the

logarithmic amplifier. The CC bias was applied to the tric

pin of the AD 756-P integrated circuit. A driver was

provided to isolate the internal circuitry. The logarithmic

difference electrcnics were well shielded and located very

close to the photomultipliers to reduce noise. A shielded

cable transfers this analog signal out of the high radiation

region.

Further amplification was performed before sending

the void signal from the experiment to the data acquistion

computer. The signal was initially passed through a fo ut-

pole active filter, having a break frequency at 100 hz. The

amplifier schematic is shown in Figure 3 17. This device

takes a 0 to -1.3 volt signal and emplifies it to -7.70 to

0.2 vcits, respectively. The amplified analog signal was

now passed via shielded cable to the Gaerttner Laboratory

computer rocm.

Further signal amplification and digitization

occurs prior to entry into the PDP-9 computer shown in

Fig ure 3 18. An operational amplifier inverts the signal.

The signal is now passed to a Tennelec TC301 Linear Gate.

This gate is normally closed. An external pulser is used to

open this gate ' hat the analog x-ray signal can be'

s am pl ed . Th e , _ . output from the linear. gate now enters

a Northern NS-623 analog-to-digital (A/D) converter as shown

in Figure 3.19. This digital output is passed into the

PDP-9 system via a CAM AC Module.
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Special precaution must be taken to permit only a

pre-specified number of pulses to pass from the external

pulser to the linear gate. Should cn extraneous external

pulse be present after the computer has completed its

sampling , the gate will open and pass another x-rcy signal

pulse. This unexpected data will disable the A/D converter.

Substantial software is used to acquire and

process the x-ray data. Three basic steps are required:

1) Collect and store the data on the FDP-9 disk.
2) Convert data to Fortran-IV formet and write it

on DEC tape.

3) Analyze, print and permanently store data on a

EK05 Disk.

Three programs were written to perform these functions. The

data acquistion and conversion programs can be fo un d in

Appendix A . 1. The data processing program is described and

listed in Appendix A.2. Flow charts, which are shown in

Figures 3.20, 3.21, and 3.22, describe the three besic

operations.

Linearity between the void fraction reading at the

PDP-9 and the actual water path length along a chord must be

proven. A simple de" ice , shown in Figure 3 23, was designed

to show this relationship. This equipment consists of a

plastic block with a series of steps machined into it. A

frame was designed to allow the machined block to slide

horizontially. This frame attached to the test beam's

collimator to insure that the plastic block passed

,
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Figure 3.20 A flowchart of the data acquistion software
for the x-ray void fraction measuring system
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Figure 3.21 A flowchart of the conversion code to convert
x-ray data from binary code to Fortran 4I4 format
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Figure 3. 22a A flowchart of the computer code for the
PDF, PSD and moments calculation
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Figure 3.22b Continued
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Figure 3.22d Continued
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perpendicular to the beam. Ten pound test fishing tackle

was used to nove the block remotely. The design of such a
~

stepped block insured that the maximum attenuation in the
!

pl a's t ic is greater than the largest expected in the test

section.

The plastic thickness at each step was accurately

measured. This device was then placed in the test x-rey

beam. The PDP-9 ecuivalent vcid fraction' reading for each

step will 'be a linear function of plastic thickness if the

signal processing is operating properly. Moreover, the

slope of the line representing this relationship is the

' linear attenuation coefficient of the plestic block. A test

curve for the previously described system is illustrated in

Figure 3.24. It can be seen to be a linear relationship;

-1the measured value of p =0 394 cm , agrees with tabulated

values for plastic . The graph does not extrapolate to zero

because the plastic steps were not exactly perpendicular to

the x-ray beam, nevertheless, this. calibration is adequate

because each x-ray pathlength is multiplied by the same

constant. |

Most previous systems of this type have used rear -|

collimation of the transmitted beam prior to detection.- The

close proximity of the front collimator and detector reduce

substantially the angle required for scattered radiation to

enter the detector. 'Thic geometry effectively eliminated

the_ need for a -rear collimator. Test runs, using the

stepped plestic device described above, and a rear

. ._ .. . , _ - - . -. .. _-
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collimator, confirmed this assertion.

3.3 Local Void Fraction Probes
Two techniques were explcred for local vcid

fraction measurements; electrical _ (radio frequency) and

optical. The radio frequency excited device _ employed a

local impedance _ probe as a capacitive element of the

circuitry and thus responded to 'the different dielectric

constant associated with each phase. The optical void probe

used the different refractive index associated with each
phase to determine vcid fraction.

3 3 1 Electrical Probes
Three criteria were addressed in the design of the

local electrica] probe:

1) Minimize sensitivity to liquid phase resistivity-

changes.

2) Avoid polarization of the fluid in contact with-

the. probe.tip.

3) Build electronics compatable with commercially

available-probes.

Satisfaction of the-first criterion posed the

largest problem, however, a quick review of basic electrical

theory' indicated a possible solution. Electrical circuits

are composed of' three components ; resistive, capacitive, and

inductive. The reactanceLof the later tw, components are

defined as,
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X =
c wC (3.57)

x = wL '(3.58)

where,

X = capacitive reac tance , ohmsc

e= ang ular frequenc,, radians /sec.

c= capacitance, farads

Xt= inductive reactance, ohms

L= inductance, henries

These definitions can be used to extend Chm 's La w,

V = IR (3.59)

where,

y= voltage, volts

I= current, amps

R= resistance, ohms

Notice that the units of reactance are ohms. The

voltage / current relationship indicated by Chm's Law can be

applied to non-resistive type components as indicated in

Equations (3.60) and (3.61),

V = IXc e (3.60)

V = IX
t (3.61)

where,

V = v Itage change associcted with a capacitancec
VL= voltage change associated with an inductance

1

I
|

|

!
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The measurement of._ local or global void fr ac tion
.

,

. with an impedance probe can be modelled as a parallel
)

j arrangement of these components in an AC circuit, as shown

in Figure 3 25. An expression for the impedance of this

circuit- is developed by Kirchoff's current relationship. A

resistive element has current and voltage in phase while the

current of a capacitive element leads the vc1tage by ninety

~ degrees. Inductive elements have a current that lags the

voltage by ninety. degrees. The currents associated with an

inductor and cepacitor act opposite each other. Thus the
4

total current in a general circuit is,

I = /k + (I - I ) 2 (3.62)'

c

.where,

I = current associated with a resistive element

I = current associated with a capacitive element

It= current associated with an inductive element

Substitution of Equations (3.59), (3.60) and (3.61).into

this expression introduces the associated impedances. The
r

voltage is constant across each leg of a parallel circuit

and can. be factored out as indicated in Equation (3.63),

I=V 1+ - (3.63)
2 c LR g

This expression can- be recast to obtain a relationship for

the impedance, ( Z ) ,-
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f = /1
1 A Z (3.64),

I1 1 I 2

'I + X- XR- c- Lj

vHere,

Z= characteristic impedance , ohms

The denominator of Equation (3.64) can new be expanded as,

1Z= (3.65)
2

-2RXX+RXfXf- +R X
22 Z

X g g

RXXf
2

After a minor rearrangement of Equation (3.65), and

substitution of Equations (3.57) and (3 58) into this
i

ex pression we obtain ,
I

1Z= (3.66)2 2 2L
222 - 2R L + y

R+RwL
C

Ey multiplying the numerator and denominator of the radical

by (ac) 2 this expression can be cast into the form,

1Z = wRL (3.67)4 22 22 2w L + w C R g - 2w R LC+R

Operation at high frequency will cause the second term of

the denominator to become large. Thus for high frequency '

the impedance can-be approximated as,

t . . . ..
.

.
.

.
.

._,
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Z = wRL [! I = 1- s3.68)4 22 wLjwCRg

which is the_ characteristic impedcnce of a capacitor, i.e.,

Z= g=XC (3.69)

Thus an impedance probe which is insensitive to resistivity
must operate at a high_ frequency.

The second previously mentioned criterion was the

easiest to solve. That is, operating the probe at ground

potential. The third criterion specified the circuit

components to be used in conjunction with a Karlsruhe type
2 Probe.

The most basic component of the RPI radio

frequency.(RF) . excitation system is the variable frequency
oscillator (VFO). This device must be very stable,

particularly with regard to temperature changes. A standard

Hartley high frequency oscillator design, was selected as

the RF probe driver. The pr obe was placed in parallel with

the oscillating circuit. This arrangement solved

polarization problems by keeping the probe tip at ground
potential. A pa' allel arrangement of capacitors has total

capacitance equel to the sum of all components. In this

arrangement the effect. of the probe's capacitance change
with fluid phase will be maximized .
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:

A Hartley-oscillator will run at a frequency given

by,'

i
1

f '" (3.70)o
| 2n /EC-

where,
,

frequency of oscillation, bz[ f =
9

! L= oscillator coil inductance henries,

!

C= cscillator capacitance, farads

The total capac itance is- the sum of the tuning ,
,

oscillator-to-probe cable , stray and probe cepacitance.
:

Under opeteting conditions, the oscillator will run at one

frequency when the probe is immersed in the vapor phase and
J

4 at a slightly lower frequency when in the liquid phase.

This frequency shift is easily understood by considering the

dielectric constants asociated with the two phases. Vapor

has a dielectric constant of about 1.0; while for water it

is 75.0.

-It is desirable to make the associated frequency

j shift as large as possible. Stray, tuning and cable

capacitances were thus minimized. The probe capacitance

i would add directly to these ' capacitances, so the smaller
a

these constant capacitances are, the greater portionaof the

total capacitance associated -with the probe. The Harticy

} oscillator output is mixed with a crystal oscillator. ihe

i resultant, frequencies are filtered so that only the

difference between the'VFO and the crystal oscillator'

i

; frequencies are passed. This. technique produces a
!
t

d

.

t

w . -. - . . .
- - - , 4 -% ,--e ,- ..-.-,,,.:- , , _ . . .. m.
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. relatively large change -in signel for a given ~ capacitance-

change.

The probe was designed to detect a-one hundredth

of a foot diameter bubble moving at fifty feet per second.

^A maximum information rat s le thus directly calculated ,

1
0.01 ft = 5 khz (3.71)
.50 ft

sec
_ _

Lower frequency systems are less expensive to build thus a

very high frequency device was not considered desirable.

Basic radio electronics dictates that the lowest carrier

frequency should be at least ten times the information rate

for effective modulation. The frequency difference required

can be expressed as,

f -fm"f = 50 khz (3.72)g ct

where,

f g= probe oscillator frequency when tip is in

the liquid phase, khz

f = crystal mixing frequency, khz

fct= 1 west carrier frequency, khz

A carrier frequency in the vapor phase that is twice +he

liquid phase carrier would permit easy phasic

discrimination. This one octave. frequency difference could

be translated icto a twenty-four decibel _ (more than a ' factor .
,

of. ten) amplitude change, using a simple four pole active
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filter. The twenty-four decibel change will provide adequate

range for phase discrimination. The required frequency when

the probe is immersed in vapor is expressed by,

f - fm"f = 2(50khz) = 100 kha (3. 73)g cg

where,

f = ote oscillator frequency when tip is in,

g
the vapor phase, khz

vapor phase carrier frequency, khzf =

The required change in frequency is obtained by subtracting

Equation (3 72) from (3 73),

' - f, = af = f - f = 50 khz (3.74)cg etg x

The appropriate oscillator frequency can now be calculated.

Equation (3 74) can be ccmbined with Equation (3.70) to

obtain,

Af=f-f 1 1=
g R

_

(3.75)hE hF
R g

where,

total system capacitance with the probe'sC =
g

tip in liquid phase, farads

total system capacitance with the probe'sC =

tip in vapor phase , farads



.I

92

This. expression can be rewritten as,

Af = /5 -75 (3.76)-
2n _ /Le Cg g

' Simplification can be made by noting from Equation (3.70)

that' the frequency of _ oscillation in the liquid phase can be

factored cut, resulting in,

- -

b-bAf = fg (3.77)W
8 y-

The probe and cable capacitance was measured using a

capacitance meter. The all vapor capacitance was found to

be 35.25 picofarads (pf), and the all liquid capacitance was

36pf. Substitution of these values into Equation (3 77) and

noting the of is fif ty kilohertz, f is found to be 24g

megahertz (Phz). This value constitutes the minimum

frequency.

A 27.001 Mhz crystal was used because of .

.

availability. The probe's Hartley oscillator was tuned to

27.051 Mhz in water. This is 50 khz greater than ' the

crystal frequency. The carrier frequency in air was now

measured at 117 khz, resulting .in a difference of 67 khz.

Filtering was1necessary since the; carrier

am,nlitude is relatively constant. Two two-pole Butterworth
.

filters' with a break frequency of 50 khz amplify the phasic

difference..

A useful signal is not yet available since the

|
1

|

)
- __ . - .. - . _ _ . -. . , . - . - . --.
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.

carrier is still AC. It must be rectified and fil te red

further before it can be sent to a ecmparator for

thresholding. Filtering requirements ccn be relaxed if full

wave rectificatior. is performed at this stage. Liodes are

two slow and have toc lcrge a turn-on voltage for this

application. As a result, standard full wave rectifying

circuits could not be used .

A new circuit was designed to full wave rectify

this type of signal. In this circuit, a comparator gces

high when subjected to a positive input voltage. This gate

turns on an analog switch and the circuit beccmes a unity

gain inverting amplifier. A negative input voltage to the

comparator causes it to go low. This gate also opens the

analog switch but the circuit is now a unity gcin

noninverting emplifier. The output from this system is full

wave rectified signal since the positive half cycles cre

inverted 2nd negative half cycles are untouched . This

signal is then applied to a resistor / capacitor single pole

filter. A fifteen microsecond time constant at this stagc

is crucial, since the speed of the last filter usually

determines the device's overall response time.

Due to extensive filtering, the signal quality is

very good. One hundred millivolts of ripple on a six and

one h01f volt signal exist when the probe is in the vapor

phase. The liquid phase shows a one half volt signal with

fifty millivolts of ripple.

The final stages of this RF impedance probe
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contains either a comparator or der ivative box for signal *

thresholding. This. comparator produces output voltages,

c compatable with a ' zero to ten volt A/D converter. The

output of this comparator is used to gate a one hundred khz:

oscillator. The pulses passing through the gEte are
,

| counted.. Local, time-averaged void. fraction can be
i .

calculated as,

1 N
s~

5: P 10 T (3.78)
e

4

i where,
j
' a 1ccal void fr ac tionp=

pulses counted on scalerN :4

S

I . counting interval, secondsT =
Ca

! A block diagram oof the radio frequency probe electronics is-
|

shown in Figure 3.26, and a circuit diagram is shown in -

Figure 3.27. The actual probe, VFO and micrometer driver.

4

mounted in- the -air / water loop are shown in Figure 3.28.

3. 3. 2 High Temperature Optic al Probe,

f.
'As dit, cussed previously, local void measurements<

i

can also be made -by optical techniques. A diamond tipped,

j optical probe . was developed for.this purpose. Fiber optics

i delivered visible light to the. specially cut tip. Re fl ec ted

I
light- from the .tip was transmitted through fiber | optics .to a

1-
phototransistor. The phototransistor converted the

|:
returning light.to arvoltage, which was processed to yield

|
.

,
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the local void fraction.

Snell's Law forms the principle of all optical

void probe's operation,

y sin &y = n2 sin 42 (3.79)
n

where,

refractive index of media-1ny=
ty= angle of incidence, with respect to the

sur face normEl

3= refractive index of media-2n

$7= angle of refraction , with respect to the

sur face normal

Phase detection occurs at the sur face of the probe tip.

This sur face is shaped to internally reflect incoming light

if vapor surrounds it, and to refract light if liquid

surrour ds it. Measurement of the reflected light can yield

the void fraction.

Light, in passing frcm a mcre dense to s less

dense medis , can be totally internally reflected. This

reflection occurs when the angle of refraction becomes

ninety degrees. Snell's Law, Equation (3.79), can be solved

fu r the angle of incidence ,

, _1fnsin&12 2&y = Sin
n (3.60)y

> )
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i
- At.the critical angle,| sin &2 equals one and Equation' (3. EO)~

reduces to
i

&y = Sin' (3.81)
l.

'

k 4
i
4

! This relationship holds only for 'ight going into a less
1

i dense medie. Light. moving into a more dense media is always
i

refracted.
,

1

Both : sapphire and diamond have desirable opticali

j and high' temperature properties. A diamond tip was selected

in this study because of its availability and physical
,

properties. The hardness of a diamond should insure

| endurance and diamonds are known for their outstanding

clarity, having no absorption resonances in the visible

light band. This material also has a very high refractive

j index, about 2.4.

Proper operation of an optical probe crucially-'

j depends on the sensing tip's construction. Several

parameters must be considered in the tip's design:

1) The ' ability to cut the stone accurately.

2) The proper tip angle to insure maximum -phasic
;

discrimination.

3) Streamlined shapei to insure easy interface

penetration.

4) _ ' Correct diamond shaf t length.

5) Small tip diameter to minimize hydrodynamic

effects.

-
-_ - -
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6) The proper ratio , and position , of input and

output fibers.

7) Tip and fiber availability.

8) Tip-to-optical fiber optical coupling

9) Leaktight seal of tip-to-sheath seal .

Some of these parameters are shown schematically in Figure

3.29.

Several tip designs were considered . Curved tip

shapes such as spherical or eHiptical are desirable fo r

optical reasons. Hydrodynamically, however , these shapes

have poor interface penetration chacteristics, and small

voids may ce deflected by the tip surface. Impedance prober

normally use a conical tip and generally have acceptable

h,crodynamic charac teristics. It was reasoned that a

conical diamcnd tipped probe should possess similcr flow

hydrodynamic characteristics.

The geometric parameters of the tip were

investigated by computerized ray tracing. The code, DOPE-1

(Diamond Optical Probe Evaluation), simulsted the

two-dimensional ray paths inside the tip. Ten rays were

initialized along the back face. The rays were equally

spaced in the areas designated as input fibers. The light

was assumed to mcve in a straight line. Its path was' traced

through the tip and back to the rear face unless it was

transmitted out of the diamond.

Several runs of the code were made to optimize the

various parameters. Figure 3 30 illustrates the effect of

-_
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changing the' tip angle. -For small~tip angles, no phase

discrimination is possible since the light is refracted out

of the tip. Large tip angles, while adequately returning

light to' the output fibers, produce rays which exceed the
I
' optical fiber's. acceptence angle. Indeed, phasic

discrimination is-only possible over a relatively small
,

! range of angles.

|
| Figure 3 31 shows the effects of a changing shaft

length for a tip angle of 45 degrees and a constant tip

diameter. The shaft length .was not considered a critical

parameter es long as some minimum length was exceeded , since

diamond availability and cost will limit the length.

The phasic discrimination made possible by varying
i

! the input to output optical fiber area is illustrated in

f Figure 3.32 and 3.33 The light input occurs in the center
.

|
! for Figure 3 32 while light enters around the periphery for

Figure 3.03 Output fibers are available in all other

regions along the back face for these cases, It is obvious

j that an optimal fiber optic bundle would input light along

the periphery and. detect the reflected light in the central-

region.
,

'

A code description and explanation of the DOPE-1

L model is provided in Appendix A.4. A sample case, is

included, as well as the code listing , in Appendix A.5

|- Several; compromises were made in the final design.

i
: Initial considerations indicated that a twelve mil diameter_

was desired. This size turned out to be too expensive to

i

i
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menufacture, thus a twenty-nine mil diameter was used to

determine proof of principle. High costs forced the use of

a commercial fiber optic tundle made by Skanamatics [36].

Optical contact between the fibers and diamcnd was made in a

various fashions. Several oils and ETVs were tried, but

these did not work as well as direct mechanical contact.

The diamond was mounted in a stainless steel

sleeve. Neuber Industrial Diamcnds cut and mounted the tip

in the sleeve. This sleeve slipped onto a Skanamatic probe

body, as illustrated in Figure 3.34

Back end electronics were attached to process the

phototransistor output. They consisted of an amplifier and

several comparators. A light emitting diode indicated the

presence of the vapor phase. The output signal was digital

and could be used to trigger a gate on a high frequency

clock. This clock provided counts to a scalar, similar to

the EF probe design. A block diagram of the electronics is

shown in Figure 3 35, while a circuitry schematic is shown

in Figure 3. 36.

This system was bench-tested in low pressure

air / water flow and appeared to operate satisfactorily. Eue

to the high costs involved in the manufacture of a high

temperature probe of suitably small size , it was decided not

to proceed with the development of this type

probe. Nevertheless, such a probe appears to De feasible

and has a number of attractive features.

1

l
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3 .._3 Signal Processing

The analog signal produced by any local probe must

exceed some level abcve noise to result in an output. Two

besic schemes exist; level thresholding and derivative

thresholding.

Level thresholding has been the most widely used

in the past and is the simplest to apply. This method

employs an adjustable vcitage level. An analog signal from

the prcbe , which exceeds the preset threshold, opens the

ouput gate. The gate remains open until the analog signal

falls below the threshold level.

Derivative thresholding triggers on the slope of

the analog signal. A positive sloped signal indicstes probe

tip entry into a void and enables the output gate. A

negetive sicped signal indicates probe tip exit from the

void and disables the gate. A comparison of level and

derivetive thresholding is shown in Figure 3 37 It can be

seen that level thresholding has a slower response and

cannot detect small, fast mcving, bubbles.

There are four chacteristic frequencies present in

the analog signal:

1) A low frequency.due to void passage time.

2) A higher frequency associated with probe's

penetration time into the void.

3) A slightly higher frequency caused by the

probe's penetretion time from the void.

4) High frequency noise.
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Derivative thresholding may be thought of as a bend-pass

filter, discriminating cut the low frequency due to void

passage and the high frequencies assc.ciated with noise.

Only the frequencies resulting frcm probe penetration, or

departure from the vcid, are passed.

A block diagrem of derivative thresholding is

shown in Figure 3.38. The differentiator establishes the

frequency associated with the analog cignal change. An

adjustable window determines if the frequency should be

passed or filtered. The last stage consists of a fl ip- fl o p

which is enabled by the positive sloped si g r.a1 and disabled

by a negative sloped signal. Figure 3.39' shows the

derivative circuit developed for the EF probe.

Derivative thresholding has two majcr advantages:

1) Insensitivity to baseline capacitance drif t (eg:

changes in fluid temperature).

2) Ability to detect small, fast moving vcids.

A level thresholding circuit is easier and cheaper to
'

construct. However, drifts in the baseline capacitance, due

to varying fl uid temperature, will move the effective

discriminator level.

The EF excited impedance probe was selected for

further development because of cost. Impedance probes are

commonly used in two-phase measurements thus further

development of this scheme is valuable. Moreover, such

probes are some of the only ones known to withstand the

harsh environment usually associated with diabatic two-phase
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fl ows .

In this study both thresholding schemes were

e . ployed in conjunction with the EF local void probe. The
'

results are presented later in the text. A picture of the

actual electronics is shown in Figure 3. 40.

The previously described air / water loop was

outfitted to test and calibrate the FF impedance probe. The

probe mounting and micrometer drive needed for accurate

probe positioning were previously shown in Figure 3.28.

Remote movement of the probe is performed by a stepping

motor as ahown earlier in Figure 3 13 The driver for the

.tepping motor was mcunted outside the high radiation area

associated with the x-ray machine. Hence, the local EF void

probe could be moved along the tube diameter while

simultaneously measuring the chordal-average void fraction

along the diameter with the x-ray system. Integration of

the measured local void fractions and comparison with

chordal x-ray measured chordal-average void fraction will

yield a local probe calibration curve.

3 4 Optical Global Void Fraction Technique

Light rays striking a two-phase interface will be

refracted or reflected , the amount depending on the surface

curvature. The optics of refraction at this 1.iterface are

described by Snell's Law, Equation (3.79).

Global two-phase void fraction measurements can be

made with this principle. That is, a collimated light beam
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can-be' directed through the two-phase mixture and the

transmitted intensity measured. Obviously the light

does not disturb the flow.

A global void fraction measuring device was

constructed based en this principle. The device, called cn

optical digital interferometer, consists of a fou: by four

perpendicular arrangement of light beams, These beams are

directed at opposing phototransietors. This arrangement

cross hatches a pipe with an optical gile. Interfaces are

detected by pulsing the light-beams and simul taneousl y

scanning the phototransistor outputs. This techri2que

eliminster cross-talk between the various beams and

detectors.

A simple Icgic system was employed to un fold the

void fraction and phase distribution. A void present at a

given location will trigger the two corresponding x and y

direction phototransistors- These digital signals latch a.

flip-ficp to light the corresponding light emitting diode
1

(LED) on the display board. A schematic of this device is

sho wn in Figure 3. 41, for -an instantaneous global void

fraction of 12.5 percent (2/16). It can be seen than this

device should be useful for low quality (bubbly) flow and

high quality (droplet) flow, but is not reliable for

intermediate qualities.

Solid state electronics were used to drive the

LEDs , sample the phototransistors and display-the results.

The interferometer's driver board is schematically shown in -
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Figure 3.42'. An adjustable NE.555.astable vibrator. produces
'

4

clock pulses. A SN7400 #1ND gate was used to further' shape
!

]
these pulses. The pulse train is sent in two directions:

1

) directly to the x-axis SN7496 shift register and to a SN7493
i

f binary counter. The binary counter producer one output

I pulse- for four input pulses. This counter drives the y-axis

! SN7496 shift register at one quarter the speed of the x-axis
J

shift' register. These shif t registers drive the LEDs and

sample the corresponding phototransistors. As mentioned

previously, use of the same trigger signal for the

transmitter and receiver avoids crosstalk between the light

i beams. The shift registers are initialized by a pulse from

'

a SN74121 monostable multivibrator.

|
The phototransistor output is processed as shown

in Figure 3.43 to yield the void disfribution. Output from

e phototransistor is amplified by a 741 operational

[ am plifier . The gain of this amplifier is adjustable to that

all phototransistor channels can be equalized.- A 2N2369
,

transistor is used to gate the operational amplifier output

when triggered by the driver board. The x and y signals for

corresponding channels enters a SN7410 three input positive
,

NAND gate. This gate.will inable a SN7474 flip-flop which

! triggers the appropriate LED on the display board. Figure

'

3.44 illustrates the clear and inhibit circuit' for the

display board.-

Introduction and pick-up of the light. be_ms in the

two-phase media was done with one eighth inch diameter
i

j

, -- - , - . , , -- --e - - - , , * , _ -
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sapphire light pipes. These light pipes were used instead

:..
of conventional glass fiber optics because sapphirc has

better endurance in a high temperature environment. Thus,
i

j in principle, this device should also be useful in diabatic
i

j two-phase flows . The optical coupling between LEDs or
-

phototransistors and the sapphire light' pipes was achievedi.
f with General Electric Silicone ETV-615 and SS4120 primer.
1 The. optical digital ~1nterferometer was installed
,

in a special small air / water two-phase test section and
.

i packaged in a case.- Figure 3.05 shows the entire system. A
,

! small air pump supplies air to an aquarium airstone located .

i

in the base of the test section. A close-up of the void

!

j fraction sensing head is shown in Figure 3 46

: Light scattering by two-phase flows have been

studied ex tensively [30,39]. A computer model, called

EUBRAY, was developed to simulate the optical digital
a

interferometer's performance. This_ code performs ray

I tracing in square or round geometries. Fifty rays are

! initialized at the light beam input location and allowed to

reflect and refract thrcugh the two-phase media. A rey
,

1
returning to'the. tube wall has its position calculated. Thei

location bin associated with that region is tallied.

Output from the mcdel includes data to form a
.i

histogram indicating the-light distribution.around the duct.

The-individual ray paths can be printed if desired. A
.

4

simplified flowchart of this code is illustrated in Figure

3.47. Appendix A 6 contains a description cf the models

-

O
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used in EUBRAY, a listing is provided in Appendix A.7

-Several parameters were studied using the EUBEAY

computer code., These parameters included:
i

[ 1) . Water film on the duct during annular flow.

2) Eubble or droplet size.
i

! 3) . Bubble position.

f Small angled ' water films do not affect the digital

|
interfercmeter's operation. However, a water film engle cf

thirty degrees generated the histogram as shown in Figurt

| 3.48. This can be compared with the histogram, shown in
!
! Figure 3.49, for similiar conditions except that the water

film had an angle of zero degrees. Clearly a steep film
5

,

gradient (eg: in a roll wave) will refract the incident

light rays considerably. *

,

The light scattering pattern is a strong function

of the bubble size. Figure 3 50 shows the scattering

associated with' a relatively small bubble. The large

curvature of the interface causes this wide distribution. A

large bubble, in contrast, barely disturbs the transmitted

rays, as shown in Figure 3.51.

Bubble position was also studied. The digital-

interferometer should experience depth perception. Figure

3 52 displays the histogram associated with'a small bubble,

|
close to the light source. If the same conditions are

maintained but the bubble is moved away from the source, the

histogram, shown'in Figure 3.53, exhibits considerably less
t. .

scatter. .This is reasonable since, a void close to the
-

;

'

|

|
L
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light' source acts as a lens and causes the rays to diverge

further after refracting.
.

'Several limitations must be placed on the

application of the optical digital interferometer for vcid

fraction measurements. This device requires square light

beam mesh. This arrangement is not always possible since

internal components may block the light beams. However,

pipes are-round and a square mesh can leave regions

unmapped. In addition , in a large conduit it is difficult

to. keep the light beams collimated.

As mentioned previously,.the optical digital

interferometer has application only in the low and high void
,

ranges. It is interesting to note, however, that this

device can detect droplets in annular flow. A schematic of

the bench test run to- verify this capability is shown in
!
; Figure 3 54.

Computer simulation and cperating experience

indicate that for conditions where the void fraction data

obtained from the optical digital interferometer is

difficult to interpret, (i.e.; intermediate void fractions),

other techniques such as radiation' attenuation or global

capacitance gauges are reasonably reliable. This is

fortunate since these devices are not~ reliable in the low

and high. void' region,-where the optical digital

interferometer appears' to be accurate.

i

! |
l I

j
i

1

i <
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4. PDF AND P;s 9ESULTS

A large amount of air / water twc passe flow chordal-average

vcid fraction _ data was taken using the x-ray' system. This

data included zero and non-zero liquid flow cases. .In all,
_

forty-nine sets of data' were. acquired and processed. Each

set consisted of six chordal. measurements, including one

alcng the diameter and one adjacent to the-tube wall. The
'

flow was found to be axisymetric so, as shown in Figure 4.1,

data was only taken on one side of the tube. A plot of-the

air / water superficial velocities measured are shown in

Figure 4. 2 with flow regime boundaries. It can be

noted that the' data is concentrated in the regions in which

flow regime transition was expected. For ease of display

all data taken at zero liquid superficial velocity has been

placed at one thousandth of a meter per second. The flow

regimes indicated- in Figure 4.2 were determined from direct '

visual in form ation .

Each measurement ecnsisted of twelve thousand

eight hundred (12,800)_ instantaneous void frac tion readings -

at each chordal-location. These data were collected at a

rate of two hundred samples per second. A sixty-four second.

sample time was determined to be large enough to insure a

statistically stationary chordal-everage void fraction value

for all flow regimes tested.

The normalized PDF was formed from all the

' acquired data points in each chordel void measurement. This

histogram was further analyzed by computing the various

:
136 |
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t
:

!

moments associated with it.

| The first one thousand t we n t y-fo ur (1024) points

were used in forming the PSD because of the limitations on

the PCP-15 computer's central memory. A sampling frequency

| of two hundred per second results in a Nyquist frequency of

f one hundred hertz or one half the sampling rate. To

i

minimize aliasing errors the break frequency of the active

.

low pass filter was set at 100 hz. This dtta set size, and
i

I

i the associated Nyquist frequency, set the frequency

| resolution at slightly greater than one half Hertz. The
i

moments of the PSE were calculated in a fashion 2dentical to

the PDF. Different part; of the full data set were ensemble
i

averaged to insure that the first one thousand twenty-four

.

point set produced a representative power spectrum.
!

|
The effects of Hamming and Hanning wi nd ows [40)

were also investigeted. Application of a data window

changed the total amplitude of the spectrum tut did nct

| change its shape. Thus , no windowing was performed on the

data presented herein.

! The' x-ray machine measured the PDF shown in Figure
i
i

| 4.3 for zero void fr a c tio n . The PDF appears to be almcst a
1

pe r fe c t spike at zero void. Actually, this distribution is

a normal distribution with a very small variance. The x-ray

system developed et F.PI obviously had a more stable photon

i output than the one used previously by Jones [6].
.

Chordal-average vcid fraction profiles -for zero

liquid flow are shown in Figure 4. 4 These profiles are
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~

3- categorized by:their associated area-averaged void fraction ,

as specified in the legend of the graph'. It can be seen
.

that the void fraction profiles associated with zero liquid
.

- flow are' relatively' flat over most of the pipe. Non-zero.

liquid flow cases can have slightly lower void fr a c tio n s .

t
'

near the wall region.

4.1 Visual Catc

i Photographs and visual observation were taken cf ,

each two-phase condition studied. At low liquid velocity,

visual flow regime identification is easily made for bubbly
,

or slug flow. Higher liquid velocity makes visual flow.

regime distinction more difficult.

Churn-turbulent flow is relatively easy to

observe , howev>;r , the transistion frcm ' slug to

churn-turbulent flow is very difficult to detect visually.

The conclusions drawn from visual observation can.

{ dif fer , depending on the ' observer. Photographs, while

providing a fixed picture of the two-phase flow, indicate

the conditions in a given region at a particular. instant.4

;

Steady-state' flow regimes usually span most of the test'

i
section , thus a photograph of the entire pipe is- required to

.

t

| attempt a reasonable flow regime estimate. Visual methods
.

4

are subjective and accurate conclusions regarding flow
,

regime boundaries-cannot normally be made. Photographs of
_________________

The . area-average void fractions were determined by,

; - numerically integrating the corresponding chordal-average
void fractions (see' Appendix A.9)

;

|

i
1

e - , - . , - - - - r w - --r..mme~ +, --.----,w ..-~r - - - - y , - - - - - . - -
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some of the two-phase conditions studied are included with

the PDF and PSD measured along the tube diameter. The

reader is cautioned, however, that they illustrate only the

instantaneous phase configuration in one part of the test

secticn.

4.1.1 Cen+ erline PEF and PSD Distributions

Photographs of some of the two-phase mixtures are

displayed with the diametric PCF and PSL. The diamcter

distributions were selected because they are representative

of the ecnditions prevailing in the entire pipe.

The PDF, PSD and two-phnse mixture associated with

an area-averaged void fraction of 13 percent art illustrated

in Figures 4.5 to 4.9 The liquid superficial velocity

studied are 0.0, 0.12, 0.25, 0.37, and 0.50 m/sec,

respectively. A unimcdel PDF, typical of bubbly flow, is

observed. A sharp peak is also observed at zero void

fraction due to the measurement associated with the liquid

phase only. Jones [6] did not observe this peak, a p pa r e n't l y

because of the resolution of his system.

The associated PSE increases in bandwidth with

increasing liquid velccity. This resul t is expected since

vcid transit time is decreasing. The amplitude of the FSE

decreases with increasing liquid velocity as the energy is

more broadly distributed.

Figures 4.10 to 4.14 illustrate the PDF, PSE ar.c

two-phase mixture associated with a 20 percent area-averaged
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A photograph (a)e diameter PDF (b), and diameter PSD -(c), for 20
percent area-averaged void fraction, h=0.25 m/sec, }3=0.123 m/sec
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A photograph (a), diameter PDF (b), and diameter PSD (c), for 20
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void ~ fraction. The respective'.l'iquid superficial, velocities

were 0.0, 0.12, 0.25, 0 37, and 0.50;m/sec. This flow

regime is also bubbly and a unimcdal.PDF is observed. The

onset of liquid flow initially causes the PDF to become mere
.

peaked as shown in Figures U.11 and 4.12. The . PDF broad ens

at larger air and sa:cr flow rates because of the more

fr eque nt formation of Taylor bubbles. This broadening is

shown in Figures 4.13 and 4.14

The PSC associated with this void fraction show a

fairly well defined pack in Figure 4.10. This peak is
,

caused by the emergence of a characteristic fr equency,

however, the observed peak is still of an amplitude

comparable to other frequencies in the PSD. PSDs shown in

Figures 4.11 throuEh 4.14 have rather broad band spectrums
:

of relatively low amplitude. This observed trend .in the

PSDs is caused by the onset of liquid fl ow.

For 26 percent area-averaged' void fraction, the

PDF, PSD and .two-phase picuture are shown in Figures 4.15 to

4.19 for liquid superficial velocities of 0. 0, 0.12, 0. 2 5, .

0.3, and 0.5 m/sec, respectively. The PDF associated with

2,to liquid flow is very broad due to the presence of Taylor

bubbles. As found- at lower void fraction , the onset of

liquid . flow reduces the breadth of the PDF; this is shown in

Figure 4.16. The increasing air flow- associated with an

increasing liquid eflow, at. constant area-average void

fraction, promotes the transition to slug flow. A very

-broad PDF.is' observed for a superficial. velocity of 0.25

E _ _ __ _- _ m___, w , , y _ _ , - - - _ _ . , . . .
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m/see as shown in Figure 4.17. Ul tims t el y , the liquid

cannot suppress the transition to slug ficw and the PCF

becomes bimodal. These results are clearly shown in Figures

4.18 and 4.19. Notice that a sharp peak at zero

chordal-average vcid fraction is still observed. *

The PSEs associcted with this void fraction show
an interesting trend. All PSEs for this void fraction show

characteristic peaks. The position of these peaks increase

in frequency with increasing liquid velocity. Some of the

peaks are rather broad; especially those shown in Figures

4.16 and 4.19.

A further increase in area-average vcid fraction
,

to 32 percent prcduces the PDFs, PSDs and two-phase

photographs shown in Figure s 4. 20 through 4. 24. The

superficial liquid velocities are 0. 0, 0.12, 0.25, 0.37, and

0.5 m/sec. Visually, slug flow is apparent but the PDF

clearly becomes totally bimcdal only at the higher liquid
velocities as shown in Figures 4.22 through 4.24. Th ese

PDFs clearly indicate that the transition to slug flow does
not occur sh ar pl y. Moreover, the emergence of slug flow is

not clear from the PDF alone.

Jones [6] has previously attempted to discriminate

between flow regimes by looking at the number of modes in

the PDF. The previous PDFs and photographs indicate that

the transition from bubbly to slug flow can be very gradual .

Discrimination based on the number of modes will not always
be accurate. Jones tested a 2-dimensional conduit geometry
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Figure 4.24

A photograph (a), diameter PDF (b). and diimeter PSD (c), for 32
'

percent area-averaged void fraction, jp0.50 m/sec J =0.445 m/sec3
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whi7h simplified data. interpretation'. The round-conduit-

geometry used in this study indicates that the number of

modes possessed by a PDF is not sdequate for flow regime
t

. identification. .However, as will be discussed in later

. sections , calculctions of the mcments provides a more

'

objective measure.

The PSDs at 32 percent area-average vcid fraction

are all indicative of slug flow, i.e. a large peak has

emerged et low frequency. The location of the peak<

increases in frequency as the liquid velocity increases.

This result'is expected since the peak is due to the

frequcncy associated with the 1iquid slug transit time.

Fully-developed slue f1cw is obvious in Figures

4.25 to 4.29 for 41 percent area-averaged void fr ac tion .

Like the earlier data the liquid superficial velocities

stud ied wer e 0. 0, 0. 12, 0.25, 0.37, and 0.50 m/sec,

r es pec tiv el y . 1he PDFs are all bimodal as expected.

The PSDs also show behavior characteristic of slug

flow.- A peak of large magnitude at low frequency is

observed. This peak's location moves to higher frequency as

the liquid velocity is increased.

Fi~gures 4.-30 and 4.31 give the photograph, PDF and

PSD associated withL 55 and 65 percent area-averaged void

fraction , respectively. These results were obtained at zero

liquid superficial velocity. The PDFs are bimodal but show

peaks at high void fraction. The PSDs indicate a large, low

"
frequency peaks typical of slug ficw.
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percent area-averaged void fraction. Jg0.12 m/sec, Jg0.301 m/sec
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A photograph (a), diameter PDF (b). and diameter PSD (c), for 41
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Figures 4.32 th' rough 4.$6 illustrate the PDF, PSL

and photograph for 68 area-averaged void fraction. The

liquid superficial velocities are 0.0, 0.12, 0.25, C.37, anc

0. 50 r/sec , respectively. The zero liquid flow case has a

bimcdal PDF and a single low frequency peak in the PS L.

Liquid flow causes a unimcdal FCF typical of annular fl ow .

The FSL is broadened and reduced in amplitude as would be

expected in ennular ficw.

An increase in area-average void fraction to 72

percent produces Figures 4. 37 through 4. 39 for 0. 0, 0.12,

and 0.25 m/see liquid superficial velocities , respectively.

The PDF clearly indicates annular fl ow . The PSC has a wide

band of low amplitude, also characteristic of annular flow.

Roll waves appeared along the vaper/ liquid interface,

typical of annular fl o w .

Data acquired at 76 and 79 percent area-average

void fraction is shown in Figures 4. 40 and 4. 41. These data

were acquired at zero liquid superficial velocity. Annular

flow is clearly present. The PDF is unimcdal and the PSL

has a fairly broad bandwid th o f lcw amplitude . Foll waves,

characteristic of annular fl o w , are particularly obvious in

Figure 4. 40.

4.2 Statistical Data

As was discussed in a prior section, the PDF ano

PSD do not provide an objective flow regime indicator.

Interpretation of this distribution is still subjective.
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Figure 4.36
A photograph (a), diameter PDF (b), and diameter PSD (c), for 68
percent area-averaged void frection, Jj=0.50 m/sec, J =4.24 m/sec3
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The moments-of a distribution, however, are a unique set of

objective parameters cssociated with the distribution.

Several mcments were calculeted for each void fraction data

set including:

}
1) The mean, or first moment about the origin.

2) The second raw mcment, or seccnd mcment about

.f the origin.
,

3) The vzriance, or second moment about the mean.

4) The coefficient of skewness, or third mcment

about the mean divided by the variance raised to

the 1.5 power.
{

5) The coefficient of kurtosis , or fourth moment

abcut the mean divided by the variance squared.
1

6) The cummulative value , that is the integral of

the distribution (i.e. the energy).

These measures of the distribution are widely used in

classicc1 signal recoEnition theory techniques, and were

investigated in this study, as a function of void fraction.

The review of the mcments to find an objective

flow regime indicator was conducted in two stages.

Initially, the data ecquired with zero liquid flow was

plotted es a-function of void fraction. Secondly, the

various moments were plotted as a function of liquid

superficial velocity. The data acquired Et constant void

fraction was grouped for each plot. A good flow regime

;

indicator will be fairly independent of measurement

position, hence all data was also plotted by chordal
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,

f

location.

4.2.1 Probability Eensity Function (PDF) Data

The FDFs' resulting from void fraction measurements

| with the dual beam x-ray system showed three distinct

regions:
'

| 1) A spike at ze ro v'oid .
I e

i 2).. A broad peak at 15-20 percent chordal-average

void.

3) A sharp pea' at 75-80 percent chordal-average

void.

The-zero void spike corresponds to a chordal measurement of
|
! water only. Small, discrete bubbles will produce the broad

| peak found at low voidage. Large voids, usually filling the

entire pipe-during slug or annular flow, are responsible for

the high void fraction peak.
!
'

Eubbly flow exhibited the zero void spike and a

single broad-peak. Annular flow shows only the high void

peak, as would be' expected. Slug flow represents a

combination of these three possiblities. Churn-turbulent

flow, and higher void fraction slug flow,- contains the low

and high void peaks only.
1

l

4. 2.1.1 Zero Liquid Flow Data-
. .

The . mean void fraction , or first moment of the

void distribution, will correspond exactly to the ~ time

averaged void fraction if the process is statistically |

!

e- m,- w n e- 4 4" vo< <-w
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stationary. This relationship is called the Erogodic

Hypothesis. Figure 4.42 compares the mean and the time

' av erag ed val ue ~. The correlation is-excellent, indicating a.

stationary process, and that the measurements are
1

independent of chordal position. Unfortunately, the mean

does not = provide information regarding the flow regime

boundaries.

The second raw moment is shown in Figure 4.43 as a

i
function of chordal void fraction. . This response is

I- relatively smooth over the void fraction range. All data,

regardless of-position, follows essentially the same curve.

Replotting the same data as a function of the area-averaged

void' fraction results in Figure 4.44. The values of the
,

: . .

Chordalmcment are approximately straight lines.

measurements at location A', 'B' and 'C ' produce mcments'

independent of position. The flow effects due to the wall

appear in the data at the 'E' and 'F ' chords but -thd linear
'

trend is still-observed.

! A plot of the variance as a functioh of

chordal-average void fraction is indicated in Figure 4.45.

The curve is relatively smcoth in the region expected for

the bubbly-slug transition.(at 20 to 30 percent void

fraction). A-slug-annular-(at 70 to 80 percent void

fraction) -is also indicated since the variance changes

sharply for a rlight increase in void fraction. .This graph

does not clearly illustrate if'a flow regime change has

occurred. The same data replotted as a function of

,

(

i.

|
, -. .. .. . ,
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area-averaged void fracticn is shown in Figure 4. 46. This

graph reinforces the idea of using the variance as a

possible slug-annular transition indicator. All data, with

the c x 'Sption of that along the wall chord, changes

dramatically at about 70 percent area-average void fr ac tion .

The curves then tend toward zero as the void fraction
approaches one. This should be expected since the mean void

fraction would be centered about unity for an empty pipe.

It can be noted that a variance of 0.04 predicts the

slug-annular transition.

Two-phase flow structure can be easily associatec

with the variance. Liquid bridging across the pipe is the

primary physical difference between slug and annular fl o w .
|

For slug flow the presence of a low void region, associated

with the liquid slug (and entrained bubbles), and a high

void region associated with the large spherical cap bubbles,
produces considerable variance from the mean. The

disappearance of the liquid slug corresponds to a

significant decrease in varience and thus indicates
i
| transition to annular fl e w.

; The response at the wall can also easily be
ex pl ained . Larger gas flow rates, associated with the

higher void fractions, cause the liquid phase to flow on the

walls. Th us , for annular flow, void frac tions measured in

( the wall region will be considerably lower than in the rest
|

| of the test section. A word of caution is in order,

however, since due to the effect of slight changes in

!

l

!
|

l
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,

geometry, poor accuracy can.be expected near the wall. In
.

addition , . radiation streaming may be occurring because .of the

potential for a parallel attenuation situation as shown

schematically in: Figure 4.47. '

A plot of the third mcment , the coefficient of
i

. skewness, as a function of chordal void fraction is shown in
4

| Figure 4.48. The skewness is relatively smcoth in the
F
'

bubbly-slug transition region, further indicating the
,

,

smoothness of this occurrence. A potential. slug-annular
l

j, transition is indicated near 80 percent chordal void

fraction. Skewness is relatively independent of position ,
'

4

except for the wall .

TI e skewness, like the variance , is a measure of

the distribution with respect to the mean. The loss of

liquid bridging should produce a considerable shift in the

void PDF. Replotting the data in terms of area-averaged,

i

void fraction is illustrated in Figure 4.49 This graph

accentuates the skewness minimum at about 70 percent

i area-average void. It can be seen that the 'E' and 'F'

I chords do not exhibit trends similar to the other chords.

Note, however, that for the diametric measurements, both the
,

skewness- and variance change at the same voidage.
'

4
1

1: 'The fourth moment , the coef ficient of kur tosis , is

plotted as.a function'of chordal void fraction in Figure,

~

.

4.50. This parameter is relatively constant in the

bubbly-slug transition region. Kurtosis, or peakedness, is

minimized near 50 percent chordal void fr ac tion . This<

4

T

----- .w. , , . - . , , , . , , , - - - . . . ,
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.

. observation is'-explained by considering 'the slug- flow

. pattern. At this voidage, sn even distribution is observed
i

;- between these phases, thus'the high and low voidage PDF

i
j peaks' offset each other and minimize the kurtosis.
4

The ':ur to sis , like the lower mcments, indicates

flow regime transistion-near 80 percent chordal void

) fraction. All' chordal measurements follow the same trend.

As expected,:the-measurements made near the wall do not

y readily indicate a flow regime transition..

; A. plot of the coefficient of kurtosis as c

function of area-averaged vcid frac tion , Figure 4.51,4

further -amplifies the slug-annular transition. The kurtosis

increases rapidly at 70 percent void. This response
;

'

corresponds to a substantial increase in peakedness caused

by the disappearance of the liquid slugs. It should be noted
1

that ' measurements made near the wall, i .e. the 'E' and 'F'

chords, do not exhibit the same trends as data acquired

elsewhere.
,

i

j 4. 2.1. 2 Non-Zero Li quid F]ow'Eata

i
Any useful flow regime indicator should be

,

independent of mixture velocity. Thus, the data. acquired at

t non-zero liquid flows was compared to that acquired at zero

liquid ' flow.

The variance was observed to be-relatively
i
I constant in bubbly flow. Figure 4.52 illustrates the
!

variance as a function of liquid superficial velocity - for an<

:

-

j.
.
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area-averaged void 1 fraction of ;3 percent. Increasing the

area-averaged?vcidage to 20 percent results .shown in Figure
!

4.53 -The vsriance initially decreases with the onset of
3

i

liquid velocity. Th is occurence indicates that the

'

bubbly-slug transition is suppressed by the liquid velocity.

An increase in liquid velocity ultimately cannot stop -the

transition to slug flow because of the corresponding
'

increase in vapor flow rate necessary to maintain constant

i void fraction. This phenomena is also seen at 26 percent
,

j ' area-averaged void fraction, as illustrated in Figure 4. 54.

The onset of. liquid flow initially' suppresses the

bubbly-slug transition. At some point, the liquid velocity

can no longer stop the transition and the variance increases

dramatically indicating a transition. Notice that all

chords indicate similar trends. Clearly, the bubbly-slug

'

flow regime transition does not occur at constant void
~

fraction , howev er it is seen that a variance of 0.04 will
'

:

predict the bubbly-slug transition.
4

A further increase of area-averaged void fraction

'

to'32 percent produces the variances shown in Figure 4. 55.

Slug flow is obvious and the variance continues to increase
t

with liquid fl ow. At 41 percent area-averaged void

| ' fraction , the variance. is independent of liquid velocity as .

; shown in-Figure 4.56. All chords, except the ' F ' wall

*

chord , have a similar magnitude, and every chord exhibits

the same trend.,

Figure 4.57 illustrates the variance as a function

i

a

|
'
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of. liquid superficie? velocity at 53 percent area-averaged
void fr a c t i on . A general decrease in variance is observed.

This trend continues at 66 percent void fraction. Ho we v e r ,

as_shown in Figure 4.58, the rate of variance decrease is

increased. The large vapor flow rates this void fraction

tends to push the liquid to the wall causing a sl ug-annular
flow regime transition.

The zero liquid - flow cese showed a larger variance

during annular flow because it was a special situation. For

this case the liquid phase drains around the updrafting
vapor frequently prcducing a chugging phencmena. At higher

i

vapor _ velocities the liquid becomes ficoded , resulting in
i

intermittent wetting cf the wall. In the non-zero liquid

flow cases, the liquid and vapor phases flow concurrently
and continuously up the pipe. The liquid film associated

with annular flow is constantly replenished thus

establishing a more stable condition.

A further increase in vcid produce a slowly

decreasing variance as shown in Figure 4. 59, for 68 percent

area-average void fraction, and in Figure 4. 60, for 72
area-average void fr ac tion . The variance increases as the
tube wall is approached. Ho wev er , the wall measurement

shows a variance considerably be16w other measurements

associated with the same data set. This result is expected

since the wall chord contains primarily liquid film in
annular fl ow. As a void fraction of 1.0 is approached,

chordal measurements near the wall will exhibit an

|
1
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intermittent void fraction, and thus have larger variances

than neasurements nearer the tube diameter.

The skewness , or third moment about the mean
.

exhibits some of the variance's trends. Except for the wall

chord , the coefficient of skewness is relatively constant for

13 percent area-average void fraction bubbly flow as shown

in Figur e 4. 61. Increasing the area-average void fr ac t ion

to 20 percent produces the results shown in Figure 4.62.

The trend with j g, observed here is very similar to the
variance data shown in Figure 4. 53 An area-averaged

voidage of 26 percent results in Figure 4.63, phile the data

at 32 percent area averaged void fraction is illustrated in

Figure 4.64

The shape of the skewness verses liquid

superficial velocity graph is similar to the same graph'for

the variance , however , the magnitude of the skewness doe s

not change in a fashion necessary to establish a precise

bubbly-slug flow regime indicator. The magnitude of the

skewness generally decreases with increasing void fr ac tion ,

however, a transition from bubbly to slug flow produces an

increase in skewness. These two phenomena occur

simultaneously and tend to offset each other.

These trends are easily explained if the meaning

of skewness is considered. Skewness is a measure of the

difference between the median, the 50th percentile, and the

mean. Bubbly flow has positive skewness, i.e., the median

is to the left of the mean. Slug flow may have either
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positive or negative skewness. However, most annular flows

exhibit neg ative ske wn e ss , i.e . , a median to the right of the

mean. An increase in the vcid fraction at low void causes

the median to approach the mean thus reducing the ske wn e s s .

As indicated earlier, introduction cf a non-zero liquid

superficial velocity tends to suppress the bubbly-slug

trensition and not cllow the median to approach the mean.

An increase in void fraction results in plots of

the coefficient of skewness for various area-averaged void

fractions, as shown in Figure 4. 65 for 41 percent void end,

in Figure 4.66 for 53 percent void fraction. As explained

earlier the megnitude of skewness decreases with increasing

vcid fraction but is independent of liquid supe r fic ial

velocity.

The coefficient of skewness remains relatively

independent of liquid superficial velocity for a large range

of area-average void fr a c tion s . These trends are shown in

Figures 4.67 and 4.68 for area-averaged void fractions of C6

end 68 percent respectively. The skewness is relatively

independent of the chordal location except at the larger

void fractions. As indicated earlier the data acquired

close to the wall is effected by the local phenomena at the

wall,
j

|

Annular flow is accompanied by an increase in

skewness as shown in Figure 4.69 for 72 percent area

averaged void fr ac tion . A liquid superficial velocity

greater than zero will supply fluid to the wall liquid film.
l

|
:
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As a result, the annular flow regime can be generated mere
easily. The skewness will thus decrease since the liquid is

not an intermittent counter-current fl o w.

Kurtosis, the fourth mcment about the mean, is

very independent of liquid velocity and correspondingly flow
regime. F.f g ur e s 4. 70 through 4.72 indicate that, except for

the wall chord , the coe fficient of kurtosis is inveriant

with respect to liquid superficial velocity for
area-averaged void fractions of 13, 20 cnd 26 percent. The

magnitude of the coefficient of kurtosis does change as a

function of voidage and is relatively independent of
position. Clearly a bubbly-slug flow regime indicator is

not possible using the coefficient of kurtosis.

In the slug flow regime, the coefficient of

kurtosis again does not exhibit any dependence en liquid

superficial velocity as shown in Figures 4.73 through 4.75

for area averaged void fractions of 32, 41, and 53 percent,
respectively. Moreover, the coefficient of kurtosis is

independent of chordal position.

A further increase in void fraction results in
considerable variation in the coefficient of kurtosis as a
function of measurement position. The coefficient of

kurtosis associated with area-averaged void fractions of 66,
68, and 72 percent is shown as a function of liquid

superficial velocity in Figures 4.76 through 4.78,
respectively. Superficial liquid velocity effects and

position effects are illustrated. These trends are expected



_ _ _ _

8
g..

O R CHED (DIA)
e B CHORD

A C CHORDg,

d- + 0 CHORD

X E CHORD,

y + F CHORD NALL)

M
e-
~

b

$
U
U 8
b d-
8
8
a.

8
-

r-

--, -
~="

-'

Q . . .

1 .00 0.10 0.20 0.30 0.40 0.S0

'

LIQUID SUPERFICIAL VELOCITY, rt/SEC

Figure 4.70 The PDF coefficient of kurtosis vs. superficial 11guld velocity at b
,

13 percent area-averaged void fraction



8
g..

O A CHORD (DIA)

o B CHORD

A C CHORDg
d- + 0 CHORD

x E CHORD,

h + F CHORD (URLL)
e

h Ed
s-
~

8.

W *

H
M
u. 8
Q d-
u

, - -

0-

8
-g-

;, _

- _, 2
, -_

o . . . .

N.00 0.'10 0.20 0.30 0.40 0.50

LIQUID SUPERFICIAL YELOCITY, t!/SEC
g
'

t
Figure 4.71 The PDF coefficient of kurtosis vs. superficial 11guld velocity at

20 percent area-averaged void fraction

_ ____ ____ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ - _ _ _ - - _ - _ _- -



-. _-- . - - .

8
N'

s A CHORD (DIA)

O B CHORD
A C CHORDo

o ,

ti- + D CHORD |
Ix E CHORD

,

y + F CHORD (WALL)
r

h 84
m-
~

5

$
e
E 8
8 =

-u .

8
a.

8. .
"2

m m

; -x,- .

-

..
-,,

8 - -

~0.00 0.10 0.20 0.30 0.40 0.50

LIQUID SUPERFICIAL VELOCITY N/SEC s,

O

Figure 4.72 The PDF coefficient of kurtosis vs. superficial 11guld velocity at
26 percent area-averaged void fraction

_ _ _ _ _ - _ - _ _ _ . _ _



-- .. . .

8 ..

O A CHORD (DIA)

e B CHORO

A C CHORD8
-n- + 0 CHORD-

x E CHORDm

+ F CHORD (WALL)

3 8
m-

8
~

g _- .

u
e g'
h oi "
u

8
vi~

x
. n

ih.;;
. -

g y
- -

. .

0.00 0.10 0.20 0.30 0.40 0.50

LIQUID SUPERFICIAL VELOCITY, t1/SEC N

$
Figure 4.73 The PDF coefficient of kurtosis vs. superficial 11guld velocity at

32 percent area-averaged void fraction

_ _ _ _ _ _ _ _ _ -



_ _ _

8..g
O A CHORD (DIRI

O B CHORO

A C CHORD
8 + 0 CHORD

x E CHORD
$, + F CHORD (WALL)

{
52 8

-

ng

!
M
|t 8. ..
8 m
o

b

8
ei-

"

;g

8" i i i i
. . ,

0M 0.10 0.20 0.30 0.40 0.50

LIQUID SUPERFICIAL VELOCITY, M/SEC
O
u

Figure 4.74 The PDF coefficient of kurtosis vs. superficial 11guld velocity at
41 percent area-averaged vold fraction

1

.



8
:d '

s A CHORD (DIA)

O B CHORO
A C CHORD

8
ai- + 0 CHORD

X E CHORDm

h + F CHORD (WALL)
r

b 8
<g

W
H
M
& 8 ^

-

8 =
u

'

8
m

:: 7 5 k
8, . . . . .

7 .00 0.10 0.20 0.30 0.40 0.50

LIQUID SUPERFICIAL YELOCITY. t1/SEC to

O

Figure 4.75 The PDF coefficient of kurtosis vs. superficial 11guld velocity at
53 percent area-averaged void fraction



-_______ _ - _ _ _ _ _ _ _ _ _ _ _ - _ _ _ .

8
- .m A CHORD (DIA)

$ o O 8 CHORD-

A C CHORD

8 + D CHORDg
' X E CHORD

$ * F CHORD (WALL)g
e-

E e. .
g "a

M i .w
U . .

t g. . .

Q
"w

u

>

E. -- m, ,
mm -_ m,

a 1 . a

0.00 0.10 0.20 0.30 0.40 0.50

LIQUID cUPERFICIAL VELOCITY, M/SEC ee

@

Figure 4.76 The PDF coefficient of kurtosis vs. superficial 11guld velocity at ;
!66 percent area-averaged void fraction



.. .. _ _ _ . -- .. . _ . . - . . -

8
g. .

m A CHORD (DIR)

e .8 CHORD

A C CHORD

2 X EC.

$ + F CHORD (URLL)
r
5 I

8. .x
''

& 1

5
U .

f- .
.

"
<

hu.

8 ,

N:: -

x x x

8, . . .

7 .00 0.10 0.20 0.30 0.40 0.50

LIQUID SUPERFICIAL VELOCITY,11/SEC w
$

Figure 4.77 The PDF coefficient of kurtosis vs. superficial Itquid velocity at
68 percent area-averaged vold fraction



_ _ _ _ _ _ _ _ - - _ _ _ _ _ _ - - _ ___ . _ _ - _ _ _ - - - - - - - _

8
&

rJ A CHORD (DIR)

e B CHORO
A C CHORD

f. - + 0 CHORD

x E CHORD,

y + F CHORD (iJALL)

b
8. --u
"

8
* t

-

~s

m .g
-

-

u

8
a.

g b 0
&iw-

::
* x

8, -
:

-

'J.00 0.05 0.10 0.15 0.20 0.25

LIQUID SUPERFICIAL YELOCITY, r1/SEC

M
Figure 4.78 The PDF coefficient of kurtusis vs. superficial 11guld velocity at

72 percent area-averaged void fraction



232

since the kurtosis is a measure of the distribution's

peakedness. Around the slug-ennular transition , the void

, distribution is more peaked for the chord along the ditmeter

than the one adjacent to the wall.

Figure 4.76 also shows a very important

! relationship to the variance earlier illustrated in Figure

4.59. The distribution's peakedness increases with

superficial liquid velocity while simultaneously the

veriance drops with superficiel liquid velocity. This

c3 early indicctes that a flow regime transition is occurring.

4. 2. 2 Power Spectral Censity (PSD) Data

The first one thousand and twenty-four (1024) dcta

points acquired from each chordal measurement were processed

by a Discrete Fast Fourier Transform (DFFT). The power

spectral density was formed by summing the squares of the

real and imsginary components output from the DFFT, d iv id ing

by the data acquisition period and then multiplying the

result by two. Multiplication by two was necessary since

all the data was real, and thus the Fourier Transform is

symmetric.

Three types of power spectra were observed:

1) A wide band , low amplitude spectrum usual]y

associated with bubbly flows.

2) A low frequency peak of large amplitude usually

associsted with the charac teristic frequency of

slug fl o w.
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4

i 3)' A medium band with an amplitude spectrum

I corresponding to annular fl o w.

i The band width 1 of the bubbly flow spectrum will increase
4

with liquid elocity since the shorter veld transit time
,

;

j corresponds to higher frequencies. Similarily, the PSC for

! slug flow shif ts to high frequency as the liquid super fic ial
,

! velocity is increased. Annuler flow is composed of the

!

frequencies of the rcll waves moving along the liquid |'

film / vapor interface and thus produces a spectrum of medium

width, which increases with liquid velocity.,

A comparison of the time average of the data

sub<st used in the PSD calculation and the time avcrage of'

the entire data set is shown in Figure 4.79 A reasonable

I correspondence is illustrated, indicating that ensemble

averaging of each record of (1024) data points is

unnecessary. Bubbly and annular flow regimes produce close
i

correlation while slight discrepencies are observed in the;

!
slug flow regime. Only the 'A' and 'F ' chords are shown

i

since these measurements bound all other chords.
.

!
' 4. 2. 2.1 Zero Liquid Flow Data

I The PSD was Feimann integrated to calculate the
!

! cummulative'value, or total energy. These results for the
'

'

zero -liquid flow data are shown in Figure 4.10, as a

fur.ction of ' chord al void fraction . As expected, the spectrei

r

i

have a maximum energy in the slug flow regime. Bubbly and

i annular flow have -a wider bandwidth but small amplitudes,
[

i-

_ . . . . . , - . . . _ . . . _ _ - - - - . _ . __. _ - . _ . . _ . - . - - _ , -
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hence less energy.

The first mcment about the origin, or mean, is

plotted in Figure 4.E1 as a function of chordal void

fraction for the zero liquid flow case . As expected, the

mean increases as we go frcm bubbly to sl ug flow due to the

emergence of a characteristic frequency of low amplitude .

Churn-turbulent and annular flow show a decreasing everage

as a function of void fraction. This trend is explained

since the wider bandwid th and lower amplitude associated

with annular flow will result in a smaller average value.

Normalization of the PSD average by the energy

results in Fig ure 4. 82. The resulting curve is relatively

smcoth in the lower vcid fraction regions. The PSD average

normalized by energy indicates a transition near 80 percent

chordal void fr ac tion . Higher moments of the PDF exhib:ted

a similar trend at this void fraction. The smaller average

value and the Icwer energy associated with annular fl ow

combine to produce this flow regime transition indicator.

A plot of the PSD variance as a function of

chordal void fraction is illustrated in Figure 4.83 No

clear trends are apparent. Division by the total energy

yields Figure 4.84. This normalization accentuates a

possible slug annular transition near 80 percent chordal

void fraction , however , no bubbly-slug transition is

evident.

The variance normelized by the energy is mimimized

between 40 and 60 percent chordal void fraction. Here a
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single', ~ 1erge amplitude peak has emerged from .the power

spectrum. The energy associated 1with this peak is#

relatively large, thus arsmall variance-energy quotient.

I .The mean PSD value is usually very close to the

origin. Thus, the second raw mcment, i .e . , the second

mcment about the origin and the' variance, the second mcment
| about the- mean , do not differ significantly. Any discussion

regarding the variance is equally applicable to the second

raw mcment.

!
Figure 4.85 illustrates the PSD coefficient of

skewness as a function of chordal void fr ac tio n . A

} gradually changing skewness is observed over the entire

} range of zero liquid flow void fraction, unfortunately, no
objective regime indicator is evident.

; _

;
Normalization of the skewness by the energy

results in . Figure 4. 86. The skewness-energy quotient

gradually decreases as we approach the bubbly-slug
i

transition region. This quotient is relatively constant in

the slug flow regime and independent of chordal position.
;

Near_. the slug-annular transition region (suggested by other
~

potential- flow regime indicctors) , this quotient increases2

considerably. This trend' would be axpected since the

skewness is increasing ~ with voidage due to the widening of-
;

the PSD distribution as the annular flow regime is
2-

- encountered. Simultaneously, the total en'ergy is decreasing
|

and thus the quotient will increase. These same trends |
I,

,

shown in Figures 4.87 and 4.88 were observed in the PSDt

:

i.

~ '^ - ~ , ~ , , _ ,
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coefficient of kurtosis and energy normalized coefficient
of kurtosis.

\

4.2.2.2 Non-Zero Liquid Flow Lata

Division by the total energy provided higher

moment curves which were more easily interpretable. Hence,

the non-zero liquid flow data was presented with all mcments

normalize by the total energy.

The verience divided by the total energy is

plotted in Figure 4. 89 for an area-averaged void fraction of

13 percent. Clearly the variance is affected by the

changing liquid superficial velocity. This trend is

expected since lcrger frequencies are available as the the

liquid velocity is increased. These larger frequencies are

of smaller amplitude but increase the variance. All chords

yield similar results. At 20 percent area-averaged void

fraction the increasing verience divided by energy trend is

observed as shown in Figure 4.90. The larger liquid

velocities at this voidage show a significant change. The

emergence cf a characteristic frequency associated with slug

flow causes a substantial decrease in variance and increase

in energy, thus the variance-energy quotient is

substantially affected. 1his effect is very noticable along

the centerline chords. The measuremen'ts near the wall show

the increasing trend shown at lower liquid v el o c i t y .

Figurc 4. 91 illustrates the trend in variance

d iv id ed by energy at 26 percent area-averaged void fraction. !

l
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The variance-energy quotient initially increases because : the*

<

flow of liquid causes the slug flow .to revert to bubbly

flow. A further increase cf liquid flow at constant vcid

_

fraction can not suppress the bubbly-slug transition. As a

j result, the veriance-energy quotient is reduced to a value

comparable to the zero liquid flow case.
i

Initiation of liquid flow causes an increase in
!

p the variance-energy quotient as shown in Figure 4.92 for 32

; percent area-average v oid fr a c ti on . Slug flow is obviously

present here. A further increase in void fraction results
;

in Figures 4.93 through 4. 97 for area-average void fraction
t

! of 41, 53, 66, 68, and 7.2 percent, respectively. lhe
1

| variance-energy quotient exhibits an increase with
a

) superficial liquid velocity. This trerd is expected because

; the higher liquid velocity will introduce more low
i

amplitude, higher frequency components into the signal.

These higher frequency components will contribute little to
.

the total energy but significantly increase the variance.,

;
4

All chordal measurements, except the wall chord, followed

,
the same trend with approximately the same magnitude.

!

j The same trend s observed in the variance were seen-

in the second raw mcment , i.e.; the second moment about the
t

; origin. The mean is very close to the origin, hence a |
!

! significant difference in the second moment magnitude was
i not observed. As a result,- the second raw mcment
#

1

; information is not presented.
l

!

| The third and fourth moments of the PSD did not
!,
i
d

i

. , . . . . _ .
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provide any useful flow regime transition in form ation ,

nevertheless, these graphs are included for completeness as

Figures 4.98 through 4.115. All chordal measurements ,

except the wall chord, follcw the same trend with about the
I same amplitude. For annuler flow, these moments become very

position dependent as shown earlier in Figures 4.114 and

4.115.

4.3 Data Consistency

Two verifications were performed to assure

accuracy in the previous results. First the Ergodic

Hypothesis was verified earlier, as shown in Figure 4.42.

As a result the process was shown to be statistically

stationary.

The second verification was obtained by comparing

a glotc1 void fraction determined from pressure drop

measurements with the weighted and integrated chordal x-ray

measurements, i.e.; the area-average void fr ac t io n . A

weighting scheme proposed by Pike [41) (see Appendix A.9)

was employed . The results are shown in Figure 4.116.

Considering that fluctuation in pressure drop made an

accurate manometer reading difficult (particularly for the

slug flow regime) , the observed correlation is excellent.
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4.4 Comparisons With Other Data

Many other researchers have studied t wo- ph a s e

flow. In part.culcr, Nicklin, et.al. [42] proposed the

following correlation for slug fl o w ,

<j,>
<3; 1.2 (<j g > + <j >) + 0.35(gD)1/, (4.1)=

where,

<a>= cross-sectional avcrage void fraction

<j g> = liquid superficial v el oci t y , ft/see

<j >= vapor superficial velocity, f t/sec

The data taken by the x-ray system at zero superficial

liquid velocity is compared with this correlation in FiEure

4.117. Acceptable agreement is observed. Figures 4.116 and

4.11c compare the x-ray data and Nicklin's correlation at

liquid superficial velocities of 0.12 and 0.25 m/sec. Lata

for 0. 37 cnd 0. 50 m/sec . liquid superficial velocity is

compared to Nicklin's correlation in Figures 4.120 and

4. 121. In all cases good agreement is observed, except at

the larger voidage, where annular flow existed . A review of

Nicklin's work showed that his own data showed a similar

disagreement.

Zuber and Findlay [43] have presented a

correlation for the vapor velocity and the mix ture

superficial velocity (<j >). A plot in the <jg/<a> vs. < j>

plane produces a straight line with a slope of 'C g', the

void concentration parameter, and a y-intercept of 'V '
gj ,

the drift velocity. It has been previously shown [43] that

|
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1

4

the 'C ' ' parameter can range from 1.0 to 1.6 depending ong

the fluid system pressure.and geometry while "V gj " can vary

from 0.3 to.1.2 ft./sec. The flow data and the vcid4

fraction data were combined to produce a plot in the

i
"Zuber-Findley" pl ane . This graph , shown in Figure 4.122,

of 1.29 andindicates that our dsts is correlsted by a 'C '
g,

'

V ,j' of of 0. 49 ft ./ sec . A least squares fit of the data'i a
o

! produces a ccrrelation coefficient of 0.999, (i.e. ; near
t

i perfect correlation). Cbviously, these vslues are well
4

I within the ranges indicated by Zuber and Findley [433.
4

i Since reasonable agreement with similcr prev.4ous works- was
1

achieved, the x-ray data is believed to be-accarate.
j

!
t

!

4.5 Recommended Flow Fegime Indicator
i

The mcments of the PDF and PSC associated with a
: '

|
variety of two-phase. conditions were calculated. Even

;

though flow regime information is evident in many of the

mcments calculated. The variance , or secon,d moment about
-

the mean, ef the'PPF appears to be the best flow regime!

indicator. Fe ? the pipe flow data analyzed , a variance

: greater - than 0.04 indicated slug flow. Smaller variances

.
I!

! indicate a bubbly or annular flow regime, depending on the
'

mean void fraction. This flow regime indicator is- not

i strongly dependent on the superficial liquid velocity, and~

is fairly independent of chordal measurement position, thus
j
! it appears to be.a good choice.

,

I

i

-
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The flow regime map determined using this

criterion is shown in Figure 4.123. Comparing this figure

with the flow regime boundaries indicated in Figure 4.2

(developed from direct visual observations), we see that the
0.04 variance criterion proposed does a good job.

This flow regime map disagrees somewhat with other

maps. Figure 4.124 compares the results shown in Figure 4.123

with the man suggested by Taitel and Dukler [2d It can

be seen that the bubbly-slug (i.e. churn) transition

boundary is in good agreement however the slug-annular

transition is off significantly. This may be fortuitous

since their flow regime criteria for the bubbly-slug flow

regime trcnsition is based on a constant area-averaged void

fraction, a trend which was not observed in this study.

Moreover, their slug-annular transition criterion of 15 m/sec

is not supported by our data.

As shown in Figure 4.125, our 0.04 variance ' ow

regime indicator produces reasonable agreement with Griffith

and Wallis [21] map for the slug-annular transit on. It

also agrees with the Griffith and Wallis flot regime map for

data acquired at zero liquid flow for the bubbly-slug

transition. However a significant discrepency exists at the

bubbly-slug transition for non-zero liquid flow.
Duns and Ros [443 also proposed a flov regine map.

The variance criterion proposed herein disagrees with this

map as shown in Figure 4.126. Duns and Ros predict the

existence of bubbly flow when slug flow was visually

observed and indicated by the variance criterion. Likewise,

,
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.

Duns and For predict slug flow when annular flow was

observed and predicted by the variance criterion.

The map propcsed by Govier snd Aziz [45) is better

but still differs somcwhat from the variance criterion

prediction at the bubbly-slug transition. As shown in

Figure 4.127, the slug-annular transition predicted by the

variance criterion is in reasonable agreement with the

slug-froth transition showr. Ly the Govier and Aziz flow

regime map. It should be noted that the msps suggested by

earlier researchers [21,22,44,45] do not completely agree

amcngst themselves, thus it is no surprise that our data

does not agree with all of them. Indeed, this disagreement

is a reflection of the subjective nature of previous

investigators' flow regime maps , and clearly indicates the

need for an objective criterion.

The physical characteristics of the f ow regime
1

are readil y associated with variance. Bubbly flow has a

relatively uniform void distribution in time, thus a smcll
|

| variance. In contrast, slug flow contains alternating

! regions of large and small void fraction, thus producing a

relativcly large variance. Annular fl ow , like bubbly flow,

has a relatively uniform void distribution except near the

( wall, consequently a small variance is produced .

Somc of the other moments of the PDF provide flow

regime information, while others do not. However, for all

other moments there were some problems associated with

interpretating flow regime transition. The second raw

!
!

- _ - .
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mcment, or second mcment about the origin, does not exhibit

any radical change with changing flow regime. Ske wn e ss , the ',

third moment, has a trend similar to the variance, however,

two phencmena are ecmpeting in the skewness resulting in cn

unclear indication of flow regimc transition. The fourth

m cm en t , kurtosis, is relatively flat in the bubbly-slue
transition region. In the slug-annuler transition zone,
however, the kur tosis does have possibilities.

Un fo r tun a tel y , at the larger void fractions this mcment is

very dependent on the chordal position of measuremcnt and

thus does not provide a good flow regime indicator.

All mcments associated with the FSD exhibit a
strong dependence on superficial liquid velocity. This

characteristic is very undersirable because any correlation

would require knowledge of the liquid superficial velocity.
Void fraction measurements are sufficiently difficult, the
requirement of a simultaneous liquid velocity measurement

renders the use of PSD moments impractical. Moreover , onl y

the variance of the PSD has possibilities for a flow regime I

indicator. The skewness and kurtosis are essentially
independent of the flow regime. As a result, tha moments of

the PSD are not considered to be as valuable as the variance
of the PDF for flow regime identification.

It should be stressed that our data base is

limited to low pressure air / water flow in circular conduits ,
and thus the generality of using a constant PDF variance

(i.e. 0.04) as a flow regime trensition criterion needs
1
1
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further verification. L'ev e rthel ess , based cn what we havc

seen to date it appears to be a very promisinE criterion.

4.6 Error Analysis

Two types of errors are normally associated with

void fraction measurements ; static and dynamic. Static

error is due to the geometry and count statistics associated

with the measurement. Lyramic error mcy be caused by

improper averaging of the phenomena under study.

4. 6.1 Static Error

The static error may be calculated frcm geccetric

and counting statistics associated with the x-ray system.

Equation 3.51 can be rearranged to yield the reletive error.

IR $ 2
SD [2 u T+p C +2 (p -u )C](4.2)

2 4 ,RST i (1-"+ )*fgg3
,

-- ; =

L" [ A ecI u C ,22
d g g,

where,
9

d= detector area struck by beam, em "A

Ig= photon intensity on test section,

2photons /cm sec

RST = s urce to test section distance, em

R '
SD

attenuation coefficient of walls of test=p

section, em~1
-1

vapor phase attenuation coefficient, emp =
g

-1liquid phase attenuation coefficient, cm=u g

i
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T= wall thickness o f conduit , em

C= chord length through two-phase mixture, em

This expression etn be evaluated at each chordal position to

yield the relative chordal-averagt void fraction error rt

that locEtion.

The flux needed for evaluation of Equation (4.2)

must be measured and calculated. To this enc, an ionization

chamber was placed at the exit of the lead collimator

associated with the x-ray beam. A lead sheet was used to

cover the collimator entrance until x-ray operating

conditions (40 ma, 22 kvp) were reached. The lead sheet was

then remcved remotely and the time of exposure caref ully

measured. After a sufficient period of time the x-ray

machine was shut off. Livision of the total dose (in rads)

by the exposure time yielded a dote rate of twenty-two reds

per minute. Several runs were made and this value was

consistently measured.

*

The fl ux can be obtained by combining the dose
!

rate, the x-ray spectrum and the true mass absorbtion

! coefficient. Relative intensities can be calculated by the

expression, Equation 3.55, suggested by Krammer [37). The

I operating conditions of 32 kv and 40 mc were substituted

into Krammer's expression to produce Figure 4.128.

The photon fl ux can be calculated from the

National Eureau on Stand ards Formulation ,
i

11 (E)pT(E) (4. 3)D(E) = 1.6x10 &

|
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where,

D(E)= dose rate, rads /sec

2c(E): photon flux , photons /cm -see

pT(E): photoelectric or true mcss absorption

2
coefficient of detector medium, em /gm

photon energy, kvE =

This ex pression is divided in severci energy subintervals

for integration because dose rate is a function of energy,

32 key 32 key
'-11

T(E)EdE=2h# adsD(E)dE = 1.6x10 4(E)p g ,4)n
Skov 5 kev

Equation 4.4 illustrates the expression which must be

| evaluated. A lower limit of 5 kv was selected as a lower
; energy cutoff due to x-rcy filtering. Equation (1.4) can bc
!

further reduced to ,

12 kev 12.5 kev
i ?(E)p,p(E)EdE = 4(E)pT(E)EdE +

5 ev 5 kev

:

17,5 kev 22.5 kev
f4(E)pT(E)EdE + 4(E)pT(E)EdE +j

12.5 kev lh.5 key

27.5 kev 32 kev j
j 4(E)pT(E)EdE + 4(E)pT(E)EdE
| 22,.5 kev 2h.5 key

l

210 ohotons kv= 2.3 x 10 (4.5)gm sec

|

|
.- -
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Substitution of the mass absorption coefficient and the

relstive intensities into Equation (4.5) allows es1culation

of the energy dependent photon fl u:: 4(E).

This calculated flux is a vector quantity, but

x-ray intensity is a scalsr. Since the photons are

primarily uniaxial, the fl ux and intensity have the same

mcgnitude. Thus the total integrated flux incident on the

detector is,

32, kev

i= c(E) d E (4.6),

5 key

This expression can be integrated by the same scheme used

euclier. Evaluation of this expression produced c flux cf

9 9
4.5x1C photon /cm'-sec. This value was then used in Equation

(4.2) to get the relative error.

Figure 4.129 shows the relative error associated

with each chordal position as a function of void fraction.

The curves shown account for all the variation in wall

thickness and pathlength at the various chordal positions.

The centerline chord produces the most accurate results

since the largest portion of the x-ray is attenuated in the

two-phase mixture. Correspondingly the wall chord contains

the largest relative error.

The absolute error can be calculated by

mul tipl yi ng the relative error by the associated void

fraction. These results are illustrated in Figure 4.130,

for an integration time of 1'ms. It can be seen that the
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design and operating conditions of this x-ray system produce
mecsurements with acceptably small static error.

4.f.2 Dynamic Error

Dyncaic error results because the logarithm cf the

time-average value of the measurement is not equal to the
time-average of the logarithm of the measurement. That is,

~ ~

T T
1 1~

En a dt f En a dt (4.7)=

T, T ;
O O

where,

E= short-time and chordal average void fr ac tion
T= averaging period, seconds

Most photon densitcmeters operate in the pulse mcde; that
is, they count single events. The relatively small source

strength associated with gamma ray devices make this type of
counting system necessary. Void fraction is normally

calculated (see Appendix A.10) by,
{

(1 2c
LD I

- =-,1 ia
fl 1 (4.5)g

Rn -

IE a

where,

E chordal average void fr ac tio n=

i

12&= number of counts during time interval-T,
|

when the test section is filled with a
two-phase mixture

I
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number of counts during time interval-T.I =

8
when only the gas phase is present

number of counts during time interval-T,I =
g

when only the liquid phase is present

X-ray systems yield very high equivalent source

strength. So high in f act that one can work in the current

mode, and thus logarithms of the analog signal can be done

electronically before data processing. Thus the measurement

signal is linearized prior to time-averaging. The void

fraction is then calculated with the linear relationship

as shown in Equation (4.9),

R ~R
2& L_a(t) = (4.9)
R-
G L '

where,

a(t) = instantaneous chordal-tverage void fraction

instantaneous voltage associated with theR =
24

two-phase mixture

R * "* "" * * ** ** "
G

filled with vapor

voltage associated with test section filledR =
g

with all liquid phase

Due to linearization, dynamic error was not present in our

x-ray measurements.

a

l
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5. Radio Frequency Excited = Local Vo'id Probe Results
.

5.1 Calibration Procedure;

The response of ^ the radio frequency excited void
i

probe (RF Probe) was measured for a variety of two-phase
conditions. Both level and derivative thresholding were
tested. The previously described x-ray system was employed

the standard against which to calibrate this locclas

impedance probe.
a

Initial operation cf the local probe indicated

that radial . symmetry existed in the test section. Hence,

subsequent data was -only taken over one radius of the pipe.
-The radius was divided into ten equally spaced intervals. A

local probe reading was taken at each interval's endpoint
along the diameter. The point void fractions were

numerically integrated by Simpson's Rule to determine the
chordal average void fr ac tion . Sim ul taneousl y , the chordal

average. void fraction. was measured with the x-ray system.

The stepping motor system,. described in Chapter 3, was used

to move the probe remotely.

A coarse calibration was necessary to determine

the appropriate level and derivative threshold setting.
This calibration consisted of operating the probe in a
steady two-phase flow while varying the threshold value.

Two graphs , for level and derivative thresholding , are
illustrated in Figures 5.1 an'd 5. 2. These curves show three ,

general regions:

.
-

'
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1)' A region of high void fraction response caused

by too low a threshold setting.

2) A region of fairly flat void response (i.e. a

plateau), where the measured void fr ac tio n is

relatively independent of threshold' setting.

3) A region of decreasing void fraction response

where the threshold is large, ultimately going*

to zero when the threshold level exceeds the

signal.

It can be seen that the plateau is more pronounced for the

derivative thresholding system, indicating that it is a more

forgiving technique .

These graphs are very similar to the curve of

photons counted as a function of the discriminator level ,

employed in nuclear radiation-detectors. Thus, the same

criteria in selecting an operating point can be employed.

The threshold should be large enough to eliminate noise , but

not be too large, or actual vcid pulses will not be counted.

Obviously, the level should be set in the middle of plateau

region. Based on these conditions, a level threshold of 4.0

volts and a derivative level of 0.24 volts were selected.
This procedure is considerably. different from the

usual scheme used with level thresholding cn other probes.

Normally, the threshold is set to give the correct response

fo r the two-phase conditions encountered. Some type of

densitometer is required to be orerated in parallel.

Calibrating the probe at a constant tnreshold setting will

,
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produce res. lts of comparable accuracy, merecver the user

does not need to know the flow conditions prior to

operation. The probe's response can be corrected before
1
'

data processing, thus giving the probe practicality in

transient fl o ws .

Twenty-two test conditions in air / water flow were

selected for calibration. These ranged from bubbly to ,
a

annular flow. Ten data sets were taken in stagnent liauid. )
l

Twelve data sets were taken at various non-zero liquid f1cw |

|

rates up to a superficial liquid velocity of one half meter |

per second.

'
l

1

5. 2 Level Thresholding

'

Data was acquired using the EF probe and level

thresholding. The integrated response of this local probe

is compared with the x-ray measured chordal void fractions

in Figure 5.3 These data sets were taken in stagnant liquid.

The probe significantly underestimates the vcid fr ac tion .

The response of the probe to changing liquid velocity at

constant void fraction is illustrated in Figure 5.4.

Increasing the velocity causes the probe's measurement to

approach the true value. Nassos and Bankoff [46] have

indicated that the minimum liquid velocity for small flow

effects is about one half meter per second. This v elocity,

unfortunately, was the maximum attainable in our air / water

loop.
J
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.

Two phenomena are responsible for these data''

trends; void penetration by the probe and residual water

ifilm wetting the probe. Void penetration problems dcminate
.

at the~ lower void fraction and flow rates. Sur f ace _ tension;

effects are inversly proportional to the radius, hence small'

.

voids .are the ,most difficult - for the probe to penetrate. -

Increasing the liquid velocity allows the probe to more

easily penetrate the liquid / vapor interface and decreases'

void deflec''.on.

The residual water film effects may be significant

in the slug and annular flow regimes. The larger vcids have

less surface tension and would cllow easier penetration,

j The probe also spends considerable time in the vapor phase,
i

Formation.of a liquid film would cause the probe to falsely
a

indicate the presence of liquid phase. However, the2

increasing vapor vt.ocity associated with a larger liquid

I velocity minimizes the residual water on the tip. As a

result'the FF probe tends to indicate a higher with

increasing liquid velocity.
,

Drift in the' operating level of the RF probe was
,

-observed. This problem was caused ' y variations in water

tem pe ra tur e . A smell change in temperature will cause a'

change in the liquid phase dielectric constant [47], as
shown in Figure 5. 5. Sine'e the dielectric constant is

I directly proportional to the capacitance of the fluid , the

, baseline capacitance shifts-with temperature. This -resul t
:

can be significant since the change in capacitance between
!

| -

!

l
- -. - - . . _ . . , _ _. ,_ _ _ _ _ _ _ _ , , _.
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;

phases is only 0.15 pf.3-

The observed drift in the baseline capacitance

i makes level thresholding dif ficult. A shift in the

operating levels changes the . effective discriminator level,

thus during any sort of transient operation level

thresholding could not perform satisfactorily.i

5. 3 Derivative ' Thresholding _

Derivative thresholding was employed with the RF

probe to-remeasure the twenty-two selected two-phase flow

; conditions. The inte& rated response of this local probe is

'. compared to the x-ray measured chordal void fractions in
i

Figure 5.6. This data was taken with. zero liquid flow. The

probe overestimates the void fraction below 23 percent and

} underestimctes the void fraction elsewhere. Flow effects

still dominate the response.'

Derivative thresholding, however, produces more

accurate results then level thresholding. Figure 5.7;

1

illustrates the effects of velocity. The response in bubbly

flow is essentially independent of liquid velocity.
!

0bviously this thresholding scheme tends to compensate for,

some of the liquid / vapor penetration problems just

; discussed. Slug an'd annular flow conditions still show some
~

flow effects , however, like the data taken with .a level'

,
threshold, the flow. effects decrease with increasing liquid

4
I velocity.
:

,

4

f
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Radial. void pr o fil e s , taken for optimum ' settings

| with level and derivative thresholding, are presented in
| Fig ur~e s 5. 8 through ~ 5. 29. The integrated levels associated o

with. each profile as well as the void fraction measured by
the x-ray: standard is shown . It can be seen that.levcl
thresholding fails to pickup some of the previously observed
[48)(Serizawa et al) details seen by derivative
thresholding.

From this data correction curves for level and i

!

derivative thresholding can be constructed. The correction

curves for zerc liquid flow are shown in Figures 5 30 and

5.31,

The corresponding correction curves for non-zero

liquid flow data are shown in Figures 5.32 and 5.33 for
level and derivative-thresholding. Like the zero liquid

flow correction curves, these graphs are constructed by

d ivid ing the x-ray measured chordal-average void fraction by

| the integrated local probe measurements to obtain the
|

correction factor.

The corrected radial void profiles for derivative

| thresholding are shown in Figures 5. 34 to 5. 55. These

curves were constructed by multiplying each point void

fraction reading by the chordal correction f actor. This

insures that the integrel of the radial void profile will

agree with .the x-ray measured chordal-average void fr ac tion .

Only derivative thresholding results are shown due to the

inherent problems with level thresholding previously
i

'i

~

l

|
l

_ _ _ _ _ . _ _ . . . .. . . . - - . .- - . .- - ,
|
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discussed.

|

5. 4 The Ef fect of Liquid Phase Eesistivity

Three zero liquid flow cases were studied with

1three tablespoons of iodi zed table salt added to the water. I

The av.ition of sal t changed the conductivity associated
with the liquid phase; from 135.9 micromhos to 6.7
millimhos. The addition c f salt also increased sur fac e
tension and consequently increased flow e ffec ts . Figures

|

!5.56 through 5.58 compare the uncorrected pure and salt j
1water void taken with derivative thresholding. The bubbly

flow profile shown in Figure 5.56 is considerably altered
i

:
due to flow effects. Neither the slug flow void profile,

shown in Figure 5. 57, nor the annular flow void pr o fil e ,

s ho wn in Figure 5.58, is strongly effected by the addition
of salt.

|Lev el thresholding was not even operable with the
j

salt water condition, since the addition of salt changed the
!

idielectric constant of the water. As a result the baseline '

capacitance changed considerably. This changing baseline

requires a new discriminator setting; a very undesirable
situation, in that complete recalibration would be

necessary. It was clear that deriv ative thresholding is the
preferred technique for the signal processing of RF excited
local impedance probes.

l
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i

5.5 Conclusion

Cerivative thresholding of an EF excited local f

probe gives much better local void fraction results than ;
i

i those obtained with level thresholding. Moreover, the
,

scheme is less sensitive to liquid velocity changes and
;

j water purity than level thresholding. Indeed, it has been
4 ,

fo un d that level thresholding is not reelly practical .
!
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6. Summary and Recommendations

6.1 Flow Regime Identification

Forty-nine two-phase flows were studied with a

dual beam x-ray system. The chord al-av erag ed vcid fraction

was measured at six chordel locations across the pipe for

each air / water fl o w. The probability density function (PDF)

and power spectral density (PSD) function, and their first

four mcments , were calculated for each chordel position.

An objective flow regime indicator was developed

from the first four mcments associated with the PDF and PSD.

The variance of the PDF is recommended. This moment

responded to the changes in flow regime end was found to be

independent of liquid superficial velocity.

Substantial physical significance can be

associated with the variance of the PDF. Bubbly f1cw

consists of smcll, distributed voids and thus any void

fraction measurement should have a small variance. Annular

flow is mostly vapor and correspondingly will also have a

small variance. Sl ug flow, however , contains discrete

regions of large. and small void fraction. The variance

about the mean will thus be large. For the conditionr

tested in this study the level of variance which indicated

the bubbly-slug and slug-annular flow regime transition was

found to be 0.04, independent of flow rate.

The mcments of the PSD need to be correlated with

liquid superficial velocity in order to be useful . This

367



1

36E

1

|would require the simultaneous measurement of the liquid '

superficial velocity. Thus the PS C , and its mcments, are
l

not recommended as a flow regime indicator. '

;

Fin-ily, it was observed that the commonly used

[22) flow regime transition criterion cf constant void

fraction was inadequate, since it does not capture the )
observed flow ef fec t.

6. 2 .2dio Frequency Probe Operation and Thresholding

A local impedance void probe excitation scheme was

developed and tested. This device operated at radfc

frequency (RF) and drcve a Karlsruhe type locsl 1:a ped a n c e

probc. Twc signal thresholding techniques were used: single

level and derivative. Single level thresholding triggers on

the magnitude of the void signal while derivative

thresholding responds to the slope of the analog vcid I

!
signal.

!
1

The FF probe was satisfactorily tested in tap and

salt water. The probe, when operated with derivative

thresholding, did not exhibit a sutstantial resistivity

dependence, confirming that the FF excited probe was

independent of liquid phase resistivity.

Level thresholding did not operate adequately

particularly when fl uid resistivity changed. This

thresholding technique is very sensitive to baseline

capacitance which will vary with temperature and water

purity. As a result , derivative thresholding is

|
|
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recommended. It was noticed that flow ef fects dominated the

probe's operation especially at low void fraction and flow

rates. This was true regardless of the method of

thresholding and is due to inherent surface tension and

fluid dynamic effects.

6. 3 Optical Tecnniqces

A high temperature diamond tipped optical probe

was shown to be feasible for local vcid fr ac t ion

measurements. Nevertheless, high cost and various

manufacturing considerations (eg: seals, differentisl

thermal ex pansion , e tc .) remain problems to be everccme

be fo r e these probes are practical.

An optical global veid probe, called digital

interferometer , was built and tested. This device operated

reasonably well for high and low void fractions in small

diameter ducts. The device is also capable of detecting

droplets in annular fl o w . Application of this technique to

large diameter pipes does not appear to be practical since

it is very dif ficult to collimate the light beams across

large gaps.

6.4 Future Work

Several areas require future work. The proposed

flow regime indicator (i.e. the variance) should be

evaluated in a high pressure steam environment. In
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addition, c2fferent geometries, such as larger diameter

pipes, triangular and eccentric annular test sections, and
rod bundles,_should be studied in air / water fl ows .

| The EF excited local probe with derivative

thresholding should be tested at larger liquid supe r fi c ial
velocities, and high pressure steam / water proof tests should
be conducted.

A high temperature optical local probe should be

develcped along the lines presented herein. While such f
probes will likely be quite expensive they should be

inherently insensitive to fluid conditions, and thus easily
interpretable.

|

|

|

!

l
i

|
|
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APPENDIX A.1

ACCUISTION AND CCNVERSION OF X-RAY DATA

This appendix contains two cceputer codes. The

first code , FLOW 6, samples the analog-to-digital (A/D)

converter and stores the binary results on the outer 16

tracks of the FDP-9 disk. This code also computes the

runninE time average. The code will prompt the user for the

appropriate inputs.

The seccnd code, 1 FORM, reads the binary data

placed on the disk by FLCW6 and converts it to the 4It

format of FORTRAN. This code then writes the converted data

to a DECtape for permanent storage. Like FLOW 6, TFORM will

prompt the user for the necessary input,

i

__m



w m;

372

/ FILE NAME: FLOW 6 SRC
/
/ THIS PROGRAM AEEPS A RUNNING SUM OF THE
/ ' AMPLE INPUTS AND THE NUMBER OF SAMPLESJ
/ INEN PRINTS OUT THE AVERAGE WHEN THE
/ RbN is GSMPLETED.
/
/ FROG?AM TO SAMPLE ADC 30K TIMES AND STORE
/ DATA DN i;'' 16 OUTER TRACKS OF THE DISK
/ WRITTEN BY JOHN W. PETTIT 2/25/77
/

DSRS=707262
DSSF=707001
DSCN=707044,

DSCF=707041
DSFX=707042
DLAH=707064
DLAL=707024
DSCD=707242
CMSA=704:01

. TITLE FLOW 6

.IODEV 4

.GLOBL AVEOUT,SAMP

.INIT 4,1ePLP1
/
/ SET UP INTERUPT FOR CAMAC
/

CAL 0
16

/

/ SKIP CHAIN NAME
/

CMSK
/
/ INTERUPT HANDLER
/

\
CMINT I

/
/ SET UP DISK
/

CAL 0
16

/
/ DISK SKIP CHAIN
/

DSSF
/
/ INTERUPT HANDLER
/

DKDA
LAC (3)
IOT 704

/
/ CALL ROUTINE TO GET NUMBER OF DATA SAMPLES
/
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!

'l

.!

'
'

JMSs SAMP
JMP .+1+1

/ .DSA NSAMP
| LAC NSAMP

CMA
I DAC DONE
4 ISZ DONE

LAC (BAD 1)
DAC POINT
LAC (0)

I DLAH
LAC (5)

g DSCF ,
* DSFX
! LAC TRKAD
! DLAL

/
j / ENABLE THE INTERUPT I.E. ALLOW COMPUTER TO BE INTERUPTED

/ CRATE 1. FUNCTION 26 ENABLE, STATION 1e SUBADDRESS 1
4

i /
LAC ENINS
704204

j LAC TWO
' 704244

704254
/
/ ENABLE THE DATA PULSER TO THE LINEAR GATE
/ CRATE le FUNCTION 26 ENABLE, STATION 19e SUBADDRESS 2
/

I LAC ENGT
704204

i LAC TWO
704244

,

704254
2 /

/ DATA DISPLAY SECTION,
j /

| PLP1 LAC BUFSW
j SZA
; JMP DBUF2
1 LAC (BAD 1)

PLP2 DAC ADCT1'
LAC FHUN
DAC ADCT2

.I-
DZM ADCT3

PLP3 LAC ADCT3
ICT 506

,
TAD FOUR
DAC ADCT3.,

LACs ADCT1 '
,

IOT 646'

ISZ ADCT1
ISZ -ADCT2
JMP PLP3

j LAC DTEST

:

i

!

!

!

I
|
'
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AND (1)
SNA
JMP PLP1

/
/ WRITE TO TELETYPE TO INI.ICATE CORRECT DATA ACQUISITION
/

. WRITE 4e2 WRD1:4

. WAIT 4
/
/ CALL SUBROUTINE TO WRITE OUT VOID FRACTION
/

JMS* AVEOUT
JMP .+3+1
.DSA PCT
.DSA RUNVL
.DSA RUNCT
. EXIT

DBUF2 LAC (BAD 2)
JMP PLF2

/

/ INTEEUPT HAND!.ING SECTION
/
CMINT DAC ACSAV

LACs (0)
DAC INTSAV

/

/ READ A TO D CONVERTER INTO PDP-9 ACCUMMULATOR
/ CRATE 1. FUNCTION 1, STATION 1e SUBADDRESS 1
/

LAC ADC
704204
LAC TWO
704244
704254
104212
DACs POINT

i

AND (1777) l
TAD RUNVL
SNA
JMP POP

,

|

ISZ PCT
AND (377777)

POP DAC RUNVL
ISZ RUNCT
ISZ BUFCT
JMP OUT
LAC BUFSW
SZA
JMP BUF2
LAC (TAG 2)
DAC POINT
IST BUFSW
LAC (TAG 1)
DAC* (37)
JMP DATCH

i
|

I.
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,

Dur2 LAC (TAG 1)
DAC POINT
sZM BUFSW
LAC (TAG 2)
DAC* (37)

DATCH LAC FHUN
DACs (36)
DA~ BUFCT
DSCN
ISZ DONE
JMP OUT

/
/ DISABLE THE DATA PULSER TO THE LINEAR GATE
/ CRATE 1e FUNCTION 24. STATION 19. SUBADDRESS 2
/

LAC DAGT
704204
LAC TW3
704244
704254

/
/ DISABLE THE INTERUPT FOR DATA
/ CRATE le FUNCTION 24eSTATION 1eSUBADDRESS 1
/

LAC DAINS
704204
LAC TWO
704244
704254
ISZ DTEST

GUT ISZ POINT
LAC ACSAV
ION
JMP* INTSAU

DNOA DAC ACSAV
LAC * (0)
DAC INTSAV
CLA
r5RS
AND (200)
DSCD
NOP
JMP BAC

/

/ WRITE TO TELETYFE TO INDICATE DISA ERROR
/

. WRITE 4,2eWRD2,4

. WAIT 4

. EXIT
BAC LAC ACSAV

IGN
JMP* INTSAV

/
/ STORAGE LOCATIONS
/

[



376

ENGT 072462
DAGT 070462
TRAAD 700000
NSAMP 0
PCT 0
RUNVL 0
RUNCT 0
FOUR 4

DTEST 0
TWO 2
DAINS 070021
ENINS 072021
ADC 041021
POINT 0
FHUN -400
BUFSW 0
TAG 1 0

.REPT 400
DAD 1 0
TAG 2 0

.REPT 400
BAD 2 0
BUFCT -400
TNADV 400
DONE -200
ACSAV 0
INTSAV O
ADCTS 0
ADCi2 0
ADCT3 0
WRD1 00:002

0
. ASCII DATA TANING COMPLETED'<015><012> I

#

WRD2 005002
0

DISK TRANSFER ERROR'<015)(012). ASCII '

i

SUBROUTINE SAMP(I) I

10 WRITE (4el) I
1 FORMAT (1X.23HINPUT NUMBER OF SAMPLES)

READ (4 3) IB
3 FORMAT (16)

IFCIB .GT. 128) GO TO 20
!=IB
RETURH

20 WRITE (4 2)
2 FORMAT (1Xe25HCANNOT BE LARGER THAN 128)

GO TO 10
END

1
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a

i
SUBROUTINE AVEOUTtIAeIBeIC)

j,
C

~

DIMENSION SCALE (2 6)
' C

DATA SCALE /19.94e955.66,33 0e953.03e81.03,941 68,
1167.71 918.13e295 59 859.93,443.4fe740.90/

C

| C READ IN CHORDAL SELECT
C ENTER ZERO TO ENTER EXTERNAL VALUESi

i C
WRITE (4 100)

100 FORMAT (1Xe31HENTER CHORDAL SELECT, I4 FORMAT)
C

READ (4,200) ISELCT
200 FORMAT (14)

A= FLOAT (IA)
B=FLCAf(IB)
C= FLOAT (IC),

! D=((131072.OsA)+B)/C
; C

C CHECK FOR OPTIONAL DATA INPUT
C

IF (ISELCT.NE.0) GO TO 7f ,
Ci

! C READ IN ALL VAPOR SCALE FACTOR
C

i
WRITE (4,300)

' 300 FORMAT (/e1Xe41HENTER ALL VAPOR BI AS F ACTORe F10 3 FORMAT)
READ (4 400) SCALEF

400 FORMAT (F10.3),

C
C READ IN ALL LIQUID SCALE FACTOR

| C
! WRITE (4 500)

500 FORMAT (1Xe34HENTER ALL WATER BIAS, F10.3 FORMAT)
READ (4,400) DCBIAS

C
: C READ IN DATA SAMPLING RATE

C
WRITE (4,600)

600 FORMAT (1x,33HENTER SAMPLING RATE, F10.3 FORMAT)
READ (4,400) SAMRA'

C
GO TO 750

Ci

C SET PRESET. VALUES'

C
700 SCALEF= SCALE (2eISELCT)

DCBIAS= SCALE (1,ISELCT)
SAMRAT=200.

C
C WRITZ 0UT SCALING FACTCRS
C
750 WRITE (4 800) DCBIAS

.

d

w -- + - -
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,

(

800 FORMAT (1Xe24 HALL WATER BIAS VALUE ISteF10.3)WRITE (4,900) SCALEF
900

FORMAT (/e1Xe24 HALL VAPOR BIAS VALUE ISieF10.3)C
C SCALE VOID FRACTION
C

D=(D-DCBIAS)/(SCALEF-DCPIAS)
WRITE (4,1000) D

1000 FORMAT (/e1Xe26HAVERAGE VOID FRACTION IS: eF10.4)
WRITE (4 1100) C

1100
FORMAT (/e1Xe21HNUMBER OF SANFLES ISte2XeF10.4)

C
C CALCULATE INTEGRATION TIME
C

C=C/SAMRAT
C

WRITE (4e1200) C
1200 FORMAT (/e1Xe18HINTEGRATION TIME 1 #F10.4,8H SECONDS)

RETURN
END

I
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C PROGRAM TO FUT 30A DATA ON DECTAPE
DIMENSION IB(257),FIL(2)
DATA FIL(1),FIL(2)/5H LODAe4HTSRC/

C
C OUTPUT DECTAPE UNIT
C

IUNIT3=7
C
C TELETYPE UNIT NO.
C

IUNIT4=4
C

WRITE (IUNIT4,2)
2 FORMAT (1X.23HINPUT NUMBER OF RECORDS)

READ (IUNIT4e3) N
3 FORMAT (16)
C
C OPEN OUTPUT FILE ON DECTAPE
C

CALL ENTER (IUNIT3,FIL)
C

C LOOP Tw WRITE N BLOCKS OF 256
C

DO 10 I=1,N

CALL RDIN(IB(1))
DO 20 1C=2,257 4

C
C LOOP TO WRITE TO OUTPUT FILE
C

ID=IC+1
IE=ID+1
IG=IE+1
WRITE (IUNIT3 30) IB(IC).IB(ID),IB(IE),IB(IG)

30 FORMAT (1Xe4I4)
20 CONTINUE
10 CONTINUE
C
C CLOSE OUTPUT FILE
C

CALL CLOSE(IUNIT3)
STOP
END
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DLAHe707064
DSG0=707047
DLAL=707024
DSSF=707001
DSCD=707242

. TITLE RDIN

.GLOBL RDINe.DA
RDIN O

JMS* .DA
JMP .+1+1

MIN .DSA 0
LAC FST
SZA
JMP GO
ISZ FST
CAL 0
16
DSSF
DAOK

GO LAC (0)
DLAH
LAC MIN
DACs (37)
LAC (-400)
DACs (36)
LAC TRKAD
DLAL
TAD (400)
DAC TRKAD
LAC (3)
DSGO

BAC JMP BAC
DNOK DSCD

ION
JMF* RDIN

TRKAD 700000
FST 0

.END
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A PPENDIX A.2

POCF, A CCMPUTER CODE TO CALCULATE THE DISCRETE PDF AND PSD

This appendix contains a FORTRAN computer code to

calculate the discrete probability density function (PDF)

and the discrete power spectral density (PSD) function. The

moments of these distributions are also calculated. This

code will operate on a PDP-9 or PDP-15 with 32k memory. The

code is described in detail in the code's abstract.

The ecmputer will prompt the operator for the

necessary inputs. This code is highly modular. Each majcr

task is performed by separate subroutines. All input and

output unit numbers are assigned to vsriables.
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C

C
C ssssssssssssssssssssssssssssssssssssssssssssss*****s
C *ssssssssssssssssssssssssssssssss*s**sssssssssssst**
C **** ****
C s*s* s***
C sss* PPPPPP 000000 000000 FFFFFF ****
C **** PPPPPP 000000 000000 FFFFFF s***
C **** PP PP 00 00 00 00 FF s**s
0 **** PP PP 00 00 00 00 FF *ss*
C *s** PPPPPP 00 00 00 00 FFFFFF **s*
C **** PPPPPP 00 00 00 00 FFFFFF s***
C s*** PP 000000 000000 FF *s**
C **** PP 000000 000000 FF s***
C **** ****
C ***s esas
C sss*s****s**sssssst**ssssssssssssssssssssssssssss*s*
C s********sts****s**ss*stsst*****sss**ss*s******ss**s
C
C
C

C
C FORTRAN SOFTWARE PACXAGE TO CALCULATE THE DISCRETE
C PROBABILITY DENSITY FUNCTICN AND THE DISCRETE
C POWER SPECTRAL DENSITY FUNCTION
C
C WRITTEN FOR A PDP-9 OR PDP-15 WITH 32K MEMORY
C
C
C WRITTEN AS PART OF A DOCTORAL THESIS BY:
C
C MARK VINCE
C NUCLEAR ENGINEERING DEPARTMENT
C LINAC
C RENSSELAER POLYTECHNIC INSTITUTE
C TROY, NEW YORK 12181
C
C
C
C s*st ABSTRACT *s**
C
C
C THIS FORTRAN SOFTWARE PACKAGE CALCULATES THE
C DISCRETE PROBABILITY DENSITY FUNCTION (PDF) AND
C THE DISCRETE POWER SPECTRAL DENSITY FUNCTION (PSD)
C FROM DIGITIZED DATA. THE PDF IS FORMED BY READING
C THE INPUT DATA AND SIMULTANEOUSLY INCREMENTING THE
C APPROPRIATE PDF BIN. THIS PROCEDURE STORES ONLY
C PROCESSED DATAe THUS REDUCING CONSIDERABLY THE
C CENTRAL NEMORY STORAGE REQUIRED. THE PROCESSED
C PDF IS WRITTEN TO PERMANENT STORAGE FOR LATER
C USE AND A PLOT OF THE NORMALIZED PDF IS
C PRODUCED.
C THE PDF IS INTEGRATED TO CALCULATE THE
C CUMMULATIVE DISTIBUTION VALUE. FI'.i MOMENTS

J
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C ARE GENERATED INCLUDING THE MEAN (FIRST MOMENT
C ABOUT THE ORIGIN). THE VARIANCE (SECOND
C MOMENT ABOUT THE MEAN) AND THE SECOND NOMENT
C ABOUT.THE ORIGIN. THE COEFFICIENTS OF
C SAEWNESS AND AURTOSIS ARE FORMED FROM THE
C THIRD AND FOURTH NOMENTS, RESPECTIVELY.
C THE PSD CALCULATION IS BASED ON A DISCRETE FAST-
C FORIER TRANSFORM (DFT). A SERIES OF DATA POINTS ARE
C REREAD FROM THE INPUT DATA UNIT, STORED IN CENTRAL
C- MEMORY AND WRITTEN TO A PERMANENT STORAGE DEVICE.
C THE MEAN VALUE OF THESE POINTS IS CALCULATED
C FROM THE SIMPLE AVERAGE. THIS MEAN IS REMOVED FRON
C THE DATA BEFORE APPLICATION OF ANY DATA SMOOTHING
C WINDOW. AVAILABLE WINDOWS FOR TIME DOMAIN DATA
C SMOOTHING INCLUDE A BOXCAR (NO WINDOW)e HAMMING
C AND HANNING. THE DATA'S LOCATION IS BIT-SHUFFLED
C SO THAT THE DFT GUTPUT IS UNSCRAMBLED. A FORTRAN
C DFT ROUTINE IS APPLIED TO CALCULATE THE FOURIER
C TRANSFORM. THE PSD IS FORMED BY DIVIDING THE SUM OF

'
C THE SOUARES OF THE REAL AND IMAGINARY COMPONENTS
C CALCULATED FROM THE DFT BY HALF THE INTEGRATION TIME.
C PLOT OF THE NORMALIZED PSD IS GENERATED AFTER .

C LISTING IT BY FREQUENCY. THE MOMENTS OF THE PSD
C ARE ALSO CALCULATED.
C THIS CODE IS ASSEMBLED VERY FLEXIBLY. EACH MAJOR
C TASA IS PERFORMED BY A SEPARATE SUBROUTINE. INPUT AND
C OUTPUT UNIT NUMBERS ARE ASSIGNED TO VARIABLES. ALL
C INFUT SETUP DATA IS LISTED FOR REFERENCE. THE CODE
C PLACES NO LIMIT ON THE NUMBER OF TIME DATA POINTS
C USED IN THE PDF CALCULATION. THE DFT CAN HANDLE

; C A MAXIMUM OF 1024 POINTS.
C

*
C
C
C **** VARIABLES ****
C*

C
C
C BINDAT(IVAL) PROBABILITY OF THE I'TH PDF
C BIN. I.E. THE Y-COORDINATE OF
C PDF HISTOGRAM
C

*

C DC6IAS MINIMUM POSSIBLE DATA VALUE
C
C DLVOID DIFFERENCE BETWEEN SUCESSIVE
C PDF BINS
C
C FILEN(2) INPUT DATA FILE, NAMED
C FLODAT SRC
C
C FILE 0(2) OUTPUT DATA FILE, VARIABLE NAME

C
C I TOTAL NUMBER OF WAW DATA POINTS
C DIVIDED BY N
C

i

:

4
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C IBNPNT(IVAL) ARRAY CONTAINING NUMBER OF
C POINTS IN EACH PDF BIN
C
C 17ATA(N) ARRAY FOR STORAGE OF INITIAL.
C DATA FOR PDF OR FFT
C
C IFPNTS NUMBER OF DATA POINTS TO BE
C USED IN FFT ROUTINE
C
C IPROCS INPUT DATA SOURCE
C 0 - ORIGINAL DATA
C 1 - PREVIOUSLY PROCESSED
C DATA
C
C IRPFFT TRIP FOR FFT CALCULATION
C 0 - FFT HAS NOT BEEN
C COMPUTED
C 1 - FFT WILL BE
C_ RECOMPUTED
C
C IXAL NUMBER OF BINS (IVAL) + 1
C*

C IXBIN NUMBER OF EXTRA PDF BINS TO
C BE PLACED ON LEFT AND RIGHT
C OF PDF TO COLLECT POSSIBLE
C SPURIOUS DATA OR NOISE
C
C IVAL NUMBER OF PDF BINS
C
C JCT COUNTER FOR INPUT DATA POINTS
C
C N NUMBER OF INPUT DATA POINTS
C PER RECORD
C
C PI ARITHMETIC CONSTANT, 3 14159

C
C PLSZE MAXIMUM X-AXIS VALUE FOR FFT
C PLOT
C
C SAMRAT DATA ACQUISTION SAMPLING RATE
C
C SCALE (2,6) PRESET TABLE CONTAINING
C MINIMUM AND MAXIMUM VALUES
C OF DATA
C
C SCALEF MAXIMUM POSSIBLE DATA VALUE
C
C STARS (IXAL) TEMPORARY STORAGE ARRAY FOR
C PLOTTING ROUTINE
C
C VDRNGCIXAL) X-COORDINATE OF PDF
C
C X1(1024) REAL DATA ARRAY FOR INPUT
C TO FFT
C

1

|
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1

C. X2(2) ' IMAGINARY DATA ARRAY FOR INPUT
- TO FFT

C
'

C
! C
1 C

C-
. DIMENSION IDATA(4)eIBNPNT(120)eBINDAT(120),FILEN(2):
1 FILE 0(2)eVDRNG(121)eSTARS(1024)eX1(1024)eX2(1024)

C2

EQUIVALENCE (STARSeX2)'

C*

DATA FILEN(1),FILEN(2)/5HFLODA,4HTSRC/
DATA FILE 0(2)/4HTSRC/

C
C SET CONSTANTS
C

PI=3.14159<

' N=4
. JCT =0' IRPFFT=0

C
,

C SET VARIOUS INPUT /0UTPUT UNIT NUMBERS'

-C
C DATA INPUT UNIT
C

IUNIT1=9
C
C INPUT /0UTPUT DECPACK UNIT
C

IUNIT2=6
C
C OUTPUT PRINTER UNIT
C

IUNIT3=7
C
C TELETYPE OUTPUT
Ct

IUNIT4=4*

i C
C SET PLOT TRIP FOR TYPE OF ANALYSIS BEING PERFORMED
C

IPLOT=1
C
C READ IN OUTPUT FILE NAME.

' C
WRITE (IUNIT4,100)

100 FORMAT (1Xe33HENTER OUTPUT FILE NAME, A5 FORMAT)
READ (IUNIT4,200) FILE 0(1)

-200 FORMAT (A5)
C

1 C WRITE OUT INPUT DATA FILE FOR TAGGING PURPOSES
C,

' WRITE (IUNIT3 250) FILE 0(1)
WRITE (IUNIT4e250) FILE 0(1).

!
1

,

a

d
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.

I 250 FORMAT (1Xe16HDATA TAKEN FROM eA5e5N FILE)
. C

C READ INPUT PARAMETERS AND INITIALIZE BINS
C

' CALL TILZER(IBNPNTeBINDATeDLVOID IVAleSCALEF,IeIXBIN,
IIUNIT3 ! UNIT 4eDCBIASeSAMRATeIFPNTSePLSZE,IPROCS)

C
, C OPTION FOR ALREADY PROCESSED DATA
! C
l' IF (IPROCS.GT.0) GO TO 400
| C
f C OPEN. DATA FILE FROM X RAY UNIT
- C
I CALL SEEK (IUNIT1.FILEN)

C
C OPEN OUTPUT FILE
C

CALL ENTER (IUNIT2,FILEO)
C

.; C LOOP TO READ IN DATA AND PLACE IN BINS
i C
i DO 300 II= lei

C
CALL REDATA(NeIDATAeIUNIT1)

} C'
CALL BINS (NeIDATAeIBNPNTeSCALEFeIVAleIXBINeDCBIAS)

C
C INCREMENT COUNTER TO KEEP TRACK OF DATA POINTS READ
C

JCT = JCT +N.

C1
300 CONTINUE
C
C NORMALIZE DATA
C

CALL ORMALZ(JCTeDLVOIDeBINDATeIBNPNTeIVAleIXBINeVDRNGe
1IUNIT2eILNIT3eIUNIT4eIPROCS)

C,

i' C CLOSE INPUT DATA FILE
C

CALL CLOSE(IUNIT1)4

C
1 C AVOID PREVIOUSLY PROCESSED DATA ROUTINES

C
i GO TO 500
'

C ?

C FILL APPROPRIATE ARRAYS WITH PREVIOUSLY'

C PROCESSED DATA-
C
400 CALL PRESET (NeBINDATeVDRNGeIBNPNTeIUNITieIUNIT2,

'

1 FILE 0eIUNIT3eIPROCS)
- C

IF (IRPFFT.EO.1) GO TO 600
; C
! C COMPUTE MOMENTS ASSOCIATED WITH DISTRIBUTION

1

i

i,

t
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C
500 CALL MOMENT (DLVOIDeBINDATeALPHABeIUNIT3eIUNIT4,

ISRAWMM SECMOMeSKEW TOSIS GRAPNMeIVAleVDRNGeIPLOT)
C
C. PLOT NORMALIZED PROBABILITY DIST. FUNCTION
C

CALL PLOT (STARSe1BNPNT,IVAL,BINDATeIXBINeVDRNGe
IIUNIT3eIUNIT4eIPLOTeGRAPNM)

C
C RESET VOID SCALING FACTOR
C

SCALEF=SCALEF/DLVOID
C
C SET UP PARAMETERS FOR FAST FOURIER ANALYSIS
C

IDIR=1
IPLOT=2
IVAL=IVAL-(2*IXBIN)
IXBIN=0

C
C REOPEN INPUT DATA FILEe IF PROCESSING
C ORIGINAL DATA
C

IF (IPROCS.EO.0) CALL SEER (IUNITieFILEN)
C
C BEGIN FAST FOURIER ANALYSIS'
C
C READ IN REAL ARRAY, SET IMAGINARY PART EQUAL TO ZERO
C APPLY. APPROPRIATE SCALING TO DATA
C
600 CALL REDATB(X1eX2eNeIFPNTSeSCALEFeDCBIASeIUNITie

IIPROCSeIUNIT2)
C
C CLOSE INPUT DATA UNIT.FOR ORIGINAL DATA
C

IF (IPROCS.EO.0) CALL CLOSE(IUNITI)
C
C CONVERT DATA TO A ZERO MEAN
C

CALL DCMOVE(IFPNTS,X1eIUNIT3eIUNIT4)
C
C SET NPTS FOR FFT ANALYSIS'
C

HPTS=IFPNTS
C
C PROVIDE APPROPRIATE DATA WINDOW
C

- CALL WINDOW (X1eNPTSePIeIUNIT3eIUNIT4eIWNDOW)
C
C PERFORM FAST FOURIER TRANSFORM
C

CALL FFT(X1eX2eNPTSeIDIR.SAMRAT)
C
C COMPUTE POWER SPECTRAL DENSITY

'

C

|

|

:
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i
i CALL PSD(X1eX2eNPTSeSAMRATeIWNDOW)-

C
C P09ER SPECTRAL DENSITY IS SYMMETRI" IN THIS CASE,
C ONLY NEED TO PLOT ONE HALF OF IT
C

NPTS=NPTS/2
4 C

C CALCULATE FREQUENCY SPACING
C

I DLFRE0=SAMRAT/(FLOAT (NPTS*2))
C i

C CALCULATE MOMENTS OF THE POWER SPECTRAL DENSITY
C '

CALL MOMENT (DLFREQeX1eALPHABeIUNIT3eIUNIT4,
*

1SRAWMMeSECM0MeSAEW.TOSIS,GRAPNMeNPTS,X2eIPLOT)
C
C WRITE ACTUAL PSD DATA VALUES TO PRINTER
C

CALL WRITEA(X1eNPTS.IUNIT3eSAMRAT)
C

,

C SET UP FREQUENCY AXIS
C

,

CALL FREOST(IVAleVDRNGePLSZE,VDSZE) j
l C |

4 C COMPRESS DATA FOR GRAPHING PURPOSES
C I

CALL COMPRS(X1eNPTSeBINDATeIVAlePLSZE SAMRAT IUNIT4e
1VDSZE)

C
C PLOT PSD DATA
C

Co.L PLOT (STAR $eIBNPNieIVAL,BINDATeIXBINeVDRNG,
'

1IUNIT3eIUNIT4,IPLOTeGRAPNM)
C
C CLOSE DECPACK UNIT
C

CALL CLOSE(IUNIT2)
C'

' C CHECK IF ADDITIONAL DATA PROCESSING WITH
C ADDITIONAL WINDOWS IS DESIRED

'

C
WRITE (ItNIT4 700)

700 FORMAT (! Hoe 33HIF ADDITIONAL WINDOWS ARE DESIREDe//,
11Xe21HTYPE 1, IF NOT TYPE 0)

C
READ (IUNIT4 800) IRPFFT

000 FORMAT (I4)
C
C CHECK FOR REPEAT OF FFT CALCULATION
C

IF (IRPFFT.GT.0) GO TO 400
C

STOP

] END

.
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. . -

389

.

1

SUBROUTINE TILZER(IBNPNTeBINDATeDLVOID IVAleSCALEFeZeIXBINe
11 UNIT 3 IUNIT4eDCBIAS SAMRATeIFPNTSePLSZE IPROCS)

C
DIMENSION SCALE (2p6)eIBNPNT(120),BINDAT(120)

C
,

DATA SCALE /19.94,955.64 33.0,953.03 81.03 941.68.
4

1167.71,918.13e295.59,859.93,443.46,740.90/
C
C READ IN VOID INCREMENT SIZE

' C

WRITE (IUNIT4 100)
?. 00 FORMAT (1 hoe 39HENTER VOID INCREMENT VALUE, F8.7 FORMAT)

READ (IUNITde200) DLVOID
; 200 FORMAT (F8.7)

C
C READ IN PARAMETER TO SELECT APPROPRIATE

|C VOID DATA SCALINb
C ;

WRITE (IUNIT4e300) '

300 FORMAT (1Xe39HENTER CHORDAL SELECT VALUE IN I4 FORMAT)
READ (IUNIT4 400) ISELCT

400 FORMAT (I4)
C
C CHECK FOR OPTION DATA INPUT
C

'

IF-(ISELCT.NE.0) 00 TO 800
C
C READ IN ALL VAPOR SCALE FACTOR
C

,

WRITE (IUNIT4,500)
500 FORMAT (1X.41HENTER ALL VAPOR BIAS FACTORe F10.3 FORMAT)

READ (IUNIT4 600) SCALEF
600 FORMAT (F10 3)
C
C READ IN ALL LIOUID SCALE FACTOR
C

WRITE (IUNIT4,700)

700 FORMAT (1Xe34HENTER ALL WATER BIASe F10.3 FORMAT)
READ (IUNIT4,600) DCBIAS

C
GO TO 900'

C
C SELECT ALL WATER BIAS VALUE FROM TABLE
C
800 DCBIAS= SCALE (leISELCT)
C

C SELECT ALL VAPOR SCALING FACTOR FROM TABLE
C

SCALEF= SCALE (2eISELCT)
C
C READ NUMBER OF SETS OF DATA POINTSe IN UNITS OF 256
C

: 900 WRITE (IUNIT4,1000)
1000 FORMAT (1Xe34HENTER NUMBER OF DATA POINT RECORDS)

4

..
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F . 'AD ( IUNIT4 e 400 ) I
C
C ACAD'IN NUMBER OF DATA FOINTS IN FOURIER TRANSFORM ROUTINE
C

WRITE (IUNIT4 1100)
1100 FORMAT (1Xe35HENTER NUMBER OF DATA POINTS FOR FFT..i

READ (IUNIT4,400) IFPNTS
C
C READ IN DATA SAMPLING RATE
C

WRITE (IUNIT4e1200)
1200 FORMAT (1Xe36HENTER DATA SAMPLING RATE, FER SECOND)

READ (IUNIT4 600) SAMRAT
C
C READ IN TYPE OF FREQUENCY RANGE DESIRED IN PSD PLCT
C

WRITE (IUNIT4e1300)
1300 FORMAT (1Xe35HENTER MAXIMUM FREQUENCY OF INTEREST,

117He IN F10.3 FORMAT)
READ (IUNIT4,600) FLSZE

C
C READ IN PARAMETER TO INDICATE TYPE
C OF DATA TO BE PROCESSED
C

WRITE (IUNIT4,1400)
1400 FORMAT (1H0e26HENTER JATA TYPE PARAMETER e//r

11X 22HORIDINAL DATA, ENTER Oe//,
21X,23HPROCESSED DATAe ENTER 1)

C

READ (IUNIT4 400) IFROCS
C
C DATA TAKEN FOUR AT A TIMEe
C MODIFY I FOR NUMBER OF SETS
C

I=I464
C
C READ / WRITE EXTRA SIDE BINS
C

WRITE (IUNIT4,1500)
1500 FORMAT (1Xe34HENTER EXTRA SIDE BINS IN I4 FORMAT)

READ (IUNIT4 400) IXBIN
WRITE (IUNIT3,1600) DCBIAS
WRITE (IUNIT4,1600) DCBIAS

1600 FORMAT (/e1Xe25HTHE WATER BIAS VALUE ISI ,F8.3)
WRITE (IUNIT3,1700) IXBIN
WRITE (IUNIT4,1700) IXBIN

1700 FORMAT (/e1X,20HEXTRA SIDE BINS AREleI4 2Xe8HPER SIDE)

C
C DETERMINE NUMBER OF BINS
C

IVAL=IFIX(1.0/DLVOID)
C
C ADD IXBIN BINS TO EACH SIDE TO ALLOW FOR UNDER/0VERFLOW
C

IVAL=IVAL+(2*IXBIN)
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C
WRITE (IUNIT3,1800) IVAL
WRITE (IUNIT4,1800) IVAL

1800 FORMt;T(/ e 1X e 15HNUMBER OF BINS = e I4 )
C
C SET BINS AND BIN DATA POINT COUNTERS EQUAL TO ZERO
C .

DO 1900 IV=1,IV4L

C
IBNPNT(IV)=0
BINDAT(IV)=0.0

1900 CONTINUE
C
C SET SCALEF FOR LATER USE
C

SCALEF=(SCALEF-DCBIAS)*DLVOID
C

WRITE (IUNIT3,2000) SCALEF
WRITE (IIINIT4,2000) SCALEF

2000 FORMAT (/,1X 24HVGID BIN SCALING FACTOR =,F10.4)

C
C WRITE OUT NUMBER OF FFT POINTS AND SAMPLINu PATE
C

WRITE (IUNIT3e2100)IFPNTS
WRITE (IUNIT4,2100)!FPNTS

2100 FORMAT (/,1X,2dHTIME DATA POINTS IN FFT= ,I6)

C
WRITE (IUNIT3 2200) SAMRAT
WRITE (IUNIT4,2200) SAMRAT

2200 FORMAT (/,1X,16HDATA ACQUIRED AT,F7.2 19H SAMPLES PEk SECOND)
C
C WRITE OUT MAXIMUM FREQUENCY DESIRED IN PSD PLOT

WRITE (IUNIT3,2300) PLSZE
WRITE (IUNIT4,2300) PLSZE

2300 FORMAT (/,1Xe20HTHE PLOT WILL COVER ,F8.3,6H HERTZ)
C
C SIGNIFY TYPE OF DATA BEING USED
C

IF (IPROCS) 2400,2400,2600
C

2400 WRITE (IUNIT3,2500)
WRITE (IUNIT4e2500)

2500 FORMAT (1HO,24HORIGINAL DATA BEING USED)
RETURN

C
2600 WRITE (IUNIT3,2700)

WRITE (IUNIT4,2700)
2700 FORMAT (1H0e36HPREVIOUSLY PROCESSED DATA BEING USED) ,

C
RETURN
END

t

.

!

!
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SUBROUTINE REDATA(N.IDrTA,IUNIT1)
C
C SUBROUTINE TO READ IN N L+ $ POINTS FROM DEC TAPE
C

DIMENSION IDATA(4)
READ (IUNIT1,100) (IDATA(NN),NN=leN)

100 FORMAT (1X,414)
RETURN
END

l

|

..

~

SUBROUTINE BINS (NpIDATAeIBNPNTpSCALEFeIVAL,IXc. eDCb!AS)
C

DIMENSION IDATA(4),IBNPNT(120)
C

DO 200 NN=1,N
C
C SELECT BIN USING INTEGER DIVISION,

| C
| F= FLOAT (IDATA(NN))
i C |

C APPLY DC BIAS FOR ALL WATER VALUE
C

F=F-DCBIAS
C

IV=IFIX(F/SCALEF)
C
C INCREMENT c'NS
C

IVI=IV+IXBINt1
C

IBNPNT(IVI)=IBNPNT(IVI)+1
C
200 CONTINUE

RETURN
END

SUBROUTINE ORMALZ(JCTeDLVOIDeBII'DAT,IBNPNT,IVAL,,

k IIXBINeVDRN0eIUNIT2,IUNIT3,IUNIT4 IPROCS)
C

DIMENSION BINDAT(120)eIBNPNT(120),VDRNG(121)
C
C WRITE OUT HEADINGS
C

WP.ITE(IUNIT3,75)
75 FORMAT (1HO,1X,10HVOID RANGE,5Xe10H PDF VALUE ,

t

|

l

.
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4

i

I 15Xe16HNUMBER OF POINTS)
i C
~

C CALCULATE NORMALIZING VALUE FOR NUMBER OF POINTS IN
; C EACH BIN

C
t RMALZR= FLOAT (JCT)
| C

C SET VOID CALCULATION ONE HIGH TO FILL RANGE-;

C
IXAL=IVAL+1-

C
* C TAG DECPACK DATA

C
WRITE (IUNIT2 50) IXAL>

50 FORMAT (1XeI4)
C
C APPLY NORMALIZING VALUE
C

- DO 200 IV=leIXAL
'I BINDAT(IV)= FLOAT (IBNPNT(IV))/RMAL2R

C
j C CALCULATE VOID BIN

C
VDRNG(IV)= FLOAT (IV-1-IXBIN)*DLVOID'

i C
'

WRITE (IUdIT2,100) VDANG(IV)eBINDAT(IV)eIPNPNT(IV)
WRITE (IONIT3 100) VDRNG(IV)eBINDAT(IV) IBNPNT(IV);,

A- 100 FORMAT (1XeF10.5 5XeF10.4,9XeI8)
C
200 CONTINUE

i C
C SUM UP ALL POINTS IN PDF FOR COMPARISDN
C,

ITOTAL=0
C

t DO 400 IV=leIVAL

]' ITOTAL=ITOTAL+IBNPNT(IV)
400 CONTINUE;

i C
j C WRITE OUT VALUES FOR COMPARISON

C
WRITE (IUNIT3 500) ITOTAleJCT
WRITE (IUNIT4 500) ITOTALeJCT

500 FORMAT (/e1Xe28HTHE TOTAL NUMBER IN THE PDF=eI8e3X,

127HTHE TOTAL NUMBER OF POINTS =eI8),

C
RETURN
END

I
|

.

b
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SUBROUTINE PRESET (NeBINDATeVDRNG,IBNPNTeIUNIT1e
IIUNIT2, FILE 0eIUNIT3eIPROCS)
DIMENSION BINDAT(120),IBNPNT(120),VDRNG(121),
1 FILE 0(2)
JCT =0

C
C SET TRIP FOR USE OF PREVIOUSLY
C PROCESSED DATA
C

IPROCS=1
C
C ACCESS PREVIOUS DATA
C

CALL SEEK (IUNIT2, FILED)
C
C READ AND WRITE NUMBER OF DATA POINT SETS
C

READ (IUNIT2,100) IXAL
100 FORMAT (1X,14)
C ]

IVAL=IXAL-1
C

WRITE (IUNIT3 200) IVAL
200 FORMAT (1H ,I6e12H BINS IN PDF)

C
C READ IN PDF DATA
C

DO 400 IV=1,IXAL
READ (IUNIT2,300) VDRNG(IV)eBINDAT(IV)eI3NPNT(IV)

300 FORMAT (1X,F10 5e5XeF10.4.9X,10)
C
400 C0h > v. .E -

C
C REFORM PDF TO INSURE NUMERICAL REPRODUCIBILITY
C
C SUM UP POINTS fur NORMALIZATION
C

DO 500 IX=1,1XAL j
JCT = JCT +IBNPNT(IX) 'j

500 CONTINUE
'

C
RMALZR= FLOAT (JCT)

C
C FORM PDF
C

DO 600 IX=1,IXAL
BINDAT(IX)=(FLOAT (IBNPNT(IX)))/RMALZR

600 CONTINUE
C
C RESET INPUT DATA UNIT
C

IUNIT1=IUNIT2
C

RETURN
END

!

4

1

|
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' SUBROUTINE MOMENT (DLVOID,BIMDAT ALPHABeIUNIT3,

1IUNIT4eSRAWMMeSECMOMeSKEW TOSISeGRAPNM,IVAleVDRNGr
2IPLOT)

i C
' REAL LIMITS (11)

C
DIMENSION BINDAT(120) UnRN3(121),HEADNG(11), TYPE (2)
DATA TYPE (1)eTYPE(2)/3HPDFe3HPSD/

C

j C INITIALIZE MOMENT REGISTERS AND PDF INTEGRATION
C

' ALPHAB=0.0
SRAWMM=0.0
GRAPNM=0.0
GRALIM=0.1
ILIM*1

! SECMOM=0.0
i THDMOM=0.0

FTHMOM=0.0
C

4 C INTEGRATE THE PDF TO DETERMINE NORMALIZING CONSTANT
4 C

DO 100 IV=1,IVAL

C
ADVOID=VDRNG(IV)

C
GRAPNM=GRAPNMtBINDAT(IV)

C
IF (IPLOT.EO.2) GO TO 100

i C
C CHECK FOR LIMIT
C

1

IF (ADVOID.GE.GRALIM.AND.GRAPNM.LT.0.9999) CALL LIMIT (4

1ADVOIDeGRALIMeLIMITSeILIMeHEADNGeGRAPNM)
' C

100- CONTINUE
C

IF (IPLOT.EO.2) GO TO 235,

C
C RESET LIMIT FOR PRINTING PURPOSES,

^
C

ILIM=ILIM-1
' C

C WRITE OUT INTEGATED PDF AND VOID FRACTION LIMIT*

C
WRITE (IUNIT3 200) (HEADNG(IL)eIL=leILIM)
WRITE (IUNIT4,200) (HEADNG(IL)eIL=leILIM)

200 FORMAT (1H0e22HCRITICAL-VOID FRACTION,6Xe11(F6.3,3X))
C

WRITE (IUNIT3e225) (LIMITS (IL),IL=leILIM)

.

I

1 1

*
i

|- i
| |
i
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WRITE (IUNIT4e225) (LIMITS (IL)eIL=leILIM)225 FORMAT (1H0e'25HINTEGRATED AREA /REMAINDERe2Xe11(F7.2 2X))
C ,

C WRITE TOTAL INTEGRAL OF PDF
C
235 WRITE (IUNIT3e250) TYPE (IPLOT),GRAPNM

WRITE (IUNIT4 250) TYPE (IPLOT),GRAPNM
250 FORMAT (1 Hoe 15HINTEGRATION OF .A3e1H=eF12.7)

-C
C
C COMPUTE FIRST AND SECOND MOMENTS, I.E. MCAN
C AND VARIANCE ABOUT THE ORIGIN
C ,

'

DO 150 IV=leIVAL
C
C' CALCULATE X AXIS VALUE
C

ADVOID=VDRNG(IV)+(DLVOID/2.0)
C ,

1CONPRT=ADVOID*BINDAT(IV)
C
C CALCULATE MEAN VALUE
C

ALPHAB=ALPHAB+CONPRT
C
C CALCULATE VARIANCE

i

C

SRAWMM=SRAWMM+(ADVOIDsCONPRT)
C
150 CONTINUE
C
C COMPUTE SECONDE TFIRD AND FOURTH NOMENTS
C ADOUT THE MEAN
C

DO 300 IV=leIVAL
C
C CALCULATE X AXIS DIFFERENCE FROM MEAN
C

ADVOID=((VDRNG(IV)+(DLVOID/2.0))-ALPHAB)
C
C CALCULATE MOMENTS WITH RESPECT TO MEAN
C

CONFRT=(ADVOID**2)*3INDAT(IV)
C

SECMOM=SECMOM+CONPRT
C

THDMON=THDMOM+(ADVOIDsCONPRT)
C

FTHMON=FTHMOM+((ADVOID**2)*CONPRT)
C
300 CONTINUE
C
C FORM COEFFICIENTS OF SKEWNESS AND KURTOSIS
C
C SKEWNESS

|

1
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C
SKEW =THDMOM/(SECMOMa*1.5)

C
C KURTOSIS
C

TOSIS=FTHMOM/(SECMOMa*2.0)
C
C WRITE OUT FIRST MOMENTe I.E. MEAN
C

WRITE (IUNIT3 350) ALPHAB
WRITE (IUNIT4 350) ALPHAB

| 350 FORMAT (1 Hor 27HTHE AVERAGE VOID FRACTION = eF10.5)
C
C WRITE OUT VARIANCESe I.E. SECOND MOMENT
C
C ABOUT THE ORIGIN

' C
WRITE (IUNIT3,375) SRAWMM
WRITE (IUNIT4,375) SRAWMM

375 FORMAT (1H0e31HTHE VARIANCE ABOUT THE ORIGIN = eF10.5)
C
C ABOUT THE MEAN
C

j WRITE (IUNIT3,400) SECMON
' WRITE (IUNIT4,400) SECHOM

400 FORMAT (1H0e29HTHE VARIANCE ABOUT THE MEAN= eF10.5)
C.
C WRITE OUT COEFFICIENT OF SKEWNESS
C

WRITE (IUNIT3,500) SKEW
WRITE (IUNIT4,500) SKEW

f 500 FORMAT (1H0e29HTHE COEFFICIENT OF SMEWNESS= eF10.5)
i C
'

C WRITE OUT THE COEFFICIENT OF KURTOSIS
C

WRITE (IUNIT3,600) TOSIS
WRITE (IUNIT4 600) TOSIS

600 FORMAT (1H0,29HTHE COEFFICIENT OF KURTOSIS = eF10.5)'

C,

i C RESET TRAPNM WHEN PSD MOMENTS HAVE BEEN CALCULATED
C

IF (IPLOT.EG.2) GRAPNM=1.0
C

RETURN
END

J

3

4

4

6

1

i

'

i

e - ,~ . . - .
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;

| SUBROUTINE LIMIT (ADVOIDeGRALIMeLIMITSeILIMeHEADNG GRAPNM)
C

REAL LIMITS (11) HEADNG(11)
C
C STORE LIMITING VALUE
C

LIMITS (ILIM)=GRAPNM/(1.0-GRAPNM)
HEADNG;ILIM)=GRALIM

! C
! C INCREMENT LIMIT COUNTER
l C

| ILIM=ILIM+1
| C

C INCREMENT INTEGRATION LIMITS
C

GRALIM=GRALIM+0.10
C

RETURN
END

SUBROUTINE PLOT (STARSeIBNPNT IVAleBINDATeIXBINeVDRNGe
IIUNIT3eIUNIT4eIPLOTeGRAPNM)

C

DIMENSION STARS (1024)eIBNPNT(120),VDRNG(121)eBINDAT(120),
4

1 TYPE (2)eBINSTO(121) |C -j
DATA ASTAR/1HS/
DATA BSTAR/1H /
DATA CSTAR/1H+/

. DATA TYPE (1)eTYPE(2)/3HPDFe3HPSD/
,

C !
C SET PLOT SIZE
C \

SIZE =40.0
ISIZE=IFIX(SIZE) i]

C
C SCALE DATA FOR PLOTTING
C

SCALEN=0.0
C
C FIND MAX PDF VALUE
C

l DO 100 IV=leIVAL
' SCLCHK=BINDAT(IV)
! IF (SCLCHK.GT.SCALEN) SCALEN=SCLCHK
I 100 CONTINUE
| C

C WRITE OUT MAXIMUM VALUE
C

~

|

l

:

i

|
*
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i

' . WRITE (IUNIT3,200) TYPE (IPLOT),SCALEN
WRITE (IUNIT4 200) TYPE (IPLOT),SCALEN

200 FORMAT (/e1Xe8HMAXIMUM .A3 8N VALUE= eF10.43
C
C SELECT PLOT SCALING'

C"

CALL SCALAT(SCALENeIPLCNTeIUNIT4)
C
C SET-SCALING CONSTANT
C

4 SCALR= SIZE /SCALEN ,
C
C SKIP SOME SPACES

1 C
WRITE (IUNIT3 300)

300 FORMAT (1H1,1X,//////)
C
C SET Y-AXIS INCREMENT FOR PDF GRAPH
C .

SCALEN=SCALEN/(10.0**IPLCNT)

! PLCNNT=SCALEN/ SIZE
C
C APPLY SCALING
C '

I DO 400 IV=leIVAL
I BINSTO(IV)=BINDAT(IV)/((10.0*sIPLCNT)sGRAPNM)'

400 CONTINUE
C

i C PLOT GRAPH
C

|
DO 900 IN=1,ISIZE

C
C SET MAGNITUDE NEEDED FOR PLOT LINE'

j C
' TEST =SCALEN-(0.5sPLCNNT)

C
C FILL ARRAY FOR THIS LINE-
C

DO 700 IV=1,IVAL
'

C
IF (BINSTO(IV)-TEST) 500,600 600

C
C PUT IN A BLANK IF INSUFFICIENT MAGNITUDE
C
500 STARS (IV)=BSTAR

I 60 TO 700
Ca

C PUT IN STAR TO INDICATE PLOT VALUE
C
600 STARS (IV)=ASTAR

,

C
700 CONTINUE
C
C MAKE ACTUAL PLOT

k

J

i

!

|
!

|
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.

C
C ROUTE FOR APPROPRI ATE FORMAT-
C

ICA=IN/24

ICA=ICA*2
IF (ICA.EO.IN) GO TO 825*
WRITE (IUNIT3 800) SCALENE (STARS (IV),IV=leIVAL)

800 FORMAT (1X,F5.3e2H +e120A1)
GO TO 875

C
825 WRITE (IUNIT3 850) (STARS (IV)eIV=leIVAL),

850 FORMAT (6Xe2H Ie120A1)
C,

C RESET PLOT VALUE FOR NEXT PASS
C
875 SCALEN=SCALEN-PLCMNT

IF (SCALEN.LT.0.0005) SCALEN=0.0
900 CONTINUE-

i C
C WRITE IN BOTTOM SCALE OF GRAPH
C,

C SET BOTTOM SCALE
C<

ISCALE=10
C

i C SET IXAL TO PICKUP LAST POINT
| C
-

IXAL=IVAL+1
C,

C kRITE OUT BOTTOM SCALE
C

WRITE (IUNIT3 1000) SCALENE (CSTAReIC=leIXAleISCALE)
I 1000 FORMAT (1XeF5.3 1Xe1Ha, Ale 12(9H----+----eA1))

C:

} WRITE (IUNIT3e1100) (VDRNG(IV),IV=leIXALeISCALE) |

1100 FORMAT (5X,F6 2 15(4XeF6.2))
C

IF (IPLOT.GT.1) GO TO 1300
: C
: WRITECIUNIT3,1200) ''

1200 FORMAT (/,62X,13HVOID FRACTION)
GO TO 1500

C
1300 WRITE (IUNIT3,1400)

I 1400 FORMAT (/e50X,16HFREQUENCYe HERTZ)
C
C WRITE OUT Y-AXIS SCALING FACTOR

; C
* 1500' WRITE (IUNIT3:1600) IPLCNT
| WRITE (IUNIT4,1600) IPLCNT
i 1600 FORMAT (1H e19HPLOT SCALEG BY 1.0E,I2)
"

RETURN
END

1

i
!

!
4

4

4

'
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r

SUPROUTINE SCALAT(SCALENeIPLCNTeIUNIT4)
C

.C INITIALIZE COUNTER
C;

IPLCNT=0
C
C PLACE. SCALING VALUE
C
'100 IF (SCALEN.LE.1.0) GO TO 200 -
C
C SCALING VALUE IS TOO LARGE
C

i SCALEN=SCALEN/10.0
i IPLCNT=IPLCNT+1

GO TO 100
C

i C SUFFICIENTLY fMALL SCALING VALUE
| C

200 IF (SCALEN.GT.0.1) GO TO 300>

C'

C SCALING VALUE TOC SMALL,

C
i SCALEk=SCALENB10 0
7 IPLCNT=IPLCNT-1
1 GO TO 200

C
C SCALING FACTOR IN APPROPRIATE RANGEe
C SELECT EXACT SCALER

-C
j 300 DO 400 NN=le5

C
XETA=(FLOAT (NN))*0.2

C
IF (XETA.GT.SCALEN) GO TO 600

C .

C INCORRECT VALUE IS FOUND.

C
400 CONTINUE
C

'

C ERROR FLAG
C

WRITE (IUNIT4,500)
500 FORMAT (1H0e27HINCORRECT SCALING OPERATION)
C
C SET CORRECT VALUE
C
600 SCALEN=XETA*(10.os*IPLCNT)

,

C4

RETURN-
'

END

,

- -- . . - - . ~ .- , - . . ,, . , , .
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I

SUBROUTINE REDATB(X1eX2eN,IFPNTS,5CALEF,DCBIAS,IUNIT1,
1IPROCSeIUNTT2)
DIMENSION X1(1024)eX2(1024)eIDATA(4)

C
! C READ IN INPUT DATA

C
DO 200 II=le!FPNTSeN

C
C READ 4 INTEGER VALUES
C-

CALL REDATA(NeIDATAeIUNIT1)
C,

| IF (IPROCS.EG.0) WRITE (IUNIT2 300) (IDATA(NN)eNNeleN)
! 300 FORMAT (1X,4I4)
[ C
| DO 100 IJ=leN
| C
i C DO INITIAL SCALING

C
IPOS =II+IJ-1

C
C SET.UP orM. COMPONENT
C

X1(IPOS)=(FLOAT (IDATA(IJ))-DCBIAS)/SCALEF
C
C SET UP IMAOINARY ARRAY
C

X2(IPOS)=0.0
C
100 CONTINUE
C
200 CONTINUE
C

RETURN
END

i

SUBROUTINE DCMOVE(NeX1eIUNIT3,IUNIT4)
DIMENSION X1(1)

C
C SUM ALL DATA POINT USED IN FFT CALCULATION
C *

XTOTAL=0.0
C

DD 100 NI=leN
XTOTAL=XTOTAL+X1(NI)

100 CONTINUE

!

I

I
<

- . ._. -_. _ -. _
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C
C CALCULATE THE AVERAGE VALUE
C

AVAL=XTOTAL/ FLOAT (N)
C

WRITE (IUNIT3e200) AVAL
WRITE (IUNIT4 200) AVAL

200 FORMAT (1H1e1Xe33HTHE AVERAGE VOID FRACTION IN PSD=eF7.4)
C
C REMOVE DC VALUE FROM DATA
C

DO 300 NI=leN
i X1(NI)=X1(NI)-AVAL

300 CONTINUE
C

RETURN
END

I

SUPROUT7NE WINDOW (X1eNePIeIUNIT3,1 UNIT 4eIWNDOW)
C

DIMENSION X1(1)eCOEF(2 2)
C
C HANNING WINDOW COEFFICIENTS
C

DATA COEF(1,1)eCOEF(1,2)/0.50,0.50/
C
C HAMMING WINDOW COEFFICIENTS
C

DATA COEF(2,1)eCOEF(2,2)/O.54eo.46/
C

DATA 1= FLOAT (N-1)
C
C SELECT WIN,DOW OPTION
C

C NO WINDOW, TYPE 0
; C
1 C HANNING WINDOW, TYPE 1
'

C
C HAMMING WINDOW, TYPE 2
C

WRITE (IUNIT4e100)
100 FORMAT (/e1X,20HSELECT WINDOW OPTION)

WRITE (IUNIT4 200)
200 FORMAT (/,1Xe23HND WINDOW OPTION-TYPE 0)

WRITE (IUNIT4,300)
300 FORMAT (/e1Xe22HHANNING WINDOW-TYPE 1)

| WRITE (IUNIT4 400)
400 FORMAT (/e1X,21HHAMMING WINDOW-TYPE 2)

READ (IUNIT4 500) IWNDOW
500 FORMAT (I4)

;

I
:

!'

f
.
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C
IF (IWNDOW-1) 510 520,530

C-
510 WRITE (IUNIT4,250)

WRITE (IUNIT3 250)
250 FORMAT (/,1Xe18HND WINDOW EMPLOYED,/)'

RETURN
520 WRITE (IUNIT4,350)

WRITE (IUNIT3,350)
350 FORMAT (/e1Xe23HHANNING WINDOW EMPLOYED,/)

GO TO 700
$30- WRITE (IUNIT4.450)

WRITE (IUNIT3 450)
450 FORMAT (/e1X,23HHAMMING WINDOW EMPLOYED,/)
C
C
C HANNING/ HAMMING WINDOW OPTIONS
C
700 DO 750 NI=leN
C

GAMMA = FLOAT (NI-1)
C

ALPHA =COS(FI*((DATA 1-(2.0$ GAMMA))/ DATA 1))
C

X1(NI )=X1 ( NI ) * (COEF( IWNDOW ,1 ) + ( COEF ( IWNDOW e 2) * AL P:i A ) )
C
750 CONTINUE

RETURN
END

SUBROUTINE FFT(X1eX2,N,IDIR,SAMRAT) r

C
C
C ******** FAST FOURIER TRANSFORM FOR ' ope 9 ******* i

C I

C *** FORTRAN-IV VERSION ***
C
C +

C VARIABLES IN 'REAL' FORMAT.
C
C
C AUTHORS: E. DE BOER AND H.R. DE JONGH.
C
C

DIMENSION X1(1),X2(1)
C

PI=3.14159
TWPI=2.0*PI
XN=N

NGUART=N/4
C
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C CALCULATE POWER OF 2 FOR NUMBER OF DATA POINTS
C

NSTAGE=ALOG(XN)/ALOG(2.)+0.01
C
C CALCULATE UNIFORM NORMALIZATION FACTOR
C I.E. MINIMUM PERIOD IN DATA
C

SORTST=1.0/SAMRAT
C
C . REGULAR ENTRY $ SHUFFLE INPUT DATA:
C SCRAMBLE INPUT ARRAYS SO THAT FFT OUTPUT IS UNSCRAMBLED
C THIS ROUTINE PERFORMS BIT REVERSAL ON THE ARRAY
C ARGUMENTSe I.E. MOVES NUMBER IN ARRAY LOCATION
C 01011 TO 11010 POSITION
C

CALL RSHUF2(X1(!),X2(1),N)
C
C THE MAIN BODY OF THE TRANSFORM
C CONTAINS THREE NESTED LOOPS:
C

IA=1
INDEX1=N

C
C OUTER LOOP 3
C -

DO 100 ISTAGE=leNSTAGE
C

IB=IA
IA=IA*2
INDEX1=INDEX1/2

C
C INNER LOOP:
C

D0 100 !=leNeIA
C

IND=1
L=I
M=L+IB

C
C INNERMOST LOOP:
C

DO 100 J=leIB
C
C CALCULATE SINE FUNCTION VALUE
C

SINS = SIN (TWPI* FLOAT (IND-1)/XN)
C
C CHECK FOR INVERSE TRANSFORM
C

IF (IDIR .LT. 0) SINS =-SINS
C
C INCREMENT COUNTER BY 90.0 DEGREES TO CALCULATE COSINE VALUE
C

IND2=IND+NQUART
C

|

[.
!

!'
l

.~ , ,,
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C CALCULATE COSINE FUNCTION VALUL
C

COSS= SIN (TWPI* FLOAT (IND2-11/XN)
C
C PULL VALUES FROM DATA ARRAY
C

X2M=X2(M)
X1M=X1(M)
X2L=X2(L)
X1L=X1(L)

C

A=X2M* SINS +X1M*COSS
B-X1M* SINS-X2M*COSS

C
X1(L)=X1L+A
X2(L)=X2L-B
X1(M)=X1L-A
XO(M)=X2L+B

C
L=L+1
M=M+1

100 IND=IND+INDEX1
C

C END OF TRANSFORM ROUTINE.
C
C NORMALIZE OUTPUT DATA:
C

DO 1000 I=leN
X1(I)=X1(I)*SGRTST
X2(I)=X2(I)*SQRTST

1000 CONTINUE
C

RETURN
END

. TITLE RSHUF2
/

/* * * * SHUFrLING ROUTINE * * * * * *
/
/

/ RSHUF2 PERFORMS SIMULTANEOUS SHUFFLING OF TWO REAL ARRAYS
/ AS FREPARATION FOR FAST FOURIER TRANSFORMe F4 VERSION.
/
/ AUTHOR: H.R. DE JONGH.
/
/ MODIFIED FOR USE AT RPI BY:
/
/ BI'L RUTZ_

/ MARK VINCE
/

/ JANUARY 1979

I
|
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1

|
1

'
/
/

| / CALLINO SEQUENCE IN FORTRAN! ,

|; / .

, ARRAY NAME 2(1) e N )/ CALL RSHUF2(ARRAY NAME 1(1)
/

{ / ARRAY NAMES MUST REFER TO REAL ARRAYS.
/ \'

/ FORTRAN CALL MUST BE MADE TO FIRST ELEMENT OF EACH ARRAY '.
/ |

2 / N MUST BE A REAL POWER OF 2, i

i
! / AND N=288Ie WHERE I IS AN INTEGER
| / ,

/
.GLOBL RSHUF2,.DA

RSHUF2 XX
; JMS* .DA

| JMP .+4
ARR1 0 / REFER TO ADDRESS OF FIRST WORD OF ARRAY el.>

j- ARR2 0 /THE SAME FOR ARRAY 42.
; WC 0
i LAW "21 / MAXIMUM SIZE IS 2*17.
'

DAC SH10
| LAC (1

DAC SHINDX4
,

DAC SHPOW4
- RCL
' SADs WC / FIND THE PERTINENT POWER OF TWO.
* JMP .+5
. ISZ SHPOW
2 ISZ SH1

JMP .-5-
|, 'JMP SHERR

LAW -3
TAD * WC

3 CMA
i DAC SHCNTO /WC-2 DATA TO BE SHUFFLED.

LAC SHPOW /CONTAINS THE POWER OF TWO.
CMA*

TAD (1
DAC SHPOW

' / ..

/ INITIALIZE SHUFFLE LOOP 3
/ FIRST PERFORM BIT REVERSION!
-/
INIT LAC SHPOW

DAC SH1
r DZM ADR24

LAC' SHINDX
DAC ADR10 /SHINDX 8 ADR2 ARE GOING TO CONTAIN THE

SHLOOP LAC ADR1 / INDEXES OF THE'2 ELEMENTS THAT MUST BE4

! RCR / INTERCHANGED.
DAC ADR1
LAC ADR2
RAL

4

1

I

;

I
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,

4

!
!

1 DAC ADR2
ISZ SH1 / BIT REVERSION DONE?
JMP SHLOOP
CMA /AFTER THIS LOOP HAS BEEN COMPLETED. ADR2

/ /CONTAINS THE NUMBER ORIG. STORED IN ADR1 6N
/ / BIT-REVERSED ORDER.

TAD (1
TAD SHINDX /THIS NUMBER MUST BE > THAN THE
SNA / ORIGINAL CONTENTS OF ADR1.
JMP NOSHUF /IF NOT, NO SHUFFLING IS NEEDED.
LAC ADR2 /SHINDX AND ADR2 STILL CONTAIN THE r

^

RCL
DAC ADR44 /TWO NUMBERS CORRESPONDING WITH.

TAD ARR1 /THE DATA WORDS THAT MUST BE INTERCHANGED.
DAC ADR2 /NOW THE REAL ADDRESSES OF THESE !

LAC ADR4 /WORDS MUST BE FETCHED.
TAD ARR2
DAC ADR4
LAC SHINDX
RCL

4

DAC ADR30
TAD ARR1
DAC ADR1 i

LAC ADR3
TAD ARR2,

DAC ADR3 i
'

LAW -2
DAC SH26

/
/ INTERCHANGE THE TWO ELEMENTSI <

/
LACs ADR1 /GET FIRST DATA WORD FROM FIRST ARRAY.

|DAC SH1 / STORE TEMPORARILY.
| LACs ADR2 /GET SECOND WORD. i

DAC* ADR1 / INTERCHANGE.
LAC SH1
DAC* ADR2
LAC * ADR3 /D0 THE SAME FOR THE SECOND ARRAY.
DAC SH1
LAC * ADR4
DAC* ADR3
LAC SH1 ;

:' '

-DAC* ADR4

: ISZ ADR1
1 ISZ ADR2 {

ISZ ADR3
ISZ ADR4
ISZ SH2
JMP .-21

NOSHUF ISZ SHCNT /ALL DONE?
SAP /NO.
JMPS RSHUF2 '/YES, EXIT FROM SUBROUTINE.
ISZ SHINDX /TRY NEXT INDEX.
JMP INIT /GO BACK TO INITIALIZATION FOR

/ /SHl.00P.

|

I
i
1
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1

1

T /
/

,

/

| SHERR LAW 67 / ERROR: SIZE LARGER THAN 2"17 OR
i JMPs (4 / SIZE IS NOT AN INTEGER POWER OF 2.
1 /

1

1

SUPROUTINE PSD(X1eX2eN SAMRAT,!WNDOW)
C

DIMENSION AMPSFT(3)er1(1)eX2(1)
C

DATA AMPSFT/1 0 2.0 1.8519/
C
C CALCULATE COWER SPECTRAL DENSITY USING RESULTS FROM FFT15
C
C NOTE THAT FFT15 NORMALIZES DATA TO THE TINE BETWEEN
C ADJACENT DATA POINTS
C
C CONSIDER N DATA POINTS, TAKEN AT A SAMPLING RATE
C OF SAMRAT, it. KEN OVER N/SAMRAT SECONDS, I.E. T
C;

C PSD COMPUTED = (2/T)*((X1**2)+(X2882))
C

IAMFDW=IWNDOW+1
C

4 C PSD IS MULTIPLIED BY 2 0 BECAUSE DATA IS STRICTLY REAL
C
C CALCULATE SCALING COEFFICIENT, 1.E. 2.0/T
C

TEE =2.0*AMPSFT(IAMFDW)*SAMRAT/ FLOAT (N)
4

; C

i DO 100 I=leH
C
C CALCULATE MAGNITUDE OF PSD*

'C MULTIPLICATION BY THE SCALING FACTOR MAKES THE PSD'S
C MAGNITUDE CORRECT i

C .

; iX1(I)=(X1(I)**2+X2(I)**2)* TEE
X2(I)=(FLOAT (I-1)/ FLOAT (N))*SAMRAT

C
100 CONTINUE
C

RETURN
END

!

s

9

i

'
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SUBROUTINE WRITEA(X1eNeIONIT3eSAMRAT)
DIMENSION X1(1024),FREk(4).XOUT(4)

C
DATA BLANK /1H /

C
C CALCULATE FREQUENCY SPACING,

C

DELFR0= FLOAT (2*N)/SAMRAT
IRTFR0=N/4

C
C WRITE OUT HEADING
C

WRITE (IUNIT3 100) (BLANKeNQale4),

100 FORMAT (1H0,4(9HFREQUENCYe2X,9HPSD VALUEe3XeA1))
C
C WRITE OUT PSD VALUES AS A FUNCTION OF FREQUENCY
C

DO 400 NJ=1,IRTFRQ
C

DO 200 NQ=1,4
C

ISPOT=NJ+((NQ-1)*IRTFRG)
C
C CALCULATE FREQUENCY
C

FREA(NO)= FLOAT (ISFOT-1)/DELFRQ
C
C SELECT PSD VALUE
C

XOUT(NO)=X1(ISFOT)
C
200 CONTINUE
C

WRITE (IUNIT3e300) (FREK(NO),XOUT(NO),N0=le4)
300 FORMAT (1H e4(F7.3e1X,F10.4e6X))
C
400 CONTINUE
C

RETURN
END

SUBROUTINE FREOST(IVAleVDRNGeFLSZE,VDSZE)
DIMENSION VDRNG(121)

C
C SET COUNTER 1 HIGH TO ALLOW FOR DC VALUE
C

IXAL=IVAL+1
C
C SET-PLOTTIND SCALER

!



_ _ _ _ _ _

411

C
VDSZE= FLOAT (IVAL)/PLSZE

C
C CALCULATC FREQUENCY VALUES FOR PLOT
C

DO 100 NIsleIXAL
C

VDRNG(NI)= FLOAT (NI-1)/VDSZE
C
100 CONTINUE
C

RETURN
END

4

SUBROUTINE COMPRS(X1eNeBINDATeIVAL,PLSZE.SAMRATeIUNIT4e
1VDSZE)
DIMENSION X1(1024),BINDAT(121)

C
C RESET BINDAT ARRAY
C

DO 250 IN=leIVAL
BINDAT(IN)=0.0

250 CCNTINUE
C
C SET UP INITIAL CONSTANTS
C

ICOUNT=0
C

ASIZE= FLOAT (2*N)/SAMRAT
C

IB=1
C

PT01= FLOAT (N)
C

NCOUNT=IFIX(PLSZE*2.0*PTOT/SAMRAT)
C
C PERFORM ERROR CHECK
C

IF (NCOUNT.LE.N) GO TO 100
C

'. RITE (IUNIT4 200)
200 FORMAT (1X.29H**** PLOT SIZE INCORRECT ****)

STOP
C
C LOOP TNROUGN APPROPRIATE DATA AND BIN ACCORDINGLY
C
100 DO 500 IP=leNCOUNT
C

FRE0= FLOAT (IP-1)/ASIZE
C

COMPAR=((FLOAT (IB))-0.5)/VDSZE



412

C
C j(?NCHECK
C

BINCHK=FRE0/COMPAR
C

IF (BINCNN.LT.1 0) GO TO 300
C
C AVERAGE PREVIOUS DATA
C

BINDATtIB)=BINDAT(IB)/ FLOAT (ICOUNT)
C
C RESET / INCREMENT COUNTERS
C

ICOUNT=1
gIB=IB+1

C
C STORE FIRST POINT OF NEXT BIN
C

BINDAT(IB)=BINDAT(IB)+X1(IP)
C

00 TO 500

INCREMENT COUNTER AND TALLY POINT
C
300 ICOUNT=ICOUNT+1

BINDAT(IB)=BINDAT(IB)+X1(IP)
500 CONTINUE
C

RETURN
END

)
I
;

|
,
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A PPENDIX A. 3

START UP ANE DATA ACCUISITION PRCCEEURE

A consistent technique was applied in starting the

x-ray machine and acquiring the void frac tion date. This

scheme assured accuracy and repeatability of results. The

technique is provided in instruction form.

Prior to Operation

1. Make sure grounded red is applied to capacitors.

2. Ering battery water level to correct mark.

3 Cl e a n battery terminals.

4 Fully charge batteries.(Over night is best)

5. RemcVe battery charger from high voltage field.

6. Start water flow through test section at 2 gpm.

7. Start cooling air flow to reference attenuator (2 velve

turns 7.

X-ray Start-Up Pr oc ed ur e

1. Visually inspect air / water loop and x-ray tube for leaks

or cracks.

2. Make sure local probe (if used) is full y inse rted ,i .e .

L
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set micrometer drive at 0.100 in.
3 Plug in' log-amp box.

4 Flug in 220 vclt cable for x-ray unit.

5. Close lead covered decr and plug in door interlock.

6. Turn on radiation detectors' power supply and sl owl y

increase to 1200 volts.
7. PemcVe grounding rod from capacitors and place in

interlocked bracket.

8. Set timer to 23 hours.
i 9. Turn high voltage control counter clock wise.

10 Unlock wall breaker switch and place in "GN" position.

11. Press " START" en main x-ray control panel to activate
1

FA-60 cooling water pump. (Green light should come on.)

12. Visuall y observe x-ray cooling water flow frcm 3/4 in.
i copper pipe into drainage sink.

13. Turn on filament volt: de supply and reduce to lowest
possible current.

.

14 Pre ss "ON" on main x-ray control panel .( Af ter 20

seconds, a timer will turn on the red light, switch off

the green light and activate the yellow x-ray warning
light)

15. Slowly increase high voltage control, stopping for 5

minutes at increments of 5 kv. (This will prolong x-ray

tube life)

16. Increase filament voltage supply to desired operating
level. (Check the operational curve associated with the

specific x-ray tube to determine the possible operating
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conditions)

X-ray Set Up fo r Cata Accuisition

1. Allow x-ray machine to operate for 5 hours making sure

high voltage and current stay constant. Readjust if

necessary.

2. Stop test section water flow and empty test section with

large air fl o w .

3 Move x-ray unit to right side of test section with crank

(Watch the voltage of the output line to the PDP-9

computer. This voltage will reach a minimum at the pipe

edge)

4 Set dial micrometer to read 0. 625 inches.

5. Move x-ray unit to left side of test section with crank.

Micrometer should read 0. 375 inches (If not , repeat

steps 3 through 5 to get equal travel on each side.)

6. Return x-ray unit to the center of the pipe. Micrometer

should read 0.000 inches.

7. Adjust reference attenuator (Knob near crank labelled
1

'c') to obtain zero output voltage from logarithmic

am pl i fier s .

8. Fefill test section with water and verify all water

voltage.

9 Empty test section and reverify the zero voltage at the

|
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i

logarithmic amplifier output. |
|

10. Go to the computer room and measure cable voltage at

input to the linear gate (It should be 4. 00 volts) .

11. Ee fill tes' section.

12. Feturn to computer rocm and set external pulser for

correct frecuency and pulse wid th .

13 Pe r fo rm two-phase experiment.

X-ray Sh u td own Procedure

)

I
l

1. Slowly reduce high voltage control to full

counter-clockwise position. (Kilovolt meter should read

zero)

2. Feduce filement voltage control to full

counter-clockwise position.

3 Turn cff filament supply.
,

l
4 Press "GFF" switch on main x-ray control panel. -

5. Pr ess "STOP" on main x-ray control panel.

6. Turn wall breektr switch to "CFF" position and 1cck in

place.

7. Ground high voltage side of capacitors with grounding

rod.

8. Shut off air flow to reference attenuator and set test

section water flow rate to 1 gpm.

9 Reduce slowly and turn off radiation detectors' po we r

i
1,

|

|

._-_____ _ __ - -
_ -



-. _ _ __ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

417

supply.

10. Enter x-ray test area and inspect for leaks or any

abnormelities.

11. Disconnect logarithmic amplifier power su p pl y .

12. Leave room and close leed covered door.

1

i

i

- .- , a
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!
; APPENDIX A.4

i >

HIGH TEMPERATURE OPTICAL LOCAL PROBE
. -

t

i Two-phase flows are encountered in a wide variety

of industrial applications. Accurate measurement of various
}
i liquid and vapor phase parameters on a local or global

,

i

| basis, is required for equipment design and computer model
i

verification. To this end a high temperature local probe

was developed at EPI. The next section will present the
|
; underlying analysis. The final section will present the
!

design considerations.
1
4

i

I Analysis
1

i
Phase detection, using light, is theoretically possiblej

since the refractive.indev of vapor and liquid vary
*

considerably. Employing high temperature fiber optics,
.

; light'can be introduced into the two-phase environment.

i ^

infrared lightMoreover, the high frequency of visible and

results in a small response time. A ne611gible dependence

on other water properties, such as purity, would be expected*

] since the probe only uses the phase refractive index fo r

}- discrimination. *

| Local optical probes:to measure the local void
:-

fraction of a flowing two-phase mixture have -previously been - '

+ - designed and built [26,27). These probes operate on the

principl es of - Snell's Law,-

-

1

'

-. - . , - , _ , _ . .,--.,v- .__.~.-,,,-.,,-,n -y-,-mam --4 , c - - . - . , - . , < 4 , - c - ,, _ _ , - , - - , , .
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n s'incy = n 81"*2 (1)y 2

where,.

n,n= the refractive ir. dicesy 2

4p: the angle of incidence, measured with

respect to a normal to the sur face

42= the angle of refraction, measured with

respect to a normal to the surface

! Unfortunately since these early probes were made of glass,

they were not suited for the high velocity, temperature , and

pressure environment e., countered in many important
i

processes (eg: nuclear reactor safety experiments) .

| Nevertheless , employing the operational idea of
;
'

Snell's Law, but using an optically clear, high temperature

tip, a rugged probe can be developed. An optically clear
i

diamond was used in this study since they are available at
i

r easonable cost. The refractive index of diamond (2.41) is
much greater than water (1.33), or air (1.00). This makes

critical angle reflection possible. The manufacture of a4

i

! small diamond for the a probe tip is straightforward since
L

miniature synthetic diamonds are commcnly. cut as stereo

turntable needle.s.
i

1 A conical-tipped cylindrical diamond -was selected

I as the probe tip.. A conical tip will provide easier

penetration of the vapor / liquid interface, and minimize
,

bubble' distortion. . The cylindrical shaft section of the tip
i.
\
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i

provides a-region for mechanical attachment of the diamond
|

to the protective outer tube. Figure A.4.1 illustrates the

gene 31 tip shape.

The optical response of the diamond tip depends on

numerous physical parameters. Length, radius, and tip angle

are some of the importent parameterc. Cther parameters

include the optical properties of f he inccming and outgoing

light fibers as well as the relctive ratio of input to

output fiber area.
;

The fabrication and testing of a series of dicmend
i

|
tips to determine an optimum probe design would be costly.

Thus, a computer simulation was developed to provide an

easier and less expensive alternative. The code, known as

DOPE-1, was written ( Append ix-A . 5 ) and used to mcdel the

optical response of the diamond tip. This two-dimensional

simulation assumes that light rays move in straight lines of

the form ,

y =mray ray ray + bx :ray (2) 1

where,

y-coordinate of the rayy =
ray

sl pe of the raym =
ray

x-coordinate of the rayx =
ray

b * Y- " * *E ' * Yray

Several optical laws including Snell's Law for re fraction ,
Beer's Law for attenuation [14], and Fresnel's Laws for

reflection and refraction losses [14] were employed .
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Modeling options include the simulation of a residual water

film on the tip and the angular distribution of the input
light. A relative intensity is also calculated for each

light ray. Variation of the important diamond parameters

for optimum design is easily accomplished through code
input.

Information obtained from COPE-1 includes a coded

summary of the ultimate fate of each light ray. This

information is listed below in tabular form :

1 light transmitted through face 1

2 light transmitted through face 2

3 light transmitted through face 3

4 light transmitted through f ace 4

51 light at incorrect angle at face 5

52 light at incorrect position at face 5

6 light transmitted through f aceA6 (water film option
onl y)

7 light transmitted through face 7 (water film option
only)

88 light 6 eflected back to acceptance region in fiber
optic within acceptance cone

91 light transmitted out face 1 film edge

92 light transmitted out face 2 film edge

Table 1: Ra y Trace Indicators
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An option is available for listing the actual ray paths.

Modeling

The simulation is divided into five sections:

1) Establishment of a coordinate system.

2) Introduction of the light rays.

3) General ray tracing scheme.

4) Water film ray tracing.

5) Light intensity loss calculation.

The first three sections may be considered the nucleus of

the simul ation , while parts four and five can be viewed as

refinements to the code. Visualizing the mcdel in this

fashion made an efficient development possible.

Geometric calculations form the basis of light ray

tracing. The simulated light rays mcVe in one coordinate

system while the argle of incidence is calculated with

respect to a system based on the normal of the intersected

surface. Proper selection of a coordinate system will

minimize the computational effort required to calculate the

re fl ec ted light equation using the angle of incidence.

Figure A.4.1 illustrated the coordinate system

em ployed in the COPE-1 code. The x-axis is parallel to the

sides of the diamond shaft and passes through the tip's

apex. A y-axis was selected to pass through the conical

tip's base. This choice makes face discrimination possible
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by coordinates as summarized in Table 2.

SIGN OF SIGN CF

X-CCCRCINATE Y-COORDINATE

FACE 1 + +

FACE 2 + -

FACE 3 +-

FACE 4 - -

TABLE 2: Polarity o f Optical Coordinate System

The entering light rays must be initialized along

the input optical fi b e r s . Thus the light rays are assumed

to originate along the back f ace ' face 5 ). The selected

coordinate system fixes the x-coordinate of these starting

points at minus the diamond shaf t length. A total distance

available for light input, corresponding to the sum cf the

width of all input fibers, is calculated. From this total

distance , a uniform spacing (i.e., the space between

adjacent light rays) is computed. The first light ray is

started below the uppermost boundary of the first input

fiber. A second light ray is originated at an interval

belcw the first. This process is repeated until the

specified number of rays have been assigned initial 'x' and

'y' coordinate positions. It should be noted that the

uniform spacing distance consists of one input fiber width.
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If a ray is estimated to originate in a non-input region,

the total width of this region is added to the light ray's

estimated oriEin. This will shift the origin to a point

inside an input fiber region.

Since the slope of the input light ray and the ray

origin coordinates are known . only ' b' , the y-intercept has

to be calculated. Equation (2), can be rearranged to yield

the ray's intercept,

ray " Yi ray *i (3)-m

where,

= initial y-coordinatey

initial x-coordinatexf=
Now the initial light ray equation is complete.

General Fay Tracing Procedure

Simultaneous solution of the diamond face equation,

7 face" * face * face + bface (4)

and the light ray equation,
;

+b (5)Yray " '" ray * ray ray

will yield the 'x' and 'y' coordinates of an intersection

point. The x-coordinate of this point is easily calculated

by,

b -b
face rayXXX = (6)
* ray - " face

|

|

'

|
t
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where,

x-coordinate of intersection of ray and facexxx =

Should xxx be less than the diamond tip height or greater

than minus the diamond shaft' length, the y-coordinate is

calculated by,

yyy = m xxx + b (7}
ray ray

where,

'y-coordinate of intersection of ray and face.yyy =

The parameter'yyy must be less-than the radius or greater

than minus the radius. If these conditions have been met,

the face under consideration has been intersected. When the

conditions on xxx or yyy are not met, the next face in

numerical order, is studied. This process is repeated until

an intersection is found.

Depending on the angle of incidence, reflection or

refraction may occur at an intersected face; as shown in

Figure A.4.2. This angle is calculated from the face and

ray slopes. Plane geometry dictates that angles ci, B , and
0 should sum to 90 degrees,

h=Cy + (- B) + 0 (8)

where,

4 ngle of . incidence, with respect to the face

normal

B.=- angle between the face and the axis (i.e . ,
,

the arctangent of the face slope)

.

.

1

l'_ _ .+ --
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0= angle between the incident light ray and the

x-axis (i.e., the arctangent of the ray's

slope)

The angle of incidence can be obtained by rearranging

Equation (8),

1 = { - (- s + e) (9)e

This angle is compared with the critical angle for that

interface to determine if reflection or refraction has
occurred.

For angles of incidence greater than the critical

angle, internal reflection occurs, and a new ray tracing
equation must be calculated. Refraction of the ray would

usually terminate the tracing procedure and result in the

ray being appropriately coded. When the water film option

is used, and the rays are refracted through the appropriate
faces, a refracted ray equation is generated. The ray

tracing procedure is then continued within the liquid film.

A new equation for the re flecte ' light ray can be

obtained by assuming that the angle of incidence is equal to
the angle of reflection. The 'x' and 'y' coordinates of a

point on the ray are known as well as the slope of the face
intersected. Combining these three quantities a new ray
equation can be generated.

Two possible face-slope reflection situations

could exist:

1) Slope of the reflected ray equal to zero.

J
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2) Slope of the reflected ray not equal to zero.

Figure A.4.3 illustrates three possible face / ray

intersections, however the positive or negative slope cases

yield the same analytical expression. The zero slope case

is the simplest. A reflected ray's slope will just change

sign. Then using the intersection coordinates and the new

slope , the new ray intercept is calculated by Equation (3).

A refeleted ray equation is now complete.

Generation of the reflected ray equation when the

face slope is not zero is more complicated . Consider a

normal to the diamond's face, the slope of the normal is the

negative reciprocal of the face's slope,

1
Nortel Slope =

Face Slope (10)

Using plane geometry, the slope of the reflected ray can be

related to the angle of incidence and surf ace normal,

rays 1p = tan (cy + a) (11)

where,

rayslp = slope of reflected ray

47= the angle of incidence, measured with

respect to the normal

" the angle between the normal and the=

posftive x-coordinate axis,.(i.e., the

arctangent of the normal's slooe) ,

!

RPI's IBM 3033 computer's tangent functions are ;

valid only in the first and four th quadrants . This |
| |
| |

|

|
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condition imposes a limitation on the use of Equation (11),

since the code may calculate an equation identical to the

incident light ray equation. For this case, the new light

ray equation must be' corrected by an additional angle.

This adjustment angle is obtained from plane

geometry. Using Fig ure A. h. 2, the adjustment angle is

calculated by,

( - C) (12)6 "
adj l

where,

;aa. . adjustment angle, required to compensate for:

3

the computer's tangent function algcrithm

4 angle of incidence, measured with respect to:

the normal

A new ray slope is then computed by adding the adjustment to

the previously calculated angle,

-1 (raysip ld) + Oadj ) (13)tan (tanraysip =

new o

where,

rayslp * ""
new

* " # " *" E Prays 1p ldo
djustment angle, calculated by Equation (12)G =adj

The y-intercept is now calculated by using the new slope in

Equation (3).

Light rays which have been retroreflected must

meet two criteria before being considered fully accepted



432

into the fiber optic bundle connected to Face-5. First,

these rays must strike the back face (Face-5) at an angle

less than the acceptance cone angle. Light at a greater

angle will be refracted out of the fiber optic bundle.

Secondly, in our design only light rays which return to the

zones designated as output fibers will be considered

accepted. Any other retroreflected rays will not be

detected by the signal-processing electrcnics.

The angle of incidence on the back face is easily

computed since this face is vertical. This angle is

obtained by taking the arctangent of the incident ray slope,

i tan ~ (raysip) (14)
=

t

where,

i7= angle of incidence on back face ( fac e-5 )

rays 1p slo pe o f 1.n'c id e n t l ig ht ray=

The angle of incidence is pori"1ve by definition, there fore,

only the magnitude is considered. This angle of incidence ,
,

|
1s ccmpared to the acceptance angle of the optical fibers to '

determine if acceptance is possible.

Reflected light rays which satify the angle

criterion are then checked for position. The y-coordinate

of face-5 intersection is calculated and compared to fiber

optic boundaries. When the fiber which has been struck is

located, it is checked to see if it is and output fiber.

Light rcys striking an output fiber are considered accepted

while all others are rejected and assumed lost.
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Residual liquid phase may wet the probe tip during
;

|- the vapor's presence. A simulation of this film was

! developed af ter a review of basic boundary layer models for i

i-
wedge flows (49,50 ) indicated the possibility of such films.

The residual liquid model employed is assumed to have zero

j thickness at the probe's apex and increase' linearly along

the conical tip.

Ray tracing in the water film begins by
!

| calculating the angle of refraction at the diamond / film

: interface. This angle is obtained from application of

i
Snell's Law, Equation (1). A new ray equation is formulated

by using the refraction angle as the angle of incidence in-

the previously described ray generation techniques.i

i
Light rays in the liquid film that are moving away*

i from the diamond tip can intersect with the (assumed) smooth
:

) liquid / vapor interface. The angle of incidence is compared
1

| with the critical angle to determine if refraction or
!

reflection occurs. Reflection would result in generation cf
|

a new ray equation at an angle equal to the angle of

incidence. Refraction at this point would stop the ray

trac'ing routine and result in the appropriate ray coding.
i'
; Rays which strike the region of the water filt.
.

j colinear with face 3 or 4 are considered lost. These_ rays

could originate due to a reflection on the liquid / vapor

interface or come directly from the diamond. In either

case,'the rays are coded appropriately and the ray tracing
|

| 'is terminated.

I

|
t

. - - .. . - - -- -
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Reflection at the liquid / vapor interface returns

! rays to the diamond tip. Snell's Law, Equation (1), is used

to calculate the angle of refraction at the film /diamcnd

interface. This angle is used as an angle of incidence to

generate a new ray equation. The technique is identical to

the one described for light rays leaving the diamcnd and

entering the liquid film. Eay tracing techniques used for

the general case are now employed to continue the ray trace.

As the light travels through the diamond the rays

will be attenuated in two wa ys :

1) Attenuation along the path.

2) Attenuation at an interface.

Beer's Law, is used to calculate the attenuation along the

ray path,

-E*I=I e (15)g

where,

I : 2ntensity at a distance, 'x', into the

2
media, photons /cm -see

I a source intensity, photons /cm -secg

U= attenuation coefficient, dependent on media

and light waveleng th , em -

x= pathlength through media, em

The computer model stores the previous ray intersection

coordinates and computes the pathlength as follows,

j[(x ~* ) + (7 ~ 7 )x= (16)n o n o
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where,

x-coordinate of present ray position , emx =

x-coordinate of previous ray position , emx =
g

y-coordinate of present ray position, emy =

y-coordinate of previous ray position, emy =
g

Eeer's Law is applied after intersection so that

the light ray intensity is always current. This allows the

ray to move into different media and keep the calculation

procedure simple.

Fresnel's Laws are used to calculate the intensity

of the transmitted and re flected rays. These Icws account
'

for the fact that an intensity loss occurs at an interface

if the total reflection does not occur . In fact,"the

re fl ec ted light ray component may have a larger intensity

than the transmitted. Fresnel's Laws are ,

R sin (c -4 )st y
-

(17)
9

--

_.Ls sin (4 +c2)1

and,

st , 2sint coscE 2 7 ( }
Es sin (c +4 )7 2

and,

R tan (4 -4 )
pr , 7 2

E tan (4 +4 ) (19)
p y 2

and,

E 2 sin 4 cos42 7
_

sin (4 +4 )cos(cy-4 )E
7 2 2pr
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where,

pe r pe nd ic ul ar component o f re flected lightR =
sr

perpendicular ccmponent of incident lightE =
s

p rpendicular component of transmitted lightE =
st

parallel component of reflected lightR =

Pr
parallel component of incident lightE =

P

parallel component of reflected lightE =
pr

angle of incidencec =

42= ngle f refraction

The reflectance is calculated by squaring Equation (17) for |
|

the perpendicular component, and squaring Equation (19) for

parallel light.

Calculation of the transmitted intensity is not as

simple. The total energy must be conserved . The total

energy is obtained by multiplying the respective light ray

intensity by its area,

fRi U) E I cosc9T
( )

E[ + ( { cos:
"

g

This ex pression will apply to parallel or perpendicular

light. Note that the refractive indices enter the analysis

to conserve energy.
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APPENDIX A.5

DIAMCND OPTICAL PRCBE EVALUATION, VERSION 1, COPE-1

This appendix contains a FCRTEAN listing of the

COPE-1 code. This computer code traces the paths of light

rays moving through a diamond tipped optical probe. Snell's

Law is employed to calculate the angle of refraction.

Beer's Law is used to calculate light ray attenuation along

its path, while Fresnel's Laws are employed to calculate

intensity losses at an interface.

The code is variably dimensioned for maximum

fl e x ib il it y . Using en IBM 3033 computer , one to two se cond s

of C.P.U. time is required per run.

!

|

|-
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i
1 C
2 C CCCCCCC OCCCCC000 PPPPPPP EEEEEEEEE 111
3 C DCCCCCCD CCCCCCCCO ffFFffEP EEEEEEEEE 1111'
4 C CCC CDD CCC 000 PEP PPPP EL 11111
5 C DDD CDD CCC CCC PEP ffT' EEEEEEEEE 111----

6 C CCC CDD CCO CCO PPPPPPPre. EEEEEEEEE 111----

7 C DDC CDD CCC CCO FfFFfff EEE 111
8 C CCCCCCCD CCCCCCCOO PPP EEEEEEEEE 111111111
9 C DCCCCOD CCCCCCCCO PEP EEEEEEEEE 111111111

10 C '

11 C
12 C

13 C DIAMCNC OPTICAL PRCBE ETALUATICN, TEBSICR 1
i 14 C $ $ $ $ $

15 C
16 C
17 C
18 C SEPTE5EEB 1978
19 C
20 C

21 C
22 C CEVELCEEC AT BENSSELAER POLYTECHNIC INSTIICTE PCB:
23 C

24 C UNITED ST11ES NOCLEAR BEGULATOBT CC5ISSION
25 C lASHINGTCN, C.C.
26 -C CC NT B ACT AT (49-24)-3 301
27 C CB T. Y. HSU, CIFECTCS;

| 20 C
! 29 C

30 C
31 C
32 C

33 C AC1EC5:
34 C

35 C EAps VINCE
36 C NOCLEAR ENGINEEBING AND SCIENCE BUILDING
37 C BENSSELAEB FCLYTECHNIC INSTITUTE
38 C TBCY, NEW 10BK 12181
39 C
40 C
41 C
42 C

43 C BBI1TER IN PABTIAL FULFILL 9EET CF THE BECUIBEMENTS
44 C ECB TEE CEGBEE CF CCCTOR CE PEILOSOPBY
45 C IN bCCLEAB ENGINEEBING
46~ C
47 C
42 C

49 C
50 C

#

| 51 C DCC1CBAL CCEEI11EE:
t 52 C

{ 53 C CB. BICHABC T. LAHEt, JF. CBAIPHAN
54 C CB. HENST E. BBEID
55 C EB. GECEGE FBTCUK
56 C CB. BODNET CAT
57 C CB. JCHN C. CCFELLI
58 C

59 C

60 C
i

|
,

!

I:
;

m . *
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61 C
62 C COPE-1 PLANE GEOMETBT
63 C
64 C
65 C FACE 3
66 C
67 C IIIIIIII***************************** CC
68 C ****************************** 00 FACE 6
(9 C ** ** CC
70 C 001f0T ** ** 00 (BATEB FILM)
71 C ** ** CO
72 C ** FACE 1 ** 00
73 C IIIIIIII** ** 00
74 C ** ** 00
75 C INPC1 ** FACE 5 **CC
76 C ** ** 00
77 C IIIIIIII** ** 00
78 C ** FACE 2 ** CO
79 C ** ** CO
80 C CCIPUT ** ** CC FACE 7
el C ** ** CC
82 C ****************************** 00 (9ATER FIL9)
83 C IIIIIIII***************************** CC
84 C

E! C FACE 4
86 C
E7 C
88 C FIEIB CIAMONC
E9 C CPTICE TIP
S0 C
91 C
92 C *** ABSTBACT ***
S3 C
94 C

95 C ACCUBATE MEASUBEMENT CF VCID FBACTIC4 IN TEC PHASE FLOWS IS
96 C NICISSARY FOR EQUIPMENT DESIGN AND COMP 0TER MODEI VEBIFICATICN.
97 C OPTICAL VCID PEASUBING TECHNICOES HAVE BEEN D E V E L C P E C ( 1,2) , BUT
98 C THESE CEVICES ABE NOT SUITED 708 HABSH INDUSTBIAL ENVIBCNMENTS.
99 C & CIAEOND TIPEED PBCBE HAS BEEN P SC PCSED (3) FCB OSE IN A

100 C HIGH TI5PEBAIUBE AND PRESSOBE INVIBCNMENT. THIS CCHFUTER MCCEL
101 C SIE01ATES THE PSCBE'S CPTICAL PESPCNSE IN TSO PHASE PLCE. THE
102 C CALCOLATICNS ABf PEBF03MEC IN 2-D GECRETBf DOE 10 THE SYM"ETBf CF
103 C THE CCNICAL-TIPfED, CYLINDRICAL DIAPCNC. S EELL'S L AW (4) ,
104 C
105 C N1 * SIN (TB':T A 1) N2 * SIB (THET A 2) (1)=

106 C
107 C EQUATICN 1, IS USED TO CALCOL ATE THE ANGLI 0F BEFBACTION.
108 C TE! sis 01ATICN BEGINS BT INTRODCCING IIGHT BAYS Ch THE
109 C VERTICAL, BACE FACE (FACE 5). FAYS CAN ONLY ORIGINATE IN THE LIGHT
110 C INPUT 2CNES. AT TEESE POINTS, AN EQUATION FOR THE LIGHT RAY LINE
111 C IS GENEBATED. SIMULTANECOS SCIOTICN CF THE LIGHT BAT EQUATION
112 C AND Ytf TIP FACI EQUATIONS BILL TIELD THE COORDIN ATES CF
113 C INTIESECTICN. THE ANGLE CF INCIDENCE IS CALCULATEC AND CCMPABEC
114 C TO TEI CBITICAL ANGLE FOR THAT INTERFACE. REFBACTICN CF THE BAY
115 C UILL TERMINATE THE BAT TBACING PRCCECOSE ABC BESOLT IN APPROPRIATE
116 C BAT CCIING. BIFLECTED BAYS ARE ASSUMED TO BEFLECT A1 AN ANGLE
117 C EQUAL 10 THE ANGLE CF INJIDENCE. A NES LIGBT BAT EQUATION IS THEN
118 C GENIB AT ED B Er?ISINTING THE BEFL ECT EC B AT. TRE PRCCESS OF
119 C BAT 15 ACING is EEPEATED UbTIL THE SAT IS TEANSMITTED FROM THE

BEffBRID TO THE BACK FACE (F ACE 5).120 C TIP CS 4
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121 C A EAT RETOBBIRG TC THE BACE FACF (PACE 5) IS CHECKED FOR ITS
122 C ANGLI CF INCICENCE. TEIS AEGLE MUST EE LESS THAN CR ECUAL TO THE
123 C FIEEE CPTICS ACCEPTANCE ANGLE. IF THIS CBITERICN IS PET, THE RAY
124 C IS 1 BIN CHECEID TC ASSUEE INTESSECTIC4 EITH AN ACCEFTANCF FIBER.
125 C IF TilSE TWO CBITIBI A HATE BEEN SATISIFIED, THE BAT IS CODED 95,
126 C I.E. 1CTALLY BEFLECTED BACK TC THE ACCEFTABCF BEGICNS CF THE
127 C PICRUE PIEEB.
128 C 16C LIGHT INTENSITY SECUCTICN 1AES A9E INCCEPCBATEC INTO
129 C TBE SIFULATICN. BIEB' S L AW (5) , EQUATION 2. IS USED TO CALCOLATE
130 C
131 C I= Io * E XP (-D I) (2)
132 C
133 C ATTENUATION ALO5G THE BAT PATE. INTINSITT LOSSES COE TO
134 C REFLECTICE CB BEFRACTICN AT AN INTESFACE ABI CALCOLATED Bf
135 C FBISEEI'S LAWS (t).
136 C FESIDO&L LICOID IS EIEECTIC TC WIT THE PECEE TIP COBING
137 C THE PSISENCE OF THE Y APOR PBASE. THE COMP 01EB MCDEL FCB THIS
138 C PHINCMENA ASSUMES A LINEAF 1ASIATICS IN WATER FILP TPICKNESS,
139 C WHEBE THE IILM WIDTH IS ZIBO AT THE PRCBE'S APEI. LIGBT
140 C BEFBACTIOB 130 $2FLECTICE IN 187 WATES FIL5 ABE CCNSICEBED BY

i

141 C AFFECFEIATE CACULATIONS. I

142 C 1 BIS sis 01ATICM CAN RCCEL & MAIIPOP ACCIPTANCE AEGLE OF 16
143 C DIG 5ffS. A TIP BITB 5 FACES IS RECC99 ENDED. THE PSCGSAM IS
144 C VABIAELY DIMERSICNED FCE EAIIF05 FIFIIEILTT. T E N ( 10) RAYS &T
145 C EACE ANCLE CAN EE INDEPENCFMTLt TRACED PEB B05.
146 C CCTPUT CCNSISTS CF A T E ANSPISSICN 5 AT FII. SEIS AFRAY CONTAINS
147 C & SOFMABY OF IACB BAT TRACE IN TABULAR FORE. T! E ECBRALIZED
1#8 C INTENSITY ASSCCIATID WITH EACH FAY IS ALSC PRINTEC. ALL INPUT
149 C CATA IS LISTEC PCB BEFERENCE AND EPB08 CCPBICTICN. USING THE
150 C PSCPfB INPUT CCCE, THE ACTUAL SAY F&fBS ANC B&Y CATA C&M BE
151 C PBINTIE CUT.
152 C

153 C *** FrtIBENCIS ***
154 C

155 C 1. E I L L E B,5. A4C MITCHIE,F.I., " MEA!D3EMENT OF LCCAL VCIDAGE
156 C 15 LICOID/ GAS TEC-PBASE FICh SYSTEMS', JCOB. CF EFITISH
157 C N0 CLEAR ENIBGY SCCIETY, TOL. 9,82, 1970
158 C
159 C 2. CANIEL,F. ANC CELHAYE,J.M., "SO4CE OPTICUE PODB PfSOFE DD
160 C 1ACI DE PPESENCF !CC&L ICCOLEMEhT DIPHASIQUE', NESDRES,
161 C BIGULATICN, AUTJE&TISE, AUGUST-SEPTEMBEB, 1971
162 C
163 C 3. LAFif,B.T., TRO-PHASE ILOW PBENOMEE& IN NGCLE&B BEACTOB
164 C TECENOLCGY, CUABTERL1 EFCGFISS EffCET, NC. 1., RIESSEL&EB
165 C TCLTTECBBIC INSTITUTE, 780T, NEW TCRR, CCT. 1, 1976.
166 C
167 C 4. JINRINS T.A., AND WHITE,B.I., " FUNDAMENTALS CF CFTICS',
1(8 C FCCFTH EDITICN, PCGBAW HIL1, INC., 1976, PAGE 11
169 C

170 C 5. SEPEBENCE u, FAGE 231.
171 C
172 C 6. SEFIRENCE 4, PAGE 524.

'

173 C
174 C
175 C
176 C
177 C
178 C
179 C

120 C
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181 C
182 C *** SUEECUTINES ***
163 C

184 C ANS6 SOEECUTINE TC bFITE CUT TBANSRISSICN 9ATBIE AND
105 C APEBCPBIATE HEACINGS
1E6 C
187 C 21285 SUEBCUTIuE TC PEBFOBM EEEB'S LAB INTEMSITY
188 C A1TEbOATICN FCE IIGHT FifS
189 C
190 C CALCCF SUBBCUTINE TC CALCULATE PABARITEBS FCB USE IN
191 C IE1SNEL' S EOCATIONS
192 C
193 C CICNGL PUNCTION SUBBCOTINE TO CALCULATE THE ANGLE OF
194 C INCIDENCE GIVEN FAY ANC FACI SLCPE
195 C

196 C DIST F05CTICN SUBBCUTIhE TC CALCUL AT E THE DISTANCE
197 C EITsEEN TSO POINTS,I.E. THE DISTANCE FCB50LA
190 C

199 C ICUAT SUEBCUTimE TC CETIBMINE ECDATICNS CF DIAPCND F8T!"
200 C Ast HATES FILE FACES
201 C
202 C FACBEE FUNCTICM SUB5CUTI5E TC CHECK IF LIGHT BAY
203 C INTEBSECTS WATIS FILM SITHIN TIP CCNSTERINTS
204 C
205 C FIPEAT SUEBCUTINE TO FLIP RAY IN MATER FILM IF INCOBBECT
206 C IIGHT ECUATICH IS GENESATIC
207 C

200 C FPENEL FCbCTICN SUBFCDTINE TC CACULATE THE INTENSITY OF
209 C A BEFLICTIC 08 BIFBACTIC LIGH1 BAY USING
210 C FBESNEI'S LahS
211 C
212 C GCBCGC SUEBCOTINE TC C ALCOL ATE TE ANSEISSICN CB BEFLECTION
213 C Cf LIGHT BAYS
214 C

215 C ICCIPT FUNCTION SOBBOUTINE USED TO CBECE IF BETURNING LIGHT
216 C EAT IS WITHIb FIEEE ACCEPTANCE CONE
217 C

210 C BATTFE FUbCTICN SUBBCUTI5E TC CETEERIBE AFFECPBIATE
219 C CBITICAL ANGLE ECB INTEPFACE
220 C
221 C MAYFIF IUNCTION SUBBOCTIkE TO DETEBMINE IF BAY
J22 C FLIFFIBG IS'bECECSABY

,

223 C1

224 C BCTEGI FU$CTIC5 SOBFCUTIbE USEC TC CITERMINt RACE
225 C INTIBSECTED ET LIGHT BAY

l 226 C

227 C CFTFEP SUEBOOTIut USED TO BEAD IN BEFBACTIVE INDICES AND
222 C CCFPC12 CBITICAL ANGLES
229 C

; 230 C BATECT SCEBCCTINE TC GEbfBATE INFUT LIGHT BAY IQUATIONS
231 C

232 C BAYBEE SUBBCOTINE TC CALCULATE A BEFLECTEC B&fS EQUATION
233 C
234 C BATCBG SUBBCOTINE TC FCSITICN LIGHT FAYS ECUALLY SPACED
235 C ALCEG INPOT SOBFACES
236 .C
237 C BICATA SOEB00 TINE TC BEAC VARICUS INPUT PABAMETEF
238 C
239 C SEttuz SUEBCOTINE TO INI11ALIZE INTENSITY ABBAT
240 C

;

L

, , - -- - ,-w -r-. ,
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241 C SNELL FUNCTION SUBB00 TINE TO CALCOLATE ANGLE CF
242 C FEFPACTION USING ENELL'S LAS
243 C
244 C SOMEEB SUEB00 TINE TO S05 UP REFLECTED BATS FOB EACH INPUT
245 C AhGLE
246 C
247 C WATBAC EDERCOTINE TC CC BAT TEACE IN EATES FILP
248 C
2e9 C ETECCT SOBBCOTINE TC CALCOLATE ECUATICMS Cf HATER FILM
250 C

251 C ISET SCEFCOTINE TC CAICULATE INTEPSECTICN CCCBCINATES
! 252 C 705 USE IN BEEB'S LAN ATTENUA1 ION CALCDIATION
} 253 C
' 254 C ZCNCEE # 0 5CT IO N SOE800 TINE TO DETERMINE IF EEFIECTED BAY

255 C INCIDENT CN FIFTB FACE STEIKES AN ACCIFTANCE BEGICN
256 C
257 C
253 C

! 259 C
| 260 C *** VASIABLES ***
i 261 C
; 262 C
' 263 C

264 C & FLCATING POINT NOMEER ECCAL TC NOPNTS|

i 265 C USED AS DOMMY TAEIABLE IN SOEPCOTINE SUMMER
266 C

267 C ADCGLE TWICE 1NE CIffEFENCE EETWEEN THE ANGLE OF <268 C INCIDENCE AND 90.0 CEGREES
269 C
270 C ANGLE ANGLE Of INCIDENCE FOR A LIGHT BAY CN A
271 C FACE, 15 BACIANS
272 C
273 C CDTEGL TAnGE5T OF ANGLE OF INCICENCE
274 C

275 C CHECE ABSCLOTE VALUE CF BAY ANGLE (CEG3EES),
| 276 C NHEN INCIDENT ON FACE 5
; 277 C

278 C CBT A NG (LL) ARRAY CCNTAINING CRITICAL ANGLES BETWEE4
279 C VAEICOS INTIFFACESi

| 280 C

| 221 C CAS BACIOS WITH FITPA TCLERANCE (0.00001) CSED282 C FOR COMPARISCNS IN PUNCTICN hCVEGE
123 C
284 C CEGhCL ANGLE Cf INCIDENCE CCNVEETED 10 DEGPEES
205 C
286 C EACCCf COEFFICIENT USED IN FRESNEL BEFLECTICN/207 C BEFEACTICN CALCOLATICM
288 C
289 C EB 1.0 FE3 CENT CF A LIGHT FAT'S SLOPE
290 C
291 C EEBCE1 ABSCLOTE TALDE CF TBE DIFFEBENCE BETWEEN
292 C THE CBIGINAL BAT SLCFE AND THE REFLECTEC
293 C PAY SLCEE
254 C

295 C EEBCE2 AESCLOTE V ALDE CF TBE DIFFFBf MCE BETWEENi

| 296 C THE OBIGINAL RAY Y-INTEBCEPT AMD THE
I 297 C hEFLECTIC BAT Y-INTIBCEPT' 298 C

299 C- EP 1.0 FEt CENT CF A LIGHT BAT'S Y-INTEPCEf1
300 C

,

|
|

I

I

!

|
l

|
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301 C FACLG1 TIE FACE LENGTR
302 C
303 C FACSLF SLCPE OF FACE STRUCR BT LIGHT BAY
304 C

305 C CAMBA DUMMT VABIABLE CSED IN BATECT FCB THE ANGLE'

306 C CF IbCC)ING LIGHT, IN DIGBYES

307 C

306 C GAMMA DOMMY TABIAELE USEC TO STCSE WICTH OF
309 C FIEEBS LESS THAN SIEE OF SFACE
310 C
311 C HFANGL MAIIMUM ANGLE OF INCOMING LIGHT, INTEGEB
312 C
313 C HGT BEIGET CF DIAMONC CONE, BASED CN BADIUS A4D
314 C TIf ANGLE
315 C

316 C ICHECE CHICK FCB LIGHT EAY INTF8SECTION IN
317 C NATER FILM
318 C J SUITAELE INTEFSECTICN
319 C 1 INTEBSECTION OUTSIDE WATEF FILM
320 C 5AbGE
321 C
322 C IFLIE BAT FLIrf1NG FASAMPTER
323 C 0 NC BAT FLIPPING Bf;UIBED

324 C 1 15COBBECT BAT EQUATICE, MOST FLIP
325 C

326 C IFFE5L FAFAPETE5 TC CETEBMINE IF THE BEFLECTED
327 C -0B BEFBACTEC INTENSITY IS TC BE CALCULATED
328 C 0 EEFE ACTEC TF ANSMITT ANCE
329 C 1 BEFLECTED TB ANS2ITTANCE
330 C

331 C IBE A C (NOPNTS) VECTOR CONTAINING CNE TO NCPNT TALUES
332 C USED SCLEY FCE PFINTING HEADING ON OCTPUT
333 C

334 C INTCFT FACE I)TEBSECTEC EY LIGHT EAY
335 C

336 C INTFAC INTESFACE PAEAMETEF:
337 C 1 AIB

33e C 2 bATER
339 C 3 UATER FILM ONLt
340 C

341 C IPSINT BAY PATR PRINTING OFTICN CCDE
342 C 0-IIINT PAT FAT 9 1-NO PEINTING
343 C
344 C ITB ANS (HF ANGL,NCP NTS) TSANSHISSION MATEII SHOWING OLTIMATE FATE
345 C OF EACH LIGHT BAT, EY ANGLE AND POSITION
346 C 1 15ANSMITTEC Tb500GH FACP 1
347 C 2 TBANSMITTED THBCOGH FACE 2
Joe C 3 TF ANSMITTEC THECOGB FACE 3

4 349 C 4 TBANSHITTED THBCOGH FACE 4
J50 C 51 LIGHT AT INCCdFECT ANGLE AT FACE 5
351 C 52 LIGHT AT INCOBBtCT FOSITION AT FACE 5d

352 C 6 TEANSBITTEC TBFCOGH FACE 6 (NATEB FILM
353 C OPTIO4 ONLT)
354 C 7 TIANSMITTIC THSCOGB FACE 7 (WATER FILM

i 355 C OPTION CNLY)
356 C 88 SEFLECTEE EACK TO ACCEPTANCE BEGION IN
357 C FIEEB OPTIC NITHIN ACCEPTANCE CCNE
358 C 91 LIGHT TFANSMITTED CUT FACE.1 FILM EDGE
359 C 92 LIGHT 1 BANE 5IT1ED OUT FACE 2 FILE EDGE
360 C

- - -
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I 361 C ISTCAL BATEB FILM OPTION CALL FASAMETEB
i 362 C 0 WATIB FILM OPTICN NCT CAILID363 C 1 bATER FIL5 CPTICN WAS CALLED

364 C
365 C L NUtBIE CF MATEBIALS IN SYSTER, USUALLY 3
366 C

-

3'? C LGT LE5GTB CF CI ANCNC SH AFT,IN MILS
sob C
369 C LL DC-LCCF FASAMETE5 USED FCB BEFBACTIVE310 C INCICES
371 C
172 C LT s&TEBIAL IN URICH A11FNU&TICN CCCUBS
313 C 1 AIS
374 C 2 WATER
315 C 3 CIAFCNC
316 C
377 C RU (L) ATENDATICR CCFFIICENTS8 ASEAT318 C

)'19 C NF CC-LCCF PABAMETEF OSED FCB TIP FACES380 C
381 C NF AC E NOFEIS CF TIF FACFS, USUALLY !
382 C
383 C NH DC-ICCF PARAMETIE USED FCB INFUT384 C ACCEP1ANCE ANGLES
3f5 C

326 C NN COUNTIB FOR STABIED FAYS
381 C
300 C NCFNTS hDMEEB CF FACE kPEBE LIGHT BA1 STABTS,
3E9 C INITIALLY SET ICOAL TC 0, MAIIMUM VALUE IS390 C NFACE, WITH WATER FIL5 OPTICN PAIIs05
391 C TALUE IS
392 C
393 C NP DC-LCCF PARAMETES USED FCB NUPBER394 C OF LIGE1 RAIS
395 C
396 C NII INCEI 708 CENTIBLINE ZONE, USED TO SET
397 C CEh1EF11NE ZCut ECUAL TC 0.0 1398 C
399 C N2 CC-LCCF PARAPETEP USED FCE NUPBER

!

; 400 C CF FIBER OPTIC INP01/001FUT 2CNES I

| 401 C |

402 C NZCCCI(N DI52) INTEGEB ARRAY CONTAINING "HE CCDE NUMPER403 C FCF IACB LIGHT ASEA
404 C 0 BEGION OF NO LIGHT TRANSHISSION405 C 1 BIGICN CF LIGHT INPUT
406 C 2 REGION OF LIGHT PICKUP
407 C
408 C NZCIMI DIMENSICHING PARAMETER FCB ZCNE ABRATS439 C
4SJ C N:CIM2 CIMENSICNING PARAMETEB FCR 2CNE ARRAYS411 c
412 C N2FCS NZCNES+1
413 C
414 C NZCEIS ONE EALF NUMPER OF 2CNES CE FIBER CPTICS415 C
416 C NTCNIZ 191CE M20NES + 1
417 C
418 C CANGII STCBED ANGLE OF INCIDENCE, IN BADIANS,
419 C OSIC AS THE ANGLE CF INCICENCE IN420 C FRESNIt'S LASS CALCOLATICN

- . - . _
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421 C
422 C P1 TABIAEIE CCNTAINING FPACTICN CP LIG8T
423 C BAYS BEFLECTEL BACK AND ACCEPTED AT
424 C FACE 5
4 ' "- C

4.$ C PASACP PASALLEL CCPFCNTNT CF LIGHT INTENSITY
4t1 C

422 C PE5fCF PE5fENCICULAB CCMPCNENT CF LIGHT INTENSITY
429 C

430 C PEBTAN ABFAY CCNTAINING TALLY CF TOTALLY BEFLECTED
431 C LIGHT Bats ET ANGLE

! 422 C
433 C PEETA SINE OF ANGLE SNELL IN FUNCTICR SNELL
434 C
435 C PHI 1 TIF BASE ANGLE, IN DEGREES

436 C
437 C EI ABITEMETIC CONSTANT, 3.14159
432 C
439 C SAC TIP PACIUS, IN RILS
440 C
441 C BATCPT f-INTEBCEPT IN LIGHT BAT EC0ATION
442 C
443 C BAYSLP SLCPI IN LIGHT BAY EQUATICE
444 C
445 C B FI N CI (LL) aBBAT CCNTAINING BEFRACTIVE INDICES
446 C
447 C BFThGL TANGENT OF ANGLE OF BEFBACTICN
442 C
449 C B YCECN (NOPNTS) ABBAT CCNTAINING Y-C00BCINATE CF STARTING
450 C LIGRT EATS ALCNG FIFTH FACE
451 C

452 C SLKEEP TAFIAEIE CCNTAINING CIFFERENCF BETNEEN
453 C LIGHT BAT STARTING POSITICN ANC EONE
454 C ECONCA51, USIC TC KEEP BAYS ECUALLY SPACED
455 C

456 C SLCEI(br&CE) AESAT CCNTAINING SLCPE OF CIAMCND FACE
457 C LINES
45E C

459 C SLCEE1 DUMMY TADIABLE FOB INITIAL BAY SLCPE
460 C
461 C SNELLC ANGLE SNELL (IN DEGBEES)
462 C
463 C SPACE DISTANCE BETbEEN LIGHT BAY STABTING
464 C FCSITICNS
465 C

466 C SPCTEP TBIF FA}AMETEE FCB FIEEBS SMALLEB THAM
467 C SPACE
462 C

469 C TE NST T (NH,NP) ABBAY CCNTAINING THE TABIOUS LIGHT BAY
470 C INTENSITIES ET ANGLE AND FCSITICK
471 C

472 C THETA ANGLE fBII, IN EACIANS
473 C

474 C TITLE ABSAT CChTAINING TITLE OF PAPTICULAB B3h
475 C

476 C TBIP FAEAPETEF USIC '; CCNTINUE OB CICCNTINUE
477 C & PABTICULAB BAY TRACING
472 C 1.0 BAf LCST, STCP TEACING

479 C - 1. 0 B A Y STILL WI1H!N SYSTER
480 C

|

i

i i

I'

!
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481 C 01 ATTE30ATION CCEFFICIENT TIMES THE
482 C STBAIGET LINE DISTANCE TBBCUGH MEDIUP
463 C
484 C -WATHIR MAIIMUM WATIB FILE THICKNESS
4E5 C
486 C BATSIE PABAMETER TO INCICATE WATEB FILM OPTICN
407 C 0 NC hATIE FILM CW TIE
488 C 1 EECGE-SHAPED FILM FBESENT CN TIP
4E9 C
490 C WF15G1 UATES FILM ANGLF
451 C
492 C WFAEG2 WF ANG 1+ (90. 0-PRII)
493 C
494 C WFECT HEIGHT OF WATER FILE ALCbG Y-AIISt

f 455 C
j 496 C IITA I-COORCINATE OF ST A911NG LIGHT PAYS
! 497 C

498 C IWIW NEW I-COORDINATI 0F INTESSECTICM
| 459 C

500 C ICLC OLC I-COORDINATI CF INTEBSECTICN
501 C

| 502 C III DOMMY TASIAEIE TC EEEP DCSSIEIE INITIAL PAY
503 C FCSITICDS
504 C

| 505 C III DUMMY VABIAELE USED TC INDICAff THE'

506 C INTIESECTION OF A LIGHT B AY A ND A TIP FACE
507 C
508 C YCIFT (3 F ACI) Y-IETIBCEPT ARRAY FCR LIGHT INPUT REGION
SC9 C
510 C TCIFT1 DUMMI VARIAELE FOR INITIAL BAY INTEBCEPT
511 C
5?2 C YNEW NEW Y-CCORDINATE CF INTEBSECTION
S t3 C
514 C YCLE CLC Y-CCORDINATE OF INTESSECTICNi

( 515 C
Sl6 C YTTL TOTAL LENGTH CF LIGh1 INPCI FIGICN
517 C
5 '8 C TII DUMMY VABIAELE REFSESENTING LENGTH OF

i SIS C INFUT SEGIC5 AVAILAELE FCE STARTING BAY
| 521 C

52' C YYY Y TA10E CF PCSSIELE LIGHT BAY / FACE
522 C INTEBSECTION POINT
523 C
524 C ZBCEE DUMMY TARIAELE USED 10 CCNTAIN THE SIZE CF
525 C THE INf0T 2C5E UhCEF STUCY
526 C
527 C 2 Cuts (s2 Dial) AEB AY CCET AINING THE CIMIESICNS OF TBE
528 C FIEEE CPTIC INPUT /CCTPUT APRAY
529 C
530 C 22CECl RATIO CF FACE SLOPE TC EAY SLCFE,
531 C OSED FCF CHICKING EIFLECTEC EAY
532 C EQUATIONS
533 C
534 C

535 C
536 CIPEBSION R FINDI(3) , SLOPE (7) ,YCEPT (7) ,CBT A NG (3) ,ITR A NS (16,20) ,
537 1P EI T A 5 (16) ,IE E A C (20) ,1C B ES (11),52C C E E ( 10) ,3 Y C BGN (20) ,
538 2 TIT LI (20) ,TI NST Y (16,20)
539. C
500 BEAL LGT.MU(3)

I

|
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541 I.t1EGES HFANGL,2LBCHK,EATEFE
542 C

543 C SIT CCb37 ANTS
544 C
545 t=3
546 FI=3.14159
547 C

I 548 C BIAC IbF01 CA1A
$49 C

550 CALL E! CAT A (H F A PGI, FHII, N C F UTS ,8 A D, NGT, PI,1GT, h P AC E ,5 ZO N ES,
551 1 INT F AC,W ATB f M,TITLI,IPBIN1,N ATEIK)

; 552 C
' 553 C SIT AB5AY CIMINSICNS

554 C
555 C A L L SITDIM (NZONIS, U ATS PM, NI ACI, NZDIM 1, NZD IM2)
556 t

557 C CALC 01 ATE DIA50NC FACE ECCATICNS
558 C

559 CALL ECOAT(PEII, SLOPE,YCEPT,PI, BAD,LGT,NFACE,WA1HIK,
560 16A1Bfe)
561 C

562 C $1AJ SEFBACTIVE I5 DICES
563 C CCsFCTI CBITICAL ANGLES
564 C
565 C ALL CFTPSP (L, BIINCI, CST ANG,FI,IPBINT,MC)
566 C
567 C DET1BPINE ZCNIS ANC ZONE CCCES
568 C
569 C A LL 2C NE B (NZC N ES,20NES, NZCODE,NZDIP 1,B AD, NII, NZDIM2)
570 C

571 C DITISBINE STASTING BAT POSITICNS
572 C
573 CALL P A f 0 BG (NOPNTS,8YORGN,NZCOCE, N ZDIM 1,2C NES, NZDIM2, NZO NES,
574 11FBIB1)
575 C

576 C INITIALIZE IstENSITY AEFAY
577 C

!7e 50 C A L L SE T EN Z lNCF 515,HF A EGI,T E bST Y)
579 C

520 C CO FAI TEACE
581 C
582 DC 500 NH=1,HFalG1
583 C

584 C LCCF 1850 EACH AEGLE BEFETIVE1Y
585 C

586 SGN=-1.0
587 C

! 588 C LCCF 1H50 EACH ICSITICN SEFETIVELY
' 589 C

590 DC 300 NP=1,5CFb1S
591 C
592 C PBIN1 AND BESET EACH BAT AS CFIBATEC ON
593 Ce

594 CALL FESTB1(NH,NP,nSTAET,IFFInt)
595 C

i 596 .C DETES22BE INFCT BAT ECCATICES
597 C

598 C A LL B A T ECT (NH, U F,1GT, S A D, B A YS L F, B A T CPI, F I, NOP N18,5GN, ETOF G N,
599 IIFBI51)
600 C

|
,
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i

601 C SET INITIAL I AND Y STABT'IBG CCCBDINATES FCB ATTE50ATICN
602 C CALCULATICN
603 C
604 CALL ISIT (ICLC,YCLC, B AYSLF , B A TCPT,LGT,NST A RT ,S LCPE,YCEPT,
605 1MFACE).

606 C

607 GC TC 200;

| 608 C
; +09 C FLIFFInG CFTICR AFTER EATEB TEACKIBG

|0 C
611 100 IFLIF=0
612 C

613 If iib 1 CAL.LI.1) GC TC 150
614 C

615 C CALCCLATE IF FLIFFIEG IS DECESSABT
616 C

617 IFLIl= M ATFLP (NS1 AST,NF ACI, F ATSL F,SLCFE)
618 C
619 C CACCLATE 3EFLECTEC BAY ECCATICb
620 C
621 150 CALL FAYNEE(EFSCB1,RAYSLP,BATCFT,EFECE2,PI,INTCPT,YCIPT, SLOPE
622 1,BFACP, ANGLE,IPEINT)
623 C
624 C IF BICISSABY, FLIP BAY
625 C
626 17 IIFLIP.GT.0) CALL FIPBAY(PAYSLP,3ATCPT.SLCPE,YCEFT,PI. ANGLE,;

j 627 1NFACE,bSTABT,EAC,HGT,IFBIDT)
| 628 C

! (29 C PE!!T IFLIF ANC HATER TFACKInG CFTICE
| 630 C
! 631 IFLIF=C

632 IETCAL=0
633 C
634 C

635 C DETEEFINE BEFLECTICN CD TFA5SFISSICN CF BAY
636 C

637 2JO CALL GC hCGC (NH,5 F, N F ACE,SLC FI,5 A TSL F, F AYCPT,C ET A NG,
638 IIhTFAC,PI,TRIF,EFANGL,FACSLP,INTCP1,YCEPT ITRANS,LGT,RGT,
639 2NCFNTS,NSTABT,BAC, ANGLE,N2 CEES,5ZCI=1,5ZcIE2,TCnES,NZCCDE,
640 3III,NII,L,IPBINT,WATBFM,WATHIR,BFINCI,IWTCAL, TENS 1T,MO,
641 4ICLC,1CLD)
642 C

643 C CEECE PCB BEFLECTICE
(44 C

645 IF (1FIP.LT.J.0) GC TC 100
646 C
647 300 CCNTINCE
648 500 CCBTIEDI

! 649 C

| 650 C AL L SUMM EB (ITB ANS, BF ANGL,NCP NTS,PE91 AN,PI)
651 C
652 CALL A bSB (IT B A N S, HF ANGL, NCPNTS,PER T AN ,IBE A C,TITI E .lE NET Y,
653 11NTFAC)
654 C

655 C CRICK TC SEE IF WATIB EVALDATICN HAS EEIR CCMPLEtt0
656 r
657 IF (INIF AC.EQ. (6 AT B F5+2)) GC TC 999
658 IptlAC=INTIAC+1
655 GC 1C 50
660 99? STCP

.
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661 ENC
662 C
663 C *******************
664 C *******************
665 C ** **

666 C ** **

667 C ** SCERCCTINES **
668 C ** **

669 C ** **

670 C *******************
671 C *******************
672 C

673 SUBBCCTINE E F E AT A (H F A NGL , E BI1,5 C P NT S, R A D,8 GT, PI, LGT , h f AC E,
674 1N2CN E S,INTF AC,W ATE FM, TITLE,IPEINT,W AINIF)
675 IETEGEf NFANG1,tATEFM
616 BEAL ICT
617 DIEEh!ICN TITIE (20)
678 C

675 C REAC/6 BITE FBCBIEF TITLE
600 C;

~ 6El BE A D (5,100) TITLE

622 100 FC55 8T (20 A4)
603 ERITE (6,200) 1ITLE
iE4 200 F05 EAT (1H1,20A4)
t.E 5 C
686 C BEAC Il PBINTING CFTION
687 C 1- N C BAI FATH PEINTING, 0-BAT FATH FEIETING
628 Ci

669 BE AC (5,250) IFEINT
690 250 FC Ee at (Iu)
651 C

692 C Beat IN TABIAELES CESCRIEING TBE PBCELEM
693 C4

694 SEAtl5,300) EfAhGL,NOPNTS, PHI 1,9&D,LGT,NFACE,NZCNES
695 300 FCBRA1(214,3F5.1,214)
6S6 C

697 C CCBIEET ANGLE TC BACIANS PCE FfINTIBG
698 C

659 TBETA=FHI1*PI/1E0.0
' 700 C

701 C CC5FLTE DIAFCbD CCNE HEIGHT
- 732 C
I 703 HG1= B A t *T A b (IEET A)

704 C

105 haITE (6.400) HEAbGL,NCPNTS,FHI1,NFACE, Pat,1GT,bGT,NZCNES
7J6 4JO FCFRAT(1HO,T10,'EALF ANGLE OF INCOMING LIGH1',140,14,/

,110,'pCHBER CF BAYS',T40,14,/707 1 ' '

708 2 * * ,T10,'CIAM04D BASE ANGLE',141,F5.2,/
,110,'NUPBES CF EIArCND FACES *,140,I4,/709 3 ' '

8,T10,'cIAMONc BACIUf',741,FS.2 /710 4 *

,110,'DIA50NE SEAff LENGTH',T41,f5.2,/711 5 ' '

' T10,'DIAMONC CCNE EEIGHT',T41,FE.2,/,712 6 *
,

,TIO,'CNE HALF SUPEEE CF ZCNES',T41,I4,/)713 1 * '

714 C

715 C READ Ib INTEBFACE AND SATES FILE CETICN CCEES
716 C

717 PEAC(5,500) I5TFAC,EATBF5
718 500 FCF P AT 1214)
719 C
720 C CEICK 10B IbTEBIACE OPTIONS

,

)

|

I
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1

I
i

721 C
722 IF (Ik17 AC-2) 550,700,900

1 123 550 5BI11 (6,600)
724 630 FOi! Aft' ',' AIR AND WATER SILL SUBBCONC THE'PBCEE',e;l
725 Go 1C 500'
726 700 WBI11(t,800)
727 800 FCEE41(8 ','CNLY hATEB EILL CCVEB EECEE',//)
728 C

729 C CHICF FCB n&TER FIL8 Cff1CBi

730 C
731 900 IF (6ATEPM.EC.1) GC TC 1100
732 MB111(t,1000)
733 1000 F0E M AT |' 8,' NC LATE 5 FILE CETICN',//)
734 C
735 C SE1 EATER THIC5hESS ECCAL TC 2150
736 C

737 hA1BIR=0.0
738 5E1055
139 C

. 740 110G W R IT i lt ,120 0)
] 741 120C ICs'FAft' ','EAffB FILM CPTICR IN IFFECT',//)

742 C
743 C BEAC/bFITE hATEB FILE THICENESS
744 C

i 745 BEAC(5,1300) &&THIE
! 746 1300 FCEEATIF10.3)

747 C
748 usITEtt,1400) WATEIK
749 1400 FCBMat(' ' 'IHE MAIIMOM BATIB IILM THICE NESS IS:',F1C.7,//),

750 517055
751 END
752 C
753 SCBPCCTINE SEICI P (btC N ES,B ATB f E, NF AC E, NZEIP 1, NZ CIM 2)
754 INTEGIE WATBFP
755 C

756 C IkCEinist If BATER FIL5 OPTION DESIHED
157 C
758 IF (B A18 F5. GT. 0) NIACE=NFACE+2
159 C
760 C SET #5FAI CIMEISICMS
761 C
762 NZCIE2=2*NZCNES
763 NZDIrl=NZDIE2+1
764 C

765 Bf1059
766 ENE
167 C
768 SUEFCUTIu! ECU A1 (P EII, SLOP E,YCIPT, PI,R AD,LGT , N F ACE, W A1HIK,
169 1hA1BFP)
770 BEAL IGT

j 771 IETEGEE WATEFE
772 IIIIENAL STECUT

. 773 C
! 774 C IT AID AT E CIAMORE TIP EQUATION!

115 C
776 DIEE BSICE SLCPE INF ACE) ,YCIP1(NF ACE)
777 C

778 C PCE TCINTEC FACIS
179 C

i 700 TEETA=90.0-PBI1

s
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;

781 C
782 C (CUTE 61 THETA TC FACIAMS
783 C
784 T F IT 4 =1 H1T A * PI/180. 0
785 C

786 C CCRfCTI SLCPIS
787 C
788 SLCFI (1) =-T A 5 (T E IT A)
769 SLCEE (2) =-SLCTE |1)
790 C

791 C CCEPCTI Y-Ib1EFCEftS
792 C

793 YC E f1 (1) = B AD
794 YCIF1 (2) =-B A C
795 C
796 C EVALUATE CIAMCNI SEAFT EC0ATIONS
797 C
798 C SIC 15
199 C
800 C CCEFCT! SLCFIS
801 C

802 SLCEI(3)=0.0
803 SLCFE(4)=0.0
804 C
805 C CCEPC1E Y-IBTEBCEF15
806 C
807 ICEfTl3)=YCEf1(1)
808 TC E PT 14) = f CIFT (2)
809 C

810 C EACE f(UATICRS
811 C
812 SLCf1(5)=1.0
813 YCEF1(!)=-LGT

' 814 C

815 C CCEIE51 FBIl TC BACIANS
816 C
817 PHI 1=fkI1*PI/180.0
818 C
819 C CC3FCTE WATEB FILE 200ATICNS, If NECESSABY
820 C

821 IF lb41BFM.G1.0) CALL STECUT (T HET A, FBII,SLC P E, YC E PT, FI,
822 1B AI,NI AC2,W ATFIR)
823 C

1 824 C UEITI CUT VALUIS
825 C
826 WEITEff,200)
827 200 FCBE41(' ',11,' FACE',8I,'SLCFE',91,'f-INTE5 CEPT ',//)

828 C

829 CC 200 NF=1,5FACF
830 SBITEff,400) N E ,SLC PE (NF) , YC E f T (N F)

,I4,2(51,1PE12.4))'831 4JO FCFE All'
832 300 CCN11NDE
833 FETCFB

I 834 INE
835 C

836 SUE FCOTIN E WT ECUT (TBET A,PHII, SLOPE,YCEPT,PI,B A D,N F ACE ,W ATHIK)
837 'DIFEBSICN SLCFE lbF ACE),YCIE1(bf ACE)
838 C

839 C CALCr1 ATE FACE LERGTH
840 C

i
'

.

| |
i
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i

!
E s.1 7 4CLG1= P AD/ (CCS (PHII))
842 C-
843 C CALCILATE bAlfP FILE AIGLE
E44 C

| 845 6F AEG1= ABSI5 (6 ATHIF/F ACLG1)
j 846 EFANG2=sFANG1+1 PETA

f47 C

848 C CALCULATE BATIB FILM HEIGB1 A1CNG Y-AIIS
849 C

| 850 WF ECT= W AT BIK/ (S Iu (F BII-WF A NG1))
| 251- C
| 852 C CALCDLAT!.UATIB FILM SICPIS AEC Y-INTERCEP1S
| 253 C
i 854 SICF f (6) =-T AN (SI ANG2)

E55 SLCEE (7) =-SLCFE (6)
856 C

e51 TCIP116)=sF8G1 EAC!

| 858- YCEPi t?) =-YCIFT (6)
259 Ci

| 860 EITUEu
ett END
862 C
E63 SUB BC L1INE CF1P E F (1, BFI BCI,CET A NG, FI,IF F IET, MU)
E64 BEAL ED(L)
865 DIEFESICN BFIEDI (L) ,CBT A NG |L)
266 EIT15 SAL Sh1LL
E67 C
868 C BIAL /ESITI B1FBACTIVE INDIC15
2(9 C

| 870 B E A L (5,100) (E !I N CI (LL) , L L= 1,1)
1 071 100 FCE = A1 (3F10.7)

872 WBI11(E,200)
273 200 FCB F A1 ('0',' BIF5 4CT IV E I BLICES ',/,
874 1 ' O ' ,11,' M AT I E I A L ' ,31,' I N C E I')
875 DC 4C0 LL=1,L
876 BEITitt,3J0) L L, B FIEDI (LL)
877 300 FCEMAft' ,15,51,F8.5)'

878 400 CCu11 hut
879 C

880 C CC5F011 CBITICAL ANGLES
GE1 C

862- ' E 111 (6,500)=

883 500 FCBRA1|'0','EAltBIALS*,3I,'CBITICAL ANGLE *)
884- SEFApC=PI/2.0
GE5 CC 900'LL=1,L
886 If (L L. EC. L) GC TC 600
eel L1=L -

888 L2=LL
809 GC TC 700
890 6JO I1=L-1
891 L2=L-2
892 . 700 CSTANG(LL)=SufLL(L1,L2,BEFANG,5FINDI,1,PI,IPBINT)
893 C
894 C CCu11ST TO CIGBIIS FOR PRIN11MG PUBPOSES
895 C
896 C5f A NG (LL) =C BT A NG (L L) * 180.0/PI
997 C

898 C WBITE CUT CBI11 CAL ANGLES
999 C
900 a EIT I (E ,800) 11, L 2, CBT A NG (LI)

I

|

|
i

,

w_ . . . . - . . - . . .,. , , , - _

1



- - _ _ _

453
>

,21,12,8 TC ' ,I 2, E I, f l. 4)901 800 FCBRAtt' '
902 C <

903 C CCNVE31 EACK TC BADIANS
' 904 C

9J5 C BT A NG ILL) =CB1 A N G (LL) *PI/180. 0
906 900 CCNTINCE
907 C

908 C BEAC/h61TE LINEAB ATTENUATICM CC"T*ICIENTS
909 C

910 BIAC(5,1000) (MC(16),IL=1,L)
911 100J FCseat 3710.7)
912 N A I1 f (6,110 0)
913 1100 FCAEATs'0','MATIBIALS',5I,' LINEAR ATTENUATICN CCEFFICIENT')
914 DC 130C Lt=1,1
915 UEITilt,1200) I t ', M U (L L)

916 1200 FCFEAtt' ',31,I3,171,F10.7)
917 1300 CCNTIDDI
918 BETCFD
919 ENC
920 C
921 FUNCTICM S NIL L (L 1, L 2, A NGLI, B FIN C E, L , PI,IP B I NT)
922 C4

923 CIstNSICN SPINDI(L)
924 C
925 C- SNIII's LAW TC YIELD BEFBmCTEC BAT
926 C

927 Fh E18= ((P f1N CI (12) / BFINCI(L 1)) * SIN ( A NGL E))i

922 C

929 C CEECR TC BAKI SUBI PHETA LESS THAN CB ECUAL TC 1
930 C
931 IF IE E II A. GT.1. 0) GC TC 200
932 C
933 SNE11=ABSIN(FEETA)
934 C

i 935 SNILIC=SNELL*180.0/PI
'

936 C
937 IF (IFEINT.GT.0) GC TC 400
930 C
939 98IT116,100) SNELLD
940 100 FCEEA1(* ',' 1 BETA ANGLE = ',F10.4)
941 400 EITDFN
942 C
943 200 5BI7116,300)
944 300 FCBRAT(* 8,'*** EBSCB IB EAT IEFBACTICM ***',//////)
945 C

946 SE1CEN
941 INC*

942 C

i 949 SUE ECCT IN E ZC EI5 (NZCNES,ZC N E S,N ZCODE, NZDIE 1,B AD,NII, N ZDIM2)
950 DIRE 5SICN ZC 6ES (NZCI P1) , NZCC CI (NZCIE2)
951 C

952 NZPCS=52CNES+1
953 C

954 C BEAC In ZCNE VA10ES, NCEPALIZIC FEC2 ZEEC TC CNE
955 C
956 BEAC(5,100) (Z C E E S ( NZ F CS- n Z) ,6 2 = 1,52C N 13)
957 100 FC5 PAT 18F10.5)
958 C

959 C BEAC IB 2CNE CCCE
9t0 C

t

i

i

,
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961 BEAC(5,200) (5 2 CO D E (NZ PO S-N Z) , W 2= 1, N ZO N ES)
962 200 FCPPAT1814)
963 C
964 C SPACE A2C SCALE 2 Cuts

<

965 C SE1 CEn1EB1IEE ICCAL TC ZEEC
966 C
967 N II= (5 2 CI M 1/2) + 1
968 2Cu!SibI1)=0.0
969 C
970 CC 300 m2=1,32CnES
911 C
972 C SCA11 UP SICE
913 C
974 ZCNIS tu2) =2CBES (N2) *B AD
915 C
976 C SCAIE ICHN SICE
977 C '

978 2CN ES f 62CIM 1 + 1-b2) =-20NES (N Z)
919 C
900 C SE1 2 Cut CCCI
901 C
982 N 2CC Ci lNZ CIM2 + 1- NZ) = NZCCC E (N Z)

i983 C
984 300 CCN11bCE |985 C '

906 C WRITI CUT BAEGIS AND MATIBIAL
9El C
988 32C6ff=N205ES*2
909 BRITE(6,400)
990 400 ICEsAIt'1',41,'UPFEB',5I,'LOE1B',/,
991 1 8 ',4I,'ECCbD',53,'ECUEC',81,'CCCI',//)
992 C
993 DC 6CC 52=1,52CbES
994 WBIT E (6,500) 2C 5 ES (NZ) ,20N ES (N Z + 1) , NZCCCE ( N Z)
995 530 FCEMATI' ',2F10.5,5%,I5)
996 6J0 CCETINCE
991 C
998 B11055
999 IND

1000 C
1001 SCBBCCIINE BATCfG(NCPN15,5YC3GN,NZCCCE,82CIF1,2 CEES,52DI52,NZCNES,
1002 1IP5151)
1003 DIPf3SICE B f C EG 8 (NC E NTS) ,12CCC I ( 52 C IF 2) ,2 C E ES (N2 CIM 1)
1004 C J

1

1005 111L=0.0
1006 C
1001 CC 100 32=1,52CnES
1008 II q u 2 CO D E (NZ) . B E.1) CO TO 100
1009 C
1010 C
1011 C CETEFEIRE TCTAL LEbCTR CF InfC1 SEGICN
1012 C
1013 Y111= f11L* (2C NES (N Z)-ZC)ES (52 + 1))
1014 C
1015 100 CCN11NCE
1016 C
1011 SP AC E= 11T1/ (BCf 5TS+ 1)
1018 C
1019 NBI1E(6,150) SFACE
1020 150 FCBeats' ','SFACE= ' , F 10. 5)

l
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:

1021 C
1022 NN=0

'

1023 SipIEF=0.0
1 1024 C
; 1025 C

. 1026 C LCCF TEBOUGH 2CbES, SPACIDG Eats AT APFFCPEIATE
! 1027 C ECSITICNS

1022 C
1029 C BIMIMEIB CALCULATICNS DCNE Is BEAL SPACE, NOT<

1030 C PIB CE51 SCALEC SPACE
1031 C

1032 DC PCG m2=1,62CBES
1033 If b 2CCD E (NZ) . N E.1) GO IC 000
1024 C

1035 C SET TSIP
1036 C SE1 2C6E LI MI1
1037 C
1038 SFCTFP=1.0
1039 C

1040 Z bC E 8 = 2C nES ( 5 2 + 1)
1041 C

1042 C SCE1BACT SPACING, BUT ADC SIEAINDES FBCE ANT PBETICUS ZONE
1043 C

1044 TII=2C D ES (5 2)-S E AC E *SL KE E E
1045 GC IC 30J
1046 C

1047 200 YII=TII-SFACE.

! 1042 C
1049 C SIT 2 Chi CHICK A LITTLE LCW TC ALLOE FCB COMPUTEB
1050 C BCCbC-Crr1

1051 C

1052 Z bC E F= 2 C 5ES ( 5 2 + 1) - (2C b ES (3 2 + 1) *0.000 01)
1053 300 If if 2 3. LT. 2 5C B F) GO TC 500,

' 1054 C
1055 .C INCEIRINI CCUNTIB, UNDO TPIP, AND SET BAT CBIGIN
1056 C
1057 4J0 SN=4h*1r

1058 SFC1FF=0.0
1059 FTCEGN sku) = YII
1060 baIII(6,450) > N, S TC BG N (5 9) ,SL FIIP
1061 450 ICDsATl' ' , ' E T C 5 G N= ' , I 4,215 2,710. 51 )
1062 GC 1C 200
1063 C
10tu 500 IF (SECTBP.GT.J.0) GC TC 600

! 1065 C
I 1066 C SIC 51 FEMAIBCEB CF 2CNE FCB 1ATIB DSI

1067 C,

'
1068 SL EE f f =2CNES (b2+ 1)-YII
1069 GC TC E00
1070 C
1071 600 CAME A=2 CUES (NZ)-2ONIS(NZ'1) .

-1072 IF . (515 EE P.EC.O.0) Go TC 700
1073 C

i 1074 C SCB1EACT GFF SMALL FIBEF bICTE
1075 C;

i 1076 SLKIIF=SIMEEP-GAPEA-
1 1077 GC.TC E00
i 1072 C

1079 C SIT Stf!IP, It ZIBC
10f0 C

l
j
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)

1081 700 SipitF=GAnnA
10E2 800 CCb1Intt
1083 C
10E4 BE105N
10E5 INC
10E6 C
1087 SOEICCTINE SEIEE2(NCPNTS,UFARCL,IENSIT)
10E8 INTEGil HFANGL
1089 CIBINSION TINSTT (EF ANGL,NCPN12)
1090 C
1091 C LCCF TC SET ABBAT TO UNIT 19118S1TT
1092 C
1093 CC 100 E 8= 1, F P A N G L
1094 DC 1CC NF=1,NCFl15
1095 C
1096 115$1TlWR,WF)=1.0
1097 100 CCNTINUE
1098 Ff1CEN
1099 thC
1100 C
1101 SUEECUTINE BIST ET ( N E, N P,5 51 A B1,IP RIN T)
1102 C
1103 C NEITE CUT LIGBT EAT
1104 C
1105 If IITEINT.GT.0) GC TO 500
1106 C

. 1107 SFITEtt,400) NE,NF
1108 40J FCFM All' ' '*** LIGHT AbCLE2',I4,' [EGFEES, EAT NC.=',,

1109 114,8 ****)
1110 C
1181 C EESTAF1 FCB NIIT BAT
1112 C
f .13 500 USTAEt=0
#114 C
1115 51707N
1116 INC
1117 C
1118 SCEECCTINE B A T ECT (S H, N F,1GT , F A C , F A f 5 L P, F A TC PT, F I, NO F HTS,5 G N,
1119 ISTCEGN,IPBINT)
1120 PEAL IGT
1121 LIMINSION B10 B G N ( N C F N T S)
1122 C
1123 C CCNVEFT INPCT AN GLE (CEGBIIS) IC BACIANS
1124 C
1125 GA5MA=tH*PI/160.0
1126 C
1127 -C
1128 C CCFFC1E INPC1 FAY ECUATICIS
1129 C
11J0 II1A=Sch*LG1
1131 B AYSLE=T AN (G AMM A)
1132 B ATCT1=BTCBGN (NE)-IIET A* F A TSLE)
1133 C

1134 C WBI1E CDT CBECK AND PAT SICf! AND INTIFCIFT4

' 1135 C
1136 I F ' (I F 5I NT .G1.0) GC TC 200
1137 C
1138 SEITE(6,100) PTCBGN (NP),B AYSti,f ATCFT
1139 100 PCsMATl' ' , 3 ( 51,1 P I 12. 4) )
1140 200 SE1CFB

*
!

:

1>

'
.
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;

1141 Inc*

1142 C

1143 SUEFCOTINE IS ET IIC L D,ICLD, B A Y SL P,R A TC P1,III, N ST A B1,S LO PE, YC EPT,
1144 1NFACf)
1145 DIMIBSICu SLOF E (N E ACE),YCEPI(3f ACE)
1146 C

1147 C RESERElB I AMC f CCCBDINA125'

1148 C

1149 XCLta-III
I 1120 C

1151 IF IbSTABT.NE.0) 10LD= (TC E P1 (NST A RT)-B A TCP1) / (R A T SLP-S LO PE (N ST ART)
1152 1)
1153 C
1154 C CP11CB FOR FACE 5
1155 C

!156 IF (b ST ART.EC.5) ICID=-III
1157 C

115e TCIC = 15 ATSLP* ICID) * B A TC F1
1159 C

1160 C ERITE(E,100) ICID,YCLD,551 AFT
' IO L C = ' , f 10. 4,21, ' YO LD = ' ,710. 4,2 I , ' N ST A B 1= ' ,I2)1161 C 10J FCSEA11' * ,

1162 C
1163 EITOEB
1164 END
11E5 C

1166 $UEECCTINE B AYN E W (E FRCB1, F A YSif, B A TC ET,15BC52, PI,INTCPT, YCEPT
1167 1,SICIE,uPACE,ANCLE,IPBINT)
1162 DIBERSICN SLCEE (NF ACE) ,f C E f T (lF ACE)
1169 C

1110 C SE1 1650s EAEGINS
1171 C

1172 E 5= A ES 19 A T SLP) * 0.01
1173 C

1174 Ef=AESIFATCP1)*0.01
1175 C

1176 C St1 CCfMT VABIAELFS
1177 C

1172 SLCEE1*PAISLP
,

1179 TCf f11=b ATCf1
| 1100 C

11 E'1 C<

I 1182 C CCEFC11 BEFLECTED EAT ECOA1ICb
1183 C

1184 C
1125 C SCLVI-! ACE ANC BAT IQUA11C5 SI5ULTANIOCSLY
1166 C

;
' 1187 III* (YCIPT (INTCET)-B ATCPT)/ (G A TSLP-SLOPE (IW1CPT))
i 1128 ilt= (S A TSLP*III) + F A fCPT

11E9 C
1150 C CBICs FCE HCEIZICNTAL FACES
1191 C

1192 12C tC F= sic E E (I u1C F1) / B A YS L E
,

1193 IF 122CECE) 200,300,200
j
- 1194 C

1195 C NCT ECEIZICMTAL FACE
1156 C
1197 200 B AY AuG= ANGL E * AT AN (-1.0/SLCPI(Iu1CPT))
1158 GC 3C SCO
1199 C

1200 C BCBIrIC51AL PACE<

,

, -
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1201 C
1202 300 BA!!Lf=-B&fSLP
1203 GC IC (00
1204. C
1205 C. CCMrDTE PCSSIELE BAT SLOPE ABC INT PCEPT
1206 C
1207 5JO B AYS1E=T AN (B AT ANG)
1208 600 BATCET=TTT-(Sat!1E*III)
1209 C
1210 C CHECK SAT TC AVCIC EEGENEBATInG INCIDENT EAT ECUATICN
1211 C
1212 EEPCE1=&BS(BATS 1P-SICPE1)
1213 EEBCE 2= AES (TCIPT1-S ATCET)
1214 IF IESFCB1.LT.E9.AND.EBBCB2.II.EP) GC TC 700
1215 GC TC E00
121( C
1217 C CETICN TO FLIP BAT IF SA5E EGUATION IS GEN! BATED
121e C
1219 7JO AIC G L E = 2. Q * | (P I/ 2. 0) - A N GL E)
1220 B AYSLf sT AN ( AT AN (B A!SLP) + ACCGLE)
1221 B ATCPT= YY Y- (B a f SIP *III)
1222 C
1223 C WBI11 CUT SLCPE ANC INTEBCEP1
122e C
1225 800 If IIf5 INT.GT.0) GC 70 900
1226 C
1227 W SIT E (6,100) SAYSLP BATCP1,III
1228 10C FCSMA1(' 8,'EEW PAY SLCPE=',1TE12.4,' NES PAY IETE5 CEPT =',
1229 11P112.e,' III = ' ,1P E 12. 4)
1230 903 FE1[EN
1231 INE
1232 C
1233 SUEECUT INE GC NCG0 (N H, N P, N F AC E,S LOPE,B AISLP ,B A TC P1,C31 A NG ,INTF AC,
1234 1PI,15IP,HPANGL,FACSLP,IRTCPT,1 CEPT,ITBANS,LGT,8GT,NCPNTS,NSTABT,
1235 2BAE ANELE,NZCNES,NZDIM1,NZCIM2,20NES,NZCCDE,III,NII,1,IPBINT,
1236 3 h& T B P P , b&1HIK ,BFI ECI,I BTC A L ,1 E NST T , PU, ICL C , YCLD)
1237 C

1238 INTEGIF HFANG1,2CBCHK,EATIFP
1239 SE31 LGT,50(L)
1240 C
1241 C CHECE ECB TB ANSHISSION CB BEPLICTICN
1242 C
1243 DI5E NSION SLCEE (NP ACE) , f CEPT (NF ACE) ,CB1 ANG |L) ,ITB ANS (HF A NGL,
1244 1NCP b15) , ZC N ES IN Z DIM 1) , N ZCC C E (E Z CI P 2) ,5 FI N DI (L) ,
1245 21E NSt i lH P A N GL , hC P NT S)
1246 E11E5NAL CIENGL,NCDFGE,ICCEfT,ZCNCHF,5ATYTE,5NELL,WATRAC,
1247 IBAYNEW,FIFBAY,fACEEE,5ATFLP, BEERS,CIST,FRENEL,CALCCP,ISET
1248 C
1249 C CITEF51NE INTEBSECTED FACE
1250 C
1251 INICPT=NCTBGEfMFACE,LGT,HGT,SICPE,fCEPT,BAYSLP,BATCP1,NSTABT,
1252 1B A D , E B , N P,I F BI 51, h AT B F E)
1253 NS17BT=INTCPT
1254 C
1255 C SET SELECT FOB BATIBIAL ATTENCATION COEFFICIENT
1256 C
1257 L1=3
1258 C

1259 C DC EEEES LAW ATTENUATICN
1260 C
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1261 Call L IIBS I E F A N GL, NOPNTS,1, M U,T f 5ST T,101D, T CLD, NP, N B, LT, LGT, B A TC PT
1262 1,BAYSLf,NSTART, SLOPE,YCIPT,5 FACI)
1263 C

1264 IF (I NTCPT. f c. 5) GO TO 200
1265 C

1266 F ACS1 F= SLC PI (151CPT)
1267 C
1268 C CETIB5INI ABCLE OF INCIDENCE
1269 C
1270 A NG11=CIDMG1 (F ACSLP, B ATSLP, PI,IPBINT)
1271 C'

1272 C SET TBIP, BESIT LATER IF NECE!!ABY
1273 C
1274 TEIF=1.0
1275 -C
1276 C SE1 ICEICK ABC UA11B FIL5 TBACKING ,

1277 C
1278 ICFICF=0
1279 Ib1 cal =0
1280 C

1221 C CCEPASE ANGLES PCB BEFLICTICE
1282 C

1283 LL= P A11FE (NST AB1,INTF AC)
1284 IF 4 A N G LI. GT. C BT A N G (L L) ) GO TC 100
1265 C

1286 C CFICE ICE EATIE flLE OPTICN
1227 C

1288 II 4 NSI AST.17. 3. A N D. INTF AC. Ec. 3) CALL W ATB AC (NST ART ,NF ACE,NH,NP,
1289 I SLCit , fCEP1, A NGL E, F ACS L P,5 & f S15,PI, E ATHIK, L, B F INCI, IPEINT,
1290 2CB14b ,BATCPT,INTCPT,TBIP,BAC,BGT ICHECR,IhTCAL,TENSTt,
1291 3HFAEGL,NCPp1S,ICLE,1CIC,20,1GT)
1292 C

1293 IF (IC E EC K. GT. 0 ) GC TC 500
1294 C

1295 IF (TFIP.LT.0.00) BETUBN
1296 C

1297 C SIT AbGLE PCE FIE55fL BEFLICTION CAICULATICB
1298 C

1259 CANCIE=AEGIE
1300 C

1301 C CALCCIATE ANGLE CF BIFFACTICN
1302 C

1303 IF (521ABI.GT.5) GC TC 50
1304 C
1305 12=L
1306 11=11

j 1307 GC 1C 75
' 1308 C

1309 50 L1=1
1310 12=2<

1311 C
1312 75 A N GL I= S h ELL (L 1,L 2, A NGL E, B F I N 1,L, P I,IPBI NT)'

1313 C
1314 C SET TEIP TO CALCULATE BEFLECTIC COMPCBIRT
1315 C

! 1316 17E291=1
1317 C

1318' C CC ISISNEL BIPLICTION INTINSITI CALCULATICN
1319 C

1 1320 TIESI T IN H, NP) =TINSTT (N B,NP) * f BIN EL ( A NGL E,0 A NG LE,lF R EN1,IPBINT,
;

4

i

i
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| 1321 IL,sFInt1,L2,11)
, 1322 C

1323 115 A N S (NB, N P) = NST A B1
'

1324 FEICEN '
,

| 1325 C
1326 100 TEIP=-1.0
1327 EI1UER
1328 C
1329 C
1330 C CHECE 1C SEE IF WITHIN ACCEETAECE CCNE
1331 C

l 1332 200 I19 A 55 q ua,Nf) =ICC EPI (BF A BGL,F AYSLP, FI)
| 1333 C
! 1334 C CALCCLATE PCIB1 CF FACE 5 Ip!!FSECTICN
, 1335 C
'

1336 III=(-5AISIF*1GI)+EAICf1
1337 C

1338 IF (I E F I N1.G1.0) GC 1C 400
1339 C

i 1340 EPITIt6,300) III
i 1341 330 FCEBatt' ' 'III= ' ,1PE12.4),

l 1342 C
1343 400 IF IIT E A NS (B B,N F) . EQ. 88) IT B A N S (N H,4 P) = ZO N C B F (N ZC N ES. NIDI 91,

! 1344 lu2CIE2,20NES,NECCDE,III,RII)
| 1345 1sIF=1.0
1 1346 pr1CEB

1347 C
1348 503 IF (NS1A81-1) 600,600,700
1349 C

1350 C -CPTICS FCB FACE 1
1351 C '

1352 600 I15&BSINB,5P)=91
1353 5E1U53
1354 C
1355 C CITIct Fca FACI 2
1356 C
1357 730 III A 5S (NB,NF)= 92
1358 5E1C55
1359 ENE
1360 C
1361 C

1362 F LNCTIC u CIC3GL (F ACSLP,F A TSIF,FI,IF EIN1)
1363 C
1364 C CCMICIE ANGLE Cf IRCIDEBCE GIVEN PAY ANC FACE SLCPE
$365 C
1366 811 A= A1 AN (B AISlf)
1367 1EIT A= 41 AN (F ACSIP)
13tt C
1369 C ECUATICN CEVELOflC PROM 2-D CT1ICS
1370 C
1371 200 CICaGL= &ES ((PI/ 2.0)- A ES (-EET & *THET A))
1372 C
1373 C CCNVIET ANGIf TC CIGBEES FOB PRINTING PURPCSES
1314 C
1375 -CEGBG1=CICuGL*120.0/PI
1376 C-
1377 C

~

1378 C WFIt! CUT ANGLE CF INCICEDCI
1379 C
1380 IF (I F F I N1. G1. 0 ) GC TC 500

l

|

|
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1381 C
1322 300 BSITI((,400) CEGNG1
1383 400 FCinA1('+',T90,*TBE A8GLE OF INCIDENCE IS: 8,F5.2,' DEGREES')

,

1384 500 SEttin
1385 Ist
13E6 C
1387 FONCTICN NCTBCI(N P ACE, LCT, HGT,f LOPE , f CIPT ,B A TS LF ,B A TC FT,4ST A RT,B
1366 1AD,NH,bP,IPEll1,bATFFF)
1329 CIMIBSICE SLCFI (N P ACE) ,1CIP1 (hf ACE)
1390 _BEAI 1GT,

' 1391 IN11GIS WATBFF
1352 C
1393 C DITIFMINE FACI IW1EBSICTEC ET LIGHT BAY
1394 C
1395 CAs= pat *1.00001

1396 C
1397 C ICCF ThBD FACIS
1392 C

1399 CC 100 NF=1,NFACE
1400 C
1401 C USITI CUT PACI Scan
1402 C
1403 C REITI((,50) NF,NSTABT
1404 C 50 FCER A1 (' ' ,214)

1405 If Isf.EC.NFACE) GC TO 300
1406 IF (N51 ART.EC.3F) GC TC 100
1407 17 t u f. EC. (N f ACI-(2 *W ATB f E))) GO TO 450
140e III= (TCEPT (NF)-5 ATCPT)/ (B AYSLF-SLCE E (NF))
14J9 C SEITI(t,200) NF,III
1410 IF (III.GT. RGT.C B. III. LT.-L GT ) GC TC 100
1411 !!T= (B A YS LF*III) *B A TCPT
1412 C WBI1f(6,200) 3F,111
1413 IF (TTT.GT. CAB.CS.TYY.LT.-CAB) GO 10 100
1414 IF ( D ST A RT.E C.2. A N C. N F. E C.4. A h C. III.G r.0.0) GO TC 100
1415 IF (N St aaT. IO.1. A ND. N F. EC. 3. A N C. III. G E. O. 0) GO TC 10C
1416 NC1&GI=NF
1417 C

1416 C WBITE CUT INTEBSEC1ED FACE ANC FCIRT CF IhTIBSECTICK
1419 C

1420 IF (IFFINT.G1.0) GC TC 500
1421 C

1422 kBI1E tt,200) tr,III,NSTAET
1423 200 FCBRAIl' ',12,'INTIBSECTED FACI =',12,' PCINT CF INTEBSECTION=
1424 1',F9.5,' STAB 1ING FACE =',I2)
1425 BETU55
le26 100 CCD115tt
1427 C
1428 C EFFCE PLAG FCS EAC BATS
1429 C

"
1430 300 EBITElt,400) nF,3R
1431 400 FCEF AT (' ' 'FIBST FACE INTESCIPTED IS 5 , BAY =',14,2I,' ANGLE =,

1932 1',14)
1433 EITUFs
1434 C
1435 C NCTI III ALCuG Y-AIIS
1436 C

,

1437 450 III= (-5 AYSL F*LGT) + B AYCFT
1436 C

1439' NCTEGI=5
1440 C

i

l
I
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1441 If (II51sf.GT.0) GO TO 500
1942 C
1443 WPI11(t,200) nC13GE,III,NSTAE1
1844 500 111053
1945 E5D
1446 C

1447 FCBCTICN ICC EF1 (Hf A EGL,P AISIF,II)
1448 Itt1CIE BIABGL
1449 C
1450 C CBICR 1C SEE IF INSIDE ACCEPTANCE CCNE
1951 C
1452 ICCIE1=51
1453 CEECK= ABS (ATAR(5AISLP))
1954 T B E T A = E F A N G1 * t 1/180. 0
1855 IF (C HICK.L1.1811 A) ICCEFT=88
1456 51TU5u
1457 EpD
1458 C

1459 FUbC11Ch ZCNCH E INZC bES,6 ZCI!1, b2 DIP 2,ZC h tS, NZCCC E,III, NII)
1460 INTEGEE ZCMCEF
1461 DIET t!ICu ZCBES(52CIM1),b2CCCf (42CIP2)
1462 C

1463 u2C5E2=NZCRES+1
1964 C
1965 DC 100 m2=2,h2CbEt
1466 11 12C u 1S (N Z) . G1. III) GC 10 100
1467 C
1468 C ACCIITANCE BIGICs 77777
1469 C
1470 If IE2COCI(NZ-1) . f C. 2) Go to 200

; 1471 C
; 1472 C NCT 83 ACCIFTANCE BIGICE
| 147J C

1874 GC TC 200
1475 100 CCN11NCE,

! 1476 C

| 1977 200 ZCBCBE=88
1478 Bff0ER

! 1479 300 ZCBCh5=52
1480 E17063
1421 END
i462 C

| 1483 C
i 1484 C

| 1425 rcnCTICE M ATIE E (WS1 ART,INIF AC)
' 1486 C

14E7 C -CHECE ECB IBCIDENT FACE
1488 C;

j 1889 C IIP FACES
i 1990 C

1491 IF (s!1ABY.Lt.3) GC TC 100
1492 C
1493 C SICE, EACK, C5 BATES FILM PACES
1494 C
1495 IF (IS1 ART-5) 300,400,600
1496 C
1497 C CEECK ECB hA1ER CE AIB CW TIF
1498 C
1499 100 IF (I M1F AC. GT.1) GC TC 200
1500 C

I
,

c '
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1501 C AIR Ch TIF
1502 C
1503 Pattff=1
1504 Fitups i

15C5 C
1506 C N3115 CN TIF
1507 C

1508 200 sattff=2
1509 IETCFB
1510 C

'1
1511 C ! ICES
1512 C

1513 300 EA11FE=1
1514 FI1GSNi

! 1515 C

1516 C IBFCI FLAG PCB IACE PACE
1517 C

! 1518 400 EBI11ft,500)
! 1519 500 FC9PA1|1H1,'222 *** EBFCB In 1 FACING *** 22Z8,////)
'

1520 EEtuin
1521 C
1522 C NATIE IILM
1523 C
1524 600 e41771=3<

1525 5E1C59
1526 INC

! 1527 C

1528 SUBBCUTIN E W ATB AC (NST A BT, N E ACI, NH, NP,SLCPE,YCEP1, A NGLE,F ACSLP,
1529 18AYSLP,PI,941HIF,L,EFINCI,If5INI,CETANG,FAYCPT,INICP1,TBIP,
153J 2BAC,EGT,ICBICE,IWTCAL,1ENSIT,HPANGI,NOPN15,IOLD,1CLC,50,1GT)
1531 C

1532 In11GIE HEANGt
15J3 FIAL PC(L),LG1

i 1534 DIMINSION SLOF E (N F ACE) , f CE PT (N F ACE) ,B FIN DI(L) ,CBT A NG (1) ,
1535 11E N!111HF A NGL,bCf b1S)
1536 C

'
1537 FI1EFNAL SNELL,FAYNEU,CIC)GL,71 PRAT,fACHEE,MAffLP,FFENEL,
1538 1 DIS 1,EIERS,CAICCP,ISET
1535 C
1540 C SE1 BAIIS TBACE CALL
1541 C

| 1542 It1Ca t= 1
1543 C

1544 C SET ANGLE FCB fBISMIL RIFFACTICN CALCUIATICN
1545 C
1546 CANG11=ANGLI,

1547 C
1548 C CEffff!NE ANGLI Of SEFBACTICM
1549 C
1550 C SIT Lt, 12 FCB IN*gANCE INTO sATER FILs

; 1551 C
1552 L1=2
1553 L2=3-
1554 C

1555 ANGLE =5NELLIL1,12,4bCLE,5fInCI,1,PI,IPEINT)
' 1556 C

1557 C SE1 1FIP TC CALCULATE FEF83CitC CCRFCNENT
1558 C

1559 IFB15L=0
1560 C

1

|-1
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1561 C DC FPESNEL REF94C11CN 191FWSI11 CALCULATIOD
1562 C
1563 TE WS1T INH,N F) =T t uSY T (N H,NP) *F BINEL ( ANGLE,0&uGLE,IF BEW L,IPEINT,
i!te 1L ,5 F I n C I, L 2,11)
1565 C

1566 C SE1 FLIP CPTICI
1567 C
1568 IPLIf=C
1569 C
1570 C CHICE IF B Af FLIFFIpG IS n!CIESABI
1571 C
1572 IFLIf=PATFLP(BSSA51,uPACF,8&fSLI,SLCft)
1573 C
1574 C SE1 Ig1EBCEPIIC CIAPCuc Fact
1575 C
1516 300 It1Cf1sNS1 ART
1577 C

1578 C GEttfA1E nib BA1 ICUATICE
1579 C

1580 CALL BAYNEs(EBECB1,BAYSLF,EATCft,E5BCB2,fI,1NTCPT,YCIPT, SLOPE
1581 1,hPACI,ANCIE,1Pf1NT)
1582 C
1583 C FLI!!IBG CITICH
15E4 C

1585
. 1NFACE,INTCP1, PAC,EGT,IFFIST)

IF (IFLIP.GT.0) CALL FIPB AY (B AYSLP,B ATCPT, SLOPE,TCEPT,PI, ANGLE,
1586
1567 C

15E8 C BISE1 FLIP Cf11CR
1589 C

1590 IFLIf=C-
1591 C

.1592 C SE1 FCf IbtEBCEf1ED EAffE IILF FACI
1593 C

1594 IN1Cf1=IN1CPT*5
1595 C

1596 C CBICR FCB AIP/ EATER INTEFFACE INTESSECTICN CUTSICE CF TIP
1597 C
1599 ~CBECR= F ACHEK IB AYSLF,P A TCff,NF AC E,Ib1CET,SLCPE,YCEPT,B AD,HGT)
1599 IF (Ic t IC E. GT. 0 ) FITuaN
16CO C
1601 C SE1 $2LICT FCP RATIBIAL A1T H.f4 TION CofffICIENT
1602 C
1603 LT=2
1604 C
1605 C EC EllfS LAW ATTENUATICW 10 WA1!B/ AIR INTEBFACE
1606 C
1607 CALI ElIBS(EFANGL,NCPNTS,L,MU,TEESTT,ICLD,YCLD,tP,NH,LT,LGT,BAYCPT
1608 1,RAISLI,Ip1Cf1,ELCft,YCEft,3 FACE)
1609 C
1610' C SE1 FACI SLCEE
1611 C

1612 F ACIL f =SLCPE (I NICf t) '
1613 C

1614 C DETIfEINE ANGLE CF INCIDESCE
1615 C
1616 A NGLE=CIDMGL (F ACSLP,B ATSL E,II,IF FI NT)
1617 C

1618 C CCPfAE2 ANGLE CF 15CIDEDCE 1C CEITICAL ANGLE
1619 C

1620 LL a r&11FE (151C f t,I ET F AC)



,
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1621 IF ( AWGLE.GE.CE1 Auc tLL)) GC TC 400
1622 C

1623 C Si1 151P FCB 15A5SEITTED A.1
1624 Cs

1625 N!1451=IN1CPT
1626 TFIE=1.0
1627 EE1CER
1628 C
1629 C BEFLIC1ED BA1 CALC 01ATICS

,'

1630 C

1631 u30 CALL lAfMEu(ESRCF1,BAYSLP,EATCPT,EBBCB2,fI,INTCPT,YCIPT, SLOPE
1632 1,5 FACI,ANCII,1PSINT)
St33 C

1634 C CHICR ICB BATIS/CIAMOND INTIBFACE INTEPSEC1 ION OC1SICE OF TIP
1635 C
1636 IC hlCE* F ACBIS (B ATSLP, B AYCPT,5F ACE, N!1 AR1,SLCPE,1 CEPT ,R AD,HGT)
1631 IF IIchECE.GT.0) AETUBu
1638 C
1639 C DC EIEES LAW ATTE50ATICD EACE TC DIAMONt/BATEB INTf f f AC E
1640 C

1641 CALL BIEBS(HFANGL,5CPbfS,1,F0,TENSTT,ICLC,YCLD,NP,MH,LT,LGT,SATCPT
1642 1,EATSLI,NSTABT, SLOPE,YCEP1,5 FACE)
1643 C
1644 C SET L1, L2 708 EE-EBTBANCI 0F CIAM05C
1645 C
1646 L1=3
1647 12=2
1648 C

1
'

1649 C BESE1 FACE SLCfE, SIECE BETDinEC TC CIAECBC
1650 C

1651 F AC5LP=SLCFE (WS1 AST)
1652 C.
1653 C CALCCLATE ANGLE OF INCIDF5CE AND EESULTING ANGLI Cf BEFSACTION
1654 C

1655 A NGLI=CIDNGL (F ACS1P ,B a f SLf,fI,IPEIET)
1656 C

1657 C SET ANGLE FCB FIESDEL BEFSACTICB CAICOLATICN
1658 C

1659 CA5GI!*AnGIE
1660 C

1661 ANGLE =1NELLIL1,L2,ABGLE BFIBCI,L,FI,IPEINT)
1662 C

1663 C SET TFIP TC CALCULATE EEFfACTIC CCEfCEEkT
1664 C

1665 If5161=0
1666 C
1667 C CC FBI!NEL BEFEACTICE 157135I11 CALCOLATICb
1668 C

1669 T E 5511 |NH, J P) =1E 8511 (NH, N P) *F f f R El (C A NGL E, A NGL E,I F 3 f NL,IPRINT,
d 1670 I L , E t i s t I,11,12)

1671 C

1672 C BISIT 1 RIP ANC 151EBSECTEC FACI
1673 C
1674 TBIE=-1.0
1675 C
1676 INTCF1=NSTART
1677 PETCEN
1678 EBC
1679 C
1680 fouCTICN M AIP LP (NST ART,WF ACE,B A YSLP,S11PE)

. - . . - - _ _ - . - .
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1681 C
1682 CIFIDSICN SLOFI(NI ACE)
1623 If (SLCFE (NSI A ET)) 100,8J0,200
1684 100 !! I AES (B ATSLF) .Lt. ABS (SLCPI(NIT ART))I GO TC 400

,

16E5 GC TC 300
1686 200 IF t A ES (R ATSLF) .GT. ABS (SLOPI(NST AB1))) GO 10 400
1697 C
1628 300 MafftF=0
1689 5ITCEW
1690 C

| 1691 400 Maff1F=1
1692 SITOEN
1693 C
1694 C ISBCE EESSAGI FC8 POSIZICITAL PAC!
1695 C
1696 800 hpI11(t,9JJ)
1697 9JO FO!EA1(IH1,'h4118 FILE HCSIZIC6TAL FACF',///)
1698 IITUFN
1699 Enc
1700 C

1701 SOESC CTINE FIF P A T (E ATSLP,$ ATCFT ,SLC FI, TCIPT, PI, A N GL E,NF ACE,1NTC PI,
1702 1BAC,fG1,IPBInt)
1703 C
1704 CIBINSION SLCPE luf ACI),TCIP1(pf ACE)
1705 C
1706 C CALCutATI INTIESICTION POINT
1707 C

! 1708 III= lTCIPI(IhTCFT)-E ATCPT) / (B A TSLP-SLOPE (INICPT))1709 T IT = (B A TS L P * III) +.t A TC PT
1710 C

1711 C ACD CN NECESSAST ARGLE Sh15G
1712 C,

; 1713 ACCGLI= 2.0* l(FI/2.0)- A WGLE) '

1714 C
1715 C BICALCLL&1E EST ICUATICE
1716 C
1717 R A T!LF=T AW ( AT A h (B ATSLP) * ACDGLI)
1718 B A TC FT= T T T-IS A TSLP*III)
1719 C
1720 C

1721 Ir IIFFIN1.G1.0) GC TC 300
1722 C
1723 hPIII(6,200) EATSLE.BATCF1,III
1724 200 FC$nAT(' ',' FLIP BAT SLOPE =',1PI12.4,' FI?' PAT IW1EFCEPT=',
1725 11PE12.4,' III=',1FE12.4)
1726 3JO 5I1055
1727 INC
1728 C

1729 F C bC11C N F ACHIR IB A TSLP,8 ATCFT,5F ACE,IBTCPT,SLOPI,7CIFT,R AD,HGT)
1730 C
1731 DIRE nSICs SLCFE tsF ACE),TCIF1(hf ACE)
1732 C
1733 C CALCCLATE IB1ERSECTICE PCIbT
1734 C
1735 III= (TCEP1(Iu1CFT)-E ATCFT)/ (E AYSLP-SLCFI(INTCPT))1736 !!Y= f B A TSLP*III) * B ATCPT
1737 C
1738- C CHICR TO MARI SURI INTIBSICTION IS WITHIN OIA50NC/WATED FILM APEA1739 C
1740 If II I I. LT. 0. 0. C B. III. G1. B C1) Go to 100

l

!

|

|

:

1
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1741 C
1742 IP 1T T T. GT. B AC. CB. f f f. LT. -B A C) co To 100
1743 C
1744 C INTIFSICTICu SI1 BIN B00NCS
1745 C

1746 FACFIF=0
1747 $I1C59
1748 C

1749 C II11531CTICE IS CUT CF BCubCS'

1750 C

1751 100 FACP!Is1
1752 517056
1753 ENC
1754 C

1755 SLBFCC11NE BEIBS(HFANGL,NCFNTS,L,MU,TINSTT,ICLC,YCLC,NP,NR,LT,LGT,
1756 IB A TCT1,B ATS L F,NST ABT, SLOP E,1Cif t,NF AC E)
1757 EEA1 EClL),1G1<

1758 Ih11CIE HiamC1
1759 DIRESSIGN 1E NST T (HF A NGL,5C F 515) ,SLC T E (N F AC E) ,YCIFT (N P AC E)
1760 EIIIspAL ISIT,DIST
1761 C
1762 C CITIERINE u!W I AuD f CCOBDINATES
1763 C
1764 CALL IS ET (II!W,Y N EW,R ATSLF, B A TCPT,LGT,IS1 A ST,SLCP E , tC E PT,4F ACE)
1765 C
1766 C CAIC0177E PATB IINGTB OSING CIETANCE EQUA1ICN TI?ES ATTENUATION
1767 C CCEFFICIENT
1768 C

1769 CI= (CIf f (1010, T C L E ,I N ES ,1 b E I) * F D (LT))
1770 C

1771 C AFP11 BEER'S 1Ab I=IC* E I f (-01)
1772 C

1773 T E a $1T (uH,IP) =T E DST T (NB, u F) *IIf (-DI)a

1774 C
1775 C RESET ICLD ABC ICLD FCE LAff5 USE
1776 C
1777 ICLC*INEN
1778 TCIC=YlEW
1779 C
1780 C WFI11 CUT TINSTf
1781 C
1782 C WBI12st,100) T E B ST T (N H, N P) ,UI,1CLD , TCLD
1783 C 10J FCARA11' ,4 (2 I, F 10.5) )'

1764 C
1785 FETClu
1786 fut
1767 C

1788 C

1789 FCICTICu DIST (IC LC,TCLD,InEt,Y SIS)
1790 C

1791 C PCC11bt TC APfit CISTADCE ECUATION
1792 C

1793 DIS 1=$CBT ( ( (I s t t-IC LD) * *2) * ((15 EU-TCLC) * * 2))
1794 C

1795 BETCEI
1796 Est
1797 C
1798 S025001I5E CALCCP(CANGLE, ANGLE,EADCCF,CDTNGL,RF1 NGL,IFFE91)
1799 C

1800 C CALCatATE TAuGIFT OF IuCICluT AMGLE

, _ _
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|

!
!
f

i

|

! 1801 C
! 1802 CCT aG1= T A 5 (C A BGIE)

1803 C
1804 C CAICCLATE ANGLE CF BEFBAC1EL AtGLE
1805 C

1806 BF1sG1=T A B ( A BCLI)
1807 C
1808 C CALCULATE LEACIDG CCEffICIENT
1909 C
1810 R A CCC f =0. 5 * (PF1pGL/CCT NGL)
1811 C
1812 IF (I f 5 E NL. GT. 0) I A CCC F=0. 5* (CC1 NGL /BFING1)
1813 C
1814 FET055
1815 the
1816 C
1817 FCMC1 ICE F FEuf L (C A D GLE, A bCL E,IF F E N1,I FFI NT,L, B F IN Ct,L 1, L2)
1818 CIMfbSICN B!IDCI(L)
1819 Ettif5AL CALCCF
1820 C

1821 IF (C A D GLE.11.0.01) GC TC 100
1822 C i

1823 C All C ALCC F (C A 5GLE, A NGLE, f A CCC F,CCT bGL,B FT N GL,If F Iht)
|1824 C

1825 IF (I F F E E L.G1.0 ) GC TC 75
1826 C
1827 C CALCCIATE TEA 5!*ITTED Ib1IESITT
1828 C
1829 C CACCLATE PASALLEI CCEPCBEST
1830 C

1831 P A6 ACf = ((CC1 NGL-SFT tGL) * (1.0- (C ET NGL * B ET NGL)) ) /
1832 1 ( (C CT N G L 6 8 f T NGL) * ( 1. 0 * (CC1N GL * B F T NG L) ) )
1833 C
1834 C CAICULATE PERFINCICULAB CCsfoulNT |
1835 C i

1836 PI5f CF= { (CCS ( A NC11) * SIN (C ANGLI))-(SIN ( ANGLI) *CCS (C A NGLE))) / |

1837 1 ((SIN (C A SGLE) *CCS ta tGLI)) + (CCS (C ANGLE) * SIN ( ANGLE)))
1838 C
1839 C CCP81bE INTC TCTAL 1BANSMITTEC INTI)SITY

I 1840 C

1841 FPI BIL s E ACCCE * (2.0- (P A E AC E * *2)-(PE F FC P * *2) )
, 1842 GC TC 200
i 1843 C i
j 1844 C CALCULATES BIPLICTIC INTENSITT {
\ 1945 C

'

I 1846 C CAICULATE PIBPERCICULAB CCMFOhENT
'

1847 C
1848 75 FIBf C f = (2. 0 * SIN ( A NGL E) *CCf (C A NGLE) ) / ( ISIN (C A NGLI) *CCS ( A NGLE) )
1849 1* (CCS (C ANGLE) *EIN ( A WGLE)))
1850 C
1851 C CALCCLATE PARALLEL CCBECDIST ,

1852 C

1853 P AB AC F= P E 5PCP' (1.0/ ((CCS (C A nG11) *CCS ( AbGLE)) * (S I N (C A SGL E) *
1854 ISIN(ABCLI))))
1855 C
1856 C CCMf151 INTC TC1AL TBANSMITTEC CC5PCNENT
1957 C
1858 F E E DI1= 1. 0- (I A CCC r * ((P A B AC P* * 2) * (FISPCF * * 2)))
1859 GC 1C 200
1860 C

l

, , . .. .. - , . - . .--. - - .
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1861 C ZEBC A6CLC CF IbCICENCE CASI
1862 C

1863 C Rift!CTED CCBFCBfMT
1964 C

1865 100 P Si nit * ((F IIN CI tL 2)-B FIN CI (L 1)) / (B FINDI (L 2) * BFINCI (11))) * * 2
1866 C T5AbfrITTEC CCEICbENT

l' 1867 C

186e IF (IF 5 t hL. FC.0) F F E N E L = (1.0-P S E N E 1) * (F FIN CI (L 2) / 5 F I N CI (L 1) )
1869 C

1870 C
1871 200 IF (I F E I N T. GT. 0) 511085
1872 C

j 1873 C WRI11 CUT Nfu InTINSITY
1874 C
1875 upI1f((,JJ0) fBINft,PAPACP,Ff5PCPc

| 1876 200 FCBRAT('O','NIE BELATIVE 15ff>SITY= 8,1FF12.5,'EITH A PARALLEL CO
1877 IMF= ',1PE12.5,' AND A PESPENCICULAB COPP= ',1PE12.5)
1878 C
1879 FITOFN
1860 enc
1881 C

18C2 SCBPCt1INE S OF FI5 (ITB A BS,PF A NGI, NCP 5TS,FIFT A N, PI)
1883 IbitCl3 EfANG1
1884 DIMENSION ITB Ah!(BF ANGL,bCFETS), PEST AN(BF ANGL)

;

1885 C

1886 C SCM LP SEFIECTEC EATS PCS EACB ANG15
1887 C

1600 A=NCFb15
1889 DC 200 MH=1,EFA5GL
1890 P EB1 A > (>H) = J.0
1891 CC 100 NP=1,NCFhTS
1892 It (115 A NS (NH,b f) . E E. 88) GC TC 100
1893 FIST a n q uB) =riET AN (N H) * 1
1844 100 CCN1I5LF
1895 FI FT A h tN H)= PIST A N (NH) / A
1896 200 CCE1INCE
1897 51105N
1998 E8D
1899 C

1900 C
1901 SUPEC011NE ANSF(ITRANS,HEANGL,NCPNTS PESTAN,IHEAD, TITLE,
1902 11Eh!11,INIFAC)
1903 INTICIE FFAbGL
1904 DIRE 6SICN IHE AD (NCFuTS),TITII(20),TENSTY (HF ANGL,NCPETS)
1905 DIMINSION IIB A NS (EP ANGL,NCPWTS),PER1 AN (HF A NGL)
1906 C

d 1901 F1=0.0
1 1908 C

1909 C WBI1I CUT TITLE
1910 C
1911 BRI111f,75) TITIE
1912 75 FCEPA181H1,20As)
1913 WBI11((,100) Iu1FAC
1914 100 FCRPATI'08,'*** TFANS!ISSICb AnD I5 TENSITY MATSII FCB C4SE',
1915 l' WC. ',12,' ***' ///),

1916 C
1917 C SET TAILE HEACING
191E' C
1919 CC 50 BP=1,uCFuTS
1920 IstAC(nF)=NP

1

_ _ ,
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1921 50 COB 118CI
I 1922 kPI1E ((,2CO) IIE E A C (N P) ,5 F= 1,5C f dT S)

,T2,'ANCLE OF',533,'*** RAY PCSITION***',/,1923 20J FC5=ATl' '
1924 1 ' ','InPC1 11GHT',10181,I2))
1925 WFI11(E,250)
1926 25J FC5MA11'*',7125,8tCTAL',//),

1927 CO 400 NF=1,tFABGL
1928 kBITE(6,30J) 5 8, (IT B A WS (N B,N P) , N P* 1, NOF B1S)
1929 300 FCB E A11'O' ,11,I4,6 3,10 (e!,12) )
1930 uBITfit,350) FI5 FAN (NH)

,'

1931 3 53 FC E M A11' + ',1125,F E. 2)
1932 Pl=F1'flBTA5(bE)
1933 C
1934 WBITIIE,375) (11 N Sit ( N H, N F) , N P = 1, M C P N T S)
1935 375 FCEMA11' ' ,17 3,10 (F 6. 4,4 I) )
1936 C

1931 400 CCN1IEEE
1938 C
1939 Pl=F1/EFANGL
1940 W E I11 (C ,4 50) F14

1941 450 FCB E A1 ('O','F5 ACTION BEFLECTEC EACK IS : ' , F 10. 5)
1942 BBIYlit,500)

,

1943 500 fC5PA1(1H1)
| 1944 511U55
| 1945 ENC

1946 C

ENC CF FILE

i

e

: )
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APPENDIX A. 6

AN OFTICAL TECHNIQUE FOR GLOBAL VOIC FRACTION

Several im por t ant two-phase flow parameters have

been measured using light transmission techniques.

Langlois , et. al . [51] employed this technique to measure

interfacial area. Lockett and Safekourdi [31] measured gas

holdup in gas / liquid systems using light transmission Lahey,

et. al. [52] have developed a device to measure the

instantaneous global. void fraction and phase distribution.

Light transmission techniques are very attractive

nor two-phase flow measurements. Light can be introduced

and detected non-intrusively. High efficiency fiber optics
.

can be employed to transmit light with minimal losses. The -

propagational speed of light is very fast, thus the response

time of an optical device would depend only on the signal

processing electronics.

The next section presents the basis of the optics

associated with the light transmission technique. A

two-dimensional computer model, BUBRAY, was developed and

used to quantif y the light ray reflection and refraction

patterns in two-phase mixtures. This code is presented in

Appendix-A.7 This section consists of two major. parts.

The modeling part discusses the assumptions'and mathematics

employed in the analysis. The~second section discusses

specific details associated with the computer: code. An

example is described and programmed in Appendix A.7.

!

. . , . . _ , . _ _ _ _ _ , _ - . . - - _ - _ , . . . _ . _ _ _ _ . , - ,.- -_.=.,.
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Modeling

Light ray intersection with voids in a two-phase media is a

function of three dimensions and time. A total description

of the phenomena would require the simulteneous solution of

four variables. The problem can be reduced by making s

series of assumptions. These assumptions simplify the

a n al yt ic al effort and result in a solution which f..dicates

the basic physics involved. The specific assumptions are:

1) Light rays move in straight lines.

2) Light rays move independently of each other.

3) Constant optical properties exist within each

phase.

4) Light rays move only in the x-y plane ,(i.e . , in

two dimensions only) .

5) The time dependence of the ray tracing can be

discretized.

As in C0FE-1, light is assuited to move in a straight line ,

y = mx + b (1)

where,

y= y-coordinate of the ray

m= slope of the ray

x= x-coordinate of the ray

b= y-intercept of the ray

It is well known that light rays do mcve in this fashion.

Assumptions (2) and (3) also represent reasonable physical
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assumptions.

The fourth assumption is the most significant.

Light is emitted from a source with a conical pattern. The

rays are moving through three dimensions. Light ray

reflection and refraction occur in a plane but this plane is
positioned in three dimensions. The fourth assumption '

implies that the 'z' component of this plane is constant. '

Ray tracing done in two-dimensions is strictly valid only
for those light rays moving in a plane parallel to the x-y

i

| axis, and for voids made up of cylindrical axial sections,
i

| each of which have no axial 'z' curvature.

The time dependence of the light ray paths is

simul ated by performing the tracing on successive planes '

through an ellipsoidal bubble. These planes are equally

spaced through the void and are para?lel to the x-y plane.

Several equations form the basis of the ray
tracing scheme. A brief description of these equations are

presented here to provide a basic understanding of the
technique employed .

The coordinates of a light ray and interface

intersection point must be' calculated accurately. Th ese

coordinates are necessary since they will determine the
| normal to the-interface and the angle of incidence.

Simultaneous solution of Equation ~(1) and Equation (2),
|

|

|

(x-a)2 (y-d)2- (z-c)2 24 , ,g (. )2A B C

|

|

. .-. , - . . .
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where,

x,y,z = the coordinates of a point on the interface
'i

a,d,c= the coordinates of the center of the

ellipsoid

A , B, C = the x, y, and z coefficients of the

ellipsoid

the effective radiusR =

the expression for a three dimensional ellipsoid, will yield

the coordinates of the point of intersection,

9 9

(x-a)~ , (mx+b-d)2 (z- c) ~4 =R (3)
A B C

Equation (3) is obtained from the direct substitution of 'y'

in Equation (1), into Equation (2 ) . The v al ue o f ' z' is

fixed in a given plane parallel to the x-y axis, thus the

third term of Equation (3 ) can be considered a constant.

Simplification of this expression is dcne by defining the

following constants ,

Q $ b-d Z A R - (*~'12 (4)

[

Equations (3) and Eq u a .. i o n (4) yield,

2 2 2(x - 2ax + a ) , ((mx)2+ 2mx Q + Q ) " Z (5)
A B

After substitution of Equation (4) and expansion of terms,

Equation (5) can be multiplied through 'AB' and regrouped

!

1

i
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to yield ,

(B+Am ) x + (2 AmQ - 2 B a) x+ (a B+AQ - ZA P =0 (6)

This equation has the form cf a quadratic equation.
<

Solution is possible by using the well known quadratic

'
formula,

g , -BBBir#(BBB) - 4(AAA CLC) (7)2AAA
,

,

where,

AAA = B+Am
,

BBB : 2 ( AmQ-Ba)

2 9
CCC = r B+AC'-ZAB

Two ralues for a possible x-coordinate are

produced. Substitution of each x-coordinate value into
Ecuction (1) will yield a corresponding y-coordinate value.

|

These values are then substituted back into Equation (2 ) .

Only the coordinates of the intersection will satisify the

equation. The coordinates of intersection are now
established.

The normal to the interface must now be calculated
so that the angle of incidence can be determined. The;

derivative of Equation (2), at constant '2' is,
s

2 (x-a) d* + 2 (y-d)
B (0)A

Equation (8) gives the tangent to the interface as,

i

$1 A(y-d)
dx B (x -a)

(g)

;
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The normal is easily calculated since it is just the

negative reciprocal of the tangent,

interface " - (10)* # "~

slope;

F.eflection or refraction may now occur at an

interface depending on the angle of incidence. This angle

is calculated from the interface and ray slope, as shown in

Figure A.o.1. Plane gecmetry dictates that angles 4, E ,

7

and 0 should sum to 90 degrees,

n
7=c1 + (- 8) + e (11)

where,

c7= angle of incidence, with respect to the

interface normal

angle between the interface and the x-axis,6 =

(i.e., the arctangent of the interf ace

slope)

angle between the incident light ray and thee =

x-axis, (i.e., the arctangent of the ray

slope)

The angle of incidence can be obtained by r,,earranging

Equation (11),

1 " h - (- S+0 ) (12)4

This angle is compared with the critical angle for that

interface to determine if reflection ~ or refraction hcs

. . _ -
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1

NORMAL

\ c
'

1
INCIDENT RAY '

INTERFACE
$ 1 s

\
s

\ s
%0

- J' _ _ A -- - -- X-AXIS

s

N
*2 REFRACTED RAY

\

Figure A.6.1 Light ray reflection and refraction at an interface

as

i
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1-

occurred.

A new ecu9 tion for the reflected light ray can be

obtained by assuming that the angle of incidence is equal to

the angle of reflection. The 'x' and 'y' coordinates of a

point _on the . ray are known as well as the interface slope.;

'

Combining these three quantities a new ray equation can be

generated.

Two possible reflection situations cculd exist:
3

1) The slope of the reflected ray is equal to zero.2

2) The slope of the reflected ray is not equal to
i
> zero.

Figure A.6.2 illustrates three possible face / light rey

intersections, note that the positive or negative slope

cases yield the same analytical expression. The zero slope

j case is the simplest. A refleated light ray's slope will
I

just change sign. Thus using the intersection coordinates

and the new slope the new ray intercept is calculated by
,

rearranging Equation (1 ) .

! Generation of the reflected ray when-the sur face

slope is not zero is somewhat more complicated. Consider a

normal to the bubble's interface. The slope of the normal

j is the negative reciprocal of the surface slope , ac
i

previously shown in Equation (10). Using plane geometry,
|

the slope of- the reflected ray can be related to the angle
i

of incidence and the surface normal,<

t

rayslp = tan ($ +a) (13)1

1

. - , .a . _ . . . . . . -- . . . . __ _ - .
'

-
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INCIDENT

LIGHT RAY
:

!

INTERFACE
!

INCIDENT INTERFACE

LIGHT RAY

!

>

INCIDEl1T
INTERFACE

UGH W

Figure A.6.2 Three possible surface / light ray
intersections

--
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: where,

rayslp = slope of reflected ray

97= the angle of incidence, measured with

respect to the normal4

the angle between the normal and thea =

positive x-coordinate axis, (i.e.,the

arctangent of the normal's slope)

The IBM 3033 computer's tangent function operates

only in the first and four th quadrants . As with EOFE-1,

this condition imposes a limitation on the use of Equation

(13), since regeneration of the incident light ray is

possible. If regeneration occurs, the ray equation must be

| corrected by an additional angle.

This adjustment is obtained frcm plane geometry.
,

Using the schematic s o f Figure A. 6.1, the adjustment angle

is calculated by,

adj = 2 ({ - c ) (14)
O

7

where,

adj = adjustment angle, required to compensate forB

the computer's tangent function

cy= angle of incidence, measured with respect to

the normal

A new ray is then computed by adding the adjustment angle to

the previously calculated angle,

-1(rayslp ld) + Oadj ) (15)rayslp = tan (tannew o

.

.
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where,

rayslp new light ray slope J
=

new

rayslp ld * E **' "" Y * "** "*# 8 E*o

* "# **" *"8 '' * "** # 9"" "Oadj *

The y-intercept is now calculated by using the new slope in
1

Equation (1).

Light rays which are not reflected when strikinE

the liquid / vapor interface are refracted. Snell's Law, |
1

n sincy=n2y sin 0 2 (16)' -

,

where,
i

n ,n = refractive indices of medium 1 and 2,y 2

I respectively
i :

$y = the angle of incidence, measured with !

respect to a normal to the surface

C2: tha angle of refraction measured with

j respect to a normal to the sur face j

'
4- can now be used to calculate the angle of refraction. This

angle is used with the. reflected ray generation technique to
.

calculate the equation of the refracted ray.

| This computer model can also model a liquid film

j along the wall of' a conduit. . The film is assumed to be of
:

j constant; thickness, except at the place where the light rays

i enter. Here a' variable angle for this part of the film can
i

'be selected. Snell's Law,. Equation-(16), is used to
^

calculate the light ray refraction at the liquid film / vapor
1

;

|
-

.

1

,. . - - - .. . ., . . . . . _ _ , _ , , , .
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4

interface. The actual ray tracing procedures employed in the

liquid film are identical to those used outside the the

film.
>

t

Computer'Model

i

The previously described mathematics have been used in the
,

! BUBRAY computer code. This code's flowchart is illustrated

! in Figures A.6. 3a and A.6.3b. Output from the EUBRAY code
<

includes a chart indicating the number of rays which strike'

;

a given region on the square duct's inner surface. This

teble is printed as a function of input light angle. An

appropriate chart is generated for each ' z' increment. All

input data is printed for reference , and to allowi

| verification. Appendix A.7 provides a FORTRAN listing of

the code, and a typical I/O data preparation instructions.

The time step viewing ef- the two-phase mixture is

i
illustrated in Figure A.6.4. The 'z' component of the

i

1 bubble is assumed constant at each step. ' Th= plane of

refraction is based on the projection of the true normal on
,

the x-y plane since the 'z' component of the liquid / vapor

interface normal 'is assumed to be sero.

Normally BUBRAY is used for the analysis of

two-phase flow in a pipe. However , the code was modified'

.

and a g'eometry commonly used in two-phase flow experiments

conducted at Fensselaer Polytechnic Institute (RPI) was
,

studied with the BUBRAY code. This geometry consists of a

i

,

w ,y --- , , , - - - - ,-,,-m ,,.c,---- 7
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Figure A. 6. 3 a
BUBRAY flowchart
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,

'
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;

|
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l

Figure A.6. 3b Continued
:
i
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Figure A.6.4 Time step viewing used in BUBRAY
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1.2 inch square duct containing a single air bubble in

water. Visible red light, with a wave length of 690

nancmeters, was introduced through 0.125 inch diameter

sapphire pipes. This ray tracing simulation has verified

the operating principle of the digital optical

interfercmeter.;

.

t

i

r -.
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APPENDIX A.7

PROGF AMMING INSTFUCIIONS FCR TriE BUBEAY CCLE

BUBRAY is a two computer simulation

of light ray interaction with a two-phase mixture. Light

rays are initiated uniformly over the specified input

region. The rays are then assumed to move in straight

lines. Snell's Law for refraction is employed if a

liquid / vapor interface is intersected. Tally bins are*

equally positioned around the pipe circumference to sum up

the rays and their position, when they return to the pipe
sur face .

All input data is listed for reference and

verification. Output consists of a listing of the number of

| rays striking each bin as a function of input light angle.
.

( A separate listing is provided for each t,ime step.
,

BUBEAY is written in Fortran-IV. The code is
|

variably dimensioned and requires a small amount of input
data. Execution time is about 3 c.p.u. seconds on an

IBM-370/3033. A brief description of all subroutines and

the important variables is provided at the beginning of the
program listing.

The input data required to perform a BUBRAY run is

listed in Table 1. Any dimenstional units can be used asj

1

| long as all are consistent. A brief description of each

| card follows to further explain the input data.
i

i First-Card
|

!
:
1
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The title of the run being performed is written

here. This card is used only for references. It can be

left blank if desired.

Second Card

Two types of gecmctry, circular pipe or square

duct, were considered when this code was developed. The

user should enter 0 for the circular pipe option and enter 1

for the square duct option.

Third Card

This card contains various specifications for the

void s , pipe and light rays . The first entry sets the number

of surface equations required , usually 2. Cne surface

equation is required to describe the pipe and one for each

vcid or droplet studied. The second entry specifies the

thickness of any water film, while the third entry sets the

width of a square duct test section. These two parameters

can be set equal to zero or set to appropriate values for the

now complete square test section option. The radius of the

input light beam is the fourth entry on this card.

Specification of the maximum light ray angle composing the

light beam is'the fifth entry. This beam is assumed to be

composed of a finite nr~'er of rays. The sixth entry of the

card is the total number of these rays. The number of

planes in the 'Z' direction, i.e., the number of time steps

to be considered, is the seventh data entry on this card.

The last entry is the number of tally bins to be placed

around the pipe. Forty (40) is the suggested value as well
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as the maximum value. Use. of less bins reduces

discrimination while inclusion of more bins results in an
output too wide for computer paper.

Fourth Card

This card specifies if intermediate values i

calculated are to be printed. Inputting 0 suppresses

printing but use of 1 will generate detailed information
~

concerning the ray tracing. It is recommended that this

parameter be 0 because substantial output is generated. !

Fifth Card (s)

The parameters specifying the equation of the

various surfaces are input here. The center 'x', 'y', 'z'

coordinates of- the surface are first to be input. Three
,

more data entries on the same card specify the 'x', 'y', 'z'

coefficients of this equation. The seventh entry on this

card is the rt ius squared. (For a mere detailed
explanation of these parameters, see Equation (2) in
Appendix A.6). A final entry on this card specifies the '

material contained within the surface. The liquid phase is

designated by 1, while entry of 2 will specify vapor.

Two precautions must be taken when inputting this

in formation . . The card which contains data desaribing the
pipe surface should be first. Void data follows the pipe

- '

information. Secondly, the 'Z' coefficient causes Equation
,

(2) in Appendix A.6 to reduce to the equation of an elliptic
30cylinder - in three dimensional space. 10 1s sufficiently.

:large enough ~ to ' avoid computer underflow.

|

I
i
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Sixth Card

Refractive indices are specified on this card.

The liquid refractive index is specified first. The second

entry will set the refractive index on vapor. Care should

be taken to enter appropriate indices bearing in mind that

the refractive index is a function of light wavelength.

Seventh Card

The final data card contains the linear

attenuation coefficients. No attenuation calculations are

pe r formed , so this data can be set equal to zero.

A Code Listing and Sample Problem

A BUBRAY listing and sample problem are provided.

The simulation consists of a 0.055 inch radius air bubble in

a 0.5 inch radius p4oe. The pipe is full of water with a

void po si tioned concentrically. Visible red light is input

through 0.0626 inch radius light pipes. The code output is

attached.

,
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.

i

J

4

.

TABLE 1. - BUBRAY Input Data
,

i

! Card
Sequence 'Colu=ns Format Description,

i

j 1 Card 1-80 20A4 Title of sLculation
! being run
,

i 1 Card 2-5 I4 Type'of geometry
being modeled

I
0 - circular pipe
1 - square duct

1 Card 2-5 I4 Number of surface
equations needed'in,

the simulationj 6-15 F10.5 Thickness of residual
4

water film
16-25 F10.5 Width of square duct

' test section
26-35 F10.5 Radius of input light

, beam
i 37-40 I4 Maximum angle of input

light rays,

42-45 I4 Number of light rays
i

composing light beam'

47-50 I4 Number of 'Z' or time
steps to be considered

; $1-55 14 Number of tally bins
around pipe circumference

1 Card- 2-5 I4 Intermediate printing
code

0 - no printing
!

; 1 - print inter- i
1 mediate values |

'
NBUB cards 1-10 E10.3 x-coordinate of void

or pipe center
11-20 E10.3 y-coordinate of void *

or pipe center
21-30 E10.3 t-coordinate of void

or pipe center
31-40 E10.3 x-coefficient of void

or pipe equation
41-50 E10.3 y-coefficient of void

or pipe equation
j 51-60 E10.3 z-coefficient of void

or pipe equation
!

|
'

I

.

4

e
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61-70 E10.3 Equivalent radius
squared of void or
iP Pe

72-75 14 Material inside sur-
face equation

1 - liquid
2 - vapor

1 Card 1-10 F10.7 Refractive index of
liquid

11-20 F10./ Refractive index of
vapor

1 Card 1-10 F10.7 Linear attenuation
coefficient of liquid

11-20 F10.7 Linear attenuation
coefficient of vapor

i
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1 /CCEPILE
2 C
3 C
4 C dBBEEB 00 00 EEBBBB 35355B AAA YY YY 2222222

.! 5 C. EE EE UU 00 EB BE B5 BB AAAAA YY YY 22222222
6 C EE EB 00 00 BB BB E3 55 A A YYYYYY 222
7 C EEEEEE UU 00 EBBBBB BBBBBB AAAAAAA YYYY 222222
8 C EB EE UU 00 BB BB 88 5B AAAAAAA YY 222

C EEEEEE U00000, PEBBBB BB BB AA AA YY 22222222|-
C EEEBEE U00000 22888B BE B5 AA AA YY 22222222

11 C

;- 12 C

i 13 C
14 C
15 C 20EEII BAY TBACING, VERSION 2

i

16 C $$$ $$$ 3 l
17 C

{
12 C '

19 C
20 C
21 C

k22 C tECERBEE 1979
23 C
24 C
25 C

26 C CEVELCEED AT BENSSELAER PCLYTICHNIC I N ST IT UT E FCB:
27 C

*

28 C UNITED STATES MUCLEAR BIGOLATCBY CCMISSION

|
29 C WASHINGTON, o.C.
30 'C CCNTBACT AT (49-24)-0 301

J31 C EB Y. Y. HSU, CIBECTOB ,

<

22 C

.! 33 C

34 C,

35 C
36 C
37 C AUTECF OF EUEBAY: I

A 32 C
'

39 C PABE VINCE
40 C h0 CLEAR ENGINEIBING AND SCIINCE EDILCING
41 C FENSSELAEB PCLY1ECHNIC INSTITUTE
42 C T50Y, NE4 YCFR 12101
43 C
44 C-

45 C
|46 C WBITTIN IN PAETIAL FULFILLRENT CF THE BICUIBEMENTS

. 47 C ICE TEE CEGBEI CF CCCTOR Cf PEILOSOPHY'

48 C IN DLCIEAR'EhGIbEESING
49 C

50 C
51 C
52 C
53 C ECCIIIIC IBCM 20BBAY TO EUBBAY2 BY:.,

54 C
55 C CLINN SYLVESTIS
56 C BENSSELAES SCCIITY CF EMGINEEBS I

$7 C BENSSELAES POLYTECHNIC INSTITUTE
58 C TECT, NEu YC55 12180
59 C

60 C-

!

. . ,



. - _ _ _ _ _ _ _ _ _ _ _ _ _

493

61 C CCCTCFAL CCRsI17EE:
62 C
63 C CB. RICHABC T. LARET, JR. CHAIBMAN
64 C CR. HENST E. BFEED
65 C BR. GEORGE ESTC0K
(6 C CB. SCDNET GAf
67 C CB. JOHN C. CCBILLI
68 C

69 C

70 C
71 C
72 C EUEBAT CECEETET
73 C

74 C

75 C ********

16 C ****** ******
77 C ***** *****

78 C *** ***

79 C ** ***** **

60 C *** *** *** ***

81 C ** INPUT ** ** *** *** **

22 C ** IIGH1 ** ** ** ** **

83 C ** ** ** **

e4 C ** ** VCIC ** **

85 C SIf9ACTIC 11111**1111111111**1 ** **

E6 C ** ** 1 ** **

67 C ** ** 1 ** **

E8 C ** ** 1 ** **

89 C FiftfCTIC 22222**222222222222** 1 ** LICUID **

50 C ** 2 *** *** **

91 C ** 2 ****1 **

92 C IEAbSMI1TEC 3333333**333333333333I333333I33333333333333**
93 C ** 2 1 **

94 C ** IICDID 2 1 **

95 C ** 2 1 **

96 C ** 2 1 **

97 C ** 2 1 **

98 C *** 2 ***

99 C ***** 2 *****

100 C ****** ******

101 C ********
102 C

103 C

104 C
105 C

106 C
107 C *** SOEFCUTINES ***
108 C
109 C
110 C EIb!E SUBROUTINE TO TALLY LIGHT Bats IN
111 C AFFBCFIATE EINS
112 C

113 C bib 22 FUlCTICN SUEFCUTINE TC CALCULATE THE SIZE
114 C OF A BIN, IN BADIANS
115 C
116 C CIPT SUBB001INE TO CALCULATE THE I-INTERCEPT CF
111 C THE INITIAL LIGHT EATS
118 C

119 C CIDhG1 F01CTICE SUEFCUTIME TO CALCOLATI THE
120 C ANGLE OF INCIDENCE GIVEN BAT ANC

,
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|

I
i

i

121 C IETEEFACE SLCFE
122 C

123 C ECUAT SOEBCUTINE TO CALCULATE THE EATEB FILM
124 C ECUATIONS EHEN SQUABE GEC M ET S Y IS USED
125- C

126 C FIPBAT SOEECUTIRE TC FLIP BAT IF INCCBBECT RAY
127 C ECUATION IS GENEBATED
128 C
129 C FSESIT SOBB00 TINE TO SELECT THE APPBOPIATE
130 C BETBACTIVE IBDICES AT AE INTESFACE
131 C
132 C GEC8 SUEBCOTIBE TC BEAC AND NBITE PIPE AND
133 C BUEBLE GEORETRY
134 C
135 C INf t rR FUNCTICE SUEPBOGB A M TO CHECK FCB INFINTE
136 C LCCEING DUE TC NC SCLUTICN TC CUADBATIC
137 C EQUATION
13E C
139 C SAffLP FUNCTION SUBROUTIME TO DETEBMINE IF BAY
140 C FLIFFI5G IS NECESSABY
141 C

142 C CPTFBP SOBBCOTINE USED TO FEAD IN BEFBACTIVE
143 C INLICES AND COMPUTE CBITICAL kNGLES
144 C

145 C BAYNIE SUEB00 TINE TO CALCULATE A BEFLECTED BAY'S
146 C ECUATICE
147 C
148 C SatSFT SOEFCUTINE TC PCSITICN LIGHT BAYS
149 C EQUALLY SPACED ALCNG IMPCT SUBFACE
150 C

151 C EfE31A SUEB00 TIME TO BEAD VABICUS INFUT PAPAMETERS
152 C
153 C BEESIT FUNCTION SUBPROGRAM TO BESET BAY SLOPE TC
154 C STAET EAT TRACING
155 C

156 C SECT SUBBCOTINE TC CALCOLATE TEC PCSSIBLE
157 C I-C00BCINATES FOB BUEPLE/ BAT INTEBSECTICN
15E C
159 C SE1270 SUEBC01INE TO SIT TALLY BINS ECUAL TC~ZEPO
160 C BEFCEE EAT TEACING

1
161 C '

162 C SNELL F05CTICN SUEFBOGEAM TO CALCULATE ANGLE CF
163 C BEFBACTION USING SNELL'S LA9
164 C I

165 C TANGNT FUNCTICE SUEBOUTINE TO CALCULATE INTERFACE
166 C SLCFE AT PCINT Cf LIGHT FAY INTERSECTION
167 C
168 C kBIS SUEBCUTINE TC NEITE CUT BESULTS
169 C

170 C ILECT' SUEBCUTINE TC SELECT CCBBECT I-COCSDINATE
171 C OF BAY /INTERFACI INTESSECTICN
172 C
173 C ISTAET SUEBCOTINE TC CALCULATE ETABTI4G
174 C I-CCCELIBATE CF INPUT LIGHT FATS
175 C

176 C ZEE FDICTICE SOEP50GBA5 TO CALCOLATE VALUE CF
177 C 2-CCCBCINATE
17E C
179 C- FLMSEP SOEBOUTINE TO CALCOLATE AND WEITE FILM
If0 C ECOATICNS

|
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let C

182 C FLSEC1,FLSEC2 'SUEBC01INES TC CALCULATE E4Y-FILM
183 C INTIESECTIONS
If4 C

185 C FL9k61,FLRNW2 SOE80011NES TO CALCOLATE BAT ECUATICMS
186 C AFTEE FILM IDTEFSECTIONS
187 C

1EP C

189 C *** TABIABLES ***
190 C
111 C
152 C
193 C ACCCLE TWICE IBE DIFFERENCE BETBEEE THE ANGLE CF
194 C IBCICEnCE ANC 90.0 CEGBEES
195 C

196 C AEGLE AbGLE CF INCICENCE PCR A LIGHT BAT ON A
157 C IF11BFACE, IN RADIABS
198 C

199 C EINS INEIN, HF ANGL) ARRAY CONTAINING NUMBER CF RAIS STRIKING
200 C EACH EIE AS A FUNCTICN OF INPUT LIGHT ANGLE
201 C

202 C BINSZ SIZE CF A BIE, IN SACIANS
203 C

204 C CCE F (4, NB08) 1,f,Z ELLIPSCID COEFFICIENTS AND RADIUS
205 C SCCABEC
20E C

207 C CCBt t3, uBUE) I,Y,ANC Z CCCBDINATES OF ELLIFSCID " CENTER"
200 C

209 C CHEIS (BEIN) _ HEACING FOR SAY BINS, +180 TC -103 DEGREES
210 C

211 C CETAhCILL) ABRAY CCNTAINI4C CRITICAI ANGIES BETWEEN
212 C VAEICOS INTIFFACES
213 C

214 C DEGEGL A5GLE CF INCIITNCE CCNTEFTfD TO DEGREES
215 C

216 C EP 1.0 EEE CENT CF A LIGHT BAT'S Y-INTEPCEkT
217 C

218 C D2ES 50MBE6 CF Z ELANES AT WPICH BAT TRACFS AFE
219 C PE8FCBMIC
220 C

221 C E5 1. 0 PEF CENT OF A LIGHT RAT'S SLOPE
222 C

22J C EEECEI ABSOLU1E TALUE OF THE DIFFEPENCE BETWEEN
i 224 -C fp! CEIGINAL BAT SLCFE ANC TRE PEFLECTED

225 C BAT SLCFE
226 C

227 C IEECE2 ABSOLUTE VALDE CF THE DIFFEBENCE BEIBEEN
228 C THE CFIGINAL FAT Y-INTEECEPT AND THE
229 C PEFLECTED BAT Y-I N T I BC E P1
230 C

231 C FACSLP INTIBFACE SLOPE
232 C

233 C HFAsGL- ANGLE Cf INPDT LIGHT
234 C

235 C IFLIf BAY FLIFPING PARAMETER
236 C 0 BC EAT FLIffING DECUIBEC
237 C 1 B AT FLIPPING NECESSARY
238 C
239 C iGECM GECMETEY SELECTCB
240 C 'O CIECOLAS GECMITST

!
,

, - .+n ..-m,.
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l
1

241 C 1 SCUABE GEOPETRY
-242 C
243 C ILCFCI INFINITY CHECEING PABA9ETEE
244 C 0 NC INFINTE LOOF INDICATIO
215 C 1 I5 FINITE LCCP INDICATED
246 C
247 C ISICT INTEFFACE INTEFSECTED
248 C 0 EDELE IN1EBSECTED
249 C 1 NC EUEELE INTEFSECTICN
250 C 2 VALUE AT STAR 1 0F SIPULATION
251 C
252 C IFEINT PRINTING OPTICM TRIP
253 C 0 FFINT CELY BAT TRACING SUMP.LRT
254 C 1 DU9P OCT ALL INFORMATION PEETAINING
255 C TC FAY FATHS
256 C
257 C L hUfBEB CF MATEEIALS IN SYSTER, USUALLY 2
258 C
259 C NBIs NueEEE CF EIh5 AVAILABLE TC CCLLECT LIGdT
260 C
261 C NELE EUEELI CCUNTIB
262 C 1 PIPE
263 C 2 VCID INSIDE FIFE
264 C
265 C NECE NUEEEE CF EUEELES + 1

-266 C
267 C NH DC-LCOF P4EAPETEE USEC PCB INPUT LIGHT
268 C ANGLES
263 C
270 C NP CO-LCOP FARAMETER USED FCB CCCNTER CF RAYS
2i1 C

272 C NSTAET LIGHT BAY PCSITION INDICA 1CR
273 C 1 LIGHT B4f PCTING INTC TEC PHASE BEGICN
274 C 2 LIGHT BAY ENTERING VCID
275 C 3 LIGHT SAT LEAVING VCIC
276 C
277 C
278 C NZ CO-LOOP PARAMETEB USED FCR STEPPING IN TRE
279 C 2-DISECTICN
280 C

1

281 C PHETA SIDE CF ANGLE SNELL IN FUNCTICN SNELL '

282 e
263 PI AEITBfETIC CCNSTANT, 3.14159+

284 C
225 C EAD BACIUS CF IbFUT LIGFT BEGICN
286 C

207 C BATCPT Y-INTEICEPT IN LIGB1 RAT ECUATION
268 C
269 C -BATSLF SLCfE Ib LIGHT SAT ICUATICE
290 C

291 C B E I 5 C I (LL) ASEAT CCNTAINING BEFFACTIVE INDICES
292 C
293 C R TCBG B (NOP NTS) ABFAT CCNTAINING Y-CCCECINATE CT STAPTING
254 C LIGB1 BAYS
2S! C
296 C .SNIILE ANGLE ENELL (IN DEGBEES)
197 C
298 C SPACI DISTANCE BETBEEN LIGHT RAY SIASTING
299 C. FCSITICnS
300 C

I

i

|*

._
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t

301 C TES1BK TEST SECTICH THICENESS (SQUABE GECEETBY
302 C Cult)
303 C

334 C TITLE ABBAY CONTAINING TITLE OF PABTICULAB BUN
305 C

306 C WATEIR WATIB IILM THICKNESS (SCUABE GECMETBY CNLY)
301 C

308 C Il FIBST FCSSIELE INTEBSECTICW I-C00BDINATE
3C9 C

310 C 12 SECONC POSSIELE IETEBSECTICM I-COOBDINATE
311 C

312 C ICCC B (DCP uTS) 1-COCBCIu1TE CF LIGHT BAT STABTING PCSITICN
313 C
314 C III Y VALUF OF LIGHT /BA1 INTEBFACE INTEPSECTICN
315 C

316 C

311 C YCEPT (BCPMTS) 1-IE1EICEPT CF STAETING LIGHT BAYS
318 C YTI Y VALUE OF LIGHT BAY /INTEBFACE INTESSECTICN
319 C
320 C ZIZ VALUE CF 2-C00BCINATE FCB A GIVEN PCSITICN
321 C
322 C WATAIB PIPE CORTENTS OPTICE
323 C 0 AIE AED CPCPLET
324 C 1 UATES ANC BUBBLE
325 C

326 C WATANG ANGLE OF BATER FILE IN BEGICM CF INPUT
321 C LIGHT
328 C

329 C FLESHP SLCIE CF WATER FILM IN BEGICN CF INPUT
330 C LIGHT
331 C

332 C MAT 5AP PABAMETER USED TO DETEBMINE IF BAY IS
,

333 C TBAffEC INSICE CECPLET
334 C

335 C SHEILA SAT I NT E SS ECTIO N CPTION
336 C 0 CBCFLET INTEBSECTION
331 C 5 FIf1 INTESSECTICM
338 C

339 C

340 C ***** SAIN PECGBAM *****
341 C

342 C

343 C
344 C

345- DIFENSION TITL E (20) ,CCBD (3,10) ,CCEF (4,10) ,50BT AC (4) ,FYCBGN (50) ,
346 1B F In tI (3) , s ATY PI (10) ,5U (3) ,CBT A NG (3) ,ICOCB (50) ,1CEPI(50)
Jul C
348 INTICEB CZIS,BF A NGL,BIES (41,10) ,CHBIS (41) ,SREIL A , n A T AIB
349 C

350 FI=3.14159 ,

351 L=2
,

352 C

353 C SET CP PBCBLEE
354 C

355 C ALL . E ED AT A (NBU E, W ATHIE, TITLE,T ESTB R, B AC, B F A NGL, NCP RIS,IGECM,
356 10ZES,If BIuT,NBIs, W AT A IB, U AT A NC,PI)
351 C

358 C ALI GEC5 (BEDE,COBC,COEF, E ATTil)
359 C

360 C ALL CITPEP (L.EFINCI,CBT ARG,PI,IPBINT,MU)
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|

3s1 C
J62 C CFTICE POS SCUABE TEST SECTICE
363 C
364 If IIGIOE.EC.0) C ALL EC04T (84TBIK, TESTEE,SCBFAC)
365 C
366 C CALCOLATI BATIB PIL5 SLOPE
367 C
368 IFisATAIB.EC.0) C ALL FLMSBP (B AT ANG,50BF AC,FL5SLP,B,F AC,PI,
369' 1IFBIRT)
370 C
371 C CALCCLATE BAT STABTING FCINTS, I. E. Y-CCCBCINATI
372 C
373 CALL S AISRT (NCPWTS,B AD,5YCEG k,IFRIET)
374 C
375 C CALCCLATE AT?SCP51 ATE I STA5tIBG CCCBCINATIS.

376 C
|' 377 CALL IST A BT (ICCC B,5CPNTS, S YCSG E,CC E F,CCE C, p EGB, IP RINT,ZZZ, 1378 1TISTEE,9ATRIE,IGECM) '

' 379 C
380 C S LI IINI5G PABAMETIB,

381 C
382 EINSZ=IINZZiCCIf,sEUB,NBIs,PI,1ESTBR,IGEOM)
it3 C
JE4 C CC LCCI F63 2 PBasIS
3E5 C
JE6 CC 900 sz=1,CZIS.
3E7 C

328 C FII 2 VALUE
3E9 C
390 ZZZ= 2 E I (nz, CZIS, COIF,N B UE ,IP BIET)
391 C
392 C SIT EIls ICOAL 10 ZIBO
393 C
394 C ALL SITZ 80 (EINS,NEIN,hf ANGL)
395 C
396 C LCCE FCE AEGLIS
397 C
398 DC 700 NB=1,EFANGL |

; 399 C
400 C CALCULATE Y IBTIBCIPT FCB 1 BIS ANGLE'S STABTING BATS
401 C
402 C AL L CIPT (ICCC B ,NOP NTS,BYCBGN ,YCEP1,NR,IPBINT,PI)
4C3 C
404 C LCCP PCB INCIVICUAL LIGHT BATS
405 C
406 CC 500 NP=1,RCENTS
uCi C
408 C BISIT BAY SLOFE FCB NEIT SAT
40S C
410 E ATSLP=BEISIT (N P,PI)
411 C
412 C SET 1 INTEECIPT
413 C
414 B A TC f1* f CIET (IP)
415 C
416 C CALCOLATI INTIESECTION WITH FI15
417 C
418 IF (9 AT AIR. EQ.0) C ALL FLSEC1(FL5SLP,2,B ATSLF,B ATCPT,III,T TY,
419 1hA1ANG,SUBFAC,IEEIsT)
e20 C

a



__ __

499

'421 C CALCCLATE MEh BAT ICUATICE
422 C
423 IFlWATAIB.EC.0) CALL FLBNh1(L1,L2,MATYPE,9A1ANG,FLRSLP BAYSLP,
424 IBATCF1,IPBINT,ANGIE,BFItDI,FI,III,TYf,NEUE,L)
425 C

426 C SE1 CP TBIP TC F50TECT AGAINST INFINITE LCCPS DOE TC POSSIELE
427 C NCW CCNTERGIsCI of SOLUTICE TO CUACBATIC EC0ATICh
422 C
429 IICICT=0
430 C
431 C SIT IW1EBSECTICE TRIP CBE BIGB TO $1AB1
432 C
433 ISICT=2
424 C
435 C SET FAEAMETER FCB BAY EEING TBAPPEC IB DBOPLEI
426 C SE1 ECEBLE BEING LCCRED FCE
437 C SET FIFE-CBOPIET CFTION FOB SCUABE GECMETBY
428 C
439 BA15Af=0
440 NSTAB1=1
441 SEEIIA=0
442 50 BBLI=2
443 C
444 C CBYCR #CB BAY TEAFFID II CECFIIT
445 C
446 EA15AF=MATBAF+1
447 IF45213AP.GT.4) GO 10 490
quE GC 1C 200
449 C

450 100 NSLE=1
451 C

452 C CHECK ICS INFINITE LOCF
453 C

454 ILCFCI=INFCHK(IICFCT,NB,NE,12)
455 C

456 C PSCIICI MEANS TC BSEAR CUT CF IEFINITI LCCF
457 C

45E IF (I I C PC1. G T.1 ) GC 1C 500
459 C

460 C SCLVE 70B SECCNC FILE IN11bSICTICN AbD NEH BAT
461 C
462 IF (E A1 AIB.EC.0) CALL FIStC2(50$FAC,3ATSIF,FAYCP1,XII,Yff,
463 11f51NT)
464 IF(EAIAIB.EC.0) CALL FLBNE2(50BFAL, ANGLE,BATSLP,FI,IFBINT,
465 le ATT f t ,BFINCI,III,Y f f,B ATCPI,L,NBUE)

466 C
467 C CBICK ICE SCUABI PIFE IN1tBSECTIos
466 C
469 IflIGICa.IC.0) SEEILA=5
470 C

471 C

472 C SCLIE FCB LIGHT B A1/BGEBLE InIEFSECTICR
473 C
474 200 CALL S ECT (N BU E ,CCIF,COS C,II,I2,ZZZ,B ATCFT, F A YSL P, NBLE,IPF INT,
475 1T EST E R ,III,Y T T ,1GEC5, SBEIL A)
kit C
477 C SFLICT COBBICT SCLUTION OF QUACBATIC ECUATICW
41E. C
479 C WC CUAIBATIC ECUATION IF AI SCUABE FIPE IN1EDSECTICN
GEO C
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500

|
|

I

481 IF(SBEILA.RC.5) GO To 210
4E2 C
483 CALL ILICT (11,I2, N P, NH,58 0 2,CCI F,C C B C, F A TC ET , P A YSLP , Y Y Y ,
484 IIS E C T ,IFI,N E LI, ZZZ, NST A RT ,IP BI N T ,IG E C M)
4E5 C
486 C CEICK 108 INTIESECTION WITE PIFE
4E7 C
488 210 CCNTINDI
GE9 IF ( B E L E . E C.1) GC TC 400
450 C
491 C 18IP FCB NC InitBSICTICN hI1B EUBBLE
492 C
493 If (IS IC T . E C.1) GC TO 100
454 C
495 C CALCCLATE SLCPE CF F37E AT ICIET: III, YYY
496 C
497 . F ACS LP=T A RG NT (CC BC,COEF,f f f,III, N80E, N EL E, IP P I NI)
458 C
499 C CALCLLATE ANGLE CF IbCICEDCE
500 C

SC1 A EGLE=CIDMGL (F ACSLP,R AISLF, fI,IFBINT)
502 C
503 C CHICK AGAINST CSITICAL AEGLE
504 C
505 LL=1
506 17 (hS1&RT.GT.1) LL=2
!C7 C
508 IF ( A NCL E. G1.C BI A NG (LL)) GC T0 300
509 C
510 C **********i***************************************************
511 C ***** *****
$12 C ***** RAY BEfBACTICN CPTION *****
513 C ***** *****
514 C **************************************************************
515 C

516 C SILIC1 SIFEACIITE INDICES
517 C
518 CALL 15KSET (L1,12,5ST ABT,E Af f f t ,NBUE)
$19 C
520 C CAICOIATE ANGLE Of BEFBACTION
521 C
522 A N G LI= S N E LL (L 1,L 2, A NGL E,9 715 CI, L , P I,IP RI NT)
523 C

524 C E2511 CBECK FOR PIPI INTEBSICTION CPTICM
525 C
526 N S1 & s t = NS*. A BT * 1
527 C
528 C **************************************************************
$25 C ***** *****
330 C ***** BAT GENIBATICN SCEISI *****
531 C ***** *****
532 C **************************************************************
533 C
SJu C SE1 IIIP CPIICs
$35 C
536 300 IFLIf=0
537 C

538 C CEICE IF BAT FLIPPING IS NECESSABY
$39 C
540 IFLIf=MAYFLPlESTSLP,FACSLP,NSTART,52,9ATAIB,YTT)

.
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501

541 C
502 C GIstEATE NEW BAY ICOATICN
543 C
544 CALL F )Y N E W (E B SC B 1,8 & f SLP , B A TCPT, E BBO S 2, PI,III,1Y Y , F AC S L P,
545 1&NGLE,IPBIE1,6A1AIF)
546 C

547 C FLIffInG CPTICW
548 C

549 If IIFIIP.GT.0) CALL FIPEAt|BA!SLP,5ATCPT,FACSLP,PI, ANGLE,IPBINT,
550 IIII,111)
551 C

552 C BESE1 FLIf CFTICN
!!3 C

554 IFLIE=0
555 C

556 If IbSTART-2) 100,50,100
557 C
558 C Pct CCCBDINATES IN APPBCPBIAlf EINS
559 C
560 C MICBT USI SCDABI EI5NING
$61 C
562 400 IfIIGICM.IG.0) SEfILA=5
163 C

564 CALL EINEBIEINS,BIBSZ,III,fff,NBIE,EFANGL,NH,IFBI57,1ESTHK,
565 ISBEIIA,PI)
566 GC TC 500
567 C
568 C

569 49J CCNTINCE
570 W 81T I (6,49 5)
571 497 FCBaatt'0',' BAT TBAPPEC Il C F C F L ET ')
572 SJJ CCNTINDE
573 700 JCu1INCE
574 C

515 C BEITE CUT BESC11S FCB THIS CZ
576 C
577 CALL 6PIB (ZZZ,EINS,5 BIN,H F A NGI, PI,CHBIS, EIES2,IG ECM)
578 C

579 900 CCN1INCE
580 C
591 51CF
582 IWC
$83 C

584 C **************************************************************
565 C **************************************************************

*****
Se6 C *****

*****
587 C *****

*****
588 C ***** SuenC011sts

*****
529 C *****

*****
590 C *****
gg1 C eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeesse
592 C ************?'************************************************
593 C

594 SOE ECUTINE BIC AT A (BBOB,W AT HIK, TITLE,1ESTHK,B AD,HF A 4GL, NCPNTS,
595 IIGECE,CZES,IPBIlT,BHIs,611 Als,s Aranc,PI)
556 CIPIs51C3 TITLE (20)
597 Iu1EGEE DZES,aranGL,bA1AIE
592 C
599 C BEAC/h5ITE TI1LE Cr SIE01ATIC5
600 C

,



502

601 EE AC et,100) IITLE
602 100 IC5PA1820A4)
603 uBITE(6,230) IITLE
604 200 FCSPA11'1',20&w)
605- C
606 C BEAC In GECRE1El CCDE
607 C 0 SCUAEI'
608 C 2 CISCCLAB
609 C
410 BI Ac t5,125) ICECs,hATAIB,nATAsG
6 |1 125 FC 5 E A1111,I4,12, I4,1I, F 7. 4)
61i C
61. IF (IGICM.EC.0) GC TO 175
614 150 n RITI (6,160)
615 160 FC6MA11' ','CIBCOLAB GECMITBt SELECTED',//)
616 GC 1C 290
617 C
618 175 nBI11(6,100).
619 180 FCBa&11' 8,'SCUABI GECMITBT SILICTIC',//)
620 C
621 C WBITI FIPI CCNTIETS AIB-WATIB CB BATER-AIR
t~2 C
623 IF(SATAIB.EC.0) GC TO 191 !624 bEITI(t,190)
625 190 FCBRATI' ' 'PIPI FII? ED B118 bATER AND PUBBLE',//),

626 GC 1C 195
627 C
628 191 hBI11(6,192)i

! 629 192 FCBaat l' ','PIPI FILLED WITH AIB ARC DROPIET',//)'

630 Cn1ANG=hATANG*160.0/PI
631 W B IT I (6,19 3) CD1ANG
632 193 FCRPAft'O',*k&TER FILE AIGLI=',F8.*)
633 195 CCatInci

! 634 C
i 635 C RIAC IR 50MEEB CF B0BELE/CECPLIT SORFACES AND UATER FILM TRICKhESS
! 636 C ALSC BE AD IN 1EST SECTICN THIC55ESS ANC BACIOS CF Iuf0T/00TPUT
| 631 C
'

638 29u PIAC(5,300) NE02,BATMIK,TESTHF,BAC,EFAbCL,5CPNTS.CZES.NBIN
639 300 FCIS AT (12,I4,3 710. 5,4 (1I,I 4)) '

640 C
641 BIAC15,350) IFBIn-
642 350 FCFP A1(1I,I4)
643 C

j 644 C nBI1E Cof DATA
| 645 C
| 646 68I1116,400) 3BCB,84THIK,1ESTHF,BAC,RF45GL,NCPNTS,CZIS,NBIN
} 647 400 F0BsATt'0','80MEER OF BUEELES CB DBOPLE15 10 BE S10CIED',I4,/,
! 648 1 ' ','WattB FILM THICFBISS',721,F10.5,/,
! 649 2 * ' ' TIS 1 SECTION THICFbESS',20I,F10.5,/,,

! 650 3 ' ' 'BADIUS CF InCUT/Ccf atGICu3:,151,F10.5./,,

i 651 4 ' ',' Pall A?GLE OF Is CCMING LIGHT',141,I4,/,
| 652 5 ' ' '305BEB CF LIGHT BATS TC E E T B A C E D ' ,10 I,14,/,,

! 653 6 * ' 'RUMEIB CF 2 SLICIS USEC',202,I4,/,,

j 614 7 ' ' ' SCATTERED LIGHT EIES',23I,I4,/),
i 455 C

| 6!6 BE1CER
| 657 IEC

6!8 C
659 SUBBC011W1 GIC M (N BUE,CO R D,CCIf ,5 AT T P 2)
660 DIME 5SION CCBD l3,5208) ,CCEF te,bBUB) , E ATT PI (5bOE)

|

!
.

|

I

i
|



503

661 C

662 C BEAC In CENTES CCCBDINATE AND BACIUS SCUABIC, TEEN EBITE OUT
663 C

664 h&ITI(6,100)
665 100 FCEMATs' ','EUEELE',5I,*I-CCOBCINATE',2I,'Y-COORCIMATE',21,'Z-CCOB
666 1 C I N 11 E ' ,21, ' I-CC I F F IC I E s t ' ,21, ' Y-CC I E FIC II BT ' ,
667 221,'E-CCEFFICIENT',21,'BACICS $00 ABED',5I,'PATEBIAL T I P E ')
668 DC 4C0 sN=1,580E
669 BI A C (5,200) (CC E D (N P, N N) , N P= 1,3) , (CC E F (E P , N B) , R F= 1,4) ,5 AT T PE (W -)
670 200 FCBMAtl7E10.3,11,I4)
671 C
612 58I11(6,300) s e , (CC BD ( E P,5 N) , B E= 1,3) , (CC E F ( N P , N N) , N P= 1,4) , .M ',I!P E (N
613 IN)
674 300 F C F R A T (' O ' ,14,3 I,4 (3 I,1 P E 11. 4 ) ,11,3 (4 I,1 P E 11. 4) ,111, I 4)

'675 u00 CCuTINUE
676 C
677 BIT 055
672 EEC
679 C
6 '' 's SCBECCTINE Cf7P5F(1,BFIECI,CBTANG,PI,IFBIRT,5U)
tal BI AL SU (L)
602 CIMIESION BFJ NCI (L) ,CBT A RG (L)
603 EIT155AL SNILL
684 C
6ES C BIAC/uBITI BIIBACTIVE INDICES
666 C
687 F E A C (5,100) ( F F I W C I (L L) , L L= 1,1)
cte 10J FCEF AT (3F 10.7)
689 h S IT i (6,200)
690 200 FCERAT('O','SFFFACTIVE I N r,IC E S ' ,/,

691 1'0',11,'MATIBIAL',31,'INDEI')
692 DC 4CC LL=1,1
693 U EIT E (6,300) LI,BFINDI(LL)

,I5,51,F8.5)694 300 FCSEATl' '

695 400 CCN1150E
696 C
697 C CCMFUTI CBITICAL ANGLES
698 C
699 E P It f (6,500)
700 500 FCFMatt*0','!AttEIALS',3I,'CFITICAL ANGLE')
701 BIfANG=PI/2.0
702 CC SCO LL=1,1
703 C
704 If (F F InDI (1) .LT. F FI NDI (2) ) CC TC 750
705 C

106 L2=LL
707 L1=1
700 C
709 700 CET JN G |LL)e SBILL (L 2,L1,B EF ANG,B FIN DI,L.PI,IPBINT)
71C C

711 C CCRVI51 TO CIGBIIS FOB PRINTING PUBPOSES
712 C

713 CET A E G ILL) =CET AIG (LL) * 160. 0/PI
114 C

715 C WSITI CUT-CBITICAL ANGLES
716 C
717 95ITI(6,800) L2,11,CETARG(LL)
718 GC 1C E50
719 C

720 750 CCN115CE



|
i

504

.

721. L1=LL
722 L2=1
723 C
724 CPI A NG ILL) = S u!LL (L 1, L2,BEF A NG,B FIN CI,1,PI,IPBIN1)
725 CB1AEG|LL)=CE1&lGILL)*180.0/FI
726 C
727 b EIT I (t ,800) 11,12,CETA: GILL)
728 800 FCEMAIt' 8,21,I2,' 10',12,6I,77.4)
729. 850 CCh1INCE
730 C
731 C CChif51 BACE 1C EACIANS
732 C
733 CD1 A sG (LL) =CB14 5G (L L) * PI/180.0
734 900 CCN11h0E
735 C
736 C BI AC/bSITI LIBI AH ATTEMUATICu COEFFICIENTS
737 C
738 BI A E (5,1000) (RO(LL),LL=1.L)
739 1000 FCrPAT13r10.7)
740 's 5 III t t ,110 0)
741 1100 FCsMA1|'0','MA11BIALS',5I,'LIIIAH ATTENUATICE CC17ttCIENT')
742 EC 1300 LL=1,I
743 ERITItt,1200) L L,20 (LL)
744 1200 FCEPATs' ' ,31,13,17I, F 10. 7)
7=5 1300 CCE1IntE
746 51105N
747 EhD
748 C
749 FCbCTICN SNEL L (L1,L2, A bGLE, EFIh CI, L,f I,IF BINT)
750 C

i 751 DIeEnSICE RFIEDI(L)
| 752 C

753 C ENELL'E LAW TC 11 ELD BEFEACTEC EAY
754 C
755 PRET A= ((F FINDI(12) /BFINCI (11)) * SIN ( ANGLI))
756 C
757 C CHICK TO MAKE SCBE PHETA LESS THAN C5 ICUAL TC 1

| 758 C
I 159 IF (Fh!14.G1.1.0) GC TC 200
| 760 C
| 761 ! BELL =ABSIN(FRITA)
i 7t2 C

ll3 SMELLE=SBELL*180.0/FI
764 C

765 IF |IFFIB1.EC.0) GC TC 400
766 C
767 UBI1Itt,100) SnELLD
7f8 100 ICF271l' ' ,' IIITA ANGLE = , F 10. 4)
169 400 EE1[FW. -
770 C

.

"

l 771 200 WBI1I(t,300)
i 773 3J0 FC55A14' ','*** ISBOR Ih Baf BEFBACTICN ***',//////)
| 77' C
'

77% 'EITUEu
| 775 EBC
j 776 C
I 777 SOEECCTINE ECCA1(6AT815,TISTHR,SUFFAC)
! 778 CIMIESICN SUBI AC (4)
i 179 C

| 780 SUF F AC 11)= (TIST ER/2.0)
i
!

!

i

|

|
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505

781 50FF AC (2) =-Sca f AC (1)
7E2 C

783 C CALCOLATI LINF 808 NATfB ECONC5IES
124 C
785 C

7E6 C

787 C WBITI 1EST SECTICN 20UNCBIES
128 C
789 NBI11(E,100) SUEF AC (1) ,SC2F AC (2)

,F6.3,* ANC AT I= '

790 10J FCEPA1('O','1EST SECTICU ECONC5IES AT Is ' ,

191 176. 3)
792 C
793 If (EA1815.EC.O.0) SETUNN
794 C
795 SUEF AC (3) = SURF AC (1)-N ATHIE
796 SCFf AC lu) =-SCBF AC (3)
197 C
798 C 65I1E Cut NATEB FILM BCDECEIES
199 C
800 ESITI(6,200) SCEF AC (3) ,505F AC (4)

,F6.3),F6.J,' AND A1 I= '

801 20J FC5 Matt'0','f2L5 BCONDBIES AT I= '

802 BI1CEN
803 ENE
E04 C

805 SOEFCUTINI BAYSBTINCPNTS, BAD,EYOBCN,IPBIN1)
E06 DIREbSION B T C 5 G b (N C P N15)
807 C

200 C SPACE STAETING BAYS ECCAL C1El THE IbPOT LIGHT PIPE
809 C

610 SP AC E s (2.0 * P AC) / (NCPNTS* 1)
ell C

212 C SE1 FIPS1 PCI51
813 C

814 B TCSGN (1) =B AC-SF ACI<

e15 C

016 C LCCP 1C FILL Il BEST CF PCI6TS
817 C
818 DC 100 WP=2,NCP515
819 EYCEGN (NP)=BfCBGN (N F-1)-SP ACE
e20 100 CCNTINLE
921 C

822 IF IIPSINT.EC.0) 5110BN
823 C

024 C SBI11 Cut STAB 11NG PCSI1ICNS
825 C

E26 bFI1f(6,200)
827 200 FC 5 5 AT ('0 ',' B a r 5C. ',72,' 8 41 C BIGI N ')
22f C

829 CC 400 NP=1,NCF515
830 EBITI(t,300) IF,EICEGN(NP)

,I4,EI,710.4)831 300 FCSRA1s' '
832 400 CCN1INtt
833 C

034 111C5N
835 INE'
236 C
837 SUEFCUTINE ISTABT(IC00B,NCPNTS,BYOBCN,COEF. CORD,hPUB,IPRI4T,ZZZ,
e38 11E S S E E , b A1BIE ,IGEC M)
839 C121b5105 ICCC B (NCP NTS) , B TO B G N (NOP N15) ,CC E F (4, N BUB) ,CC B D (3, N BU B)

- es0 C



- _ _ _ - - - -

506

i

|

l
1

841 INTIGIS HIFB1S
842 C
043 Eft 31S=bCPuTS/2
844 C
845 C ChfCs 108 SCUAEI GIC5ETBf
846 C
847 IF (IGICn. EC.0) GC TC '25
848 C
849 CC 100 R E= ', E F FRTS
8to C

,

851 ICCCs tBCPETS-5 7) =ICOOB (NE)
,

852 ZE1 A=CCEP (4,1)- t : (B TC BG5 t > E)-CC ED (2,1) ) * * 2)/CCE F (2,1))
E53 C
854 ICCC E l5 E) =CCB C (1,1) -SCET (C CIF (1,1) * TIT A )
E55 uf=sf-1
856 C
857 C

I858 100 CCRTInCE
ESS C
e60 125 DC 15C NE=1,BFPbfS
861 GC TC 175
8t2 C 1

I863 ICCCl it t) =-TIST EK/2
864 NF=RE-1 )

|865 ICCC F (BCP ETS-N F) =ICOOB (N E)
et6 15J CCNTInCE ;

'

067 175 If IIEEInt.IC.0) EETURN
8t8 C j
869 CC 300 WP=1,NCEB1S
870 ERITI(t,200) E P,IC CC B (E P)
871 200 FC5Fatt' ' , ' N P= ', I4,5 I, ' ICCC B = ' , F 10. 5)
872 300 CCB1INCE
873 EITOst
874 END
875 C
876 FCNC1ICW ZE E (3 2,DZ F S,CC E F, b ED E ,IPEI hT)
877 CIEInSICN CCEf (4, NIDB)
278 INTEGIE DZES ;

879 C
j880 C CALCCLATE Z VALCE A1 THIS INTIEVAL

881 C

882 F C215= f LC AT (DZES)
883 rs2=IIC AT (NZ)
P24 C )

!885 ACCFr=ICZES*1.0
886 A BCC1=5CET (CCI? (4,2))
887 C

888- Z E1= (F 5 2/ ACC Ef) * (2. 0* A BC CI)889 ZII=aBCCT-ZIT '

890 C
991 IF (IPEIRT.IC.0) BETUBu
892 WBITE(6,100) RZ, ZEE
893 100 FCEBat(' ' , ' u 2 = ', I 4,51, ' Z E I= ' ,110, 5)
894 BE1055
895 tut
896 C
897 FUNCTICE EIu2Z (COI?,5808,N EIN,PI,1IE1HK IGECM)
898 DIEEESICE CCEF (4,k808)
899 C
900 C CHICS ECB SCOABI GrcsETE!

,

a_,
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507''

I

e 901 C

902 If (IG EC R.E C.0) GC TC 50
903 C

904 C CALCCLATE BINING PA8&EETEF, 15 5ACIANS PCP CI6CULAP GECMETST
905 C

906 BIN 22 =2.0* PI/ (FIC A1 |NBI N))
' 907 C

908 hEI1t((,100) EInZ2
909 511059
910 C
911 C CALC 01)TI EINING PABA5ETEB 200 SQUABI GEOM 1BI'

912 C
913 50 CCNTINUE

- 914 BIM22= (TESTHK/2.0)/ (FIC AT (NEIN/8))
915 C
916 EBI1ftt,200) 21522
917 100 FCEPAtt' ' 'EIN SIZ,4',F(.4,8 B ACI ANS'),

918 200 FCREAll' ' ' BIN SI21=',F6.4),

919 C

920 SE1CFW
921 INC*

922- C
923 FUNCTIrN E I ESIT (N E. P I)
924 C

925 SIE= F LC AT (N H-1) * PI/180. 0
926 BEEEE1= TAN (SLE)
927 C

928 E!1CEN
929 ENC

930 C

931 IUNCTICN INIC EN (ILC PCT,N B,N f,N Z)
922 C
933 C INCllElWT COUNTIB
934 C

935 INFCER=IL0fCT*1
936 C

937 IF (InfCBK.GT.1) W B IT E (6,100) NP,NR,NZ-
938 IJO FCBRATl'1','*** INFINITE LCCF AT NE=8,12,' NH=',12,' NZ=',12)

939 C

940 EZ1CEN
9st INC
942 C

943 SUBECUTINE SITZ 80 (BINS,NEIN,Bf ANGL)
944 INTEGIS HFANGL
945 .

INTIGIE EINS (BEIN,t F ANGL)

946 C ,

i - 947 C LCCF TC FILL NI1B ZEBCES
946 C;

' 949 .CC 100 NE=1,NEIb
950 CC-1CG NH=1,RfAnGL
951- EINS(NE,NH)=0
952 100 CCB1IWtt;

- 953 C

954 SE1CfD
955 INC
956 C
957 SUEECUTINE CIFTIIC008,NOPNTS,BTOBGN,TCEPT,NH,IFBINT,PI)
958 C

959 CIetBSION ICCCB (NC P NTS) ,310 B GN (NOPN15) ,1C E S T (NC P NIS)
960 EI1fENAL BEISIT-

4

)

,- - -4 , 4 -- r-
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961 C
962 C SET SAT SLCEE
963 C
964 BAYSLIsBEESET(NB,PI)
965 C
966 DC 200 BP=1,bCitTS
967 YCIET (EF) =BTCEGN (MP3 -(B ATSLP *IC00B (NP))
968 C
969 IF (IF51NT. f C. 0) GO TO 2JO

i 970 C
971 -85I116E,100) h P , YC E PT (N P)
972 100 FCBR Al g e e , e p p e ,I4,51,' f C E TT = ' , F 10. 5)
973 200 CCD11h0E
974 C
975 BITOEN

; 976 INC
t 977 C

978 SCBECUTINE SECTINBUE,CCfF,CCEC,II,I2,322,9ATCPT,SAYSLr,NBLE,
979 1ITBINT,TfSTUK,III,YYY,IGECM,SEEILA)
980 DIRE 5SICN CCEF (4,NEUB) ,CCEc (3,lE02)
981 INTIGIS SEIILA,

982 C
983 C CEICR FOB SCOABI PIPE INTIBSICTION
924 C

* 985 IF(SEIILA.EC.5) GC TO 300
986 Cr

077 C CALCOLATE INITIAL SIMPLIFING TABIABLES
9EP C
989 C= B A TCET-CCBC (2,NELE)
990 Z=CC E F (4, NBLE)-( ( (2 23-CCF t t3,lE LE) ) ** 2)/CC I f (3, NELE))
991 C
992 C FCEP fCUATICD CF TBE FCBF AI**2+EI+C=0
993 C
994 A A A =CCE F (2, N EIE) + ( (CCEF (1, N ELI) ) * (E AYS L P a * 2) )
995 C

996 E E E= 2.C * ( (CCE F (1, N E LE) * B A TS L F *C)- (CC EF (2, N E L E) *CC B C (1, N B L E) ) ) )997 C
i998 2 A B= 2 *CCEF (1, b 81 E) *CCE F (2, N E LI) '

999 C

1000 CCC= ( ICC B D (1,6211) * *2) *CCE F (2, N ELE) ) + (CC f f (1, N EL E) * (C * * 2) )-Z AD
1001 C
1002 C FCBE FABTS CF GCACFATIC FCFEULA

!
i 1003 C

1'

1004 EE2=EEE**2
1005 C A 4= 4. 0 * A A A *CCC
1006 AA2s2.C*AAA
1007 C
1000 224AC=fB2-C&4

; 1009 C
1010 C CBECE FOR ZESC CB NEGATIVE DUEEER UNCEF SCUARE ECCT
1011 C
1012 IF (224 AC.L E.0.0) GC TC 200
1013 C

; .1014 C 1BE ECESIBLE I SCIUTICES AEI
1015 C
1016 I1= (-E E B-SCET (224 AC)) / A 42 -
1017 C
1018 -22=(-BEB+SCBT(224AC))/AA2
1019 C
1020 IF (If5 Int.EC.0) FITOBE

i

j

|
4
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1021 5611116,100) C,2,AAA, BEE,CCC,ZAB,II,12
1022 100 # C D P A1 s ' ' ,T 4 3,0 (1P E 10. 3) )

,

1023 C

1024 5E7055
1025 C
1026 C CETICN FOB 2fBC 05 LESS UNDIB SQUABI BOOT
1021 C BT 51111NG THESE TALC:5 VIET BIGH, BC I NT E ES ECT IO N IS INDICATED
1028 C

1029 200 I1=1.0E04
1030 12= I t
1331 FI1tsu
1032 C

1033 300 CCs1IECE
1034 11= 1 t S1 H K/ 2
1035 T1= bat!LP*I1*FATCF1
1036 I f ( A ES 1T 1) . L1.11) GO to 320
1031 GC TC 340
1038 320 CC411NUI
1039 313=31
1040 ftf=t1
1041 GC 1C 390
1042 340 IftY1.IT.O.0) GC TO 360
1043 GC TC 300
1044 360 CCB11NDE
1045 11T=-31
1046 III=tYtt-BATCff)/BAYSLP
1041 GC tc 390
1048 38J CCa1INUE
1049 111=11
1050 III=liff-BATCit)/BAYSLP
1051 390 CCutIuCE
1052 If(IfpInf.EC.0) BETUBu
1053 C
1054 9BI1116,400) III,YYY
1055 40J FCBEA18' ','PIFE INTEBSECTICE AT III=',F6.3,' ANC Y Y Y = ' , F 6. 3)

1056 E!!OEu
1051 C
1058 INC
1059 S005CLTINE ILECTIII,12,NP,58,5EDE,CCff,CCFC,BATCPT,5ATSLP,YYY,
1060 IISIC1,III,beLI,232,NSTAB1,IFBINT,IGEC5)
1061 C
1062 CIMINS ION CCB C (3, NE08) , COIF (4,NBOB)
1063 C
1064 IF (I F F I ET. E C. 0) GO TO 200
1065 SFI1E(t,100) nS1&st
1066 100 FCSE A1 (' 8 , ' N S T A E T = ' ,12)

1061 C
1068 C SElfC1CB CNCE INSICI BOEELE
1069 C

1010 200 If INST ABT-2) 400,100,400
1011 C
1072 C SELICTCB FCB BAYS TBAT MISS BCEBLE
1013 C
1014 400 If t u f !I. IC.1) GO 10 100
1015 C
1016 C CBICR IIBST ECIst
1011 C
1018 III=Il
1019 . 600 TIT = (E A!SLP*III) +5 ATCPT
1080 C
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510

i
!

1081 C CCEBIst INTO GEnEBAL ELLIESCIC ECOATION
1082 C- '

1083 12 2= ( IIII-CC BD (1,3 EL E) ) ' 2) /CCI.' g 1, N E L E)
1084 12 2 = f (f f f-C C FD (2, B E L E) ) * * 2)/CCI F (2,5 E L E)
1085 222= s t222-COBC (3,hELE)) **2) /CGIF (3,uELE)
1026 II1= I2 2 + t 22 + 222-CC E F (4,3E L E)
1087 C
1C88 ICB1C F = ABS (III)
1089 IF IIC E IC K. L T. 0. 0 01) GO TC 1100
1090 IF (III.EQ.I2) GC TC 800
1091 C
1092 C CHECE S EC C 8 D I CCCSCIb4TE
1093 C'
1094 700 III=I2
1055 GC TC E00
1096 C
1097 800 If (IF S INT. EC. 0) GO TO 1000
1098 EB111te,900) 5F
1099 9 0 J F C E E A T ( * * * , T 15,13, ' * * * NO INTIESECTICN ICR BAT',14,' ***')
11CO C
1101 1000 ISICT=1
1102 SETCEs

|1103 C
1

1104 C SET 15IP TO INCICATE IITEFSECTICE j
1105 C I

1106 11C0 ISEC1=C !

1107 If IIF5 INT.IC.0) FITORN
1108 EB11Ete,1200) III,ttT
1109 1200 f C E F AT t e , e ,7 3 0, e g g g a e , F 10. 5,21, ' f f f = ' , F 10,5)
1110 C
1111 511053

11112 IND ;

1113 C I

1114 FDBCTICH T A NGNT ICC B C,CCEF ,ITY,III, N ED E, N EL f ,IPBINT)
1115 C1P18510s CCIf (4, nE08) ,CCB C (3,N B02)
1116 C
1117 C CALCOLATE TANGEIT TO ELIPSCID AT POINT (III, TTY)
1112 C
1119 A Li t &= CC EF (2, N EL E) * (III-CC B C (1, N B LE) )
1120- C
1121 EIT A =CCEF (1,NE LI) * (f t f-CC5 t (2, b ELE))
1122 C

112J T A NG BI= (- A L FR A) / BET A
1124 C

1125 IF (I F 5 I N1. E C . 0 ) BETOB3
1126 C
1127 5811t(6,100) 1AEGET

j
1128 100 FCFMATl' ',' FACI S L C P E = ' ,1 P ! 12. 5)
1129 EE1CEW
1130 Ist
1131 C

'
1132 FUNCTICN CICNCL (FACSLP,B AYSLP,PI,1PBINT)
1133 C
1134 C CCMf0TI ANGLE Of INCIDEbCE GIVEN BAY AND FACE SLCFE
1135 C
1136 E114= 81 &u f B AYS L f)

. 1137 TBIt a=4; As (F ACSLF)
1130 C
1139 C ECCATICs DEVELCFED fact 2-C Cf11CS
1140 C,

|

t

J

_ _ _ *
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1141 2 00 CID NGL = &BS ((FI/ 2.0)- A BS (-E EI A *1 RET A))
1142 C
1143 C CCNi!F1 ANGLE TC CEGBIES 10F FBINTING PUBPCSES
1144 C
1145 CIG5G1=CIDNGL*120.0/PI
1146 C
1147 C
1148 C EBITE CUT 45GLE CF INCIDESCE
1149 C
1150 IF (IFEIET.EC.0) GC TC 500
1151 C

1152 300 BBITElf,400) CEG5G1
, F S. 2,8 CEGREES')1153 400 FCEMatt'**,740,'TBI AMGLE OF INCIDENCE IS: '

1154 500 EE1CFu
1155 IMC
1156 C*

1157 SUEFCOTINI P R E SIT (L 1, L 2,5ST A B1, P AT T F E , N 2 08)
1150 DIEEh!!CN PA11Fl(NECB)
1159 C

1160 IF ( b 11 & B T . 51.1 ) GC TC 100,

1161 C
1162 C EATIE 1C BUBELE CASE*

1163 C
1164 L 1=E A11PE (2)
1165 L2= E A1TPE (1)
1166 SE1CEE
1167 C
116E C BCBELE TO EATES CASE
1169 C
1170 100 L1= P A11PE (1)
1171 L2= e ATIFE (2)
1172 SEICSN
1173 IBC
1174 C
1175 SOESCOTINI BATN!W(IBBCB1,BAYSLP,BATCPT,IBBCB2,PI,III,TYY
1176 1,fLCFE,AEGIE,IP6151,hATA15)
1177 Ih11GIF EA1AI5
1170 C
1179 C SIT 1550B MAEGInS
1160 C

1181 IE= A ES tB A YS L P) * 0.01
1162 C
1123 IF= A ES IB A TC PT) *0.01
11E4 C
1185 C SIT CDPRY VARIAELES

' 11E6 C
*

1187 $1CFI1=P TSEP
1128 TCEF11=EAICFT
1189 C
1190 C CBICE FCB HCFIEICu1AL LIGBT SATS
1191 C
1192 IF ( A ES (B A YSLF) .LT.0.00001) GC to 225
1193 C
1194- 0 CCMfCIE BEFLECTED BAY ECUATIon
1195 C'

1156 C CBICE FCB BChI2ICbTAL FACES
1197 C
1190 22 CEC 3*SLCFE/54151P
1199 17 IZZCECR) 225,300,225
1200 C4

j

i

1

r, - ,- ~
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|

I

1201 C ECT ECEIZICBTAL PACI
12C2 C
1203 200 R AY A NG= A NGLI * AT AN (-1.0/SLC PI)
1204 GC 1C 500
1205 C
1206 225 CCu11NCE
1207 C i

1200 C CBECR FCB AIB-CFCFLET, NAIIS-EDEBLE IN FIFf
1209 C
1210 IF (b&14IB.EC.0) GC TO 250
1211 GC 1C 200
1212 250 FACAMG=AIA3(-1.0/SLCPE)
1213 If (I AC A NG) 200,275,275 2

1214 275 BATAUG=FACAEG-AEGLE |
'1215 GC 1C 500

1216 C
1217 C BCBITICuTAL fact
1218 C I

1219 300 BA1SIF=-BAYSLP
1220 GC 1C 600
1221 C !
1222 C CCRTL1E PCSSIELE BAT SLCFI ABC I NT E FC E FT !

'1223 C

1224 500 BA!!LF=1AN(BATanG)
1225 600 B ATCPf = TYY-(B A YSLP*III)
122E C |
1227 C CHICE EAT To AVCI[ BEGENEBATING INCIDENT PAY ECUATICN |
122e C |

I1229 EF FC51= AES (B AYSL F-SLOPE 1)
1230 E F BC F 2= ABS (TCE F11-5 AYC FT)
1231 IF IE E S CB 1. LT. f B. A N D. EB B C E 2. Lt. EP) GO to 7CO
123? GC 1C E00
1233 C )
1234 C CF1ICU IC FLIF EAT IF SAEE ECQATICN IS GENEFATEC '

1235 C

1236 700 ACCGLE=2.0*|(FI/2.0)-AbGLE)
1237 B AYSIP=T AN ( AI AN IB AYSLP) * ACCGLI)
123e B ATCP1= Y t t-(s &YS LF*III)
1239 C

1240 C EBI1E CUT SLCFI AND Ib1EFCEF1
1241 C
1242 000 IF (IFEINT.EC.0) GC IC 900
1243 C
1244 BSITE(6,100) PAYSLF,PATCET,tII
1245 100 PCseAtl' ','NIW BAT SLOPE =',1PE12.4,' NEW BAY INTEFCEPT=', j
1246 11PE12.4,' I II = ' ,1 F E 12. 4 ) I

128e 7 900 511CBs 1

l1240 ENC *

1249 C |

1250 FCNCTICN M A TFLP IB AYSLP,F ACSLF,bST A BT,NH,b AT AIP,YY Y)
1251 INTIC15 UATATB
1252 C

1253 C CALCCLATE NCFMAL
1254 C
1255 cssAL=-1.0/fACSLP
1256 C
1257 C SE1 IIITIAL TFIF
125e C
1259 MAff1F=0
1260 C

|
!

, -_
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1261 C CEICF FIPF CONTIMTS OPTION
1262 C
1263 IF (5 41418. Z Q.0) GC TO 400
1264 C
1265 C BCC11 ACCCBDInG TC INTEFSECTEC FACI
1266 C

1267 IF (5514RT-2) ICO,200,300
1268 C
1269 C SE1 1BIP FCB SCATTISBEC LIGHT BATS
1270 C

1271 tJO IF (BR.NE.1) FETUSN
1272 C
1213 IF (F ACSLP.GT.C.0) 2ATFLP=1
1274 FETCEu
1275 C
1276 C FIEST BEFBACTICE CCMPouEN1
1271 C
1278 200 IF IF ACSLP. GT. O.0) BETUBN
1279 C
1280 IF ( AES (CBM AL) .CT. AES (B ATSLP)) MAYFLP=1
12E1 C
1282 32705u
1263 C
1284 C SECCNC BEFBACTICE COMPCNZuf
1205 C
1286 300 IF IEATSLP.GT.O.0) 5AYFLP=1
12E7 C
1288 IF ( A ES (CBM AL) .LT. AES (B AYSLP)) 5Af7LP=1
1289 C

1290 400 CCM11h0I
1291 IF (DS1 AST-2) 700,500,600
1292 500 CCu11 ace
1293 C
1294 C FIFS1 EAT BIFBACTICE
1295 C
1296 IF(BATSLP.LT.O.0) CO TO 550
1297 IF ( F AC S L P.G1.0.0) EETUEb
1298 IF IE A T S LP. GT.C B E A L) MAYFLF=1
1299 BE1055
1300 550 CCa1IBUI
1301 IF(FACSLP.L1.C.0) FE105b
1302 IF (B AYSLP. LT.CBP AL) MAYFLE=1
1303 EE1LEN
1304 C
1305 600 CCu1INCE
1306 C

1307 C SECCDC EAT BEFBew!ICH
1308 C

1309 IF (E A T!LP.Lt.0.C) GC TC 650
1310 IF#FACSLP.GT.0.0) FETURN
1311 IF(Fat!LP.G1.CPEAL) 2ATFLf=1
1312 51105u
1313 650 CCu1IntE
1314' IF IF ACSLP. LT.O. 0) FETOBu
1315 IF (B A T!L P. L1.C B E A L) 5&TFLf=1
1316 C

1317 700 CCb1INCE
1318 C

1319 Et1Clu
1320 INC
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1321 C
1322 SCEECUTINE IIP B ,'f (B AY SL P. B A TCP1, F ACSLP , PI A N GL E ,IS BINT ,III,Y Y Y)
1323 C'
1324 C ACC CU NECISSABY ARGLE SWING
1325 C
1326 A C C G L E = 2. 0 * ( (P I/ 2. 0) - A N GL E)
1321 C
1328 C afCatCOLATE BAT ICUATICu
1329 C
1330 S At!LP=T AN ( AT A N (S AYSLP) + ACCGLI)
1331 R A TC Pt a t ti- (Ba f SL P*III)
1332 C
1333 C
1334 IF (ItSInf.IC.G) GO TO 300
1335 C
1336 WEI1il6,200) EATSLF,BATCPT,III
1337 200 FCB.9 A1 ( * ','FLIf BAT SLCff=',1tE12.4,' FIIP FAY In.~e '>* ' , t.

1330 11PI12.4,' III=',1EE12.4)
1339 300 EE1CFB
1340 E5C

' 1341 C
1342 SUE 600TIu! bin te (BluS,eINSZ,III,Tf f,NBIN,HF A NGL,pH,ITBINT,,

1343 11ES185, SHEILA,FI)
1344 C
1345 C
1346 PEAI FI
1341 IN1tGEE aFANGL, SHEILAe

1348 INTIGEE EINS (N EIM, E F ANGL)

<|1345 C
1350 C CBICE ICS SCUABI PIPE EINNING
1351 C
1352 IF($ff!LA.EC.5) Go 10 250
1353 C
1354 E EIE= AT AN (( A ES (YY Y))/ ( AES (III)))
1355 NBIE=(IFII(EEIB BIBSEI)*1/
1356 C
1351 e IEEE CEIGIsat EIs
135P C

1319 NKEff=NBIS
1360 C

1361 C CBICE FCS PCSITIVE III
1362 C
1363 IF (III.GE.0.0) GC TC 100
1364 C

i 1365 C CFICs PCs PCSITIVE YYY
4,

1366 C

1367 IF ( 111. LI . O . 0 ) NEIE=NBIN-5EIf+1
1368 C
1369 GC 1C 100
1370 C
1311 100 NBIf=(5 BIN /2)-5EI5+1
1312 C
1373 IF (111. LT. O . 0 ) NEI B= u2IB + ( (2 * V R E E F)-1)
1374 GC TC 700
1315 C
1316 250 CCB1IBUE
1377 BBIE= AT AR (( AES (f t Y))/ ( ABS (III)))
1318 1C B IT = 4 5. 0 * P I/1 E O. 0'

1379 C
1380 C' CBICK kHICH SUBfAct OF SCUABI PIPE IS INTESSECTED

d
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13e1 C
1322 IlifEIF-TCBIT) 300,300,350
1383 300 N=IFIII ABS (tif)/BIBSZ) +1
1384 GC 1C 400
1385 350 u=3EIp/4-IFIf (& E S (IIII /BI BS2)
1386 400 I f (117. LT. O. 0) Go TO 550
1387 Ir(III.LT.O.0) GC TC 450
1388 GC 1C 500
1329 450 sBI5=u
1390 GC 1C 100
1391 500 NEI5= (BBIN/2+1)-p
1392 GC TC 100
1393 550 Ir(III.LY.0.0) GC TC 600
1394 GC 1C (50
1395 600 NBI5=hEIN-p+1

1396 GC TC .100
1397 650 uBI5=5EIp/2+B
1398 C
1399 100 IF(ITEINT.EC.0) GC TC 900
1400 C
1401 ERITEtt,800) 3EIE,ER
1402 8 00 FC E P A T (' + ' ,T9 0, ' u 21 B = ', IJ ,11, * u B= ' , I 3)
1403 C
1404 900 EItS (BEID,EE) = BIES (BBIR,uB) +1
1405 C
1406 EIT08b
1407 ENC
1408 C

1409 50BFCCIINE WBIRIZZZ,BIES,6 BIN,HFANGL,PI,CHBIS,EINSZ,IGECM)
1410 INTIGIF BFAtGL
1411 I31 EGIS BINS f 5BIE,HF&tGL)
1412 INT EGI E CBBIS l41) ,IPTT A L (10) ,Ia nGTL (41)
1413 C
1414 CATA EAB/48----/
1415 C

14,16 N11Pf=tEIN+1
1411 C
1418 C TEST PCB SCUAFI GECHETBf
1419 C,

1420 IF(ICIC5.fC.0) C0 TO 60
1421 C
1422 C H 815 ( 1) = 18 0
1423 C
1924 D E f t t l= (360/NEII)
1425 C
1426 CC 50 52=2,MTIPF
1427 CHBIf (NB) =CHBIS IBE- 1)-5 BEL LE
1428 50 CCN1180E
1429 GC 1C TO
1430 60 CCi1Is01
1431 CBBIf (1) = 1
1432 to 15 62=2,5718f
1433 CBBI5 (nB) =CBBIS (NB-1) + 1
1434 75 CCNTINCE
1435 90 COB 1IstE
1436 C
1437 C CHECs ~' 3CUABI GICMTE!
1438 C
1439 Ir(IGICM.EC.0) M TC 110
1440 8811116,1J0) 221
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1441 100 FCSEntt'1',' LIGHT BIulpG Suesaff SRIET 708 Z=',f7.4,/,
1442 1 'O',551,' ANGLE ABCCbC 10EE, CEGFEES')
1443 GC TC 140
1444 110 CCu11 ACE
1945 eBI111t,130) 222
1446 130 FC EE A1 ('18,'LIGBT EINING SOERAE1 SHitT PCB Zs',77.4,/,
1447 1 80',551,'EIt NOMEEF ABCOND PIPE')
1448 C
1449 140 CCu11NDE
1450 tRI1 Ele,150) (C H B I S ( N B) , h E = 1, ni t a f ,2)
1451 150 F C E E At t ' 0 ' , ' L IGi t ' ,11, I 4,2 0 ( 21,I 4) ,/, ' ' ' ANGLE'),

1452 C
1453 CC 300 NH=1,hfAtGL
1454 BBf-NH-1
1455 C-
1456 kBI1f(6,200) P H E , (BI NS (3 8,b H) , b E= 1, b E I s)
1457 200 P C s e at t ' 8,13,52,41 (11,121 )

145E C
1459 300 CCB11 mot
1460 C
1461 C 505 UP TOTAL NORBfB 0F POIN15 708 EACH ANGLE
1462 C
1463 DC 350 NR=1,HIAUGL
1464 IP11 A L (MB) =0
1465 350 CCNTIsot
1466 C
1867 CC 400 52=1,5E19
1468 I A hG1L INB) =0
1469 CC 400 NI=1,HfABCL
1470 IP11 AL INI) =If11 AL (DI) * BIBS (32,)I)

1471 400 CCD11bOI
1472 C
1473 DC 500 NH=1,HfA5GL
1474 CC 5C0 NE=1,NEIl
1475 I ANC1L (NE) =I ANG1L (NE) *EINS (NE,NH)
1476 500 CC 511u CE |
1477 C i

I147f C CEAL Il LINE
1479 C
1480 EBITE(6,550) (B A B , u p= 1,32)

,13,32A4)1401 550 IC5Ps1|* '
1462 C
1483 WBITIft,600) (I A N G1L (N E) , N E = 1, N EIN)
1404 6 00 FC B P A1 ('O ' ,'1CI A LS ' ,21,4 0 (11,12) )
1485 C

1486 cc 200 NH=1,BranGL
1487 NC=bB-1
14 6 f bSI11(f,700) SC,IE11AL(BH)
1489 700 FCEMA18'08,'1CIAL FCINTS FCB ',I2,' CEGREES LIGHT A4GLE= ' I2),

1410 000 CCN11pCE
1491 B11053
1452 END
1493 C
1494 SCBECCTINE F L PSBP (h 4T A NG,50 B F AC, FL MS L P, E, E AD, PI,IPF Iht)
1495 DInitSICu SOBI AC(4)
1496 C

97 IF ( A ES tunT A NG) . LT.O.00001) CO 10 200
.492 C
1499 G A EB A= FI/2.0- A ES (W AT ANG)
1500 Ir(641ANG.G1.0.C) GC TC 100

I
1

,
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1501 FLPSIF=Tas (C ARM A)
1502 GC 1C 200
1503 100 CCs11NDE
1504 FLP!1F=-Taw (GArra)
1505 GC 1C 200
1506 200 CCN1IntE
1507 17|IfBIRT.IG.0) BETUEN
1508 EEITI(t,250)
1509 250 IC8e AT I' ','WATIB EILR SLCPI IS INFINITE,NCBMAL TC FILM IS 0')
1510 aft [5s
1511 300 CCmTINut
1512 IF (& A1 A NG.G1.0.C) GC TC 400
1513 E=-E A t-FIMSLP* SUS F AC (4)
1514 GC 1C 500
1515 400 CCN1Inct
1516 B= $ A C-f1MSLP*SUFF AC (4)
1517 500 CCs115CI
1518 I F (II 51 NT.E C. 0 ) st10BN
1519 kBI1116,600) ILPSIF,8
1520 600 FCseA1(' ','FI1F SLCPE=',1FE12.4,' Y-INTIECEPT CF FILM =',
1521 11 F I 12. 4)
1522 511CEN
1523 Int,

' 1524 C

1525 SUEBCUTINI F LSIC1 (F LMSLP,2, B A T SLP,B A YCPT ,III,T T Y,W A1 A NG,
1526 ISCSPAC,IPRI51)
1527 CIs!NSION SaataC (4)
1528 C

1529 If t h AT A NG. Lt. 0.0CJ01) GC TC 100
1530 III=(B-BATCPI)/(BatSLP-FLPSIP)
1531 YYY=5ATSLP*III*EATCPT
1532 GC 1C 2JO
1533 100 CCu11 tar
1534 III=SCFFAC(4)
1535 YtT=patSLP*III*EAYCPT
1536 20J CCsTIBCE
1537 IFIIPEINT.!C.0) BE10BN
1538 6BI11(t 300) III,tff
1539 300 FC32AT(80',' FILM INTEBSICTICN At III=',78.4,' AND !!!=',

1540 1FE.4)
1541 611U55
1542 END
1543 C

I 1544 SCBICCTINE FL5N61(L1,L2,PATTff,WATAbG,FLMSLP,BATSLP,BATCPT,
1545 IIP 8131, A N G L I,E F IN C I, PI,III, Y t t , N B DB ,L)
1546 DI!!NSICM E A1T f! (E B UB) ,5 F I hCI (L)
1547 C

1540 L1=PA11PE(1)
1549 L2=P ATYPE (2)
1550 IF ( AES (E AI A bG) .tf.0.00001) GC TC 100
1551 A NGLI= A ES ( AT A N (- 1/ 2LMSLP)- AT A N (B A YS LP))
1552 FL P AIG= AT A u (-1.0/ F I PSL P) .
1553 GC 1C 200
1554 100 CCt1INCE
1555 A uG12= AT AN (B AYSIP)
1556 FLMANG=0.0
1557 200 CCnTIsur
15f8 IF (I F 5I NT. E C.0) GC 10 300
1559 CANGLE=AuGLt*180.0/PI
1560 5811t(6,250) calGLE

|

'
-
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1561 250 FCSP A11' ' 'AuGLE CF IBCICluCI=',F8.4),

1562 300 LC51Ih0E
1563 ANGLi=SbELL(L1,12,AIGLE,BfIBCI,1,FI,IPPIET)
1564 C
1565 BatanG=41Au(sAYstf)
1566 C

1567 IFIFATANG.C1.FitABC) GC TC J50
1568 BATANG=fLMANG-AhGLI
1569 GC 1C 400
1570 350 CC=11 sat
1571 BATA5G=FLMARG* ANGLE
1572 400 CCu1130E
1573 C
1574 B ATS1F=T A9 (B AT AEG)
1575 aATCP1=Ytt-BA151F*III

-1576 C
1577 IFIIESINT.EC.0) SE10Bu
1578 WEI1116,450) BATSLF,BAYCPI,III
1579 450 FC5eAtt' ' ' hen B&t SICFI=',1ft12.4,8 NEW BAT INT!BCEPT=',,

1580 11EE12.4,' III=',1PE12.4)
15El C

1582 IIIDFW
1583 END
1584 C
1585 SCB ECUTINE FLS EC2 (SUBF AC,B AYS1P,B ATCPT,III,YYY,IPBIRT)
1586 CInt uSICu SUBP AC (4)
15El C
1588 II1= SUE F AC (3)
1589 TT1=FAtSLP*II1*fatCFT
1590 C
1591 IF ( A ES i t T 1) .G1. III) GC TC 100
1592 III=III
1593 11t=111
1594 GC 1C 300
1585 C
1596 100 CCFIIt0E
1!97 IF(Yt1.GT.O.0) GC 1C 200

| 1598 tit =-III
1599 III=(111-BATCf1)/3ATSLP
1600 GC 1C 200
1601 C
1602 200 CCb1150E
1603 tit =III
1604 III= It tY-B ATCPT)/d A TSLP
1605 C
1606 300 CCB1150!
1607 IF (If 5151.EG.0) B11083

| 1608 WBI1tif,400) III, tty
1609 400 FCBPA1('0','SICCWC FILE IlTEFSECTICE AT III=',78.4,' AND YYY=

| 1610 18,70.4)
1611 C
1612 5110BN
1613 IND
1614 C
1615 S CB BCC11N E FL5 B h2 (SOBF AC, A NGL 1, B AYSL F, fI,IFBIN1, P ATY F E, B FIN DI,
1616 IIII,111,BATCF1,1,NBOB)
1617 DIEENSICN S08F AC (4) ,BFI5DI(L),F ATYf t (NE02)
1618 C
1619 IF ( AES (!!Y) .EC.50SF AC (3)) GC IC 100
1620 =WGIL2 A BS ( At au (I ATSLP))

,

r

!

|

|
|

|
-

.-
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1621 GC 1C 200
1612 C

1623 100 CCNTINUE
1624 A NGL E = ABS (PI/2.C- A ES ( AT A 9 (B A TSIP)) )
1625 200 CCu1Is0E
1616 IF(IF51bt.EC.0) GC TC 400
1627 CANGLt=ANGLI*190.0/PI
1628 EBI11(6,300)- tAIGLE

,8 ANGLE OF INCIttsCE=',F8.45'1629 3J0 FCBPA1('
1630 C
1631 400 CCu1IuGI
1632 L1= e A1TPE (2)
1633 L2= P alf PE (1)
1634 AhGLE=fMELL(L1,12,A5GLE,EFIBCE,L,FI,IPFIWT)
1635 C

1636 IF ( ABS (f f f) .L1.$UEF AC (3)) GC 1C 600
|

1637 If(f17.LT.0.0) CC TO 500
1630 BAYANG=PI/2.0-46GLE
1639 GC TC E00
1E40 500 CCu11 stb
1641 BATARG=AuGLE-f!/2.0
1642 GC TC E00
1643 600 CCu11gDI
1644 IF(EA1!LP.Lt.0.0) GC TC 700
1645 BATAsG=AuGLE
1646 GC TC E00
1647 70C CCp1150!

1648 BATA>G=-ABGLE
1649 C

1650 800 CC51InCE
1651 E ATSLE=T Ap (Baf auG)
1652 BATCF1=fff-BATSLP*III
1653 C

1654 IF (IS EIET.EC.0) EFTUEu
1655 S FI1 t (6,930) BAYSLE,BATCP1,III

, BIB RAf SLCFE=',1ft12.4,' NEW BAT INTIBCEPT=',1656 900 FCEEA1(' ' '

1657 11EI12.4,' III= ' ,1 P E 12. 4)
1658 BETCEE
1659 ENC
1660 C

1661 /CATA
ENC CF FILE
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APPENDIX A.6
t

i

LOCAL FEACTION PRCBE CALIBRATION TECHNICUE

Calibration of local impedance probes is performed

by measuring the chor del void fraction with an x-ray machine

while simultaneously measuring the point void fraction along

the same chord. The point measurements can be integrated

using Simpson's Eule and compared to x-ray measured chordal

void fraction. The threshold setting can then be adjusted

as necessary to obtain agreement.

The following procedures outline the techniques

: used to calibrate the EF probe. All calibration was

j p e r fo rm ed along the diameter of the circular test section.

! Prior to X-ray Operation

|

|

|

1) Panually move local probe to 0.150 in.
|

2) Plug in local probe driver box and immediately
;
'

press the " reset" button.

| 3) Move probe to 0.100 in. , using stepping motor

and driver box.

4) Employ regular x-ray start-up procedures,

! Appendix A.3, and direct x-ray beam along test

section's diameter.

s

I

L
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Actual Calibration

1) Set " ze r o" cn RF circuitry box to 2.00 volts for

test section containing all water.

2) Set " span" on F.F circuitry box to 10.C volts for
test section containing til air.

3) Repeat steps 1 and 2 until the correct vslues

are achieved. It may be necessary to mcve the

probe from the wall to remcyc residual water en

probe tip.

4) Select appropriate signal thresholding and

employ in circuit. Set level thresholding at

4.0 volts or derivative thresholding at C.24

volts.

5) Set up two-phase flow conditions

6) Take x-ray measurement of chordal void fraction.

7) Take one minute readings of local void fraction

at each point along the chord. Use the stepping

motor system to mcVe the probe accurately.

8) Retake x-ray measurement of chordal void

fraction to assure accuracy

9) Repeat steps 5 through 8 for all two-phase cases

studied.
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APPENDIX A. 9

DERIVATION OF THE WEIGHTING FACTORS USED TO CALCULATE AREA

AVERAGED VOID FBACTION FROM CHORDAL VOID FRACTION

MEASUREMENTS

Pike et. al. [413 has derived an expression which

relates chordel void fraction measurements and the

I area-averaged void fr ac tion . His result was used in this

study, thus for completeness his weighting factors will be<

rederived herein.

Figure A.9.1 shows the circular geometry Pike used

to develop his expression. The arca aversged voij fraction
4

is, g
r

idr
'

A
a -R<a> z =sx- mR

|
where, j

<a>= cross sectional area averaged void fraction

2A = cross sectional area of vapor phase , cm
8 ,

2
A = ross sectional area of pipe, em2

x-s

pipe radius, emR =

pathlength in vapor phase, emt =
'

perpendicular distance from centerline tor =

chord, em
:

. - _ . _ _ _ . _ - - . _ .
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I
I

|

PIPE WALL

%x -

VAPOR '
*

Y dr +R
'

-R 7-

( 0

LIIbD u'

Nxx-
F

I

I
I

>

i

Figure A.9.1 The ideal! zed void geometry used by Pike' [41

_ _ - _ _ _ _ _ _ _ _ _ _
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The chordal void fraction taken over an incremental width,

dr, is,

E

a(r) = f =
h2

(2)
22/ -r

where,

a(r) = chordal measured void fr a c tio n

total chord length, emm =

Equations (1) and (2) are combined to yield,

R
' , o 1

2a(r)[R~-r' dr
- R'

(}<a> =

2
R

A parameter, 'y', can be defined as,

r+R
Y" 2R (4)

Taking the derivative of ' y' with respect to 'r' and

rearranging, |

dr = 2Rdy (5) I

|
Fearranging Equation (4) to get 'r' in terms of ' y' yi el d s ,

r = R(2y-1) (6)

Equations (5) and (6) can be combined with Equation (3 ) to

yield,

1
'

'

<a> = 3 a (y) /y (1-y) dy (7)
o-

|
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The vcid weig ht i ng factor is /y(1-y). This integral can be

integrated with Simpson's Fule if the weights are known at

the appropriate locations. The pipe studied earlier in this

report had a 0.5 in radius. For this case the weight

,

factors are tabulated in Table A.9 1,

r(in) y /y(1-77

0.0 0.5 0.500

0.1 0.6 0.490

0.2 0.7 0.456

0.3 0.8 0.400

0.4 0.9 0.300

0.475 0.975 0.156

Table A.9.1: Chordal Weighting Factors for a one Inch

I.C. Pipe

.
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1

A PPENDIX A.10
,

DERIVATION OF VOID FRACTION USING RADIATION ATTENUATION

Equation (4.8) is commonly used to calculate void

fraction, from radiation attenuation measurement. For

completeness, this result will now be derived. Radiation ,

attenuation in a media follows Eeer's Law,

-IXI=I e (1)g

where,

1 = unattenuated intensity at distance 'x' into

2
the media, photons /cm -sec

2
I = source intensity, photons /cm -secg

energy dependent attenuation coef ficient o fU =
;

| -l
! media, em

thickness of attenuating media , cmx =
1

If the two-phase media may be considered to be well mixed '

| the two-phase attenuation coefficient can be written,

=a u + (1-")DU
24 g t (2)

.

where,
-l

u2c =
two-phase attenuation coefficient, cm

a = chordal void fraction
-l

' attenuation coefficient of gas phase , emu =
8

-l
u g= attenuation coefficient of liquid phase, cm

It is now necessary to consider two specific cases:

1) Only liquid phase present, i.e., <a>=0.0

l

_
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2) Only vapor phcse present ,1.e . , <a>=1.0.

Equation (1) can now be evaluated for these two cases,

I -p xg g
for <a> = 0.0 (3)7=e ,

o

I

E for <a> = 1.0 (4)=e ,

where,

transmitted intensity during the presence ofI =
g

only the liquid phase, photons /cm -sec

transmitted intensity during the presence ofI =

2
only the vapor phase , photons /cm -sec

Equations (3) and (4) can be divided to remcyc the 'I ' termg

resulting in,

I
E (p -p g)x

(5)g
1,, =e
o

The ex pression for the two-phase transmitted intensity is

developed by substituting Equation (2)into Equation (1),

-(au +(1-a)u )xg g
_

where,

two-phase transmitted intensity, photons /cm sec1 =
2$

This expression can be related to the all liquid case,

<a>=0.0, by dividing by Equation (3),

(U -U M24 g g (7)p=e
E
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Equations (5) and (7) relcte the void fraction to the all

liquid, all vcpor and two-phase intensity ratios,

11 :12,

(n p
b L i

(b)'2 *

r1 y

zn E
ILE

This ex pression is commonly used to calculate the chordal

void fraction measured with gamme densitometers.

1

1

|

|
|

I

|
__o
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