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APPENDIX A DETAILS OF PRESSURE TAPPING POINTS 

A. 1 DESIGN OF PRESSURE TAPPINGS 

Generally the magnitude of the error due to the hole 

size depends not only on the hole diameter 'd', but also 

on its depth '. ', and on the geometry of the internal 

arrangement of the pressure connection (Ower and Pankhurst, 

1966). Shaw (1960) studied the errors due to sharp 

edged holes of the type shown in the figure below. He 

found that the errors increased with the rates 
Qjd 

up to 

a value of 
Lid 

- 1.5 and thereafter remained fairly 

constant. 

Thus for fully turbulent flow and for 
lid 

) 1.5s 

the error is about three times the 

velocity head multiplied by the 

friction factor, 

i. e. Error =3a. 2fW 
%</i 

For the large diameter tubes used in this project, 

the bosses used are detailed in Fig. Al and minimised the 

measuring errors to an estimated 0.25%. The errors in 

pressure distribution data, and hence pressure gradient 

will be less than this since the pressure tappings were 

identical. 

("6 mm (ý/ý6 ) 

z5" 

PRESSURE 
TAPPING POINT 
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APPENDIX B FURTHER DETAILS OF AIR AND WATER FLOW 

. RATE MEASUREMENTS 

B. 1 GENERAL DESIGN OF ORIFICE PLATES 

The design calculations for the orifice plates 

presented in this Appendix follow from B. S. 10429 Pt. 1 

and Pt. 3,1964, and are presented in the same units as 

the Standards. This gives the mass flow rate W (lb/hr) 

of a fluid of density f (lbJft3) through an orifice of 

aperture diameter d (inches) situated in a pipe of 

diameter D (inches) at a head loss of h (inches of water) 

as : 

W 359.2 C ZR ZD 6 d2 
% 

(Bi) 

where 

ZR, ZD - correction factors for Reynold's number and 

diameter of pipe, respectively. 
6- Expansibility factor (- 1 for liquids) 

C Basic coefficient. 

E Velocity of approach coefficient 

1fi 1 -m2, where m- d2/D2 

B. 2 AIR FLOW ORIFICE METER 

Rough calculations were carried out based on the 

desired range of conditions (^-' 10 cusec free air) and 

showed that a value of d-1.625" was suitable. This 

allowed an overlap on the range of air flow rates measured 

by the rotameters. 
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Under these conditions, equation (B1) reduced to 

W° 778.36 E ZR p 

where 

ZD was taken as 1.0069, i. e. equivalent to 'new 

(B2) 

steel' pipe characteristics, and the density of 

dry air 5 (lb/ft3) upstream the orifice plate 

was related to the upstream absolute pressure 

P (lbf/in2) and temperature T (°F) by the 

equation 

f=2.7 (P/T) (B3) 

substituting in equation (B2) then gives 

"TW- 1278.98 EZR )Fh (B4) 
P 

This relationship is shown in Fig. B1 for values of 

ZR - 1. To correct for Reynold's number and 

expansion effects, the following procedures were adopted 

as being suitable for digital computers. 

(i) Reynold's Number Correction Factor, ZR: 

Using the graph supplied in B. S. 1042 for the 

Reynold's Number correction factor as a function of 'm' 

and 'Re' where 'Re' was defined as 

Re 
15w8 d 213.1 hr 

.W (hr) (B5) 

and cross plotting the results yielded a direct relation- 

ship between 'Re' and 'ZR'. This is shown in Fig. B2. 

A polynomial equation of 3rd order was found adequate to 
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define the characteristic, the coefficients being, 

ao ° . 99481525 al = . 0326579 

a2 = -. 00416899 a3 ° . 0001302259 

(ii) Expansibility Correction Factor, : 

(B6. ) 

For this factor the B. S. 1042 presents a complex 

graph giving the expansibility factor of the gas in terms 

of the quantity (h/p) inches H2O/ (lbf/ in2 ), where p is 

the upstream pressure, the isentropic index (taken as 1.4)- 

and the quantity W. Suitable cross plotting again 

enabled this correction factor to be correlated against 

the quantity h/p as hhown in Fig. B3. The relationship 

is linear and can be defined as 

C- = 1.0 - . 01458333 (hIp) (s7) 

Hence, equations B4, B5, B6 and B7 could be used to 

determine the air flow rate using the orifice meter. 

The orifice plate was manufactured from 8" thick 

brass plate, according to B. S. 1042 and the dimensions 

measured accurately in the Metrology Laboratory to 

within 1/10000 of an inch. The measurements obtained 

were 

(i) Throat diameter: 
9 

d-1.625611,1.6257" at two right angle radii 

.. d=1.62565" ± 0.00005" 

(B. S. 'd' should be within ±'0.0005d' 
or ± 0.0008") 

(ii) Orifice Bore Parallelity: 

This was done by positioning the plate on a 
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travelling microscope stage (horizontal) and 

scanning vertically. The plate was turned upside 

down and the process was repeated. 

(iii) Edge Thickness of Orifice: 

Manufactured - 0.038" 

(B. S. = 0.04) 

(iv) Angle of Level of Orifice: 

Manufactured a 490 

(B. S. = 300 - 450) 

(v) Thickness of Plate: 

-Manufactured - 0: 0913" 

(B. S. = 0.10" max. ) 

(vi) Orif ice Edge: 

Orifice edge was free from burs or wire 

edge. The radius of curvature was determined using 

'Replica', magnification 20X and a radius gauge. 

The radius of curvature was 0.06", hence 

Manufactured - 0.003" 

(B. S. - 0.0005511) 

This deviation could cause a negative error of ^-,, 83% 

as calculated using B. S. 1042, Pt. 3,1964. 

To ensure that the orifice was concentric with the 

2" steel pipe, a recess was machined in the downstream 

flange to accommodate the plate. Slightly greased paper 

joints were used to seal the plate from both sides. 

Prior to that, two bosses machined and threaded to take 
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two I" needle valves were carefully welded on the pipes 

so that their centres were distance D and D/2 from the 

flanges. The bosses were machined to the curvature of, 

the pipe (2.25" OD) and a 
1/16" hole drilled in each 

and deburred. 

A regulating valve was installed upstream of the 

orifice plate to regulate the pressure. This was located 

240 pipe diameters upstream of the plate, well within 

B. S. 1042 requirements. 

A 2.5m long copper constantan thermocouple was used 

to measure the air temperature upstream of the orifice 

plate. The hot junction was inserted into the air stream 

and the cold junction immersed in a mixture of ice and 

water at 0°C in a thermos flask. The thermocouple was 

calibrated using a water bath, with a stirrer and standard 

thermometers. The emf-temperature characteristics 

obtained is shown in Fig. B4. Over the range of interest, 

the characteristics could be expressed in terms of 

T (°C) 24 
. emf (mV) (B8) i5.95 

B. 3 WATER FLOW ORIFICE METER 

The orifice plate was designed, manufactured, and 

installed according to B. S. 1042 and the following are 

the main geometric design parameters that entered 

directly in the mass flow rate calculations: 

D 5" , d=3" , En 1.072 

C 0.608 , ZD a 1.003, fA = 0.013 Poise 

f" 62.4 lb/ft3 and 1 
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The design equation reduces to 

W (lb/h) - 16694.4 ZR 
fh 

(B9) 

where ZR'was defined earlier as a correction factor 

based on 'Re' defined by 

Re -15. 
w8 

d- 
1.62285W 

with W in lb/h. 

The water flow orifice was calibrated in a closed 

loop test facility in the Departmental Hydraulics 

Laboratory in the form of an 'in-situ' assembly. The 

assembly consisted of the 76.2 mm (3") diameter orifice 

plate fitted between the flanges of two lengths of 3.05m 

(10 it) galvanised steel pipes and comprised part of 

the water flow line. During the calibration, corresponding 

measurements of flow rate and pressure difference were 

taken. Flow rate measurements were made in terms of the 

quantity of water collected in a calibrated tank, in a 

given time and pressure difference readings from a 

pressurised, inverted air-water or mercury-water 

manometer. In total, almost a hundred test runs were 

conducted over a range of flow rates. 

The results are plotted as shown in Fig. B. 5, on a 

basis of Q versus 
'h, 

and the calibrated curve for the 

orifice obtained. The low of the curve (a straight 

line through the origin of the plot mentioned) was 

derived as 

Q(ft3/s) a 0.04833 h(cm) (B10) 
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and this was used in subsequent tests. This line 

corresponded with the B. S. 1042 characteristic line 

(shown dotted), as can be seen, the calibration test 

results agree closely with this, the maximum deviation 

being 3%. 

B. 4 AIR FLOW MEASUREMENTS BY ROTAMETERS 

Calibration curve for the rotameters used were 

obtained from the charts supplied by the manufacturer. 

The process involved the calculation of two parameters, 

I and Ft, then, by using the charts supplied (Fig. B. 6) 

and cross-plotting, a graph relating volumetric flow 

rate with float height could be obtained. The 

expressions for I and F. were: 

I Log10 
EK1 

Y1.10 
wp (Bil) 

Fý K2 (B12) 

and 

F f. Ft (B13) 

The symbols are defined at the end of this section. 

Calibration graphs were constructed for particular 

values of absolute pressure at a temperature of 19°C 

giving the free volumetric flow rate (in Lit/min) versus 

the scale reading in cm. These are shown in Fig. B. 7, 

for pressures of 1.5,2 and 2.5 bar absolute. 

The 2 bars curve was expressed in a polynomial of 

the form, 
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ai x1 
i=1 

and the best polynomial to fit the curve was determined 

using a computer library subroutine. The coefficients 

obtained were as follows, 

ao = 69.798 

a2 - 0.02 53 

al 20.24 

a3 - 0.0124 (B14) 

a4 - 0.0002 74 

To convert the flow rates from, say 2 bar absolute 

and 19°C to the operating conditions at the test section, 

a correction must be made for pressure and temperature 

at the operating conditions. This was done through the 

equation 

CALIBRATION 
PTgr 

Pg 
QTg, O 

QCALIBRATION 
Tg', 1 

(B15) 

which could be used in conjunction with the calibration 

graph. 

The calibration characteristics obtained from the 

manufacturer's data were checked by calibration tests 

using a pitot static tube. The calibration apparatus 

is shown in Fig. B. 8 and involved an air line 53 mm 

nominal bore, 6m long. The fan, driven by a1 HP motor, 

promoted air flow along the pipe, the flow being 

controlled by a screwed disc at the fan outlet. The 

pitot was situated at the tube centreline and the centre 

constant was taken as 1/1.235 (turbulent flow). The 
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comparison is shown in Fig. B. 9, and as can be seen, 

agreement is obtained to within 10% (usually much better 

than this), part of the difference perhaps being due to 

the value of the centre constant used. 

The equation of the best line through the data is 

QPitot (pis) 0.90667 x QRot. (m3/s) 

+ 0.7013 x 10 3 (B16) 

and was used to correct the rotameter readings. 

NOMENCLATURE: 

W: Weight of float in gm. 

G: Mean density of float in gm/cc. 

f: density of fluid at working temperature and 

pressure in gm/cc 

: kinematic viscosity of fluid at working conditions 

in stokes. 

Ft : Theoretical capacity in lit/min, based on no change 

in Reynold's number. 

F: Actual flow in lit/min. 

f: Fraction of flow rate, - F/Ft and goes from 0-1. 

K1, K2 : Constants which depend on the size of the 

rotameter used. For Metric 35, which was the size 

we used, these are 1.5 and 3.330, respectively. 

I: Ordinate of calibration charts. 

QT, P; Volumetric flow rate at temperature T and pressure P. 
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APPENDIX C PURGING PROCEDURES AND PRINCIPLES 

When measuring pressure, it is important to keep 

the pressure lines (when filled with liquid) free from' 

bubbles which could cause errors due to gravity, capillary 

action, etc. This can be difficult with two phase flow 

where pressure fluctuations or flow instabilities tend 

to force the lighter phase into the pressure line where 

it is trapped. 

It is necessary, therefore, either to purge the 

pressure lines before readings are taken or, as was done 

here, to maintain a continuous purge of the flow lines 

with liquid. In doing this, one has to be 

aware of the limitations of this technique and the 

corrections which are necessary in order to determine 

accurately the static pressure. Some of these are 

discussed later. 

The general philosophy was as follows: 

(i) The purging lines were kept pressurised at a 

pressure which was at least three times the maximum 

working pressure in the line. The water mains 

pressure was found to be quite adequate. 

(ii) The purging flow rate was kept as small as possible 

to reduce the friction pressure loss at the tapping 

point hole since this had to be corrected for. 

(iii)The length of the connecting pipe from the purging 

inlet/manometer junction to the pressure tapping 

point was made the same for all pressure tapping 

points so that all corrections were similar. 
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(iv) The losses across the tapping points should be 

similar which means each tapping point has an equal 

share of the total purging flow rate. 

(v) Correction terms were determined at atmospheric 

conditions with the tube empty. The capillary 

effect in the 1.6 mm (1/16") hole was small and 

hence neglected. 

(vi) The purging rate to each pressure tapping point-was 

controlled by a clamp mounted on the plastic tubing, 

these proved very reliable. 

The total purging rate was measured using a rotameter 

and was always kept below 10 gal/h. The supply line 

was throttled to minimise mains pressure fluctuations. 

The total purging flow was controlled to within ± 1.5% 

of the atmospheric pre-testing set valve. 

An analysis of the effects of purging can be made 

as follows: 

1. STATIC EFFECTS 

MAINS Po 

K01 

MANOMETER 
Q0, 

Pol 

QO1 

P' Patm 

K 

MAINS PR 

K 0) 

Q 
MANOMETER 01 

Pol 

1C 
00, 

P=Pl 
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For the arrangement shown above, neglecting losses 

in the connecting tubes, one can write 

(a) For atmospheric conditions: 

Po " pol Kol Q2 
0i 

(Cl) 

-2 po1 Patm K1 Qoi (2) 

(b) At pressure P1: 

_2 po pol KoI Qol (C3) 

P01 P1 a K1 Qol - 
(C4) 

From (Cl) and (C3) 

{Qol2 
Po 

01 (C5) 
ol 

Pol 

From (C3) and (W) 

(Qo1)2 = 
pol - pI 

(C6) Qol pol "atm 

pp pP 
ol lo ol (C7) 

Pol - Patm Po - pol 

But, since 

Pol Pl a fg ht 

and 

Pol - patm = pg ha 

where ht is the true head loss across the hole and ha 

is the corresponding head loss at atmospheric 

conditions. 
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Equation (C7) becomes 

ht = ha 
Po pol 

P` 1 

Since most of the data were taken under settled 

conditions, mostly at tappings no. 8 and no. 14, then 

h8 h8a 
P(C8) 

t Po 8 

and 
Po P14 

h14t , o* h14a 
14 

(C9) 

Bearing in mind that 

P14 P18 - (äZ) . (Z14 - Z8 ) (C10) 

Equation (CIO) in conjunction with (CS) and (C9) 

show that the two tappings get different attenuations. 

Consider the extreme conditions of 

(i) Low pressure: 

i. e. P >> P$ and Po >> P14 also 

p8 p14 1 hence 

h8t 
- 

h8a 

h14t -' h14a 

The only point of concern here is that however 

small the attenuation may be it could be comparable to 

the 6P/6Z values. To minimise this effect, the purging 

head losses were made almost equal and comparatively small 
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when compared to no purge readings. 

large (almost at mains pressure). 

(ii) High pressure: 

Also 'P 
o' was kept 

Here P8 and P14 are nearer to Po (maximum pressure 

"-15 psig) and attenuation to the values of h8a and h14a 

could happen. By keeping the purging head losses to a 

minimum, and since the pressure drop was quite large, 

the effect was completely negligible. 

2. DYNAMIC EFFECTS 

The arguments presented in the previous section were 

based on static conditions. During actual tests, the 

effect of the interaction between the velocity profiles 

in the pipe and that at the exit of the 1.6 mm (1/16") hole 

due to purging is not fully understood. However, by 

minimising the purging flow rate, it was hoped that this 

effect would be negligible. Also by making the purging 

rate through the different tappings similar, the inter- 

action between the two profiles and the effect on the 

measurement of static pressure at each tapping would be 

identical. This effectively meant that the errors due 

to the dynamic interaction could be neglected as far as 

the pressure drop measurements were concerned. 
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APPENDIX D THEORY AND APPLICATIONS OF SCINTILLATION 

COUNTERS AND IONISATION CIIAMBERS FOR VOID 

FRACTION MEASUREMENTS 

D. 1 INTRODUCTION 

Radiations interact with matter in different ways 

and are mostly accompanied by ionisation. Particles 

(i. e. He , 
fl 

, n, etc. ) interact directly to produce 

ions. Photons (i. e. '6 -rays, x-rays, etc. ), on the 

other hand may interact in one of several ways : 

A- Photoelectric Effect: 

This is important at low energies (up to 1 Mev) 

and for high atomic number materials. The entire energy 

of the photon is absorbed and an orbital electron is 

ejected with a K. E. equal to that of the photon, less the 

-work required to overcome the attraction potential of the 

atom (normally called the work function). 

B- Compton Interaction: 

At high energies the photon gives a portion of 

its energy to a substantially free electron in a manner 

somewhat resembling the billiard ball type of collision. 

Here the photon is not destroyed but rather reduces its 

energy. In lead, and for 5 
-ray energies of 0.5-5 Mev, 

this is the most probable process of interaction. 

C- Pair Production: 

A photon of energy 71.02 Mev (twice the rest 

mass of an electron) is converted in the vicinity of a 
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nucleus into an electron f and a positron ß+. The 

sum of the K. E. of the particles is equal to that of the 

photon less 1.02 Mev. 

Macroscopically, when '6 -rays of intensity 'Is' 

pass through a slab of material of thickness 'x' and 

total linear absorption coefficient : ply the intensity is 

reduced. It can be shown that the emerging radiation 

intensity is given by 

IX = 10 e-ýux (D1) 

and 

ý1 = euA + +'PC (D2) 

where subscripts A, B and C refer to the absorption 

processes above. 

Fig. D. 1 shows the absorption coefficients for 

the three processes for lead and over a wide range of 

-energies. 

A reduction in intensity could well take place 

even without interaction with matter. This is strictly 

true for an uncollimated beam where the intensity is 

decreased in proportion to the inverse of the square of 

the distance from the source, S. or 

KI 
I ---ý-° (D3) 

S 

where Io is the source strength and K is a proportionality 

constant. 

This does not Apply to a collimated beam, where 

the intensity is reduced only by interaction with matter 
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in its path. 

The '6 -ray source used here is Csesium 137 

(Cs137). It decays into Bal37 by the emission of/3- (8%) 

or )9 followed by '6 -rays (92%) as shown in Fig. D. 2. 

Because of the high absorption cross-section for -rays 

(compared to ' -rays) in air, the radiation from the 

source can be considered as wholly s -rays. 

D. 2 DETECTION OF RADIATION 

There are various ways of detecting radiation in 

addition to photographic techniques. Most of these 

employ one of the two basic techniques discussed below. 

D. 2.1 INTEGRATION METHOD (Gas ionisation detectors) 

When 'ZS -rays impinge on a cylinder filled with 

gas, ions are produced. If an electrode is fitted at 

the centre, insulated from the earthed cylinder and has 

a +ve potential, then these ions can be collected and the 

small current produced is measured. By increasing the 

voltage at the central electrode the corresponding number 

of ions collected increases in a manner shown in Fig. D. 3. 

Ionisation chambers, proportional counters and Geiger 

Moller counters are in this category, and differ only in 

the range of voltage as shown in Fig. D. 3. When used for 

6-ray detection and measurements, the ionisation 

chambers are normally filled with an inert gas at high 

pressures (up to 20 atm. ). This is to increase the 

number of molecules per unit volume, and hence the 

sensitivity. 
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D. 2.2 SPECTROMETER METHOD (Scintillation detectors) 

This method employs scintillation detectors which 

are particularly useful for '6 -rays because of their 

high efficiency. Here the incident photons interact 

with the crystalline solid or liquid phosphors by any 

one or more of the processes mentioned earlier. The net 

result is the emission of secondary particles, photons, 

or both. Deceleration of the particles or absorption 

of the low energy photons (if not escaped) is effected 

by the atoms of the phosphors which become excited. 

De-excitation is fulfilled by the emission of electro- 

magnetic radiation, mostly visible light. The light is 

allowed to fall on a photosensitive material where it 

causes the emission of one or more electrons. These 

are accelerated towards another electrode called 

'dynode' where by collision more electrons are ejected. 

Up to eleven stages or more can be used-with the net 

result that a burst of electrons is produced for every 

photon incident. Amplification factors of 105-109 are 

normally quoted in the literature. Such instruments 

are widely known as 'photomultiplier tubes'. 

D. 3 ASSOCIATED ELECTRONIC EQUIPMENT 

In general, pulse counters consist of the 

following 

(i) High Voltage Supply: 

To supply the required voltage to operate the 

detector. Normally high quality of regulation is 

required. 
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(ii) Preamplifier : 

This unit acts as an intermediate stage between 

the detector and other electronic equipment. It has 

the following characteristics: 

a- High input impedance, drawing very little current 

from detector. 

b- Low output impedance to deal with losses in long 

cables without serious fall in voltage (impedance 

matching). 

c- Almost' no voltage gain. 

d- Constant frequency response over a wide range of 

--frequencies. 

(iii) Amplifier: 

Features a high gain and linear response, '-e- 

output is proportional to input. The latter is import- 

ant for spectrometry whereby the pulse height is used as 

a measure of the photon energy. 

(iv) Pulse Height Analyser: 

Consists mainly of two discriminators* and an 

ant ico incidence circuit. 
** One discriminator is set 

at a voltage level 'H', the other at a voltage level 

* Discriminator : An electronic circuit which allows 
only voltage signals greater than a pre-set value 
to pass. 

**Anticoincidence 
circuit- An electronic circuit which 

requires two inputs. It produces a zero output signal 
if the two inputs correspond to the same event. 
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'H + AH'. '1I' is referred to as the 'Threshold' and 

' &H' as the 'Gate width. Their main job is to allow 

pulses of height lying between 'H' and 'Ii + 4H' to pass, 

hence make it easy to determine the differential pulse 

height spectrum. Also it can be used to isolate the 

required photon energy by truncating those signals which 

correspond to unwanted scattered low energy photon. 

This can be done by adjusting the levels 'H' and 'H + 1. H' 

to contain the required photon energy only. 

(v) Data Registration: 

The function of the unit is to allow the 

measurements of the number of pulses put out by the 

detecting system per unit time. It consists mainly of 

scalars (storage and digitised output), meter movement, 

chart recorder etc. 

For the integrating measuring devices, on the 

other hand, most of what is mentioned above is required, 

although the actual mechanisms are different. Here the 

total charge collected per unit time is proportional to 

the rate of the incident radiation. Possible measuring 

techniques are 

a- By measuring the rate of charge or discharge of a 

capacitor. 

b- By measuring the voltage developed across a precision 

high resistance. 

The matter then reduces to the measurement of 

very low dc-currents (j, 0715 amp). The problem of 
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dealing with dc-amplifiers and their stability has been 

overcome by the use of what is known as 'the vibrating 

reed electrometer'. Here the dc-signal is mixed with 

a fixed frequency ac-signal, which can be amplified using 

stable ac-amplifiers, then separated again and displayed 

on a meter movement or chart recorder. 

D. 4 SETTING AND CALIBRATION OF INSTRUMENTS 

It is a good practise to check the following 

A- The manufacturers recommended test procedure to 

check the instrumental parameters such as response 

time, calibration etc. 

B- Plateau Region: Here the output of the instrument 

is relatively unaffected by small variations in the 

high tension supply voltage (Figs. D3 and D4). 

C- Linearity: If the detector is saturated then an 

increase in the intensity of radiation will not affect 

the output and hence the measured count rate. 

Part 'A' above is a straightforward procedure. 

For part 'BI, the ionisation chamber already has a 

plateau by definition (Fig. D. 3), also such units are 

normally supplied with a preset power supply. For the 

scintillation counters, it is not so simple. Here the 

platea depends on different parameters as, gain, 

threshold, window setting and source strength (Overman 

and Clark, 1973). Commonly, the length of the plateau 

decreases and its slope increases with decreasing source 
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strength. Hence it is important to search for the 

plateau in-situ, i. e. using the same source and for 

different gain and discriminator setting. Fig. D. 4 shows 

the relationship between pps (pulse per sec) and the high 

tension voltage for a given set of instrument parameters. 

Several of these graphs were drawn for different thresholds. 

After choosing the working point, a search is made for 

the peak in the spectrum which corresponds to the 0.616 

13 
Mev emission of Cs7. This is shown in Fig. D. 5 with 

the instrument parameters setting being a compromise 

between pps at the peak (N 1.12 volts threshold) and 

resolution. The uncertainty in the readings is greater 

as one moves away from the peak and is due to the random 

errors. Also the more absorption the 6 -rays suffer, 

the less energy they have and the result is a shift in 

the peak towards a lower threshold value, as shown in 

Fig. D. 6. As can be seen, stabilisation of the threshold 

voltage is also import ant since one is normally working 

along the relatively sharp edge of the spectrum (i. e. 

6-spectrum). 

To accomplish part (C) above, a simple experiment 

was carried out whereby a measurement was made of the 

s-ray intensity after passing through steel plates of 

different thicknesses. From equation (D1) above, 

In (If Io) - -., g x 

Hence a plot of 'ln(I%I0)' against 'x' should 

produce a straight line with a negative slope. Fig. D. 7 

shows such results for the NaI scintillation counter used 
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in the void fraction fluctuation studies for thel27 mm 

(5") pipe. A similar graph was drawn for the 216 mm 

(8.5") pipe since the diameter of the -ray pencil beam 

had to be increased to cope with the increase in diameter 

of the pipe (and hence absorption) so as to keep the 

count rate relatively high for statistical accuracy. 

For the ionisation chamber, on the other hand, an in- 

situ calibration could be carried out regularly. This 

is explained in more detail in Appendix E. 

Finally, a check on the background radiation 

effects was carried out to determine if these were 

significant. This was done with the source removed 

from the set up. The main effect of neglecting this, is 

that the apparent s -ray intensity is the sum of the 

actual value plus the background value. Discussion 

concerning such errors is presented later in Appendix E. 
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APPENDIX E FURTHER DETAILS AND PRINCIPLES OF GAMMA 

RAY ATTENUATION METHOD 

E. 1 UNCERTAINTIES IN MEASUREMENTS 

The void fraction ` a' can be estimated using the 

appropriate measured intensities of ö -rays in terms of 

voltage or current output. The commonly used expression 

is 

ln(I%IF) 
«a 

ýn 1G1 IF) 
(El) 

where the subscripts F and G refer to tube full of water 

and air (tube empty) respectively. As can be seen from 

equation (El), the errors in the measurements of any of 

the quantities I, IF and IG, do not affect the accuracy 

of cC linearly. Let the uncertainties (positive or 

negative) in the measurement of 'I' be '&I', of 'I F' , be 

and of 'I, ', be By applying small 

perturbations to I, IF and IG, the resultant perturbation 

on ' O( ' is ' Da' and is given by 

aaa asaI+. a°(aI +as Ai aI öIF F FiG G (E2) 

By evaluating the appropriate derivatives using equation 

(El), equation (E2) becomes 

II týIF AIF A IG 
, 
AcY= In II 

[-ýr 

. __1__ + CC ý.. ý .. 0Y _f,, _ M) 
GFFFG 

The condition of maximum (or minimum) possible error in 

the measurement of 'O(' is 
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or 

d0 (E4a) 
d o< 

(E4 b) 
FG 

Substituting back in (E3) and dividing by ' Q(' to get 

the fractional error, 

_« I 1V 
_ 

VF 
(E5) a' <inIG/TFT ýT" -TF 

The maximum error occurs when 'I_lI' and ' IF' are out 

of phase, i. e. 'I' is overestimated by ' 611 while ' II, ' 

is underestimated by 'Al' If we further assume that 

the fractional errors (e. g. Al/I) are equal, or 

AI F 
AIG 

--3-- I --_--- K (M) 
FG 

Then the maximum percentage error is 

ý0 p ýmax. K 

(w) In (IG1IF) 
x 100 (E7) 

The above result is quoted in Hooker and Pooper 

( H1S). Equation (E7) can be written as 

(- , {Inax) In (IG/IF) «x 100 

This is shown in Fig. E. la for different values of K. 

The minimum error of course occurs when 'Al' and 

'AIF' are in phase, and by assuming equation (E6) to be 

true, we get 

p )min% 0 (E8) 
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Another void fraction relationship which is 

recommended when the ý -ray beam is parallel to the plane 

of phase separation is, 

O< =IG 
^-II 

(E9) 
F 

And a similar procedure gives 

I-dI Ac<) F) (ElO) 
GF 

From equation (E6) with ' I' and ' IF' in phase, 

then 

ý4) 
m in% °Kx 100 (Eli) 

If 'L i' and 'l6IF' are out of phase, then equation (E6) 

gives 

ý1 + IJI \ Cam, 
max5ý 

(] 12) 

The above equation can be written with the help 

of equation (E9) in a more convenient form, 

ba 
2+0(( F- 1) 

mý 
KIx 100 

oC (T- 
F 

and the results are shown in Fig. Elb for different values 

of K. 
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E. 2 DERIVATION OF VOID FRACTION FORMULAE FOR 

RECTANGULAR CHANNELS 

CASE 1: RADIATION NORMAL TO PLANE OF PHASE SEPARATION 

(see Fig. E. 2) 

Referring to Fig. E. 2 where a monochromatic 

radiation is allowed to penetrate a liquid of path length 

'xF' and a gas of path length 'xG' which constitutes a 

certain phase distribution in a rectangular channel of 

breadth 'W', thickness 'L' and unit length. 

The emerging beam intensity per unit area along 
the direction of the incident beam is IM and is given 

by 

im ax0e 
"FXF - 1uGXG -2b, P 

(E13) 

where 1o is the intensity of incident radiation per 

unit area. 

)19 PF and , UQ are the linear absorption coefficients 

of wall material, liquid and gas respectively, 

and 
9 is the wall thickness. 

If the channel is full of liquid, the intensity 

of the emerging radiation is given by 

IIe 
PFL -2 

6)u 

F ý' o (E14) 

Also, for tube full of gas, 

IIo- 
29ýZ 

Go (E15) 
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where 

L- xF + xG (E16) 

From equations (E13), (E14) and (E15) 

: uFXF - )IGxG -2 
ý1u In (IM/Io) (E17) 

ýtFL -29 ju = In (II, %Io) 

and 

(E18) 

/ZGL -2 
¬p 

= In (IG/Io) (E19)' 

Subtracting equation (E18) from (E17) 

JFXF )IGXG -2ý, p + )ZFL +2 
6}i 

= In (I 
M/ IF ) 

or 

xG (1F - )'G) - In (IM/IF) (E20) 

Subtracting equation (E18) from (E19) 

PGL -2 
SP + ? FL +2 In (IG/IF) 

or 

L(PF - JUG) - In(IG/IF) (E21) 

Hence from equations (E20) and (E21), the void 

fraction is given by 

xG I 

in (I 1n 

(I1 /1F) 
(E22) 

G7 
T 

CASE 2: RADIATION PARALLEL TO PLANE OF PHASE SEPARATION 

(see Fig. E. 3') 

Referring to Fig. E. 3 where the same monochromatic 
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radiation is allowed to pass horizontally through the 

same channel with the same phase distribution, if the 

total intensity of the incident radiation per unit area 

is Io, then the fraction attenuated by liquid is, 

X 

"ýIo ý' IoF 

and by gas 

(E23) 

X L 
Io = IoG (E24) 

The intensities of the emerging radiation are 

given by 
IMF W-29 

, 
OF 

IOF e (i 25) 

xF PF W-2 91t, 1 
(L) I0 e 

and 
W- 2ýýt 

II ePG oG 
oG 
XG PG W-2 

(-, ý) Io e (E26) 

such that the total intensity of the emerging radiation 

IM is 

IM IoF +I 

xF zFW-2 
Sp xG -uGW-2 (L) Ioe+ (--L) Ioe 

(E27) 

If the channel is full of liquid, then the 

corresponding intensity of the emerging radiation is, 

-ii FW-2 
4 

IF 1oe (E28) 

and for the channel full of gas, 

II 
ýGW-29ý 

G0e (E29) 
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Substituting in (E27) for the experimental terms 

from (E28) and (E29) 

00 

and since 

Xx 
Qý _ -ý and 1- OC L 

then 

IM - IF = OC (IG - IF) 

or 

Oa 
IM- IF 

'YG = 1F 

Equations (E22) and (E31) were derived in 

Appendix 1 of ref. (52c3, also in Richardson (R1) . 

(E30) 

(E31) 

E. 3 THE EFFECT OF UNCORRECTED ZERO READING ON THE 

ACCURACY OF MEASUREMENTS 

One of the factors which can affect the accuracy 

of the -6 -ray attenuation technique is the presence of 

a zero error reading which has not been corrected for. 

Such zero errors may arise due to: 

(i) The presence of a voltage or current output due 

to either the readout unit or the sensing device 

(e. g. photomultiplier tubes) at a time where the 

6-ray intensity is supposed to be zero. This 

may be due to a zero drift in the electronic 

circuit or in case of photomultiplier tube, the 

presence of what is known as 'dark current'. 
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This current is due to thermally generated 

electrons and other factors such as field emission, 

etc. (Birks, B15). For this reason it is very 

important to build a cooling chamber around the 

P. M. tube, especially when working in a high 

temperature environments or when applying 

comparatively high tension to the dynodes, i. e. 

operating the tube near its maximum permissible 

voltage, normally to get higher gain. 

(ii) The presence of appreciable background radiation 

due to either the presence of radiation sources 

in the neighbourhood or to bad shielding of the 

detecting unit against scattered radiation. This 

can be reduced by using pulse height analysers 

with the discriminator and gate set to enclose 

the peak in the spectrum of the source. 

(iii) Radiation not passing through the two phase 

mixture and hence not attenuated, but still 

impinging on the detector, and hence counted. 

This can be overcome by careful collimation of 

the gamma ray beam. 

Let subscripts 'A' and 'B' refer to 'Apparent' and 

'Background' respectively. Thus for the actual 

intensities, 

IG IGA IB 

IF IFA IB (E32) 

and IM . IMA - IB 
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where subscripts G, F and M refer to tube full of gas, 

full of liquid and full of the two phase mixture, 

respectively. 

The apparent void fraction OCA is defined as, 

In (IMA/IFA) Ä 
In I A%i 

ýý. (E33 ) 
G FA 

The actual'void fraction UK is 

or 

p< 
In (I %ZF) 

(E34) 

In (- 1)ý (. IFA - 1) 
Cl< -, 

BB (E35) 
G" PA In (I - 1)/ N- 1) 
BB 

For simplicity, write the apparent intensities 

in terms of the apparent tube full of liquid value, "FA'' 

and 

IGA =a IFA a >) 1 

IMA b IFA 1(6< a (E36) 

B°c IFA 0G c< 1 

Then from (E33) and (E36) 

ln(b) aA 
Ina (E37) 

and from (E35) and (E36) 
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In 1(b_c)/(1-c)1 
(E38) 

1n P a- c) / (1-cE 

The percentage error is by definition, 

Aa 
%_ 

C>A 
x 150 (E39) 

a 

Figs. E. 4 and E. 5 show some of the results for 

a= 10 and over a range of c values. 

When the gamma ray beam is parallel to the plane 

of phase separation, the recommended void fraction 

relation is 

IM IF 

Iýir (E40) 

Here, because of the linear relationship between 

' ' 0ý' and the. measured intensities 'I M' , 'IF I and 'IG 

the zero errors cancel out and hence 

D(A =a (E41) 

E. 4 THE EFFECT OF AVERAGING INTENSITY RATIO RATHER THAN 

THE 'LOG' OF THE INTENSITY RATIO ON THE ACCURACY OF 

VOID FRACTION MEASUREMENTS 

When aý -radiation passes through a two phase 

mixture, it will suffer a reduction in intensity which 

is normally a function of time. Consider the arrangement 

shown in Fig. E. 6 where, by measuring the intensity 

through a similar tube full of liquid using the same 

source, one can compensate for any variations in the 
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incident intensity 'Io' due to random processes (in case 

of ý -rays) or noise (in case of x-rays). In fact such 

an arrangement was employed by Smith ( S18) in his fast 

response multi-beam x-ray unit used to identify phase 

distributions during steam-water blowdowns. In Fig. E. 6 

the two measuring devices must be identical and 

standardised and their response function constant over 

the range of intensities measured. Under such conditions 

the instantaneous output corresponding to 'IM' is given 

by 

VM (t) R. Io 
1uFxF (t) PeG (t) -2 

9). Z 
Ee 

iR IM(t) (E42) 

where 

tube wall thickness 

, 
P, }iF')IG ° linear absorption coefficients of tube 

material, liquid and gas respectively 

-detection efficiency 

ß instrument response function. 

Remembering that, 

x F(t) 
ýXiF(t) (E43) 

t 

XG (t) X iG (t ) 

and XG (t ) 
Dý (t) 

L (E44) 

where O((t) is the' inst ant aneous void fraction' which 

exists in the pipe at time t, and L is the total two 
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phase mixture path, 

i. e. L- xF(t) + xG(t) (E45) 

Similarly for the tube full of liquid and gas 

respectively, 

-PFL- 2 S)Z 

VF (t) R IF (t) _ ýc R Io e (E46) 

and 
_ýGL-2 

6p 

VG (t) R IG (t) ER Io e (E4 7) 

Defining a quantity R (t) as 
Výý(t) IM(t) 

R(t) _ Vm(t) _ ý--ý 

_ )1F xF (t) - ?G xG (t) + PF L 

and substituting for ' L' gives, 

VM(t) (}1F PG)XG(t) 

'VF Me F 

and by using equation (E44), 

VM (t) L (PF PG) CC (t ) 
R (t) _ ý-- e (E48) 

F 

The term R (t) can be thought of physically as 

the transmittance of the mixture relative to that of 

liquid. From equation (E48), the instantaneous void 

fraction a (t) is 

v (t) O((t) 
L )1Fl IUG 

1n ('ý) 

v (t) 
K In ( j) (E49) 

F 
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where K1° constant L1F=N 

Before proceeding further, let us define another 

quantity W (t) as 

VG (t) IG (t) -"GL + J. 1FL 
W(t) y-(f F T(t) =e FF 

or 

w (t) eL 
(. 

F - PG) 
(E50) 

In physical terms, W (t) is the maximum value the 

transmittance R(t) can take. From equation (E50), 

V (t) (? F 1G )L - In W(t) - In ýj 
=K (E51) 

and the instantaneous void fraction can be written in 

the more familiar form, (from equation E49), 

In (V 
(t) V- 

(t) ý° VF t (E52) 

(ýt in 
F 

The average void fraction over the interval 

'O-T' is by def init ion, 

a= Jc<t) dt (E53) 

0 

Using equation (E49) gives, 

KT VM(t) 
Oý T In (v (t-j) dt (E54) 

0 
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Equation (E54) can also be written as, 

VM(t) 
mean void fraction =C=K 

[1n 

ý--M (E55) 
F 

where the bar represents an average quantity. 

It is fairly common practice in void fraction 

measurement not to average the bracketed term in equation 

(E55), but rather to first average the quantity 

'VM(t)/VF(t)' and then obtain the void fraction using 

equation (E49). Mathematically, this means 

FV dC =K In 1vctjJ (E56) 

and as can be seen, equations (E55) and (E56) are 

entirely different. 

To obtain a feeling for the results, consider 

for example the case of slug flow in a horizontal tube 

(the same applies for a vertical tube). Fig. E. 7 shows 

the slug and the corresponding approximation to the 

expected void fraction at that instant of time. For 

convenience let the void fraction be expressed in the 

form 

OC(t) - KOCA 

t( (t) °K °ýg 

Oýt< tl 

ti t< t2. 

where 'K' is as defined earlier. 

(E57) 

By definition, the average void fraction over the 

interval '0-t2' follows from equation (E53), or 



Ci DO 

t2 

a1 Of(t)dt t2 

0 
t 

tl K Adt+ 2 

L0 

t2 

KB dt 

tl 

Q(= 
tl K+ (1 - 2) KB 

22 
(E58) 

The correct experimental average follows from 

equation (E55), as 

.. - 1 
t2 VM(t) 

DCt Klnv t 
dt 

2 VF 

0 

using equation (E48), 

t2 
f L(u - )UG) c< (t) dt 

20 

From equation (E51) 

tt2 
1 

KOC dt + a2 ji 
AJKB dt (E59) 

o tl 

which is identical to equation (E58). This is not 

surprising because equation (E55) was derived through 

equation (E53). However the procedure suggested by 

equation (E56), using equation (E48) gives, 

V (t) t2 O(t) j 
e-'K- dt V- Mt F2 

0 

t1 
A 

t2 «B tJe 
dt +e dt 

20 tl 
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v (t) t OK t aC 
ýM tTe 

A+ (1 -) eB 
F2Z 

and the void fraction follows from equation (E56), as 

V (t) 
ýCn Kin M (V 

Ft 
) 

.K1n 

12t1 

eA+ (1 - 

tl) e ýB 

which is different from equation (E59) and (E58). 

Consider the following example: 

(E60) 

Water : 9F)mass = 0.086 =m2 fF 
-1 

cm cm 

Air : PG)mass 0.075 FG - 0.001 3 

cm cm 

PF 11.63 )ZG = 0.0133 and L= 12.7 cm. 

Hence KL (PF - )uG) - 147.6 

Let KA=0.1 . 
0.6.775 

x 10 4 
A 

K 
B=0.8 . 

*. B=5.42x1Ö3 

also 

Let the slugs be periodic with a period T, then 

t1 t2J2 - T/2. 

From equation (E58) 

ÖC 0.4 500 

From equation (E60) 

0.4518 

When the gamma rays are parallel to the plane 

of phase separation, the relationship between 'D(' and 
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'IM' is linear, 

Off= 
IM 
'G_ 1 F 

Hence by averaging 'IM' in calculating '0<', no 

errors are introduced. 

E. 5 EFFECTS DUE TO FLUCTUATING VOID FRACTIONS 

Apart from the errors introduced by the normal 

practice of averaging the intensity ratio rather than 

its logarithmic value, another effect does exist, and is 

due to the fluctuating void even when its average value 

- -over a -time 'T'- is- equal to that actually measured. The 

analysis attempted here is similar to that carried out 

by Harms and Forrest (H19 ). 

Referring to equation (E48) 

V (t) Q((t) 

R (t)ý °ei (E62) 

The measured value of R (t) averaged over a time 

'T' is 

T 0((t) 
RTJeK dt (E63) 

0 

In carrying out void fraction measurements, it is 

implicitly assumed that the void fraction is constant 

during the measurement interval, which hydrodynamically 

means a uniformly distributed flow. In this case a((t) 

is a constant value given by 
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(t) cK (E64) 

Hence p(o 

Ro = = Ro (E65) e 

and 
ao -K In (R0) (E66) 

Let us now consider a fluctuating void fraction 

b (t) such that its time average value is equal to 
0 

where 
T 

00 
Tb 

(t) dt (E6 7) 

0 

Accordingly fromT (E63ýb 
(t ) 

1 Rb TJeK dt 

0 

and the ratio R. 
b/Ro from (E65) is 

OC oT 0% (t) 

e 
, r--- 

(e ýý 
dt 

b� 
0 

b(t)- ö 
41 

R.. 

Rb °TJeýK- dt (E68) 
0 0 

As can be seen the only condition whereby 'Rb' 

will equal 'Ro' is that b(t) is a constant with a value 

oqual to Oho and that the condition imposed by equation 

(E67) is not enough. 

Let us consider, for example, the extreme case of 

void as shown in the figure below. Mathematically, 



-2 i. Q 

0 (t) -oo <t tl 

ab(t) 1'*0 t1 
,<t 

tl +ö 
oC 

and 1.0 
bM 

-0 t1 +o(ö t<T 

0 

tý 
This-was chosen to ensure that the average void 

fraction was equal to ' ao' satisfying the condition of 

equation (E67). 

The average value of "R' follows from equation 
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Remembering that p<o O< 
b, the above when solved gives 

b (e1/K - 1) +1 (E69) 

and 

Z71ý. ý. _ (E70) 
e-1 

From equation (E65) 

0< 0 
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- 1) (E71) 
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What is actually measured is Ro (the voidage is 

assumed constant over the measuring interval, or 

Ro-1 
ab e -1 (E72) 

The error in the measurement of '' is 

öýK 
A OC = D< -= oC _e-1 obo ei%Iý 

and the percentage error is 

AC 
%a (fib e 

1/K 
- 1- 1) x 100 

be0-1 
(E73) 

E. 6 VOID FRACTION APPARATUS ARRANGEMENT, CALCULATION 

PROCEDURE AND STRATIFIED LAYER CALIBRATION 

1. ARRANGEMENT AND ALIGNMENT OF APPARATUS: 

To assemble the void fraction apparatus for 

measurements, the following steps were taken: 

(i) The source holder and detector were set to lie 

in the same plane and opposite to each other, 

one on either side of the pipe. 

(ii) Pieces of fine thread were used to simulate the 

paths of the Ö 
-rays and the divergence required 

to scan the pipe. Adjustment of distance, i. e. 

'source-tube' and 'tube-detector' for minimum 

divergence was carried bearing in mind the effect 
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of distance on the ý -ray intensity arriving at 

the tube. 

(iii) Lead collimators were inserted on both sides of 

the tube to confine the rays to the measuring 

plane, and to prevent rays not passing through the 

tube from reaching the detector. Step (ii) was 

repeated. 

(iv) The apparatus was surrounded by lead brick 

shielding. 

(v) The background radiation in the surrounding area 

was monitored, and extra shielding added whenever 

necessary. 

Fig. E. 8 is a schematic diagram of the arrangement 

for the 216 mm (8.5") pipe. 

2. DETERMINING THE POTENTIAL DIVIDER CONSTANT OF THE 

BACKOFF UNIT 

The backing off voltage required to bring the 

electrometer reading to within the '0-300' my of its 

metermovement was too large to be measured accurately, 

by a 100 mV range potentiometer. Hence, a potential 

divider was used to allow only 1/100th of this voltage 

to be measured by the potentiometer. The potential 

divider circuit is shown in Fig. E. 9. Tests were 

f 

carried out to accurately determine the value of the potential 

divider constant and these also afforded the opportunity 

of normalising the readings of the electrometer and 

potentiometer. 
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To start the test, the head amplifier (and hence 

ionisation chamber) was isolated from the electrometer by 

pressing the 'SHORT CIRCUIT' bottom on the head unit. 

The electrometer then behaved as a very sensitive volt- 

meter and a 'back off' signal was injected into the 

electrometer through the 'CALIBRATION' plug. A set of 

electrometer and potentiometer readings were noted. The 

potentiometer measured the voltage to within 1/100th of 

a millivolt, which meant that the actual 'back off' 

voltage was measured to the nearest mv. The results are 

shown in Fig. E. 11 to give a linear relati. reship. The 

slope gives the 'correct' potential divider constant 

which was then used to convert the potentiometer readings 

into millivolts, matching up to the electrometer 'scale 

reading. 

3. VOID FRACTION CALCULATION PROCEDURE: 

Considering, for example, the stratified layer 

calibration which is detailed in the next section and 

illustrated in Fig. E. 10, the first step in calculating 

'O(' was to determine the corresponding -6 -ray intensities 

from the raw data. This was a straight forward procedure 

once the potential divider constant had been determined. 

The intensity expressed in mV is given by 

IA ELE + CONST x POT 

where 

ELE - Electrometer reading 

CONST - Potential divider constant 

(E74) 

_'ý 
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and POT - Potentiometer reading. 

The term 'CONST x POT' represents the actual 

backoff signal in mV required to bring the. signal to 

within the '0-300' mV scale of the electrometer. The 

intensity 'IM' was then determined for each water level 

setting 'H' and the corresponding tube full 'IF I and tube 

empty 'IG' at that time. Referring to section E. 2, the 

void fraction '0<' is given by either of the following 

relations depending on whether the rays are parallel or 

normal to the plane of phase separation, 

Oý 
In (IMJIF) 

(E75) 
In IG F) 

or 

I 
(E76) 

GF 

Equation (E76) is recommended for calculating 

void fractions for a stratified layer with a horizontal 

gamma ray beam. Otherwise equation (E75) should be 

used. 

4. STRATIFIED LAYER CALIBRATION 

In order to carry out the in-situ calibration of 

a simulated stratified type flow, a piece of transparent 

Perspex tubing was used with pieces of Perspex sheets 

bolted to the two flanges blocking the two ends. A 

graduated piece of paper was stuck on both ends to allow 

liquid level measurements in the pipe. Provision was 
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made for feeding fresh water into the pipe through one 

pressure tapping hole, while the air was allowed to escape 

through another tapping hole. The pipe was levelled such 

that the levels of water at both ends were the same. 

The test procedure commenced by noting the tube 

empty intensity reading. Water was then introduced into 

the pipe and both water level and ý -ray intensity were 

recorded. More than 15 different levels of water were 

used to simulate different degrees of stratification until 

the pipe was completely full, tube tull of water reading 

then noted. The water level was decreased in steps 

also and the corresponding readings again noted. 

To determine the'void fraction corresponding to a 

given water level was a simple exercise in geometrical 

analysis. The problem reduced to determine the area of 

a segment of a circle as Shown in Fig. E. 10. The void 
fraction 'o(' is simply 

A 
Area 'ABCEA' 

(E77) 
(7T/4) Dn 

From Fig. E. 10. 

Area ABCEA - Area of sector 'OABCO' 

- Area of triangle ' OAECO' . 

° 
20 

\ 
(Ti R2) -2 

[R_H)n 
Sin 9ý 

where 

0 is in radians and R- D/2 

.. Area ABCEA -& R2 - (R-H) R Sin 0 
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But cos 9 R 

8= cos 
1( R-ff ) 

then 

Sin 0 
ý1 

- cos2A 
R )FR 2- (R-H)2 

Area ABCEA R cos 
1 (RRH )- (R- H) R2- (R- H)2 . 

2 

From (E77) 

() (-H) R2 - (R-H)2 (E78) Oý =1 
ICos- 

rR 
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APPENDIX F PHOTOGRAPHIC TECHNIQUES 

To improve the photographic results, a special 

photographic box was built to minimise optical effects 

caused by the curvature of the pipe. The box was 

approximately 0.61 m (2 ft) long, 0.3 m (1 ft) high by 

0.3 (1 ft) wide and manufactured from 12.7 mm (0.5") 

perspex sheets. The box shown in Fig. F. 1 was filled 

with water and designed such that it could be sealed 

around the pipe by two 0-rings, one at each end. Other 

joints with smooth surfaces were self sealed by grease 

and bolted. Further sealing around the pipe joints 

was effected by using plasticine which was necessary 

due to vibrations of the rig. 

All the box sides lying in a plane parallel to 

the pipe axis were covered with black cardboard except 

the side opposite to the camera which included a slit. 

Adjustments were made such that a full picture of the 

pipe was received through the camera lens. The edges 

of the box were painted black, from inside, with a matt 

finish. 

The light was shone at an angle through the sides 

which were normal to the pipe, using two 1500 W mercury 

lamps with special reflector attachments, this system 

being adopted after a trial and error procedure. 
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APPENDIX G PRESSURE TRANSDUCER CALIBRATION 

The pressure transducers were calibrated in situ 

in a length of 127 mm (5") bore perspex tubing using 

water. The calibration apparatus is shown in Fig. G. 1. 

with a detail of the transducer fixing in Fig. G. 2. 

The circuit was pressurised either by a hydraulic 

pump or water mains pressure and corresponding readings 

of pressure and transducer output taken at steps up to, 

and down from, 50 psi absolute. Suitable corrections 

were made for difference in elevation between the 

pressure measuring level and the transducer level. 

The calibration, characteristics obtained are 

shown in Figs. G. 3 and G. 4 and, as can be seen, are 

linear with no hysteresis effects. The 50 psia (max. 

range) transducer was installed near the exit of test 

section, i. e. 14 m from mixer. The 100 psia (max. 

range) transducer on the other hand was located at 8m 

from mixer. 
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APPENDIX II MULTI-FREQUENCY CRYSTAL OSCILLATOR 

1. THE CRYSTAL OSCILLATOR 

In general, an oscillator is an electronic 

amplifier that generates a frequency which is determined 

by the value of its oscillatory components, and maintains 

that frequency to a certain accuracy. Positive feed 

back is used (i. e. output fed in phase to input) to 

reinforce the action in the amplifier and to supply the 

power lost during the generation of each cycle. Feed 

back may be accomplished by inductive, capacitive or 

resistive coupling between the amplifier output and 

. input.. Most oscillators may be classified as either 

tuned inductance-capacitance (LC) or relaxation 

resistance-capacitance (RC) type. For highly stable 

frequency characteristics, crystals may be used which 

possess an electro-mechanical property whereby a stress 

applied on the crystal causes polarisation and vice versa. 

Crystals are produced from 'piezoelectric materials', and 

the property is known as a 'piezoelectric effect'. 

Crystals can thus be used as a very sharp frequency 

selector (filter) allowing only the frequency equivalent 

to its resonant (natural) frequency to pass. Oscillators 

employing crystals are called'crystal oscillators' and 

are characterised by being exact, repeatable and' stable. 

The oscillator employed in this work was a three 

stage amplifier as shown in Fig. H. 1. It produced square 
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pulses of frequency equal to 100 K Hz and the operation 

was as follows: 

Noise in the circuit was amplified in the 1st 

stage, then fed to the 2nd stage through the crystal 

which filtered out all frequencies except the natural 

frequency (i. e. 100 K Hz). Part of the output was fed 

back through the capacitor (0.01/4F) to the input of 

the 1st stage, hence supplying the energy required to 

sustain the oscillation. The rest of the output was 

amplified in the 3rd stage to produce a5 volts peak to 

peak symmetrical square pulses at 100 K Hz frequency. 

A transistor protection diode was connected to the base 

of the third transistor-to prevent overload, and to keep 

the output pulse positive. The 100 K Hz signal was 

then passed to four 'divide by 10 counters' in series to 

produce 10 KHz, 1 KHz, 100 Hz and 10 Hz signals 

alternatively. The 1 KHz signal was used to produce 

200 Hz and 40 Hz signals by using another two 'divide 

by 5 counters'. These counters were integrated circuits 

utilising monostable multivibrators. 

The overall schematic diagram of the oscillator 

unit is shown in Fig. H. 2. 

2. THE POWER SUPPLY UNIT 

The function of this unit was to supply the 

necessary power, in the form of a dc-voltage, required to 

operate the crystal oscillator, utilizing the mains 220 

volts a. c. supply. It consisted mainly of a transformer, 
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rectifier, filter and regulator. The circuit diagram 

is shown in Fig. H. 3. The shape of the waveform after 

each unit is also shown. 
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APPENDIX J COMPUTER CONTROLLED DATA 

ACQUISITION SYSTEM 

1. GENERAL DESCRIPTION 

The important features of the system are 

presented here but more detailed information can be 

obtained from the appropriate manuals. 

The main equipment and peripherals used in the 

high speed data acquisition system are shown in Fig. 3.14 

in the main text. It was based on a Hewlett-Packard 

2100A computer with a 16 K of core store. Approximately 

1000 K of back up store was provided by a cartridge 

disc-subsystem. Other peripherals include Paper Tape 

Reader, Paper Tape Punch, a Teletype, a Graph Plotter, 

Visual Display Unit (VDU), and Analogue to Digital 

Converter (ADC). All the peripherals were manufactured 

by Hewlett-Packard except for the V. D. U. and teletype 

which were Tektronic products. The computer had the 

facility of 'Direct Memory Access' (DMA), which permitted 

very fast access to the core (1,020,400 words per sec). 

The limitation on the speed of acquisition was imposed 

by the 'ADC' unit which could handle up to 100,000 data 

conversions per sec. A multiplexer in the 'ADC' unit 

allowed sequential conversion of up to 16 channels. 

2. DATA ACQUISITION SYSTEM 

Basically, there were two ways of using the 
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computer for data collection. These will be referred to 

as the 'Non-Buffered' method and the 'Buffered' method. 

The Non-Buffered method involved three distinct 

phases 

(i) Data Acquisition phase: where the analogue input 

signals from up to 16 channels were converted to 

digital form and stored in the 16 K computer core. 

(ii) Dump to Disc phase: where the data in the core 

was dumped on to the disc leaving the core available 

for data from subsequent runs. Once the data was 

on the disc they were a permanent record, but could 

be over-written when no longer required. 

(iii), Processing phase: where the data was retrieved 

-from the disc, processed and-output obtained in any 

of four different ways 

(a) printed on the Teletype (or VDU). 

(b) graphically displayed on the VDU. 

(c) plotted on the Graph Plotter. 

(d) punched on paper tape. 

All the operations in this phase were carried out 

under the control of a Disc-based Operating System, 

'DOS-M'. 

Operating with this method involved running three 

absolute binary programs stored on paper tape. These 

were the data acquisition tape, the core to disc transfer 

tape and the DOS--M bootstrap tape (details of the 

contents and method of operating these tapes are given in 
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the computer manual). 

The Buffered method was similar to the Non- 

Buffered method except that phases (i) and (ii) were 

merged into one operation. The analogue signals were 

converted to digital form and stored temporarily in a 

buffer zone in core. When this buffer zone was full, 

fresh data were loaded into a second buffer whilst the 

first buffer was being dumped to disc. By the time the 

second buffer was full, the first buffer was empty and 

fresh data were loaded there again. 

The buffered acquisition program was provided by 

Hewlett-Packard and was an 'Absolute Assembler' program. 

The version provided stopped excusion after three buffer 

dumps. The way the data were stored on the disc was 

exactly the same for both methods of acquisition. The 

same processing programs could therefore be used to 

retrieve data from disc by both methods. 

The first method was used for the data collection 

in these experiments. 

3. DATA ACQUISITION PROCESS 

The analogue signals must be conditioned to lie 

within ±1 volt before being fed to the ADC. They 

could be monitored on an oscilloscope or recorded on a UV 

recorder. To provide easy access to the input of the 

'ADC' an 'overload protect and monitor box' was provided 

with 32 BNC sockets (16 input sockets and 16 monitor 

sockets). 
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The ADC had a multiplexer unit which permitted 

sequential conversion of up to 16 signals and took a 

10 Jusecto perform conversion from analogue to digital 

form with a sensitivity of N±2 mV (i. e. '1000/512'). 

Operation of the multiplexer and converter was 

controlled by instructions from. a running program in the 

Computer. To instruct the system to multiplex the 

input channels, trigger pulses were provided from either 

an external signal generator or a device on the rig. In 

these experiments an external signal generator was used 

(Appendix H). 
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APPENDIX K CURVE FITTING SUBROUTINE AND PROGRAMME 

A N. A. G. * library subroutine No. E02ABF was used 

on the ICL 1904S computer to evaluate the coefficients 

'ai' of the best fit, Nth degree polynomial. The 

variable 'y' was expressed in terms of the variable 'x' 

through the equation 

N 

i=0 

The subroutine calculated a weighted least- 

squares polynomial approximation of a set of data point 

using 'Forsythe's' method applied to orthogonal poly- 

nomials. It required the following input information 

(i) Number of data points, M (max. - 200). 

(ii) Degree of the highest order polynomial required 

(max. = 50). 

(iii} One dimensional array of x-values of dimension 

at least M. 

(iv) One dimensional array of y-values of the 

dimension at least M. 

(v) One dimensional array of weights given to each 

point (x, y) . In our case, a weight value of 

1.0 was given to each point. 

The output from the subroutine contained the 

coefficients of the polynomial found, and a measure of 

degree of fit. 

N. A. G. stands for 'Nottingham Algorithm Group'. 
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A program was written which incorporated this 

subroutine and output in addition to the coefficients 

of the polynomial, the x and y input values, the 

calculated y value and the percentage error. The 

program is given below. 

Nomenclature 

TMCM : Y-array values 

B: X-array values 

W Weighting factor, normally =1 

P: Coefficient of polynomial 

SI Degree of polynomial 

S Predicted Y-value by the polynomial 

R Percentage error 

M, : Total no. of points 

K1 Degree of the polynomial required. 

Program 

LIBRARY(SUBGP. OUPNGEF) 
PROGRAM (FARIS) 
COMPACT 
INPUTS=CR0 
OUTPTJT6=LP0 
TRACE 2 
END 
MASTER FARIS 
DIMENSION B(400), TMCM(400), W(400), P(400), SI (400) 
LOGICAL L 
L=. FALSE. 
NN=5 

. K1=1 
M=9 
KK=O 

30 DO 10 I=1, M 
READ(5,100)TMCM(I), B(I) 
W(I)=1.0 

10 CONTINUE 
100 FORMAT(2F0.0) 
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C 
C TO GET POLY. FITS OF DIFFERENT ORDERS 
C 

DO 5_ 12= 1, NN 
K1=K1+1 

'20 CALL E02ABF(M, B, TMCM, W, KI, N, SI, P, L) 
WRITE(6,50) 

50 FO RMATC1H1,414H LEAST SQUARES FIT BY ORTHOGONAL POLYNOMIALS, 
17H E02ABF) 

WRITE(6j 150) 
150 FO RMAT(//// 5X, 15HCO EFFI CI ENTS 0 F, 10X, SHGOO DNESS/ 5X, 

115HBEST POLYNOMIAL, 11X, 6HOF FIT) 
DO 2 I=1, K1 
WRITE(6,250)P(I), SI(I) - 

2 CONTINUE 
250 FO RMATC E24.10, E24.10) 

WRITE( 6.9 400)N 
400. FOF. MAT(// 19HDEGREE OF BEST POLY, I 4) 

WRITE(6,200) 
200 FO RMAT C//// 5X, 4HLVFR, 12X, 4HTMCM, 12X, 3HFI T, 9X, $H% ERROR ) 
C 
C TO CALCULATE THE FIT AND THE RESIDUAL. 
C.. 

DO 3 J=1, M 
T2=B(J) 
N1=N+. 1 

_ S=P(N1)_ 
DO 4. 

-I=1, 
N 

I 1=N 1-- I 
IF(I1"EQ. 0)GO TO 6 
S=S*T2+P(I1) 
GO TO 4 

6 S=S*T2 
4 CONTINUE 

R=S-TMCM(J) 
R= (R/TMCM(J) )* 100.0 
VRITE(6,300)T2, TMCM(J), -S, R 

3 CONTINUE 
300 FORMAT(4E15.6) 
5 CONTINUE 

K1=1 " 
KK=KK+ 1 
IFCKK. LT. S)GO TO 30 
S TO P 
END 
FINISH 
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APPENDIX L DIFFERENCES BETWEEN PHASE 1, PHASE 9, , AND 

PHASE .3 TESTS 

1. EXPERIMENTAL ARRANGEMENT 

(i) In phase 1 and phase 2 tests, the test section 

was manufactured from 127 mm (5") bore Perspex 

tubes in 2m lengths with flanges made from 

12.7 mm ("} perspex sheets. In phase 3 tests, 

the complete test section was manufactured 

outside the University to an almost similar 

design, except that the tube lengths were 1.2m 

and the diameter 216 inn (8.5"). 

(ii) Duo to the larger diameter tubes used in the 

phase 3 tests, the complete pipeWork had to be 

lifted 50 mm (2") to accommodate the tank 

height. 

(iii) For phase 2 and phase 3 tests, the transparent 

viewing lengths on either side of bond 'B' wore 

removed. 

(iv) In phase 3 tests, the mixing section was 

designed to converge directly to the pipe 

diameter (127mm) without requiring another 

convergent channel as before. In phase 1 tests, 

the mixing chamber was located 55 pipe diameter 

upstream of bend 'B', whore as it was inserted 

just after bend 'C' in phase 2 and phase 3 tests. 
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(v) For phase 3 tests valve C4 was removed. It was 

kept fully open in phase 1 and phase 2 tests. 

(vi) The same exit piece was used for all phases. 

For phase 3 tests, this meant the manufacture of 

a sandwich piece to connect the 216 mm (8.5") 

ID exit bend to the 127 mm (5") perforated exit 

piece. 

2. INSTRUMENTATION AND DATA COLLECTED 

(i) The high speed data acquisition system was employed 

to collect data in phase 2 and phase 3 tests only. 

(ii) When measuring void fraction by the-6 -ray 

attenuation technique, the -6 -ray beam was shone 

vertically upwards in phase 3 tests. In phase 1 

and phase 2 tests it was shone horizontally. 

(iii) Cine photography was employed during phase 1 

tests only, while normal photography was employed 

in phase 1 and phase 2 tests only. 

(iv) In phase 3 tests an attempt was made to measure 

the two phase pressure drop in each phase 

simultaneously when separated flows existed. 
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APPENDIX M TRANSLATION OF EXPERIMENTAL READINGS 

Phase 1y Specimen Test Run No. 100109 

Water temperature - 26. ° 5C 

Head difference across water flow orifice hL  - 24 cm H2O 

Air flow orifice upstream pressure Pg = 1.33 bar gauge 

Air flow orifice upstream thermocouple emf - 0.62 my 

Head difference across gas flow orifice S- 209.2 cm H2O 

Barometric pressure - 1.013 bar 

Void fraction apparatus : 

Electrometer reading - 180 my 

Potentiometer reading - 47.32 my 

--Pressure gradient along the test section - 540 mm H2O 

at 150 inclination, over 6m. 

Pressure at test section Pa 1026 mm H2O gauge. 

Calculat ions 

Air temperature - 024 x 0.62 - 15.660C (Appendix B) 

Water density 
, 
Pf - 996.7 (Appendix N) 

m 

Water volume flow rate Qfm 
14 5X 24 

m3/S 03 35.3T5 

0.006 7 m3/s (Appendix B) 

Mass flow of water - fQ f 6.683 Kg/s 

Air density f° 1.293 (76) 
+ 

1. 
_60367f 

Kg 
-m 
m 

(Appendix N) 



OW 

HP 11355+76 

. 
ý' 1.296 Kg/m3 

0 
. 14 

Mass flow of air - 1278.98 
pg 

abss. 
5 

X 
1+ 

h 
x (5) x 0.4 536 

. 
(Appendix B) 

1 

1278.98 (133 + 101.33) x 
1100 

x (1.8 x 151 + 492 
. 66) 

x t209.2 2x0.4536 
2.54 

Mg - 134 5.71 Kg/h 

Orifice plate correction factor (B. S. 1042) "- 0.968 

(Appendix B) 

. 
0. Mg - 1302.65 Kh 

- 0.3618 Sg 

to 
0.3618 

Qg = 0.2792 m3 js 

Pressure drop along test section: 

Corrected head loss - 540 mm H2O at 15° 

inclination, over 6m. 

Pressure gradient - 540 x 
9.806 Sin 15 

0.2284 KN 

m 

Void fraction: 

Calibration: tube empty IG 4937 my 

tube full IF 2674 my 



v%! ̀ * 

Test : IF = 130 + (93.42 x 27.61) 

2 709 my 

IM = 180 + (93.42 x 47.32) 

4600 my 

In (IG/IF) 
Q<- -0.8635 

In (IM/IF) 
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APPENDIX N COMPUTER PROGRAM FOR CONVERSION OF 

MEASURED QUANTITIES INTO USEFUL RESULTS 

The first step in developing this program was to 

relate the air and water properties as functions of 

temperature and pressure, and to express the calibration 

curves, correction factors etc. in an equation of the 

f orm 

Yf (x) = 
2- 

anXn 

n-O 

This was done with the help of a curve fitting 

computer library subroutine as explained in Appendix (K). 

Most of these equations have already been mentioned in 

the appropriate Appendices; the others are given below 

1. Air Properties: * 

ý 1.293 H Kg f9 
g+0. ?t ?6 

where H is the pressure in cm Hg and t in °C. 

(ii) The dependence of air viscosity on temperature 

is shown in Fig. Ni and was expressed by the 

equation, 

-5 10 
gf 

/C ýtý 

where 

ao = 1.70744 

a2 - 0.000031396 

a1 0.00612487 

2 
NS 'L 

an to 

n-0 

The data were taken from: Handbook of Chemistry and Physics, 53rd edition, 1972-1973, Editor: R. C. Weast. 
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2. Water Properties: * 

Figs. N2, N3 and N4 show the dependence of 

viscosity, density and surface tension, respectively 

on temperature. The appropriate equations are: 

NS 
3 

an to 1O 3fof (17) M2 r, 
: 2L 

n=O 

where 

a 1.77226 
0 

a2 ° 0.001026 

al -0.0557784 

a3 - -0.0000083 

3 

iii) 
,)ff 

(t) 
k3 

an to 
m 

n=0 

where 

ao m 999.903 

a2 d 0.00770233 

(iii) c-f (f) 

where 

ao ° 75.75 

a1 - 0.055173 

a 0.0000386 

1 
dynes 

=n cm an 

n=0 

al - -0.152 

This program incorporated a function, 'QGR', to 

calculate air flow rate for rotameters and then corrected 

these for calibration, and for pressure and temperature 

at the working conditions. The programs developed later 

to help carry out the analysis of the data incorporated 

* The data were taken from: Handbook of Chemistry and 
Physics, 53rd edition, 1972-1973, Editor: R. C. Weast. 
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� J. V 

this program in the form of a subroutine labelled 

'CONVERSION'. In the following, the meanings of the 

important variables are given followed by a listing of the 

program. 

(a) Nomenclature: 

D: pipe diameter, m 

DG: Air density at pressure (p) and temperature (T) 

of test section conditions. 

DG. O: Air density at atmospheric pressure and rota- 

meter working temperature (TG). 

DG1: Air density at 1 bar gauge, 19°C. 

DG2: Air density at 1 bar gauge and rotameter 

working temperature (TG). 

DG3: Air density at rotameter working pressure (pG) 

and temperature (TG). 

CT; Correction factor for rotameters. 

M: Total number of points. 

NR: Number of points taken with rotameters. 

NF: Number of points taken with air orifice meter. 

VD3: ln(IG/IF), a constant used in void fraction 

calculations. 

FACTR: Back off potentiometer constant for void 

fraction calculations. 

R, RR : Friction factor "- RR. Re R 

N: Test run number. 

EMF: Thermocouple emf (mv) 

T: Temperature at test section (°C) 
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HL: Head difference across water orifice (cm H20) 

PG : Working pressure of rot ameters or pressure 

upstream orifice (bar gauge) 

S1, S2, S3, S4 : Float height of each rotameter (cm) 

S: Head difference across air orifice (cm H20) 

ELE: Electrometer reading (mv) 

-POT : Potentiometer reading (mv) 

PE: Pressure gradient (mm H20/m) 

P; Test section pressure (mm H2O gauge) 

EL: Electrometer reading for tube full of water 

conditions. 

PT: Potentiometer readings for tube full of water 

conditions. 

K; Flow pattern type, i. e. 

Bubble == 1 

Slug =2 

Stratified 3 

Wavy =4 

Annular 5 

Plug =6 

VDF: Void fraction 

DF: Water density 

VF, VFF: Water viscosity 

VG, VGG: Air viscosity 

STN: Surface tension 

TG: Air temperature upstream orifice meter 

QF; Water volume flow rate 

WG: Air mass flow rate 
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REG : Air Reynold's number 

ZR : Reynold's number correction factor. 

EXPC: Expansibility correction factor. 

(b) Listing of the program 

SUBROUTINE CONVERSION 
DIMENSION TG(370) 
COMMON DG1DG2, DG3, N(370), T(370), P(370), VDF(370), DF(370), 

1DG(370), PE(3'70), QF(370), QG(370), WG(370), K(370), D, PI, AP, 
2M, STN(370), R, RR, VGG(370)aVFF(370) 

READ(5,316)M, NR, D, VD3, FACTR, R, RR 
316 FORMAT( 210. - 5F0.0) 

WRITEC6,318)M, NR, Di VD3, FACTRaR, RR 
318 FO RMATC 1H1, ////, 4X, -2I 10,5F10.6, //// ) 

PI=3.14159265 
AP=(PI/4)*D**2 
H1=C. (101325. +100000" )/ (13550"*9.807) )* 100" 
H0=(1.01325"/(13550"*9.807))*100" - 
DG1=1.293*(H1/ 76")/(1"+"00367*19" ) 
NF=M-NR 
WRITE(6,410) 
WRITE(6,413) 

413 FO RMAT(4X, 2HN0,4X, 3HEMF, 3X, 4HTEMP, 4X, 2HHL, 5X, 2HPG, 4X, 
12HHS1,4X, 2HS2,4X, 2HS3,4X, 2HS4,4X, 3HELE, 4X, 3HPO T, 5X, 2HPE, 
26X, 4HPRES, 4X, 2HEL, 5X, 2HPT, 4X, 5HPATRN ) 

WRITE(6,414) -- 
414 _FO 

RMAT C . 10X, 2HMV, 6X, 1 HC, 3X, 5HCMH20,4X, 3HBARa 3X, 2HCM, 4X, 2HCM, 
14X, 2HCM, 4X, 2HCM, 18X, 7HMMH2O/M, 4X, 5HMMH2O ) 

DO '301 1=1, M 
IF(I. GT. NR)GO TO 302 

.. 
READ(5,303)N(I), EMF, T(I), HL, PG, S1, S2,53, S4, ELE, POT, 

1PE(I), PCI)aEL, PT, K(I) 
303 FORMAT( 10,14F0.0,10) 

WRITE(6,304)N(I), EMF, T(I), HL, P6, S1, S2, S3, S4, EL, E, POT, 
1PE(I), P(I), EL, PT, K(I) 

304 FORMAT (I 8, F7.3, F6.1F8.1, F6.2,4F6.1, F7.1, F7.2, F9.2, 
1F8.2, F7.1, F7.2,16) 

GO TO 307 
302 . -READ(5,305)N(I), 

EMF, T(I), HL, PG, S, ELE, POT, 
1PE(I), P(I), EL, PT, K(I) 

305 FO RMAT (I 0,11 F0.0,10) 
WRITE(6,306)N(I), EMF, T(I), HL, PG, SiELE, POT, PE(I), P(I), EL, PT, K(I) 

306 
.. 

FO RMAT (18, F7.3, F6.1, F8.1, F6.2, F24.1, F7.1, F7.2, F9.2, F8.2, 
1F7.1, F8.2, I6) 

307 VD1=ELE+FACTR*POT 
IF(VDI"EQ"0.0)GO TO 313 
VDL=EL+FACTR*PT 
VD=ALO G(VD1/VDL) 
VDF(I)=VD/VD3 
IF(D. GT. 0.130)GO TO 317 
IFCK(I)"EQ"3. OR. K(I). EQ"4)G0 TO 315 
IFCKCI). EQ. 34. OR. K(I). EQ. 43)GO TO 315 
G0 TO 314 -_: S 
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315 VDFC I)=-0.007968920837+0.6902376155*VDF(I)+0.3472509355 
1*VDF(I)**2-0.03755343158*VDF(I)**3 

GO TO 314 
313 VDF(I)=0.0 

GO TO 314 
317 

. 
VDF(I)=0.0004023068891+1.360189569*VDF(I ) 

1-0.7472010053*VDF(I)**2+0.61 14242107*VDFC I)**3- 

._ 
20.227020.7231*VDF(I)**4 

314 H=P (D/ 135.5+H0 
P(I)=H* 13.55* 1000" *9.807/ 100000.0 
DF(I )=999.903+" 0551 73*T(I)-" 00770233*T(I) **2+" 0000386*T(I)**3 
DG(1. )= 1.293* (H/ 76" )/ (1 "+" 00367*T(I) ) 

_"VF=1.77226-"0557784*T(I)+. 
001026*T(I)**2 

1-"0000083*T(*I)**3 
VG=1.70744+"00612487*T(I)-"000031396*TCI)**2 
STNCI)=75.75-C5.85/38.5)*T(I) 
VF--VF/1000- 
VG=VG/100000o 
VGG(I)"=VG 
VFF(I)=VF 
PE(I)=PE(I)*249.09/ (2.54* 10" ) 
TG(I)=(24. /. 95)*EMF 
DG0= 1", 293* (H0/ 76" )/ C 1" +" 00367*TG(I) ) 
QFC I )= (1 "'45/ 30") *HL**" 5* 101.94 
1 F(I )= QFC I )/ 3600.0 
IF(I"GT"NR)GO TO 308 
DG2=1.293*(H1/76")/C1"+"00367*TG(I)) 
H3=C(101325. +PG*100000")/(13550"*9.807))*1004 
DG3=1.293*(ii3/769)/ (1"+"00367*TG(I)) 
QGC=QGR(SI)+QGR(S2)+QGRCS3)+QGRCS4) 
WG(I)=QGC*DG0 

_ QG(I)=WGCI)/DGCI) 
GO TO 301 

308 PGAB=PG*100"+101.325 
IF(S"EQ"0.0)GO TO 309 

.. 
WGCI)=1278.98*(CPGAB/6.8948)/CTGCI)*1.8+492" ))**"5* 

1 CS/ 2.54)**" 5*" 45359 
REG=WGC I )/ (" 00469*" 45359) 
RX= ALO G (RE G) 
ZR="9945152513+"03265792929*RX-. 004168990102*RX**2 

1+" 0001330225936*RX**3 
EPY=S/ 02.54*PGAB/6.8948) 
EXPC=1.0-0.01455333*EPY 
WG( I)=WG (I) *ZR*EXPC/ 3600.0 
QGCI)=WG(I)/DG(I) 
GO TO 301 

309 WGCI)=0.0 
301 CONTINUE 

WRITE(6,410) 
410 FO RMATC////////// ) 

WRITE(6,411) 
411 FORMAT(3X, 2HNO, 4Xý 4HTEMP, 3X, 5HPRESS, 5X, 2HQF, 8X, 2HQG, 7X, 2HDG, 

16X., 2HDF, 7X, 2HWG, 5X, 3HVDF, 9X, 2HPE, 4X, 6HPATERN ) 
WRITEC6,412) 

412 ". 
FORMAT("1 1X, lHC, 4X, 5HKN/M2,5X, 6HM3/ SEC, 3X, 6HM3/ SEC, 3X, SHKG/M3, 

13X, SHKG/M3,4X, 6HKG/ SEC, 17X, 4HN/M3) 
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DO' 310 I=1, M 
WRITE (61311)N(I), T(I), PCI), QF(I), QG(I), DG (I). PDF(I), 

... 
1WG(I), VDF(I). oPE(I), K(I) 

311 "FO RMAT (I 8, F6.1, F8.2,2F 10.6, F8.4, F8.3, F9.5, F6.3, F 13.4,18 ) 
310 CONTINUE 

WRITEC6,410) 
RETURN 
EN D 

._', UNCTION QGP. (S) 
COMMON DG1, DG2, DG3, N(370), T(370), P(370), VDF(370), 

1DF(370), DG(370), PE(370), QF(370), QG(370), WG(370), K(370), 
2D, PI, AP, M, STN (370), R, RR, VGG(370), VFF(370) 

. 
Q=69.79848882+20.23981018*S+0.0253036929*S**2 

1+0.01238440072*S**3-0.0002735459412*S**4 
CT=((DG3*DGI)**"5)/DG2 
QGR=Q*CT/ 60000.0 

_ QGR=QGR*(3.4/3.75)+"0007013 
I F(S. EQ" 0.0) QGR=O. 0 
RETURN ' 
END 



APPENDIX P DUKLER AND TAITEL MODEL 



515 

APPENDIX P DUKLER AND TAITEL MODEL 

P. 1 GEOMETRICAL CONSIDERATIONS 

From the figure 

Xh f- D/2 
cosß°D2=D/2 

.. cos 6- 2hf 1 

Sin 1- (2h f1)2 

hf 
hf 

hi 

L_ 

O 
-W -ß'7C- cos 

1(21 
f-1) 

Af- 
Ze ( D2) + 22(D/2) sin ß- (D/2) cos 

2_ 
a D2 + -Dý-- (2hf-1) 1-(21f-1 

] 
of 

AZ 
ýý - cos 

1(2hf-1)+(2hf 
1) 1- (2hf-1)2 

D (P1) 

AV 
Aýg 

Äg = -- -4 
{cos1(2-1) 

+ (2hf-1) 
I1 

(P2) 

Sf -S DD 2 iZ aT- cos 
1(2h 

f 1) (M) 

Si SD i-D2 &) (D) sin, 8 -1- (2h f-1)2 (P4) 

S . 10 S- Dg . Cos- 
1(2hf-1) 

g (P5) 
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P. 2 THE MODEL 

Momentum balance in the liquid phase 

dP 
- Af ()- 'wf Sf + ý-i Si -0 

or 

(dý) ° Lwf Ä+ (P) 
fi Af 

and in the gas phase 

_ Ag (ciz) ýwg Sg Li Si 0 

or 
S 

(F Z) 
Z- gz (P7) 

wg Äg i Äg 

Subtracting eq. (P7) from eq. (P6) gives 

Ä 
'C 

wf 
fSi (1 - 

1) 0 (P8) 
wg gf 

Af Ag 

P. 3 SOLUTION 

Let us assume that 

Zf 
ýf 

z 
am f 

ý9 
gLf 

Fg (Ug Uf)2 
wf f 2" wg g- 22 

(P9) 
also Uß « Ug , hence ýi '= f1 

fg 

29 

substitute in eq. (P8) 

Ff Sf 
-fg U2 

SfSS 
-f f2 iJf + fg 

gI+ 
(Af + 

i) 
-O 

ggg 
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defining the non-dimensional parameters, 

^' Uf 
U f us 

g 

P-0 
u 

Ug us 
9 

rN 

ff 1 US f+fg-ý-Us ~Ug 
-Ä'+ f9g 

- 
fi 
c 

factorising fg 2 2 

si 
+ Äi) =0 Af g 

ßs9 

D 

o- 01- OW f Usf S 
ýý 

SfSS 
- ff (f---2 )f iTf +g+ fi (, i 

+0 (P10) 
g fg Us Af Ag gAf Ag 

dP 
4f 

Sf 
ý, ýý2 dP 4f 

but since (dZ) D (2 fs 
f)' 

(d 
Z) a s9 

(g U2 ) 
sf sg D sg 

X2 
(dP/dZ) 

sf and X (d 

then from eq. (P10) after rearranging 

o- .r Sg+ 
( -+Si) 

X2 sg9 Af ^U2 (P11) 
g ff Sf 

f 
sf Af 

but since 

ff Cf Rem fg Cg Reg- m 

f 
sf 

Cf Re-f fsg" Cg Resg 
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ff 
(Dm DÜ 

-m 
Sf D USf 

(f f) 

also 
f 

(D U)-m 

sg 9, 

eq. (P11) then becomes 

N -4 N 

mSS 
(Ug Dg) -+' ii +) 

X2 
gg Af .g 

m --' 
iUf D f) 

Sf 

0- Af 

4A 
,,, 

4A 
where Dg-, Dg = r---- -- 

g+ Si s9 + Si 

4A 
,., 

4A 
Df 

Sff Df QS 
f 

From eqs. (P7) and (P9) 

- (Fz) fg (2 fg 
gU2 

I)g (Sg +f I- S Ng 
g 

N 

f(f U2 )g1 (S + 
fi 

S gg Sg ÄDgg 
g 

or 
NI7 

% Si) 
sg sg Ag g9 

and since 

fge,.. 
,.. -M 

ý2 
(-) 

(D Ug) and .gý -dP-..... ýg go (Fz) 
sg 

(P12) 

(P13) 

(P14) 
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21 Cu Dgl-m 
go 9 

From eqs. (P6) and (P9) 
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U2 

0%0 (S + 
ßi 

S) (Pl5) g 
Ag 

g 

ý2 - (dZ) ff (ýf i7f) 
S-fi 

(2 
'Pg 

gS )Ä 
g 

sf sf 
Af sg sg g Af 

or 
^U2 ý-2 

2f -m 1 ,.. 0. -m Af 
Ufo (UfDd Sf - --ý (UgDg) A2 Si (P16) 

Af 
g 

substituting for X2 from eq. (P11) we get, 

2 Sf Uf -m Si 
Ufo 

Ä 
(Uf Df) 1- 

SfSS 

Ag g If Ag 

(P17) 

Equations (P12), (P15) and (P17) are the results of 

the model. For most stratified flows, Uf U9 and in 

what follows the model is solved without imposing any 

restrictions on Uf. 

From eqs. (PG) and (P9), 
ABC 

ý Sg 
ý2 ()f( ýf )-fi( 

gU2) Ai - 
If LT) iý 

ffgfgf 

+ 2f i2 g g) (ý 
Si 

(P18) Af 
g 

D 
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From continuity 

also 

Us f Af Uf 

Usg g 

f ff U2 
X2 s-f- () -us-9 

(P19 ) 

sg 
ýg g 

term A 

aff 
4f 

sf .ff 
Us f Uý. ff 

(_ d P, U2 
3f 

fsf 2D f A, fsf dZ 
sf 

f Af 

term B 
N 

a_ 
fi 4fs9 9Ug2 Si fi 

(_ dPý ^U2 
Si 

gDg Af 
Sg 

dz 
Sg g Af 

term C' 
ssU2 

fi i2 ýg uf) fi 
d) i Uf iUsf ) 

sg sg 
Äf 

sg 

term D 

a2fig 
g) 

Uf 
f 

2 () 
s 

(u 
g 

(s) 
Usf ) 

gA 9 g sg c sg 

from eq. (P19) 

Usf 
(f sg) ()x 

sg 
sf I 

but 

sf sf g 
mm 
7U -2 U 41 _ 

Us 
f_) (y ) (j-ýs-g) x 

sg -Ti 
sf 

k- 

or 
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1_m 2-m 

(y X (P20) 
sg 9 

hence at a given temperature and pressure, eq. (P20) 

can be written as 

USß 
K X. 

sg 

where n= 
2-m f 

and K (g)am (yg) 
f 

substituting back in eq. (P18), we get 

Sg 
! ýf (Df Uf)-m"Uf (Dg Ug) 

m~g 
ýi x2 

0 Af Af 

- (n ü)-m ~tr 
9g 

0- S n-2 

1- 
KX 

Af 

Si 
_2 X2n-2 

Af 

From eqs. (P7) and (P9), 

(P21) 

ABC 

dPý 
af . tit) 

g+f Si 
+f 

2) Si 
99g Ag 19g Ag i giJf g 

- 2f1( 
g 

Ug Uf) (P22) 

D 
term A 

sg 
ýg 

sgý 'U2 sg ßs dP) '^U2 g 
sg DgÄ ý`sg dZ 

sg g 
g Ag 

(P20) 

+ 
0- 

2(D 
g 

Ug) u9 Uf 



522 

termB 
r 

ßi 4f 
sg 

fg 
sg) ~ Si fi dP) BZ 

Si 
sg 2D g Äg g Sg g Äg 

term C 

H 

fi2g U2 ý,. 'Äiý (' äzý u2 ýý 
2Sggg 

sg sg f sg Ag 

term D 
N 

ýý. Zf1 (2fgUgUf)ý'- C- ) UgUf CUB) 
s 

9 sg sg sg Ag 

substituting back in eq. (P22), we get 

f- 0- 
2 l 1~ u -m -b2 

Sg 
+ (D U )-m 

S 
0i+ 

g0 4 (Dg Ug) 
gggg 

j- -m -ýý S 
.. -mS (Dg Ug) iTf K2 X2n i- 2(D 

g 
Üg) Üg Üf K Xn 

Ag Ag 

Fqucctthn S P(z 1) -n d p(23) acre the predictlönSPc 
) 

the model. From eqs. (P8) and (P9), 

fg( gUg) 
-ff(f Uf) 

Sf 
+ ßi f (U -U )2 

g Ai ggf 

S+ 
Ai) -o 

g 

which reduces to 
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N /"' 

-dP U2 ýj ) ß) () 'u2 sg 
- -=) ( . 

Sf 
+ sg 

sg g Ag sf sf Af 

S. Sffý. U2 
(-) (rl + 

,r4 
(") g+ (_) t1f " 

sg 1g Aß sg sg sg 

_ 
2f 

)f (g) =0 
sg sg 

finally ` 

f'S ^1 fSSSf,. 
X2 ý- uffJL (ý-) g 

, gig + (+ý') ýg 

sf Af sg Ag Ag Af sg 

+ (Si + 
Si) 

(f1 ) ~Uf K2 X2n -2i+ 
Si) 

(ý)UgUfKXn 
Ag Af sg Ag If sg 

(P24) 

Equations (P24), (P23) and (P21) are the results of 

the exact solution. 

P. 4 CALCULATIONAL PROCEDURES 

For both solutions mentioned above the main parameter 

required for, the calculation is the liquid level hf and 

some criteria for calculating the friction factors. For 

the approximate solution given by eqs (P12), (P15) and 

(P17) the calculational procedure is straight forward. 

However, for the exact solution it is not as simple 

and iterative procedure using computer has to be done. 

The program is given later with nomenclature. The 

calculational procedure was 
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(i) The properties were calculated knowing the 

temperature and pressure of the system, then the term 

K given by eq. (P20) was calculated. 

(ii) Approximate value for X2 was calculated using 

eq. (P12), i. e. assuming Uf <C Ug. Equation (P24) was 

written in the form 
n 

'YýQA+BYn+CY2 (P25) 

where Y- X2, A, B, and C are the coefficients of 

eq. (P24). 

Substituting the approximate value of Y (i. e. X2 ) 

in eq. (P25), a better value of Y is derived. This new 

value is used to calculate a better estimate and so on. 

The iterative procedure is termined by some convergence 

criteria, such as Ynew - Yold 0.001. 

(iii) Knowing the values of X and h f, the friction 

multipliers were then calculated using eqs. (P23) and 

(P21). 

COMPUTER PROGRAM 

NOMENCLATURE 

PI l 3.1415926 

T Temperature IC, 

H Absolute pressure in cm Hg 

FI Interface friction factor 

FG Gas friction factor 

DG, DL Density of gas and liquid respectively 

VG, VL Viscosity of gas and liquid respectively 
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pT Properties Term 

AG, AL C/s area of gas and liquid respectively 

SG, SL, SI Periferal distance gas and liquid at the wall 

respectively, and interfacial distance 

UG, UL Gas and liquid velocities 

DGH, DLH Hydraulic diameter gas and liquid respectively. 

LISTING OF THE PROGRAM 

PROGRAM(MODEL) 
INPUT 5=CRO 
OUTPUT6=LPO 
TRACE 2 
COMPACT 
END 
MASTER 'MODEL 
IMPLICIT DOUBLE PRECISION (A-H. #O-Z) 
COMMON AAA, BBB, CCC, B, AB, RY, PP 
PI=ACOS(-1.0DO) 
T0=10.0 . 
H0=76.0 
AB=09 000000001DO 
T=TO 

, H=HO 
FI=l. 0D0 
FG=l. OD0 
R1="2D0 
R2=. 2DO 
RR=-R1 
NN=O 
M=26 
HLL=0"G1D0 
WRITE (6,3 0) PI 

30 FORMAT(/////F30.20s//////////) 
130 JJ=0 

H=HO 
40 WP. I TE (6,70) 
70 FORMAT(lH1,4X, 'P CM HG', 6X, 'TEMP C', 7X, 'ACCUPACY OF X ', /) 

WRITE( 6,60)H, T, AB 
60 FORMAT(4X, 2F10.3, F20.10, ////) 

WRITE(6,50) 
50 FORMAT( 1OX, 'HL', 1OX, 'TPt1G', 10X, 'TPtIL', 11X, 'X2', 11X, 'X's 

19X, ' TPMLM', 9X, ' TPMGM', 4X, 'ITERATIONS', //) 
HL=. O1DO 
B=2.0D0/(2.0D0+RR) 
FF=2. ODO*B-2.0DO 
ZZ=B-2. ODO 
SS=(1.0D0+RR) /(2.0D0+RR) 
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C 
C START OF PROPERTIES CALCULATIONS 
C 

DG=1.293*(H/76.0)/(1.0+0.00367*T) 
DL=999.903+0.055173*T-0.00770233*T**2 

1+0.0000386*T**3 
VG=1.70744+0.00612487*T-0.000031396*T**2 
V1=1.77226-0.0557784*T+0.001026*T**2 

1-0.0000083*T**3 
VL=VL/1000.0 
VG=VG/100000.0 
PT=(DG/DL)**(SS)*(VL/VG)**(CRR*B)/2. ODO) 
DO 10 I =1, M 
IF(HL. GT"0.1D0"AND"HL"LT"0.9D0)'HLL=0. IDO 
I F(HL " GE. 0.9 D0) HLL=0.01 D0 
KK=O 

C 
C CALCULATING THE NON-DIMENSIONAL PAPAMETERS 
C 

FI=3.0D0-4"OD0*(0.50D0-HL) 
F=2.0DO*HL-1.0D0 
AL=0.25D0*CPI -ACOS(F)+F*((1 "0DO-F**2)**. 5D0) ) 
AG=0.25D0*(ACOS(F)-F*((1"D0-F**2)**. 5D0)) 
SL=PI -ACOS(F) 
SG=ACOS(F) 
SI = (1 . D0-F**2) ** " 5D0 
UL=(PI/4. D0)/AL 
UG=(PI/4. D0)/AG 
DGH=(4. D0*AG)/(SG±SI) 
ÜLH=4. D0*AL/(SL) 
HH=(DGH*UG) **RR 
TT=(DLH*UL)**RR 

C 
C CALCULATING THE MARTINELLI AND TWO PHASE 
C MULTIPLIERS ASSUMING UL<<UG 
C 

AA= (C SG/AG) + (FI /FG) *C (S I /AL) + (S I /AG))) *HH 
X2=(AA*(UG**2))/CC(SL/AL)*(UL**2))*(TT)) 
TPMG=C (UG**2) *(SG+(FI/FG) *SI) /(4"D0*AG))*HH 
BB=SL*(TT)-((I"D0/X2)*((AL/AG)**2)*SI*HH) 
TPML=C(UL**2)/(4"D0*AL))*BB " 
TTT=TT*CUL**2)*CSL/AL) 
AAA=(HH/TTT)*(UG**2)*((SG/AG)+CCSI/AG)+(SI/AL))). 
BBB=(HH/TTT)*((SI/AG)+CSI/AL))*((UL*PT)**2) 
CCC=2. ODO*(HH/TTT)*((SI/AG)+(SI/AL))*UG*UL*PT 

C 
C CALCULATING A BETTER ESTIMATE OF MAPTINELLI 
C MULTIPLIER BY I TERATI ON"NO RESTRICTIONS ON UL" 
C 

Y0=X2 
RY0=X2**. 5D0 

110 Y1=XM(YO) 
IiIi=K1"i+ 1, 
PPO=DABS(RY-RY0) 
IF(PPO"LE"PP) G0 TO 80 
KK=KK+1 
RY1=RY 
Y 2=XM (Y 1) 
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PPI=DABS (P. Y-RY1) 
IF(PPI. LE. PP) GO TO 90 
KK=KK+ 1 
RY2=RY 
Y00=Y0-(C CY 1-Y0)**2)/(Y2-2.0*Y1+Y0) ) 
RYP0=Y00**. 5D0 
PP=AB*RY00 
PP2=DABS(RY00-RY2)' 
I FC PP2" LE. PP) GO TO 100 
Y0=Y00 
GO TO 110 

$0 X2=Y1 
X=RY 
GO TO 120 

90 X2=Y2 
X=RY' 
GO TO 120 

100 X2=Y00 
X=RY00 

C 
C CALCULATING THE NEW TWO PHASE MULTIPLIERS. 
C 
120 AAL=(TT)*(SL/AL)*(UL**2) 

BBL=HH*'(SI/AL)*(UG**2)*(1.0DO/X2) 
CCL=HH*(SI/AL)*(UL**2)*(PT**2)*(X**FF) 
DDL=2.0DO*HH*UG*UL*CSI/AL)*PT*(X**'ZZ) 
TPMLM=0.25D0*(AAL-BBL-CCL+DDL) 
AAG=HH*(UG**2)*(SG/AG) 
BBG=HH*(UG**2)*(SI/AG) 
CCG=HH*(UL**2)*(PT**2)*(SI/AG)*(X**(2.0DO*B)) 
DDG=2. ODO*I-iH*UG*UL*PT* C SI /AG) *(X**B) 
TPMGM=0.25D0*(AAG+BBG+CCG-DDG) 
WRITE (6,2 0) HL, TPMG, TPML, X2, X, TPMLM, TPMGM, KK 
HL=HL+HLL 

10 CONTINUE 
20 FORMAT(3F13.3,2F15.6,2F13.3, I10) 

H=H+HO 
JJ=JJ+1 
I F(JJ. LT" 3) GO TO 40 
T=T+TO 
NN=NN+1 
I F(NN. LT. 3) GO TO 130 
STOP 
END 
FUNCTION XM(Y) 
IMPLICIT DOUBLE PRECISION CA-H, 0-Z) 
COMMON AAA, BBB, CCC, B, AB, RY, PP 
XM=AAA+BBB*(Y**B)-C'C*(Y**(B/2. ODO)) 
RY=XM**. 5D0 
PP=AB*RY 
RETURN 
END 
FINISH 

16- 50-55- 
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APPENDIX T FRICTION PRESSURE DROP CORRELATIONS 

Details of the friction pressure drop correlations 

used in comparison with the experimental data are given. 

here. 

T. 1 HOMOGENEOUS FLOW MODEL 

(dP) o 
H2 

x+ (1-x) 
(Ti) dZ 2D fig -717 

where %H obtained from the friction characteristic 

corresponding to Re Q ZCGD/H- 

with 

(T2) 

HQf++g 

Qf/ f ýg + (1-13) 
f (T3) 

2 
dP fo (d 

Z) f 2D f 
(T4) 

0 

where fo obtained from the friction characteristic 

corresponding to Re "D (T5) 
f 

x 'ýýH [ 
Hence X62 f+ (1 - x) (T6) fo -7-f T9 

'-A G2 
Also (dZ) 

2D (T7) 
go g 

where 
"Ago 

obtained from the friction characteristic 

corresponding to Re - 
GD 

(T8) 
g 

Hence 
, 
{b 

go - , TH x+ (1-x) 
ß 

(T9) 
go ß 
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T. 2 LOCKHART-MARTINELLI 

22 
and 09 are given in Fig. T. 1 and Table Values of 0f 

T-1 to a base of parameter X where 

X 
(dP/dZ) f (T10) 
(dP/dZ) 

%1 (1 - x)ZG2 
and (dZ) fD (T11) 

ff 

with obtained from the friction characteristic 

corresponding to 

Re a 
(1-x)GD (T12) 

x2 G2 
(äz) 2D (T13) 

g F9 

with 
%% 

g obtained from the friction characteristics 

corresponding to 

Re xGD (T14) 

ex 

Now ¢f 0f (1 - x)2 
' 

(T15) 
0f 

0 

and 02 = ßö2 x2 ---g 
0 

(T16) go g g 

T. 3 CHENOWETH- MARTIN 

Here the values of 
2 

are obtained from the 
0 

experimental data shown in Table T-2, knowning the liquid 

volume fraction 

Q 
1- ßQfQ (T17) 

g 
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J 
1 

100 
-$- 

Of 
W 
1- 
W 

.Q DC 

YY Viscous VISCOUS 

Vt YI SCOUS TURE3WLENT 

tV TURBULLNT VISCOUS 

tt TURBUL. FNT TURB[JLENT 

10 

Z 

.v ýr cY 
LL 0"Ol 

0.01 o"io 1 10 100 
PARAMETER X 

FIE. T1 

REFA? ý0 INS, : PS ßE i : ̀1EEN , AND X FOR ALS. 
FLOW ti1ýý'ý! A'ýISMS (LOCKHART 5Y MAQTINELLI)_ 

�... ý: 
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All Turbulent- Viscous- Turbulent- Viscous- 
Mechanisms Turbulent Turbulent Viscous Viscous 

x Of 
. 
69 Of 119 Of 0g Of 0g 

0.01 - - 128 1.28 120 1.20 112 1.12 105 1.05 

0.02 - - 68.4 1.37 64 1.28 58 1.16 53.5 1.07 

0.04 - - 38.5 1.54 34 1.36 31 1.24 28.0 1.12 

0.07 0.04 0'. 96 24.4 1.71 20.7 1.45 19.3 1.35 17.0 1.19 

0.1 0.05 0.95 18.5 1.85 15.2 1.52 14.5 1.45 12.4 1.24 

0.2 0.09 0.91 11.2 2.23 8.90 1.78 8.70 1.74 7.00 1.40 

0.4 0.14 0.86 7.05 2.83 5.62 2.25 5.50 2.20 4.25 1.70 

0.7 0.19 0.81 5.04 2.53 4.07 2.85 4.07 2.85 3.08 2.16 

1.0 0.23 0.77 4.20 3.48 3.48 3.48 3.48 3.48 2.61 2.61 

2.0 0.31 0.69 3.10 6.20 2.62 5.25 2.62 5.24 2.06 4.12 

4. b 0.40 0.60 2.38 9.50 2.05 8.20 2.15 8.60 1.76 7.00 

7.0 0.48 0.52 1.96 13.7 1.73 12.1 1.83 12.8 1.60 11.2 

10 0.53 0.47 1.75 17.5 1.59 15.9 1.66 16.6 1.50 15.0 

20 0.66 0.34 1.48 29.5 1.40 28.0 1.44 28.8 1.36 27.3 

40 0.76 0.24 1.29 51.5 1.25 50 1.25 50 1.25 50 

70 0.84 0.16 1.17 82 1.17 82 1.17 82 1.17 82 

100 0.90 0.10 1.11 111 1.11 111 1.11 x. 11 1.11 111 

TABLE T-1 COORDINATES OF Ct AND 0 VERSUS THE 

PARAMETER X (LOCKHART-MARTINELLI) 

A 
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Liquid Volume 
Fraction 
(1 - 50 

Values of 

100 

Z 

200 500 1000 

0 50 100 200 500 1000 

0.00001 56.5 113 225 565 1125 

_0.00002 
58.5 117 235 585 1175 

0.00004 62.0 124 248 620 1230 

0.00007 63.5 127 254 635 1200 

0.00001 64.5 129 258 645 1150 

0.0002 66.0 132 255 580 950 

0.0004 67.5 129 249 470 680 

0.0007 65.0 121 219 385 470 

0.001 62.0 115 199 325 370 

0.002 58.0 99 153 215 215 

0.004 50.0 82 105 120 120 

0.007 41.0 60 71.0 72.5 72.5 

0.01 --34.5 48 53.0 53.0 53.0 

0.02 24.0 29.2 29.2 29.2 29.2 

0.04 15.0 16.1 16.1 16.1 16.1 

0.07 9.90 9.9 9.90 9.90 9.90 

0.1 7.40 7.4 7.40 7.40 7.40 

0.2 4.05 4.05 4.05 4.05 4.05 

0.4 2.22 2.22 2.22 2.22 2.22 

0.7 1.38 1.38 1.38 1.38 1.38 

1.0 1.0 1.0 1.0 1.0 1.0 

TABLE T-2 02 VALUES FROM CHENOWETH-MARTIN 
0 
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and a parameter Z, where 

Zb 
(dP/dZ) 

see equations (T4) and (T7). 
fo 

T. 4 BAROCZY 

Baroczy gives cif - function (property index, mass 
0 

dryness fraction, mass velocity), where 

property index ý`f 02 cý--, -) Ff g 
(T18) 

the method of evaluating 0f is as follows, 
0 

Step 1. Obtain values of pof from Table T-3 corresponding 
0 

to particular values of property index and mass dryness 

fraction. These values correspond to a mass 'velocity of 

1356 kg/sm2 (106 lb/hr ft2). 

y 
Step 2. Correct values obtained from Table T-3 using 

the 'multiplier ratio', obtained fio m Fig. T. 2 orT3 Which 

depends on the actual mass velocity being considered. The 

mass velocity correction factors can be greater or less than 

1 and are essentially empirical. Hence it is possible 

(with factors < 1) at low mass dryness fractions to 

obtain values of 0f < 1. 
0 

T. 5 CHISHOLM 

In this correlation 

Of n1+ (r2-1) 
[B(xx 

0 

m 
(1-x)' + (x) m (T19) 

k 
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where 

2a 
(dP/dZ) 

go 
, see equations (T4) and (T7) and 

fo 
m- 2-n, where 'n' is obtained from the friction relation- 

ship -k Re-n. Values of B for smooth tubes are given 

in Table T-4. 

T. 6 DUKLER CASE II 

ý2 
Here (dZ) eDZG (T20) 

where H- 13 fg + (1-ý) 
.Pf 

(T21) 

%1 1+R 4 2 1.281-0.478R+0.444R2-0.094R +0.00843R 

? 2) 

where R- In (1 - 
8) ' 

'Pf (1 -&)2 +f 
ß2 

7 o< 07 
(T23) 

In equation (T22), %, is evaluated from the friction 

characteristic corresponding to Re =V (T24) 

and f4 
H is defined as in equation (T3). 

H 

Hence 
2 (d P/d Z) 
fo (Cl P/ cl Z) fo 

(T2 5) 

according to equations (T20) and (T4). 
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G kg/sm2 B 

500 4.8 

9.5 500 GL1900 2400/G 

1900 55/G. 5 

9.5 28 600 520/ ( G' 5) 

600 21/ 

28 15000/( 2 G'5) 

TABLE T-4 VALUES OF COEFFICIENT B FROM CHISHOLM 
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APPENDIX U SAMPLE CALCULATION OF THE TWO 

PHASE FRICTION MULTIPLIERS 

Phase 1, Specimen Test Run No. 100109 

Air flowrate - 0.27856 m3/s 

Air density - 1.300 Kg/m3 

Water f1owrate - 0.0067 m 
3/s 

Water density - 996.67 Kg/m3 

Water temperature - 16.5 0C 

Pressure gradient - 0.2284 KN/m3 

Diameter - 0.127 m 

CALCULATIONS 

Water viscosity /J m 860.18 x lÖ-6 NS/m2 (Appendix N) 

Air viscosity 'M 1.8477 x C; -5 Ns/m2 (Appendix N) 

Mass flow of air, Mg - fg Qg - 0.27856 x 1.3 

0.3621 Kg/s 

Mass flow of water, Mf ff Qf a 0.0067 x 996.67 

6.6777 Kg/s 

0 Quality 
mg 

- 7.3621 
91 0.051436 

9f 

Total mass velocity, G= 
M- t ot 7.0398 

D2 
0.01266 

= 555.728 Kg/sm2 

GxD "- 555.728 x 0.127 - 70.578 Kg/sm. 
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(i) Experimental 

(ap) 
IA 

o G2 

f 2D T 
0 

Ref -J_ 
70.578 
. 18 

87X 
0,.,,, g° 82050.25 

From single phase tests and for Re L 100,000 

0 f 0.017781 

4P 
s0.017781x 

(555.728)2 
e21.69N/m 

3 
(Z)f 2x0.12 7x 996.6 74 

0 

2 (d p/d Z) Ex p. 228.4 10.53 biß 
0Qf= 

21.69 p/ A z3- - 
Exp 0 

By computer, 02 - 10.505 
oExp. 

Also 

0 

CA p) 
ego 

G2 
's'z `. 2 

g 

Reg = ýGD m 
70.578 3,819,775,4 

/99 1.8477 x 10 

From single phase tests for Re 7 100,000 

= 0.2122 Reg 0.2219 
0.007348 

90 

4p) - 
0.0X7348 x X555.728)2 

6872.53 Nfm3 
ga 

6.127- 1.3 - 

.. " 02 m 
(e P/ A Z) Exp. 228.4 

a 0.03323 goExp. Df 
0 
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By computer, 09 - 0.03319 
0 Exp. 

(ii) Homogeneous Model 

. 27856 Input gas volume fraction, 
Qg 0 

Q f+Qg O. 28526 

0.97651 

Input liquid volume fraction, 1-=0.02349 

Mixture viscosity, �H^? ýPg + (1,8)UGCf 

- (1.8043 + 2.0203) x 16-5 - 3.8246 x 10 5 NS 

m 

Mixture Reynolds number ." 
GD 70.578 

/uH 3.8246 x 16-5 

m 1,845,370,6 

Mixture friction factor, for Re > 100,000 

. 2219 0.008636 
?Ha0 

. 2122 Re 0 
H 

%2x 
1-x Mg 

2D 
Hgf 

0.008636 x (555.728)2 0.051436 0.948564 
2x0.7127 1. + 996.67 

- 425.44 N/m3 

. 
o2 

(Ap/AZ)HOM 
m (X p/ t. ZT- f 

oHOM. fo 

425.44 
. 19.615 

-... ý 2 r. 79-9- 

By computer, ý2 - 19.582 f °HOM 
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Also 

2m 
(/ PEA Z)HOM 425.44 

O'061904 
90HOM Af 68 2.5ý 

0 

By computer, 02 - 0.06187 
oHOM. 

(iii) Baroczy Correlation 

Property index -(14)02(ý). (860.18 x 10 60' 2( 1_ .3) 
/u9 - 

Sf 1.8477 x 1075 996.67 

0.0028117 

Quality x-0.051436 

From cif0 versis x graph for different values of property 

index, we get 

2 27.1 
°BAR. 

G- 555.7284, .. m0.41 
0 

By interpolation from G 0.5 and for xa0.056 (or 
.o 

we get the two phase multiplier ratio = 1.1 

. 
ý. ý2 on 27.3 x 1.13 -298 

°BAR. 

By computer, 0* 29.24 
°B AR. 

(iv) Chenoweth-Martin Correlation 

Liquid volume fraction, 1- 
13 - 0.02349 
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the parameter Z 
(a P/ A Z) 90 

, 
90 ff 

vP pf f9 
00g 

0.017781 on 0.007348 
f0 90 

0.007348 996.67 
m 316.827 Z=ý. 1. ßr 

From tables *of Z vs l-)8 given in Appendix T, 

ßi2 ad 25.8 
oCH_MR 

By computer, of - 
oCH-MR 

25.43 

(v) Chisholm Correlation 

( p/A Z)g 
6953) 

n 17.8 r o) 
a 

2121.6 

f° 

0.2122 Re 0.2219 

Hence na0.2219,2-n - 1.7781 

and 0.88905, also x-0.051436 

2-n 2-n 
2+ (r2-1) 

[B J2 
(1-x)2+x2-n 

°CH. 

For r in the range 9.5 to 28 and G 600, 

B_ 520 520 
1.239 !rG 

17.8 x (555.728)1 
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2-n 

(x )ý (0.051436) 0.88905 
. 0.07149 

2-n 
(1-x) 2. (0.948564)0.88905 0.95414 

2-n 2-n 

B (x) (1-x) n 0.084514 

x2-n (0.051436)1.7781 0.0051109 

.. 02 -1+ (316.84 - 1) (0.089623 + 0.0051109) 
OCH 

29.31 

By computer, 02 - 29.27 

0 CH. 

(vi) Lockhart-Martinelli Correlation 

2 
(ý) 

f 2Df_ff 
(1 - X)2 

Ref - (1 - 0.051436) (82050.25) - 77829.9 

For Re L 100,000 

eý`f = 0.01828 

P 0.01828 x (555.728)2 x (0.948564)2 (ma)ß 
x 0. -127 x 996.67 

- 20.066 N/m3 

a "ý`g G2 x2 
Also (Ä 

Z) f 2D 

Reg - (0.051436) (3819775.4) m 196474.0 
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I- 
.A 

for Re > 100,000 

-0.2219 %\ 
g»0.2122 Reg 0.014195 

AP) 0. 
x 

014195 x 
ö. 12 7 

(555. 
x 

728)2 x (0.051436)2 
- 35.125 N 

1.3 AZ 
gm 

The Lockhart-Martinelli parameter 

a 
(A P/ A Z) fIO 20.066 

1 
XLM 

1 
0.75583 

From tables in Appendix (T), 

Of 4.8837 
LM 

. 
ý. 

j6f - 23.85 
LM 

Also 

0 
gLM m 3.655 

.. 02 = 13.357 
" 

gLM 

2 (AP/A Z) tp 2 But, ýfLM a (& ffo LM 

N 

( Ap/A Z) tP 

f 0 

.ý. ý2 2 (A PJ Q Z, f2 

if 
° ý- (1 - x)2 OLM f LM 415 f0 £LM f0 

Ib2 (23.85) (o- 
01828 ) (0.948564)2 

0 LM 
22.0 

,* 
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By computer, 02 - 21.59 

0LM .. ý_ 

eA%g 
Also ! 52 ßö2 x2 = (3.655)2 (0.0141958) (0.051436)2 

°LM ; LM go 

a 0.06827 

-By computer - 0.06776 

(vii) Dukler Case II 

Pt (Q'Zý 
D= --ý..... G2 

2D 
-t p 

ftp aý fg + (1 -f4) 
t 

and - 0.97651 

PtP - 0.97651 x 1.3 + 0.02349 x 996.67 

"" 
- 24.68 Kg/m3 

g_, 

g) 2 

gis 
22 (1 ý+f 

Tt-P 
gi 

with « 0.864 

996.67 (0.02349)2 1.3 (0.97651)2 
'24.681 U. 13'6'"'_ + '23.4-12- 0, 

0.2251 

Let Na- In (1 -P) =- In (0.02349) = 3.7512 

tp1+ P 1.281+0.478N+O. 444N -0.094N +0.00843N 

A, 
(1 + 2----2) = 2.5354 1 



tP ý ýýý + (1 -ý )ýß 3.8246 x 1075 

70.578 x 0.2251 Re 415392.7 
3.8246 x 1075 

%11 
0.2122 Re70.2219 . 0.012022 

%1 
tp 2.5354 x 0.01204 - 0.30482 

(App 0 
0.030482 x (555.728)2 x 0.2251 

nztp 2x0.2 x 24.681 

338.02 N/m3 

2fo (gyp/, &Z)tp 338.02 15.584 
----ý-. 0D 1! f 21.69 

o 

By computer, 0f 15.37 
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APPENDIX V COMPUTER PROGRAM FOR THE FRICTION MULTIPLIERS 

CALCULATIONS 

NOMENCLATURE 

R, RR : Friction Factor - (RR) (Re R 

CRF, CRG, CRH,: Counters used to indicate the range of 
CRD, CRLMF, 
CRLMG Reynold's number for liquid, gas, homogeneous, 

Dukler, L-M liquid and L-M gas, and are used 

in subroutine RETEST. 

JJ =1 15,000 < Re < 100,000 

JJ =1 Re 2,000 

JJ =2 Re -;;, 100,000 

JJ =02,000 4 Re ' 15,000 

TME, TMEG, TMH Experimental Liquid, Experimental Gas, 

TMHG, TMD, Homogeneous Liquid, Homogeneous Gas, Dukler, 

TMCM, TMCH, Chenoweth-Martin, Chisholm, Lock. -Mart. 

TMLMF, TMLHG, Liquid, Lock. -Mart. Gas and Baroczy, Two 

TMB Phase Friction Multipliers respectively. 

TERM Momentum term 

GTOT, GTOTL Total mass velocity 

QUALTY Quality 

PINDX, C Property index (Baroczy) 

CHLMZ / (dp/dZ) `(dp/dZ) 1 2 
fo go 

RFT, RGT, RH, Experimental Liquid, Experimental Gas, 

RD, RFLM, RGLM Homogeneous, Dukler, Lock. -Mart. Liquid, 

and Lock. -Mart. Gas F{e hW-nbers respeevely" 
FFT, FGT, FH, Experimental Liquid, Experimental Gas, 

FD, FFLM, FGLM Homogeneous, Dukler, Lock. -Mart. Liquid and 

Lock. -Mart. Gas Friction Factor respectively. 
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PFT Pressure drop based on total mass flowrate 

flowing as liquid. 

PGT Pressure drop based on total mass flowrate 

flowing as gas 

P11', PD, Pressure drop for homogeneous and Dukler 

respectively. 

E, PSY, VD Terms used in Dukler correlation 

BCH Chisholm Factor 

WG, WF Laminar-Laminar Gas and Liquid (L-M) 

TTG, TTF Turbulent-Turbulent Gas and Liquid (L-M) 

VTG, VTF Laminar-Turbulent Gas and Liquid (L-M) 

TVG, TVF Turbulent-Laminar Gas and Liquid (L-M) 

BETA, B Input volume fraction 

Cl, CZ, C3, C4, Uncorrected two phase friction multipliers 
C5, C6 

(Baroczy) 

RTb]3 Two phase friction multiplier ratio 

SLBRYS Intermittent side of the boundary with 

separated f low 

STI3RY Separated side of the boundary with intermittent 

flow 

SLBRYA Slug side of the boundary with annular flow 

ANBRY Annular side of the boundary with intermittent 

flow 

FRF Liquid Froude number based on superficial 

velocity 

FRDM Mixture Froude number based on superficial 

velocities 
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SLSpp Slip ratio m U9/U f 

SLIP Slip - Ug - Uf 

WEBM Mixture Weber number based on superficial 

velocities 

RUS Usg/Usf 

RVD a/B 

FRG Gas Froude number based on superficial velocity 

SUBROUTINE CONVERSION . Converts raw data into useful 

inf ormat ion. 

SUBROUTINE RETEST Calculates friction factor using 

the tube friction characteristic 

SUBROUTINE CORRECTION : Calculates the mass velocity 

correction factor for Baroczy. 

PRO GRAM(TPDC2) 
O UTPUT6=LPO 
INPUT 5=CR0 
EN D 
MASTER TPDC2 

C 
C THIS PROGRAM COMPUTES THE EXP. TWO PHASE MULTIPLIERS 
C FOR BOTH GAS AND LIQUID. ALSO IT DETERMINES THE 
C MULTIPLIERS USING THE HOMOGENEOUS MODEL, DUKLER, CHI SHOLM, 
C CHENOWETH-MARTIN, BARG CZY, AND LO CKHART-MARTINELLI CORRELATIONS. 
C THE DATA PRESENTED HERE ARE FOR 6-5 INCH BORE PERSPEX 
C PIPE WITH AIR AND WATER AS THE TWO COMPONENTS BEING MIXED 
C AT THE BEGINING OF TEST SECTION. PRESSURE READINGS WERE TAKEN 
C AT A METRE INTERVAL ALONG THE TEST SECTION. 
C 

.. 
COMMON DG I, DG2, DG3, N (370), T(370), P(370), VDF(370), DFC 370), 

1DG(370), PE(370), QF(370), QG(370), WG(370), K(370), D, PI, AP, 
2M, STN (370), R, RR, VGG(370), VFF(370) 

INTEGER CRF, CRG, CRH, CRD, CRLMF, CRLMG 
DIMENSION TME(370), TMH(370), TMD(370), TMCH(370), TMCM(370), 

1TMLMF(370), TMLMG(370), TMEG(370), TMHG(370), TMDG(370), 
2TMB(370), TERM(370), CRF(370), CRG(370), CRH(370), CRD(370), 
3CRLMF(370), CRLMG(370), USF(370), USG(370), CHLMZ(370), 
4TG(370), BETA( 370), GTO TL(370), QALTY(370), PINDX(370) 

C K=1 BUBBLE 
C K=2 SLUG 
C K=3 STRATIFIED 
C K=4 WAVY 
C K=5 ANNULAR 
C K=6 PLUG 
C K=44 UNSETTLED WAVY FLO W" LI QUI D LEVEL BUILDS UP 
C DOWN STREAM 
C CR=-1" RE LT 2000 
C CR=O RE GT 2000 AND RE LT 20000 
C CR= 1 RE LT 100000 AND RE GT 20000 
C CR=2 RE CT 100000 
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CALL CONVERSION 
GASCT=. 000287 
GTOTH=4000.0 
DDZ= 2.5 
GRVTY=9.807 
R1= (2-R)/ 2 
R2=2*R1 
DO 20 I=1, M 
VG=VGG(I) 
VF=VFF(I ) 
USF(I)=QF(I)/AP 
USG(I)=QG(I)/AP 

C START OF P/ Z CALCULATION 
GTOT=(QF(I)*DF(I)+QG(I)*DG(I))/AP 
GTOTL(I)=GTOT 
RFT= GTO T* D/ VF 
CALL RETEST(RFT, FFT, CRF(I)) 

3 PFT=FFT*GTO T**2/ (2*D*DF(I) ) 
IF(QF(I)"EQ. O. O"AND. QG(I)"EQ. 0.0)GO TO 20 
TPME(I) =PE (I )/ PFT 
RGT=GTOT*D/VG 
CALL RETEST(RGT, FGT, CRG(I) ) 

9 PGT=FGT*GTOT**2/(2*D*DG(I)) 
TMEG(I )=PE(I )/PGT 
I FCRFT. LT" 15000"" AND. RFT. GT. 2000. ) TME(I)=0.0 
I F(RGT. LT. 15000.. AND. RGT. GT. 2000. ) TMEG (I)=0.0 

C HOMO GEPJEOUS MO DEL 
X=QG(I)*DG(I )/ (GTO T*AP) 
QALTY(I)=X 
B=QG(I)/ (QF(I)+QG(I) ) 
BETA(I)=B 
G=1-B 0, 
A=ALOG(G) 
ZGTOT=(GTOT/GTOTH)**B 
VH= VF* C 1. O+DDZ*B) *ZGTO T 
RH= G TO T* D/ VH 
CALL RETEST(RH, FH, CRH(I)) 

5 PH-FH*GTOT**2*(1.0/(B*DG(I)+(1-B)*DF(I)))/C2*D) 
TMH(I)=PH/PFT 
TMHG(I)=PH/PGT 
IF(RH"LT. 15000. " AND* RH"GT. 2000")TMH(I)=0. 
IF(RH. LT. 15000". AND* RH. GT. 2000. TMHG(I)=0.0 
IF(RFT. LT. 15000". APJD. RFT. GT. 2000")TMH(I)=0.0 
IF(RGT. LT. 15000. "AND. RGT. GT. 2000. )TMHG(I)=0.0 

C DUKLER CORRELATION 
IF(VDF(I). EQ. 0.0)GO TO 6 
DD=B*DG(I)+G*DF(I) 
F=-ALO C( G) 
E=1.281-. 47$*F+. 444*F**2-" 094*F**3+. 00$43*F**4 
PSY=DF(I)*G**2/ (DD*(1-VDF(I) ))+DG(I)*B**2/ (DD*VDF(I) ) VD=B*VG+G*VF 
RD= GTO T*D*PSY/ VD 
CALL RETEST(RD, FD, CRD(I)) 

7 FFD=FD*(1+F/E) 
PD= FFD* G TO T** 2* P SY/ (2* D* DD) 
TMD(I )=PD/ PFT 
TMDGCI)=PD/PGT 
I F(RD" LT. 15000.. AND. RD. GT. 2000. ) GO TO 6 GO TO 10 

6 TMD(I)=0. p 
TMDGCI)=0.0 
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C CHI SHOLM CORRELATION 
10 Z=FGT*DF(I )/ (FFT*DG(I) ) 

ZI=Z**"5 
IF(RFT. LT. 15000""AND. RFT. GT"2000")GO TO 35 

IF(RGT. LT. 15000" "AND" RGT" GT- 2000") GO TO 35 

IF(ZI. LE"9.5)GO TO 25 
IF(ZI. GT. 9.5. AND"ZI"LT. 28)G0 TO 26 
BCH= 15000/ (Z*GTO T**" 5) 
GO TO 27 

25 IF(GTOT. LE. 500)GO TO 28 
I FC GTO T. GT. 500" AND" GTO T"LT. 1900) GO TO 29 
BCH=55/GTOT**"5 
GO TO 27 

28 BCH=4.8 
GO T0.27 

29 BCH= 2400/ GTO T 
GO TO 27 

26 IF(GTOT. LE. 600)G0 TO 30 
BC1i= 21/ Z** "5 
GO TO 27 

30 BCH=520/ (ZI*GTOT**" 5) 
+X *<R2)). ' 27 TMCH(I)=1+(Z-1)*(BCH*X**(R1)*(1-X)**(R1) 

CHLMZ(I)=ZI 
IF(VDF(I)"EQ. O. O)GQ TO 33 
TK=T(I)+273 
TERN(I)=1-GTOT**2*(X**2*TK*GASCT/ (VDF(I)*P(I)**2) ) 

C CHENOWETH MARTIN CORRELATION 
C FOR LIQUID VOLUME FRACTION LESS THAN " 007, ERROR MESSAGE 

CIS PRODUCED SETTING THE TWO PHASE MULTIPLIER TO ZERO* 

C EXTENSION OF THE RANGE OF THE POLYNOMIAL FIT IS REQUIRED 
C FOR SMALLER VALUES 0F "B"- 

33 IF(G. GE. 907)GO TO 11 
-- -- -ICZýL: SO)GO-'I`Ö 12 - 

IF(Z. LE. 100)GO TO 13 
IF(Z. LE. 200)GO TO 14 
IF(Z. GT. 200. AND. Z. LE. 500) GO TO 15 
BS00=65.31393539+82.59327014*A+41.00736661*A**2+8.812604934*A**3 

1+"7983872946*A**4 
TMCM(I)=B500 
03 TO 40 

11 B0=. 9984778 75 7-1.03 1 743 70 7*A+"0314512655'3A2-. 3157101? 27A**3 
TMCM(I)=B0 
GO TO 4E 

12 B50=4.870768633+4.314395825*A+2.337328508*A**2 
TMCM(I )=B50-( 1-Z/50)*B50 
GO TO 40 

13 B100=2ý"1320003+17.34038494*A+4.2 1 22 6489 5*A**2-. 157322532*A**3 
B50=4.870768633+4.314395825*A+2.337328508*A**2 
TMCM(I)=B50+(Z/50-1)*(BI00-B50) 
GO TO 40 

14 B200=-. 4002432041-. 2335 71 275 1*A+2.696966803*A**2+1.185942557*A**3 
1+"2292410911*A**4 

B100=23.1320003+17.34038494*A+4.212264895*A**2-. 157322532*A**3 
TMCM(I)=B100+(Z/100-1)*CB200-B100) 
GO TO 40 

15 B500=65.31393539+82.59327014*A+41.00736661*A**2+8.812604934*A**3 
I+"7983872946*A**4 

B200=- " 4002432041-. 2335 712 751 *A+ 2.69 69 66803*A** 2+ 1.10594255 ? *A** 3 1+. 2292410911*A**4 
TMCM C I) =8200+ (B500-B200) * (Z- 200 )/ 300 

40 IFCG. LT.. 007) TMCMCI)=0.0 
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C LOCHHART MARTINELLI CORRELATION 

C LOCK-MART CORRELATION IS EXTENDED FOR XLM > 100 
C AND LESS 0R EQUAL TO 1000 

GO TO 31 
35 TMCH(I)=0.0 ý 

TMCM(I)=0.0 
31 RFLM=(1-X)*GTOT*D/VF ` 

IF(RFLM"EQ"0.0)GO TO 66 
CALL RETEST (RFLM, FFLM, CRLMF(I)) 
IF(RFLM"LT"15000""AND. RFLM"GT. 2000")GO TO 66 

32 RGLM=X* GTO Tex D/ VG 
IF (RGLM. EQ" 0.0) GO TO. 66 
CALL RETEST (RGLM, FGLM, CRLMG(I)) 
I F(RGLM. LT. 15000" " AND" RGLM" GT. 2000") GO TO 66 

34 XLM=((I-X)/X)*(FFLM*DG(I)/(FGLM*DF(I)))**. 5 
A= ALO G (XLM ) 
I F(XLM" GT. 100) G0 TO 57 
I F(RFLM. GT" 2000"AND" RGLM. GT. 2000) GO TO 50 
I F(RFLM" LE" 2000" AND" RGLM. GT. 2000) GO TO 52 
I F(RFLM. GT" 2000" AtJD" RGLM. LE" 2000) GO TO 54 
IFCXLM. LT. 1) GO TO 56 
VVG2=2.610404687+" 101283467*A+5.726725265*A**2-6.310718705*A**3 

1+4.280192873*A**4- 1.427159734*A**5+. 24425 78 11 7*A**6 
2-"01584725635*A**7 

VVF2=2.609930397-1.097911043*A+"5583817165*A**2-. 1951651221*A**3 
1+. 03620386668*A**4-"002659685406*A**5 

TMLMF(I)=VVF2**2 
TMLMG(I)=VVG2**2 
GO TO 60 

56 
.. 

VVFI=2.6099741 1- 1.025208328*A+"919352181 7*A**2+. 4503779331*A**3 
1+. 5050558188*A**4+. 1382119158*A**5+. 01900414834*A**6 

VVG1=2.61007206+1.475223603*A+. 6420600964*A**2+. 1302008707*A**3+ 
1.002216135198*A**4-"003097175991*A**5-"0003227634316*A**6 

TMLMF(I)=VVFI**2 
TMLMG(I)=VVGI**2 
GO TO 60 

50 1F(XLM. LT. 1) GO TO 51 
TTF2=4.199938412-2.051851893*A+. 9008215725*A**2-. 4161997166*A**3 

1+. 1394900102*A**4-"02451068379*A**5+. 001670453502*A**6 
TTG2=4.200 11 7503+2.287848357*A+" 3043882286*A**2+ 1.22 7 75 25 1 44*A**3. 

1-. 9313047181*A**4+. 3976301436*A**5-"07085705889*A**6+90053 
2768571 15*A** 7 

TMLMFC I)=TTF2**2 
TMLMG(I)=TTG2**2 
G0 T0 60 

51 TTF1=4.199281 747-2.477469389*A- 1.684998137*A**2-5.040648902*A**3 
1-3.89 7981432*A**4- 1.588436339*A**5-. 3029 78 7767*A** 6 
2-1102296824998*A**7 

TTG1=4.199943529+2.312901027*A+1.551428201*A**2+1.1.0225? 514*A**3 
1+"5371038997*A**4+. 1490180927*A**5+. 02124923531*A**6 
2+"00120931503*A**7 

TMLMF(I)=TTF1**2 
TMLMG(I)=TTG1**2 
GO TO 60 

52 IF (XLM" L T. 1) GO TO 53 
VTF2-; 3.48000021-l. 764228833*A+1.290241065*A**2-1.122938442*A**3 

1+"6231952608*A**4-. 1870006156*A**5+. 02820821765*A**6 
2-"001683874959*A**7 

VTG2=3.480333245-4.201908418*A+21.54483951*A**2-25.80776402*A**3 
1+15.699413 I 6*A**4-4.89 79 74195*A**5+. 7715 782588*A** 6 
2-"04747326846*A**7 

i 
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TMLMF(I)=VTF2**2 
TMLMG(I)=VTG2**2 
GO TO 60 

53 VTF1=3.4 79 44 18 23-1.1 11 333064*A+1.810215402*A**2+. 9576921T26*A**3 
1+"5605476801*A**4+"09663830564*A**5+. 01201352676*A**6 

VTG1=3.480064648+2.280113539*A+1.863252126*A**2+1.42330111*A**3 
1+" 71 75 259 202*A** 4+. 2048822674*A**5+" 030 1 3049 794*A** 6 
2+. 001 77667781 7*A** 7 

TMLMF(I)=VTF1**2 
TMLMG(I)=VTG1**2 

GO TO 60 
54 IFC XLM .LT. 1) GO TO 55 

TVF2=3.480032223-2.396720733*A+3.041953583*A**2-2.799168943*A**3 
1+1.424601836*A**4-. 3952810053*A**5+. 05633372155*A*'*6 
2-" 003228419148*A**7 

TVG2=3.4808563ß6-8.945210048*A+36.3454554*A**2-42.89041856*A**3 
1+25.60232101*A**4-7.9 3 24 19 743*A**5+1.238 1 349 34*A**6 
2-" 07576584718*A**7 

TMLMF(I)=TVF2**2 
TMLMG(I)=TVG2**2 
GO TO 60 

55 TVF1=3.48029967-1.534967516*A-"11094655*A**2-1.489976001*A**3 
1-. 8786798354*A**4-"3288376218*A**5-. 05543108066*A**6 
2-"004578245644*A**7 

TVG1=3.480049097+2.047775767*A+"8109023841*A**2+. 02182375062*A**3 
1-"1469529208*A**4-. 0665664344*A**5-. 01208375752*A**6 
2-. 00080779 79251*A** 7 

TMLMF(I)=TVF1**2 
Tt1LMG(I)=TVG1**2 
GO TO 60 

C EXTENSION 0F THE CO RRELATION 
57 TMLMG(I)=ALO GC 111. )+. 8489831*ALO G(XLM/ 100- ) 

TMLMF(I)=ALO G (1.1 1 )-. 04532298*ALO G(XLM/ 100. ) 
TMLMG(I)=(EXP(TMLMG(I)))**2 
TMLMF(I )= (EXPCTMLl4F(I)))**2 
GO TO 60 

66 TMLMFCI)=0.0 
TMLMG(I)=0.0 

60 TMLMFC I)=TMLMF(I )* (1-X)**2* C FFLM/ FFT) 
TMLMG(I)=TMLMG(I)*X**2*(FGLM/FGT) 
I F(RFT. LT. 15000* o PND" RFT. GT. 2000") GO TO 42 
GO TO 44 

42 TME(I)=0.0 
TMH(I)=0. b 
TMD(I)=0.0 

44 IF(RGT. LT. 15000""AND. RGT. GT. 2000") G0 TO 43 
GO TO 45 

43 TMEG(I)=0.0 
TMHG(I)=0.0 
TMDG(I)=0.0 

C BAROCZY CORRELATION 
C FOR QUALITIES LESS THAN . 000001 , THE BARO CZY MOLT. IS SET TO 1* 0 

C THE PROGRAM IS VALID FOR X LESS OR EQUAL TO 0.4. FOR 89GHN9 
C VALUES, ERRO R MESSAGE IS PP. O DUSED SETTING "TMD" TO ZERO* 
C THE SAME MESSAGE APPEARS WHEN C EXCEEDS "005" 45 PEC I)=PE(I )/ 1000. 

IF(X. EQ. H"0)GO TO 22 
A=ALO G(X) 
C= CDG(I)/DF(I))*(VF/VG)**. 2 
PINDXCI)=C 
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IFCX. LT.. 001. AND. X. GE.. 000001)GO TO 64 
I F(X. LT.. 000001) G0. TO 65 
IF(C"GE.. 001"AND. C"LE.. 002)GO TO 61 
IF(C" GT. " 002. AND" C"LE. " 003) GO TO 62 
I F(C. GT.. 003" AND" C"LE.. 004) GO TO 63 
C5=5.242938204+. 836212894*A+"02568660441*A**2 
C4=5.474991751+"8798436666*A+. 0280732611*A**2 
C4=EXPCC4) 
C5=EXP(C5) V 
TMB(I)=C4+(C5-C4)*(C-. 004)/. 001 
GO TO 70 

61 C1=6.761433864+. 9264567065*A-" 1743093806*A**2-" 05057031267*A**3 
1-"003490810436*A**4 

C2= 6.1 72327345+ 1.0675029 75*A+" 04 101 449 738*A**2 
C1=EXP(C1) 
C2=EXP(C2) 
TMB(I)=C1+(C2-C1)*(C-9001)/. 001 
GO TO 70 

62 C2=6.1 72327345+ 1.0675029 75*A+. 04 101 449 738*A**2 
C3=5.755718441+. 9450772699*A+. 03166408673*A**2 
C2=EXP(C2) 
C3=EXP(C3) 
TMBCI)=C2+(C3-C2)*(C-"002)/"001 

. 
GO TO 70 

63 
, 

C4=5.47499 1 75 1+"8798436666*A+"0280732611*A**2 
C3= 5.755718441+. 9450772699*A+. 03 1 66408 673*A**2 
C3=EXP(C3) 
C4=EXPCC4) 
TMB(I)=C3+CC4-C3)*(C-"003)/. 001 

70 I F(X. GT.. 4. OR. C. GT.. 005) TMB(I)=0.0 
GO TO 21 V 

64 C6=13.965? 5981+3.183123805*A+. 2619656081*A**2+"007202603753*A**3 
TMB(I)=C6 
GO TO 21 

65 TMB(I)=1.0 
21 CONTINUE 

IGTOT=IFIX(GTOT) V 
IF(X. LT. 0.001)GO TO 22 
IF(IGTOT. EQ. 1356)TMB(I)=1.0 
IF(IGTOT. EQ. 1356)GO TO 22 
IF(IGTOT. LE"339)GO TO 95 
IF(IGTOT. GT. 339. AND. IGTOT. LT. 678)GO TO 100 
IF(IGTOT. GE. 678"AND. IGTOT. LT. 1356)GO TO 105 
IF(IGTOT. GT. 1356. AND* IGTOT. LT. 2712)GO TO 110 
IF(IGTOT. GE. 2712. AND- IGTOT. LT"4068)GO TO 115 
IF(IGTOT. GE. 4068)GO TO 120 

95 CALL CORRECTION (X, Co 339, RTMB) 
TMB(I)=RTMB*TMBCI) 
GO TO 22 

100 CALL CORRECTION (X, C, 339, RTMBO ) 
CALL CORRECTION (X, C, 678, RTMB1) 
A=CRTMBO-RTMBI)/ (678-339) 
RTMB=RTMBO-A* (GTO T-339.0) 
TMB(I)=RTMB*TMB(I) 
GO TO 22 
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105 CALL CORRECTION (X, C, 678, RTMB1) 
CALL CORRECTION (X, C, 1356, RTM82) 
A=(RTMB1-RTMB2)/ (1356-678) 
RTMB=RTMBI-A*(GTOT-678.0) A. 
TMB(I)=RTMB*TMB(I ) 
GO TO 22 

110 CALL CORRECTION (X, C, 1356, RTMB2) 
CALL CORRECTION (X, C, 2712, RTMB3) 
A=(RTMB2-RTMB3)/ (2712-1356) 
RTMB=RTMB2-A* (GTO T-1356.0) 
TMB(I)=RTMB*TMB(I) 
GO TO 22 

115 CALL CORRECTION (X, C, 2712, RTMB3) 
CALL CORRECTION (X, C, 4068, RTMB4) 
A= (RTMB3-RTMB4)/ (4066-2712) 
RTMB=RTMB3-A* (GT0 T-2712) 
TMB(I)=RTMB*TMB(I) 
00 TO 22 

120 CALL CORRECTION (X, C, 4068, RTMB4) 
TMD(I)=RTMB4*TMB(I) 

22 I F(X. EQ. 0.0) TMB(I)=0.0 
WRITE( 6. - 125)N(I), VDF(I), PE(I), TME(I), TMEGCI), TMH(I), 

1TMHG(I), TMLMF(I), TMLMG(I), TMCM(I), TMB(I), TMCH(I), TMD(I), K(I) 
125 FORMAT(/, 18,2F8.4,10F8.2, I6) 
20 CONTINUE 

DO 900 I 1= 1, M, 13 
WRITE(6j906) 

906 FORMAT( 
WRITE(6,901) 

901 FO MAT (3X, 4HTEST, 3X, 4HTEMP, 2X, 6HP MEAN, 2X, 4HVQ I D, 2X, 
1 10HWATER FLOW, 9H AIR FLO W, 8H DENSITY, 2X, 7HDEN SI TY, 5X, 
217HSETTL IN G LEN GTH, L, 3X, 5HM ETRE, 5X, 7HPR- GRAD, 3X, 4HFLO W) 

WRITE(6,907) 
907 FO RMAT(3X, 3HRUN, 18X, 5HFRCTN, 4X, 4HRATE, 6X, 4HRATE, 4X, SHWATER, 5X, 

13HAI R, 7X, SHINLET, 5X, 6HO UTLET, 3X, I OHFLO W PATRN) 
WRITE(6j902) 

902 
_. 

FO RMAT(4X, 2HNO, 5X, 1HC, 4X, 5HKN/M2,1 1X, 6HM3/ SEC, 4X, 6HM3/ SEC, 
13X, 5HKG/M3,4X, 5HKG/M3,4X, IHL, 4X, 3HL/ D, 3X, 1HL, 4X, 3HL/ D, 3X, 
21 HL, 4X, 3HL/ D, 3X, 51tKN/ M 3,3X, 7HPATTERN ) 

I2=I1+12 
DO 1000 I=I 1, I2 
IF(I. EQ. M+1)G0 TO 705 
IF(PE(I). EQ. 0.0"AND. VDF(I). EQ. 0.0)GO TO 640 
IF(PE(I). EQ. 0.0)G0 TO 850 
IF(VDF(I). EQ. 0.0)G0 TO 860 
WRI TE(6,904)N (I ), T(I ), PC I ), VDF(I ), QF(I ), QG(I. ), DF(I ), DG(I ), 

IPE(I), K(I) 
904 FORMAT(/ I8j F6* lo FS- 2* F7- 31 2F10- 61 FS- 21 FS* 4., 36X. 9 F7* 5., 16) 

GO TO 1000 
840 WRITE(6,845)N(I), T(I), P(I), QFCI), QG(I), DF(I), DG(I), K(I) 
845 FORMAT(/ IS* F6.1, FS. 2,3X, 2H--. -2X., 2F10.6, F8.2, F8.4,39X, 2H--, 2X, 16) 

GO TO 1000 Ir 
850 WRITE(6,855)N(I), T(I), P(I), VDF(I), QF(I), QG(I), DF(I), DG(I), K(I) 
855 FO RMATC/ I8, F6.1, F8.2, F7.3,2F10.6, F6.2, F8.4,39X, 2H--, 2X, 16) 

GO TO 1000 
860 WRITE(6,865)N(I), T(I), PCI), QF(I), QGCI), DF(I), DG(I), PECI), K(I) 
865 FORMAT(/ 18, F6.1, F8.2,3X, 2H--, 2X, 2F10.6, F8.2, F8.4,36X, F7.5,16) 
1000 CONTINUE 

GO TO 707 
705 WRI TE(6,71 1) 
707 WRITE(6,905) 
905 FO RMAT(//, 5X, 5HTABLE, 10X, 79HPRESSURE DRO P, SETTLING LENGTH AND 0 THE 

1R DATA DERIVED FROM EXPERIMENTAL READINGS) 
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900 CONTINUE 
DO 2000 11= 1, M, 13 
WRITE(6,807) 

807 FORMAT( 
WRITE(6,802) 

802 FO RMAT (2X, 4HTEST, 3X, 4HVO I D, 3X, 9HTWO -PHASE, 28X, 
13911VALUES OF T470-PHASE FRICTION MULTIPLIER) 

WRITE(6,803) 

. 803 FORMAT (2X, 3HRUN, 11X, BHFRI CTION ) 
WRITE(6j804) 

804 FO RNAT(9X, SHFRCTN, 2X, 9HPRES-GRAD, 5X, 12HEXPERIMENTAL, 6X, 
11 1HHONO G 1,10 DEL, 7X, 9HLO CK-MART, 8X, 6HCH-MRT, 2X, 
27HBARO CZY, 2X, 5HCHLSM, 3X, 6HDUCKLR) 

WRITE(6,805) 
805 FO RNAT (3X, 211NO , 12X, 5HKN/ M 3) 

12=I I+12 
DO 3000 1=11,12 
IF(I"EQ. M+1)GO TO 709 
IF(TME(I). EQ"0.0"AND. TMLMF(I)"EQ"0.0)GO TO 1300 
IF(TME(I)"EQ"0.0)GO TO 1400 
IFCTMLMF(I). EQ. 0.0)GO TO 1100 
WRITE(6,1001)N(I), VDF(I), PE(I), TME(I), TMEG(I), TMH(I), TMHG(I), 

ITMLMF(I), TMLMG(I), TMCM(I), TMB(I), TMCH(I), TMD(I) 
1001 FORMAT(/ 17, F8.4, F9.5, F10.3, F1 1.6, F7.3, F9.6,2F10.6, F8.3, 

13F8.3) 
GO TO 3000 

1300 IF (VDF (I) " EQ. 0.0) GO TO 1 700 
WRITE(6,1500)N(I), VDF(I), TMH(I), TMHG(I), TMCM(I), 

I TMB(I ), TMCH(I ), TMD(I ) 
1500 FORMAT(/ I 7, F8.4,5X, 2H--, 8X, 2H--, 8X, 2H--, 3X, 

1 F7.3, F9.6,2 (5X, 2H--, 3X), F8.3,3F8.3 ) 
GO TO 3000 

1400 I F(VDF(I) " EQ. 0.0) GO TO 1800 

. 
WRITE(6,1600)N(I), VDF(I), TMH(I), TMHG(I), TPILMFCI), TMLPIG(I), 

1TMCi1(I), TMB(I), TMCH(I), TMD(I) 

, 
1600 

. 
FO RMATC/ I 7, F8.4,5X, 2H--, 2X, 6X, 2H--, 2X, 6X, 2H--, 3X, F7.3, F9.6 , 

12F10.6, F8.3,3F8.3) 
GO TO 3000 

1100 
. 

WRITE(6,1200)N(I), VDFCI), PE(I), TME(I), TMEG(I), TMHCI), TMHG( I), 
1TMCM(I), TMB(I), TMCH(I), TMDCI) 

1200 FORMAT(/I7, F8.4, F9.5, F10.3, Fl 1"6, F7.3, F9-, 6. - 5X, 2H--, 8X, 2H--, 3X, 
1 FS" 3,3F8.3) 

GO TO 3000 
1700 WRITE(6,1900)N(I), TM. H(I), TMHG(I), TI. ICM(I), TMB(I), TMCH(I) 
1900 FO RMATC/ I 7. #, 4X. - 2H--, 7X, 2H--, 8X, 2H--, SX, 2H--, 3X, 

1 F7.3, F9.6,2 (5X, 2H--, 3X), F8.3,2F8.3,5X, 2H-- ) 
GO TO 3000 

1800 WRITE(6,1910)N(I), TMH(I), TMHGCI), TMLMF(I), TMLMG(I), TMCM(I), 
ITMB(I), ThhhCH(I) 

1910 FO RIAT(/ I 7,4X, 2H--, 7X, 2H--, SX, 2H--, 8X, 2H--, 3X, F7.3, 
1 F9.6,2F10.6, F8.3,2F8.3,5X, 2H--) 

3000 CONTINUE 
GO TO 708 

709 WRITE (6,71 1) 
711 FORMAT(////// ) 
708 WRITEC6,808) 
808 FORMAT(//, 10X, 5HTABLE, 30X, 32HCOMPARI SON OF FRICTION PRESSURE 

19HDRO P DATA) 
2 000 CONTINUE 

WRITE(6,2100) 
2100 FO RMATC 1HI, //, 3X, 'NO ', 6X, ' GTO TL', 4X, 'QALTY', 

15X, ' PIN DX', 4X, ' TMH', 4X, 'TM E', 6X., 'U S F'. - 6X, 
2' US G', 6X, ' VDF' , 4X, 'BETA', 4X, ' PATRN ', 2X, 'CODE', 2X, ' CHHLMZ ', //) 
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DO 5000 I= 1, M 
FRF=USF(I )/ C (D*GRVTY)**0.5) 
SLBRYS=0.5*((1-BETA(I))**0.306) 
STBRY=0.473*((1-BETA(I))**0.390) 
SLBRYA=4.2*((I-BETA(I))**0"8875) 
ANGRY=5.2* ((I-BETA(I))**0.7194) 
IF(FRF"LT. STBRY)NCODE=3 
IF( FRF. GT. SLBRYS. AND. FRF. LT. SLBRYA) N CO DE=2 
I F(FRF" GE. STBRY. AND. FRF"LE. SLBRYS)NCODE=32 
IF(FRF. GT. APJBRY. AND. USF(I ). LT. 4.0)NCODE=5 
IF(FRF" GE. SLBRYA"AND. FRF"LE. ANBRY)NCODE=52 

, I F(USF(I) . GE. 4.0)NCO DE=2 
WRITE(6,4000)N(I), GTOTLC I), QALTY(I), PINDX(I), T14H(ITMEI 

IUSF(I), US G( I), VDF(I), BETA (I), K(I), NCO DE, CHLMZ(I) 
4000 FO RMAT(/ I S, F8.2,2F10.6,3X, F7.4,2X, 5F8.4,215, F8.2) 
5000 CONTINUE 

WRITEC6,2600) 
2600 RMAT'U 

18X, ' VDF', 6X, 'BETA', 6X, ' FRDM', 6X, ' WEBM8X, ' PATERN 
DO 2500 1= 1, M 
FRDM=((USF(I)+USGCI))**2)/(D*GRVTY) 
FRDM=ALO G (FRDM ) 
IF(VDF(I). EQ"0.0)GO TO 2800 
UG=USG(I)/'VDF(I ) 
OF=USF(I )/ (1.0-VDFC I) ) 
SLIPR=UG/UF 
SLIP=UG-UF 
DNSTYM=DG(I)*VDF(I)+DF(I)*(1.0-VDF(I)) 
STNCI)=STN(I)/ 1000.0 
WEBM=C(USG(I)+USF(T))**2)*D*DNSTYM/STN(I) 
GO TO 2900 

2800 SLIPR=0.0 
SLIP. =0.0 
WEBM= 0.0 

2900 WRI TE(6,2700)N (1). p SLI PR, SLIP, GTO TLC I). * VDFC I ), p 1BETA(I), FRDM, WEBM, K(I) 
2500 CONTINUE 
2700 FORMAT(/I8,6F12.4, F12.3, I10) 

WRITE(6,3050) - 
3050 FO RMAT (1 H 1, //, 5X, 'NO ', 8X, ' RUS', 8X, ' RVD', 5X, 'LN (FRG) 

18X, ' VDF', 6X, 'BETA', 6X, 'LN (FRF) ', "5X, 'LN (REG) ', 5X, 
2'LN (REF) ', 4X, ' PATERN 

DO 3100 I=1, M 
RUS=USG(I)/USF(I) 
IF(BETACI). EQ"0.0)GO TO 3200 
RVD=VDF(I)/BETA(I) 
FRG=ALOG((USG(I)**2)/ (D*GRVTY) ) 
REG=D*DG(I)*USGCI)/VGG(I ) 
REG=ALO G(REG) 
GO TO 3250 

3200 RVD=0.0 
FRG=0.0 
REG=O. 0 

3250 FRF=ALOGC(USF(I)**2)/(D*GRVTY)) 
REF=D*DF(I)*USFCI)/VFF(I) 
REF=ALOG(REF) 

.. 
WRITEC6,3150)NCI), RUS, RVD, FRG, VDF(IBETACI), 

1FRF, REG, REF, KCI) 
3100 . COUTINUE 
: 3150 FORMAT(/, I8, SF12.5, I10) 

STOP 
END 
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SUBROUTINE RETEST (RE, FT, JJ) 
COMMON DG1, DG2, DG3, N (3'70), T(370), P(370), VDF(370), DF(370), 

1DG(370)., PE(370), QF(370), 00(370), WG(370), K(370), D, PI. -AP, 
2M, STN-(370), R, RR, VGG(370), VFF(370) 

IF(RE"EQ. 0.0)GO TO I 
IF(RE. LT. 2000)GO TO 2 
I F(RE. GE" 100000) GO TO 4 
IF(D. GT. 0.127)G0 TO 4 
AR=ALO G (RE ) 
FT= 1084.055501-381.5544769*AR+50.26051543*AR**2 

1-2.94562527*AR**3+0.0647636408 7*AR**4 
FT=EXP(FT) 
JJ=1 
GO TO 8 

4 FT=RR*RE** (- R) 
JJ= 2 
GO TO 8 

1 FT=0.0 
GO TO 8 

2 FT=64/RE 
JJ=-1 

8 IF(RE. LT. 15000""AND. RE" GT. 2000" )JJ=0 
RETURN 
END 
SUBROUTINE CORRECTION (X, C, I GTO T, RTMB) 
IF(IGTOT. EQ. 339)GO TO 5 
IF(IGTOT. EQ. 678)G0 TO 10 
IF(IGTOT. EQ. 1356)GO TO 15 
IF(IGTOT. EQ. 2712)GO TO 20 
I F(I GTO T. EQ" 4068) GO TO 25 

5 RTI= 1.581866908-225.6780954*C+38327.37361*C**2 
1-2025021.215*C**3 

RT2= RT 1 
RT3=1.523982116-271.3031864*C+46610.53568*C**2 

1-2387801.69*C**3 

. 
RT4= 1.537467874-54.22916382*C+7339.63855*C**2 

1-354930.1629*C**3 
RTS= RT4 

35 I F(X. LE. 0.01) GO TO 40 
IF(X. LE. 0.05)GO TO 41 
IF(X. LE. 0.10)GO TO 42 
IF(X. LE. 0.20)G0 TO 43 

40 AA= (RT1-RT2)/ (0.01-0.001 ) 
RTM B= RT 1- AA* (X- 0.001 ) 
GO TO 30 

Al AA= CRT2-RT3)/ C0.05-0.01 ) 
RTMB=RT2-AA* (X-0.01 ) 
GO TO 30 

42 AA= (RT3- RT4 )/ (0.10- 04,05) 
RTMB= RT3-AA* (X- 0.05 ) 
GO TO 30 

43 AA= (RT4- RT5 )/ (0.20- 0.10) 
RTMB=RT4-AA* (X-0.10) 
GO TO 30 

10 RT1=1.252488916-49.33253751*C+4462.000387*C**2 
RT2=1.304708284-17 * 137396*C+882.460 7369*C**2 

" 
RT3= 1.279406888-79.94199075*C+13298.72526*C**2 

1-663906.1468*C**3 
RT4=1.295867563-8.334689436*C+388.0756072*C**2 
RT5=1.300994696-35.63547499*C+5915.885313*C**2 

1-308163.9222*C**3 
GO TO 35 

15 RTM B=1.0 



GO TO 3o 
20. RT1=0.7639026905+51.08937985*C-7920.581378*C**2 

1+4fä7496.8278*C**3 
RT2= 0.744949821 7-55.9188 7372*C+ 1 1590.43566*C**2 

1-619289.3859*C**3 

. 
RT3=0.7478987996-36.11489217*C+659fä"878348*C**2 

1-323348.1681*C**3 

.. 
RT4=0.7540579051-22.48224933*C+439 7.834059*C**2 

1-213836*C**3 
RT5=0.7351567674+4.047577695*C-232.2425808*C**2 
GO TO 35 

25 RT1=0.6536586924+63.54014267*C-9351.163969*C**2 
1+471203.0296*C**3 

__RT2=01.6128202321-76.66470325*C+15137.91641*C**2 1-771889.1592*C**3 

.. 
RT3=0.62845 34 15 1-68.49645331*C+ 12799.1 2036*C**2 

1-656891.3365*C**3 

.. RT4=0.6259496202-22.52213653*C+4546.007189*C**2 
1-231288.7587*C**3 

- 
RT5=0.6003899964+8.569 140736*C-949.9 779 75*C**2 

1+36220.92632*C**3 
GO TO 35 

30 CONTINUE 
RETURN 
END 
FINISH 
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