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ABSTRACT

Correlations for pressure drop, in terms of mass flux and tube
diameter, have been obtained for two-phase flow in tubes, both straight and
coiled. The two-phase correlation for straight test sections is presented

in Equations 5.1 and 5.2.

ﬁlznew = le . C3 (5.1)

The parameter Ql, used above, is a two-phase multiplier of a type used
by Chisholm (34) and a standard correlation for this has been developed by
HTFS*. 1In the present work a revised parameter "ﬂl new" is introduced,

related to ﬁl by coefficient C3. This coefficient is given by:-

C3 = 0.5 + (6/(d . 10°)+ 112 )0-3 (5.2)
where / G/(d . 105)1'1554 > 1.0 and
C3 =1.0 for G/(d . 105)1'1554 < 1.0 where G, the mass flux, is in

kg/mz.s and d is the tube bore in metres. The range of this correlation is
1152 kg/m>.s < G < 6257 kg/m°.s and 0.0077 m < d < 0.0124 m.

The above correlation, and also the subsequent one for two—phase flow
in coils, are effective at mass fluxes up to 6500 kg/mg.s and in small bore
tubes (d < 13 mm). The earlier correlations of Baroczy and Chisholm
Sutherland have been restricted to mass fluxes less than 4000 kg/mz.s.

A correlation for single-phase friction factor in the coils tested, is
presented (Equation 6.3) and is shown to agree well with other well

‘established correlations.

0.5 =0.225

£_(0/a)°*° = 0.081 . (Re (d/D)? ) (6.3)

where D and d are the coil diameter and tube bore respectively, in metres.
* HTFS - Heat Transfer and Fluid Flow Service, National Engineering

Laboratory, East Kilbride, Scotland.



An improved correlation for two-phase frictional pressure loss in

helically coiled tubes is also presented (Equations 5.1 and 5.3).

C3 = 0.1 + (6/(10° . g)t-0671 )0.35 (5.3)
where e/(@.10° )% 5 10 ang
_ 5 ,1.0671 .
c3 =1.0 where G/(d . 107 ) < 1.0 where G again is the mass flux

in kg/mz.s and d the tube bore is in metres. The range of this correlation
is 1063 kg/mz.s < G < 4735 kg/mz.s and 0.0077 m < d < 0.0124 m.

Another aspect of this research was the discovery of flow pattern
induced vibration in the test coils.

It was noted that when the mass flux of the two-phase mixture was
greater than approximately 1000 kg/mz.s and the quality greater than 0.005
{(mass flow of air/total. mass flow), then vibration started in the coils.
The frequency appeared to increase with air mass flowrate. The vibrations
became severe, shaking the whole test bench and apparatus. The test coils
were replaced with clear plastic tubes of similar dimensions to enable flow
visualisation tests to take place. These tests showed that the flow regime
known in straightﬁtube, two-phase flow, terminology as churn flow was seen
to rotate within the tube.

While the test apparatus did not allow conclusive tests to be carried
out, some high speed photographs were taken which showed that the rotation
could switch in either direction and that there was no evidence of a time
related pattern.

Suggestions afe.presented for possible flow patterns that might be

occurring under these vibrating conditions.



1.0.0

- 2.0.0

3.0.0

4.0.0

CONTENTS

CONTENTS

: NOTATION

INTRODUCTION

THECRY

2.1.0 Single-Phase Frictional Pressure Gradient
2.1.1 Straight Tubes
2.1.2 Coiled Tubes

2.2.0 Two-Phase Frictional Pressure Gradient

2.2.1 Straight Tubes

2.2.2 Coiled Tubes

LITERATURE SURVEY

3.1.0

3.2.0

Single-Phase Flow

3.1.1 Straight Tubes
3.1.2 Coiled Tubes
Two-Phase Flow

3.2.1 Straight Tubes

3.2.2 Coiled Tubes

EXPERIMENTAL APPARATUS AND INSTRUMENTATION

4.1.0

4.2.0

4.3.0

Test Loop

Equipment

4.2.1 Drive Pump
4.2.2 Cooler

4.2.3 Mixer

4.2.4 Flow Separator
Instrumentation

4.3.1 Flowmeters

4.3.2 Pressure Gauges

PAGE NO.

10

12

12

12

12

19

20

21

24

24

25

25

25

25

25

25

25

26



5.0.0

6.0.0

4.3.3 Pressure Transducer
4.3.4 Thermometers and Thermocouples
4.3.5 Voltmeter
4.3.6 Digital Counter
4.3.7 Hypodermic Tapping Circuit
4.4.0 Test Sections
METHODOLOGY
5.1.0 General
5.2.0 Single-Phase Tests
5.2.1 Experimental Method
5.2.2 Data Analysis
5.3.0 Two-Phase Results for Straight Tubes
5.3.1 Experimental Method
5.3.2 -Data Analysis
5.4.0 Two-Phase Results for Coiled Tubes
5.4.1 Experimental Method
5.4.2 Data Analysis
5.5.0 Two-Phase Data Correlation
5.5.1 Straight Tube Correlation
5.5.2 Coiled Tube Correlation
5.5.3 Correlation Development
DISCUSSION
6.1.0 Straight Tubes
6.1.1 Single-Phase
6.1.2 Two—Phase
6.2.0 Coiled Tubes
6.2.1 Single~Phase
6.2.2 Two—Phase

CONTENTS (Cont 'd)

PAGE NO.

26
27
28
28
28
28
30
30
30
30
32
33
33
33
35
35
35
36
37
38
38
41
41
42
43
46
46

47



CUNLTENLD (Lont d)

PAGE NO.
6.3.0 Limitations of Modelling Boiling Flow
with an ‘Air/Water Mixture 48
6.4.0 Flow Visualisation Tests 50
7.0.0 CONCLUSIONS 52
8.0.0 RECCMMENDATIONS FOR FUTURE WORK 53
REFERENCES 55
LIST OF TABLES 59

LIST OF FIGURES 60



APPENDIX 1

LIST OF APPENDICES

Turbine Meter Calibration Graph

Pressure Transducer Calibration Graph
Thermocouple No. 1 Calibration Graph
Thermocouple No. 2 Calibration Graph

Thermocouple No. 3 Calibration Graph

PAGE NO.

61

62

63

64

65



NOLAL'LON
A Blasius Equation Numerator
a Section Area
C C - Coefficient in two-phase multiplier
c2
C3 Test Correlation, Mass Velocity and
Coefficient
D Coil Diameter
Dn Dean Number
Dp Pressure gradient
d Tube Inside Diameter
f Friction factor
G Mass Velocity or Flux
K Slip Ratio
M Mass Flowrate
m Test Correlation Indice
n Blasius Equation Indice
P Coil Pitch
P Pressure
Re Reynolds Number
r Section Radius
S
and Fluid Phase or Between Fluid Phases
U Velocity
X Lockart-Martinelli Parameter
b4 Circumferential Dimension
Z
Z Axial Dimension
é Helix Angle
£ Surface Roughness
2 Phase Density

Chisholm-Sutherland Mass Flux Dependant Coefficient

Force Per Unit Length of Interface Between Tube Wall

Dimensionless Group Defined In Equation 2.26

Diameter Dependant,

UNITS

kgﬁnzs

kg/s

N/m

m/s



NOTATION (Cont d) UNITS

P -  Phase Perimeter m

£ - Shear1 Stress ’ N/m2

N - Baroczy Property Index -

© - Chisholm Model Phase Angle

® - Two-Phase Multiplier

M - Dynamic. Viscosity Ns/m2

SUFFIXES

a - Accelerational

c - Coil |

f - Friction

g -  Gravity

r - Ratio

T - Total

TRANS - ‘Transition

tp - Two-Phase

X -  Circumferential

z - Axial

%) - ~ ¢ - Calculated

IZlm - m - Measured

ABBREVIATIONS

HIFS - Heat Transfer and Fluid Flow Service, National Engineering
Laboratory, East Kilbride, Scotland

ESDU -  Engineering Science Data Unit

IT



1.0.0 INTRODUCTION

The aim of this project is to determine a suitable correlation to
predict pressure drop for single and two-phase flow along a given set of
helical coils. The need for this information has arisen from development
work being carried out on a new type of compact Rankine-cycle power plant in
which boiling of the working fluid is carried out, not in a bank of tubes,
but along a single-pass pair of coils in contact with the heat source. The
coils lie one inside the other. The inner, a stainless steel tube of
approximately 7.7 mm diameter heats the fluid fram the subcooled state to
the saturation temperature. The working fluid is then passed to the outer
coil, 12.4 mm inside diameter, on the outside of the heat source where it is
boiled to produce steam which emerges considerably superheated.

During tests on the power package it was found that measured pressure
losses in thé boiler coils differed greatly from the values calculated by
the most accepted methods. There are many possible reasons for this
discrepancy in value. There is, for instance, a possibility of the fluid
starting to boil before leaving the inner, small bore, coil. If this were
the case an appropriate two - rather than single-phase, correlation would
have to be applied to the unit design. The resulting two-phase flow in the
restricted channel would greatly increase the observed pressure drop - an
effect not taken into account in the presently used calculations.

As will be seen in a later section, the accelerational pressure drop is
also important during boiling and can greatly increase the total pressure
drop. These effects are not considered in this report but may require to be
the object of future investigation.

In the present tests it is proposed to use air and water to examine the
frictional pressure drop through the coils. In order to be confident of the
results it is also proposed to test straight samples of the same tubing in
order to obtain an accurate correlation to verify whether it can be

considered smooth. The sequence of tests will therefore be carried out in
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order of increasing uncertainty:-

a) Single-phase (air and water) flow through straight tubes.

b) Single-phase flow through coils. |

c) Two—-phase flow through straight tubeé.

d) Two-phase flow through coils.

At each stage, comparisons will be made with existing theory and data,
but it is not the object of this work to produce a correlation which
predicts all geometries of coil. What is required is an accurate
correlation which applies only to the coils under test or limited

extrapolations of them.
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2.0.0 THEORY

When there is flow through a tube or other channel pressure drop occurs
for various reasons:
1) A frictional camponent which can be attributed to the irreversible
conversion of mechanical energy to thermal energy by the mechanism of
viscous damping.
2) An accelerational component which can occur either by density change in
the vapour (or gaseous) phase or by phase change where the flow is
accompanied by heat transfer.
3) A gravitational component where the flow rises or falls in the
gravitational field.
These components can be added to give the total pressure gradient
| (Ap/dz), = (dp/dz); + (dp/dz),, + (dp/dz) (2.1)
In the present studies the prime interest is going to be in the frictional
component since in the boiler the high pressure prevailing will tend to make
the accelerational component of secondary importance. However in the tests,
carried out as they are at lower pressure, the accelerational component will
have to be taken into consideration. The straight tubes are tested in the
horizontal position and so there is no gravitational component to allow for.
The mass velocity of the flows tested in the coils are such that the fluids
are subjected to centrifugal forces which have a far greater effect on flow
patterns than does the force of gravity. Additionally, the first and last
tappings are mounted on the same horizontal plane. The gravitational
component will therefore be ignored.

2.1.0 Single-phase frictional pressure gradient

2.1.1 Straight Tubes

When flow of either gas or liquid occurs through a tube of circular
section the pressure falls in the direction of flow due to shear forces
occurring within the flow. Carrying out a force balance on the element of

fluid shown in figure 2.1 gives the equation
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adp= . .d.dz (2.2)

The Fanning friction factor for turbulent flow is defined in terms of the

shear stress and the mean kinetic head to give
f= Tt
12 . po. U (2.3)
This can be substituted into equation 2.2 to give the well known
relationship
2
_ 4 .f.URP
dp/dz = 75 (2.4)

For flow through a straight tube research has been carried out over many
years and shows that

f=£f (Re. £.) (2.5)
where describes the roughness of the wall of the tube.
The form of the relationship in eq (2.5) is, in its simplest form, for a

smooth tube

(2.6)
for turbulent flow through an hydraulically smooth tube. The constants A
and n often take the values 0.046 and 0.2 respectively. This is known as
the Blasius equation,

£~ 0.086

re?-2 (2.7)
A modified form of the equation which applies over a wider range of Reynolds
Number is that of White (39) and is

0.125
Re0.32

£ =0.0014 +

(2.8)
For laminar flow, where the Reynolds Number is less than 2100, the
friction factor is given by

16

f= r (2.9)
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2.1.2 Coiled Tubes

It has been shown that for a straight tube a friction factor is defined

as £ = T 5 - This was for the case of one-dimensional flow. For
172 .2. U
flow in a coil the equation will be more complicated due to the presence of

secondary flow. A suitable model might be,
| -

f =
c 1 2 2
/2 . Q. (u+u’) (2.10)

z P

where u, and u, ére the axial and circumferential velocities respectively,
their relative sizes, it might be expected, being a function of the coil
geometry d, D, and the helix angle. Various workers (2,3,5) have
reported that the helix angle is of minor importance and it is wusually not
necessary in correlating data.

A dimensionless number often used to characterise the laminar flow is

the Dean (22) Number,

0.5 |
Dn = Re (%) (2.11)

It should be noted that there are other similar numbers which can be
mistaken for this value but which are used for different purposes. For
turbulent flow a common plot used to non-dimensionalise data for coils with
different diameters is one which has Re (_q)z and fc (Q)O'S as the axes

(see fig 3.5). 0 ¢

Existing correlations will be considered in the literature survey in section
3.

The transition from laminar to turbulent flow occurs at a greater
Reynolds Number than for a straight tube. In the literature survey the
correlations for friction factor put forward by Srinivasan(2) have been
selected as the most reliable and his correlation for the transition point
is

= 2100 [1 + 127aV]

Re
TRANS D (2.12)

This has the advantage over the other correlations (3,10,12,36) of reducing
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to the straight tube value for a coil of infinite diameter and/or
exceptionally small bore where secondary flow ceases.

2.2.0 Two-Phase Frictional Pressure Gradient

2.2.1 Straight Tubes

Two-phase pressure drop is not so well defined as for single phase
flow. This is because of the existence of various flow patterns depending
on the phase flowrates and properties which make the understanding of the
physics of the flow very difficult. The simplest of these models is
probably a homogenous model, where the phases move with the same velocity
and the specific volume can be calculated by a simple sum of the mass ratios
and specific volumes of each phase. The viscosity can be either the liquid
viscosity or one of several effective viscosities averaged by equations
proposed, for example by McAdams(38) or Cicchitti(37). The homogenous model
is found to be reasonably accurate for vertical tubes at low velocities (u =
approx. 2 m/s) but in many other applications has been found to be grossly
in error. The homogenous model will be returned to later in this section.
The next stage of complexity is to allow the phases to have differing
velocity, known as the “slip flow ™ model.

Consider a tube with the cross section occupied partly by 1liquid and
partly by gas (see fig 2.2) and for a case where the friction factor is
independent of the phase Reynolds Number (i.e. f1 = fg = f). If we balance
the forces in the axial direction we have equations similar to the one for
single phase friction drop (equ 2.2) but with an extra variable S
representing the shear force per unit length acting between the phases, then

aj. Do, — T Pi+s=0 (2.13)
ag- PPy ~ g - Py-s=0 (2.14)

(where it is assumed the gas flows faster than the liquid). As is the

case for the single phase equation (2.3)

£, ul. A
LC - —_—E_E_—__

(2.15)
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for each phase. For convenience a shear force ratio is defined

= S

r (ag . Dptp) (2.16)

Combining eqgs 2.13, 2.15 for the liquid and 2.16, for the shear force ratio,

we get

2
£,. uy '»;‘)1 P

Dp, (1L +8_ray) =
tp r(a%) 7. q (2.17)

also egs 2.14, 2.15 for the gas phase and 2.16 cambine to give

f . u”. .
- _ g% Pg-Pg
Dptp(l Sr)—

2. 2.18)
ag (

In fig 2.2 the assumed phase area geometry is shown and in fig 2.3 it is

seen how the shape of the area can be changed without grossly changing the
length of the phase interfaces or the surface area. From a consideration of

the geometry involved

Pg_4.0.4 _ 4,

a 6. d d (2.19)
similarly P1_ 4,

a, d (2.20)
recalling that a = ag +a; (2.21)
Combining equations 2.17 and 2.20 together with 2.18 and 2.19 yields

2
(1+8, e B A
PPep (g> 2. d (2.22)
2
.E cu ",
Dp, (L -8s_) = g g g

P * 2.4d (2.23)
respectively. |
Using these equations to describe the two-phase pressure drop in terms of

each fluid we can equate one with the other to give

_u
K = (2.24)

Recalling that since £ =f. =f then f or f, =1
g -9 1

1
-7 (2.25)



s where 2= /1 +S_ [a ot
r (Sg
a
l--5

and from the phase continuity equations
M =a .0 W4 ’

M =a_ . . u
g “9° P9’ g '
and equ 2.25 we can derive,

28

<o |

(2.26)

(2.27)

(2.28)

(2.29)

If the phases were to flow alone, the pressure drop per unit length

would be
2 . f1 . M12
Dp; -
d. a2 1
2.fg.Mgz
and : D
Pg = >
d.a :Pg r

Combining 2.29 and 2.30 gives
0.5 ‘
3 Dpl
a_ .
Recalling equ 2.21, then fram equatlons 2.22, 2.27, 2.30
' 2
D l+a
Pep = 29
‘ "1
Dpl 1+ Sr . ag
4

Substituting equations 2.26 and 2.31 into 2.32 gives

' o 5
Dptp =1+ C
Dp; Dpl Dp1
1+§+4

where C = Z + 1
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(2.32)
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(2.34)
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Dpl g
and the parameter X = _ ~

2.36
Dp, (2.36)
where the general forms
2 2 c,l
=1+t (2.37)
and {Z(gz =1+ X+ X (2.38)

are used it is possible to fit these equations to data simply by modifying
the factor C. Since the value of S is not known, equation 2.26 cannot be
used to evaluate the value of Z. However if the slip ratio K is known then
equation 2.25 can be used. Consider the case for homogenous flow. The

value of K is 1, i.e. the two phases have the same velocity and by equation

0.5
(2
Jog (2.39)

which using equation 2.35 gives

, JD 0.5 0.5
o= () &
Pg/ f) g (2.40)
For the case of no shear between the phases S =0, Z =1 and therefore

0.5
_ J01>
J?g (2.41)

and C=2.

2.25

Homogenous flow results in a C value which is dependent on the density ratio
of the two phases. We might therefore expect that as the critical point is
reached, where_/Dl =\/Cb, that K would approach unity and C approach to a
value of two. In practice Chisholm has found this to be the case (34).

Such correlations will be set aside in favour of correlations of the
type of Baroczy(33), and his work subsequently adapted and revised by
Chisholm and Sutherland(45). These correlations are dependent on mass flux

and this is considered important since it is intended to attempt to raise
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mass flux values to an excess of 2000 kg/m”.s in the tests for this work.
The Baroczy(33) method is graphical and quite unsuitable for use in a
computer program for handling and processing data. Chisholm and
Sutherland(35) transformed the Baroczy(33) method to provide a set of simple

curves. In addition they proposed their own correlation.

0.5 0.5
C=C2 fi + é‘ _

Ay V2l (2.42)

where C2 is dependent on the density ratio as well as the mass flux (35).
These correlations have brought the calculating of two-phase pressure
drop extensively forward. However, correlations are required which will
provide accurate values for pressure drop under a wide range of conditions.
The HTFS* have, using the Chisholm and Sutherland work (35) as a basis,
correlated the C - coefficient based on their very large database. This
correlation is available only to members of HTFS but it can be said that C

is a function of mass flux andjx, the Baroczy property index.

2.2.2 Coiled Tubes

A model for two phase flow in coils could be built in a similar fashion
to the method used for straight tubes but with consideration of the factors
raised in the section on coiled tube single phase flow (2.1.2).

Basing such a model on stratified flow we could carry through the
concept of there being a secondary flow within each flow stratum (see fig
2.4). This concept of stratified flow is further justified in its use by
the work of Banerjee et al (10) describing the effects of centrifugal forces
in a coiled tube flow stream. The mathematics for a solution would be
difficult to resolve without making assumptions. Wattendorf(24) showed that
the degree of secondary flow is dependent on the flow section shape. If we
assume the two phases are flowing in separate but continuous strata the
degree of secondary flow in each phase will also change with flow quality.

There will be a situation where the circumferential flow is so strong in

* Heat Transfer and Fluid Flow Service, at NEL, East Kilbride, Scotland.
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one phase that it impinges on the other strata.

Various models have been proposed but there is none which can claim to
be in general use. What is of interest is that it has been found by many
workers that the use of Lockart-Martinelli type (2.37 and 2.38) equations
proved adequate (5) after having replaced the equations used for the single
phase pressure gradients with ones for pressure loss in coiled tubes.

It is proposed that this work will examine the accuracy of the HTFS
correlation used in this way and camrent and/or revise this correlation to

-

provide a suitable correlation for the tubes under scrutiny.
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3.0.0 LITERATURE SURVEY

3.1.0 Single Phase Flow

3.1.1 Straight Tubes

The relationship between Reynolds Number and friction factor for a case
with laminar flow is well established by analytical study. Such analysis
can be found in many standard textbooks, for example Kays(41l) or Rogers and
Mayhew(42). The reliability of the relationship

= 16
Re (2.9)

f
has been proved by experiment and is accurate and consistent due to the
predictability of the laminar flow stream.

Because of the random motion in turbulent flow no completely
satisfactory mathematical relationship has been found. There are however a
number of forms which have subsequently been “tuned” by the alteration of
coefficients to fit experimental data. One such equation, the Blasius
equation, is found to be a good approximation to the Karman-Nikuradse
equation (from 41). and as will be shown in 3.1.2 the simplicity of the
Blasius equation, 2.6 and 2.7, and a modified Blasius equation, 2.8, make
this form a powerful foundation for making comparisons with single phase

flow in coils.

3.1.2 Coiled Tubes

In the 1920 s Dean (22,31) wrote two papers wherein the motion of a
single phase liquid flowing through a coiled tube is considered. The first
product of his analysis of the similarity laws, as applied to the flow in
curved bendé was to show that for a given shear, the ratio of the mean
velocities in two tubes of the same dimensions, one straight and one curved,
depended on a parameter given by the product

2 0.
L) . ), @) 5

5 a

His theoretical ground-work established his position as the researcher who

(3.1)

first presented the prime flow patterns for single phase flow in coils and
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the parameters on which these depended. He introduced the concept that,
through centrifugal forces, a secondary flow would be set up (see figs 3.1
and 3.2) and at the time hisrideas were corroberated by the experiments of
Eustice(23). Eustice had carried out flow visualisation work nearly twenty
years earlier, having carried out tests himself comparing the effects of
varying coil diameter using flexible, rubber covered, canvas tubing.
White(32) found it easier to apply the converse of Deans statement and
this can be expressed thus; for a given velocity in two tubes of the same
dimensions, one sﬁiaight and the other Curved, the ratio of the resistances
depends on a parameter given by the product of the Reynolds Numbers and the

root of the curvature ratio,

0.5
Re <%) . (3.2)

White(32) carried out a substantial programme of tests on coiled tubes and
used equ. 3.2 to help correlate the data. The increased resistance of flow
with the increase of curvature was held to be a function of the Dean number
but only as long as the flow remained laminar. White(32) discovered that
the onset of turbulence occurs at a higher Reynolds Number than for a
straight tube. He suggested that this was probably due to the centrifugal
force which would dampen eddy current movements in the radial direction
relative to the coil central axis.

Taylor (30), like Eustice(23), carried out flow visualisation tests.
Dye was introduced through an orifice in the wall of the tube through which
the liquid was running, a method far more revealing than the method employed
by Eustice(23) who had simply introduced dye at the entrance to the coil
section, (stream movement due to settling probably dispersing the dye before
the settled patterns could be examined properly). The tests confirmed the
conclusion reached by White (32) with respect to the late onset of
turbulence with Taylor(30) noting that with a d/D ratio of 0.055 turbulence

did not became established until the Reynolds number reached 5800. Taylor
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(30) also noted that the secondary flow streamline (fig 3.2) persisted
despite high turbulence.

Experiments were carried out by Wattendorf(24) to try to determine the
effect that flow section shape would have on friction losses. | The
experiments involved measuring the losses through rectangular sections with
a very small width-to-depth ratio. The experiments showed that the
resistance to flow for these sections when coiled was only slightly more
than for a straight tube of the same section. In conclusion it was proposed
that the virtual elimination of a third dimension of the flow pattern had
also had a dampening effect on the second dimension. The movement 6f flow
outward ' from the inner wall is inhibited by the flow moving in the opposite
direction around the tube wall (see fig 3.3). This being the case, the flow
pattern approached that of flow in a straight tube, it is almost one
dimensional.

Keulegan and Beij (1937) (14) carried out a study of flow in curved
pipes which was to set a post-war trend with their presentation of laminar,
transitional and turbulent flows as separate areas for investigation. This
was most appropriate since it had already been shown that the plot of
friction factor against Reynolds Number for a coil consisted of a continuous
line with three distinct sections. This is unlike the case for a straight
tube where there are two lines, one for each of laminar and turbulent flow
joined by a ‘broken leg” transitional line. While curved tubes were used
instead of coils, care was taken to allow settled flow to establish itself
and' thereafter tappings through the tube wall were used for pressure
measurement. Unfortunately correlations for laminar and transitional flow
only were presented since the authors felt that a further study would be
required to cover the field of turbulent flow adequately.

With the various post Second-World War nuclear power generation
projects there has been renewed interest in the use of coils for fluid

transport in heat transfer roles. While two-phase experiménts are more
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common in the post 1945 literature, a number of investigators have sought to
canplete the study of single-phase flow in coils. Questions asked with
respect to previous work include:-

a) Had workers considered the change in section areas and ovality which
would result fram bending the tubes into coils?.

b) How would accuracy be affected given the relatively crude
experimental arrangements (pressure readings were previously taken before
‘and after test sections instead of at intermediate tappings placed after a
settling length and before fittings at the outlet)?

c) Could flow visualisation be improved with the.aid of modern high
speed photographic techniques?

Rogers and Mayhew(22) used the correlation proposed by White(32) and
found that while the equation for laminar flow was accurate, the equation
for turbulent flow was considerably adrift of their data. Ito(43) had a
correlation which performed better and was accurate to within 3% for Roger
and Mayhew’s data. A later comparison between White(32) and later
researchers (of which there are many) can be seen in fig 3.5.

While there were workers who carried out conventional studies on flow
in coiled tubes, progress had presented new fields which could add to the
understanding of methods of analysis which might be used. Patankar, Pratap
and Spalding(1l5) used a finite difference method to predict the development
of laminar and turbulent flow in curved pipes. The use of such methods had
only been made possible by the arrival of computers to carry out the mass of
calculations. However, while there were improvements over previous results
the outcome was the same as it had been for many previous theoreticians.
While the results for laminar flow were acceptable the results for turbulent
flow required further development. Tarbull and Samuels(13) used the
alternating direction-implicit method to solve the equations of motion and
energy. The correlation given is for a very low Dean number (laminar flow

range), which was not new, but their plots of velocity and temperature are
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interesting (see fig 3.7).

Mishra and Gupta(l2) set out to loock at the effect of coil pitch on
flow resistance. Sixty different coils were tested and correlations of
their own were presented. They stated that since the data collected could
be expressed by

fc - fst = A (D/a)70-> (3.3)
where A 1is a constant, coil pitch has no direct effect on the flow
resistance. Other workers were more cautious. Srinivasan(2), used coils
with pitch-to-coil diameter ratios fram 0.029 to 0.749 and noted that the
effect of pitch was "insignificant" given that the maximum variation in
friction factors over his test range of P/D ratios was +4%. Sadasivudu(3)
tesfed coils with P/D <1 and confirmed the insignificant effect of pitch
stated by Srinivasan(2). This may be the case for ‘normal coils” but if a
coil of infinite pitch and very small coil diameter is considered the tube
losses should approach those of a straight tube. In such a case we might
consider at what point the radius of curvature of the tube is affected by
the coil pitch (see fig 3.6). The ESDU(6) paper on coiled tube flow
suggests that for P/D ratios greater than 0.5, an equivalent diameter for
the coil should be used which makes allowance for pitch dominating the true
radius of curvature.

In 1970 Srinivasan, Nandapurkar and Holland(2) presented a paper
‘Friction Factors for Coils’. The paper dealt with both helical coils and
Archimedean spirals and provides equations to prédict friction factofs in
the laminar, transition and turbulent regions of the flow spectrum as well
as providing equations to predict critical Reynolds numbers where there are
changes in the flow regime.

Comparing various equations for the critical Reynolds numbers

a) Fastovskii and Rovinskii (1957)

0.28

Rec = 18500 (d/D) for 4/D > 0.0004 (3.4)

b) Ito (1959)
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Rec = 20000 (d/D)O'32 for 0.00116 > 4/D > 0.0667 (3.5)

c) Aronov (1960)

Rec = 18500 (d/D)O'3 (3.6)

0 -45]

Rec = 2300 [1 + 8.6 (d/D) (3.7)
e) Srinivasan(2), (1968)
Rec = 2100 [1 + 12 (a/D)?"?] (3.8)

The equations by Schmidt, and Srinivasan(2) in particular, approximate
to the equation for a straight tube for small d/D ratios. Additionally the
paper presenting Srinivasan’s equation contains details of both tube
geometries used (12 in all) and'graphs displaying data. For these reasons
the use of Srinivasan’s(2) equation for the critical Reynolds number is
recommended.

For the case of laminar flow the following equations are presented.

a) White(32) (1932)
0.45]2.2

fe/fs =1 /1 - [1 - (11.6/Dn) (3.9)
for 11.6 < Dn < 2000
b) Srinivasan et al(2) (1970)
fo/fs = 1 for Dn < 30 (3.10)
fc/fs = 0.418 pn’+27° for 30 < Dn < 300 (3.11)
fc/fs = 0.1125 Dn’*> for Dn > 300 (3.12)
c) Schmidt (1967)
fo/fs = 1 + [0.14 (/D)% %7 Re (1 - 0.644 ( a/p)0-314); (3.13)
for Re > 100 and 0.012 < d&/D < 0.2
d) Ramana Rao and Sadasivudu(3) (1974)
fc = 1.55 exp (14.12 (d/D) Re 0-%4 (3.14)

for Re > 1200 and 0.0159 < 4/D < 0.0566
As was the case for laminar flow in a straight tube, the relatively
good order in a laminar flow stream has led to close agreement between

theoretical and experimental results. For this reason the first workers to
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publish papers on the theory of laminar flow and subsequent experimental
results, Dean(22) and White(32) respectively, have provided answers that
have stood the test of time. White s(32) correlation covers a good range of
Dean numbers and has been plotted for comparison by many authors and has
been found to give good agreement. Outside the range of Dean numbers given
for this correlation, Srinivasan has two equations, 3.10 and 3.12, which can
be used with accuracy.

For the case of turbulent flow most of the tests carried out are using
plastic or smooth drawn metal tubes'so that the effects of roughness are not
known. A number of correlations have been presented to date and these
include,

a) White(32) (1932)

0.5 2]—0.25

fc (D/A) = 0.08 [Re (d/D) + 0.012 (3.15)

for 1.5 x 10° < Re < 10°
b) Ito(43) (1959)
fe (0/d)%"> = 0.076 [Re (a/D)%] ~°+%° + 0.00725 (3.16)
for 0.034 < Re (d/D)2 < 300

¢c) Srinivasan(2) (1970)

fe (0/a)%"> = 0.084 [Re (a/D)%] T0-2 (3.17)
for Re (d/D)%> < 700 and 0.0097 < (d/D) < 0.135
d) Ramana Rao and SadasiVuduf3) (1974)
fc (0/a)°%° = 0.382 [exp (11.7 (d/D))] Re 0-2 (3.18)

for Rec < Re < 2.7 x 10% and 0.0159 < d/D < 0.0556
The 1line given by equ 3.15 by White(32) is adrift of the other
correlations but b), c) and d) all agree within 15%. The form given by
Srinivasan(2) can also be broken down for any ratio of diameters to give a
Blasius type equation

fo = 0.084 (a/p)01 / re0-2

(3.19)
making it suitable for comparison with straight 1line data  without

sacrificing accuracy.
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Finally, a paper by Constantine, Vytoyannis and Hsien-wen hsu(18)
discusses the effects of vibration on friction factor. The results of their
tests are largely in graphical form where the increase in friction factor
for a coil with vibration of various fixed types is given by a ratio of the
friction factor of the coil with vibration to the friction factor without.
From the summary graph it can be seen that vibration can have a massive
effect in increasing the friction factor. An ESDU  paper (6) dquotes an
example based on the information given in (18). For a situation where Re =
1400, the fluid water, D/d = 23.25, D = 0.59 m, vibrations are at 125 Hz and
with an amplitude of 5.1 x 10fﬂ’ m: the friction factor is doubled.
Additionally it was noted that the transition to turbulence could occur at a
Reynolds number as low as 800 depending on the magnitude and frequency of

vibration.

3.2.0 Two-Phase Flow

The field of two-phase flow has received a lot of attention
particularly over the span of this century. Chisholm(34) opens his book
with a brief historical review of earlier work. He states that a worker by
the name of Gouse published an extensive Bibliography of two-phase data in
1966 which contained about 8000 references. It was observed that up to 1948
the number of papers doubled every 9.66 years ; after that the number of
publications doubled every 5.12 years. Chisholm believed this was due to
the post war interest in water cooled reactors because both USA and USSR
have extensive nuclear power programmes based on this type of reactor.

Given the mass of literature available it was decided to reduce the
data search areas to those directly related to the project in hand. The
purpose of the project was to investigate friction losses in coiled boiler
tubes; it was decided therefore to carry out a survey limited to this field.

Additionally there were other factors which were uniquée to the system under
investigation. The mass flux of the system was expected to be very high and

a number of references were found which were found to be of interest in this
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respect. The fact that the boiler tubes were in the form of a helical coil
was expected to have a significant effect on the losses. Finally, in the
later stages of the test programme it was found that the test sections
developed a strong vibration in certain flow conditions and given the
implications with respect to friction factors suggested by Hsien-wen hsu(18)
it is intended to return to this paper in section 6.0.

3.2.1 Straight Tubes

Lockart and Martinelli(20) made one of the earliest attempts to produce
a general correlation for two-phase frictional pressure gradient. They
showed that their data could be correlated by plotting the two-phase
multiplier for liquid or gas against the Lockart Martinelli +two-phase flow
modulus X = ((Dpfl/Dpfg)O'S). They separated the data into four sets
dependent on whether the phases would be laminar or turbulent when flowing

alone in the same tube. The curves in fig 3.8 show the relations between

the multipliers and modulus as shown in their paper.

A =(§§) (ﬁ)o‘z (3.20)

Baroczy(33) used a property index, in his correlation of data (see fig

3.9). The relationship between the index and multiplier was also dependent

_ 2-n
P Y

Many workers had noted that there was often an effect on the two-phase

on quality since,

pressure gradient related to flowrate. While the curve in fig 3.9 is
restricted to one mass flux (1356 kg/mz.s), Baroczy(33) provided a set of
correction curves (fig 3.10) which allowed for correction for mass flux
rates of up to 4068 kg/mz.s. While this method of prediction was graphical
it provided the best correlation of the time for high mass flux flows.
Chisholm and Sutherland(28) approximated the Baroczy(33) correlation by
the family of curves for the coefficient C as can be seen in fig 3.10 where

C is used in equ 2.37. In addition, Chisholm and Sutherland (28) presented
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their own correlation (equ 2.42) which had the advantage of not being
graphical but set in the form of an equation, thereby making calculations
using camputer a more straight forward process. This correlation was also
sensitive to mass flux and as such might suit the requirements of this
investigation.

3.2.2 Coiled Tubes

ILacey(25) carried out a survey (1970) of what was known at the time of
two-phase flow in bends and helices. A number of factors affecting flow
patterns are explained and backed by experimental data where possible. It
is worth noting some of these since they will clarify the understanding of
the flow mechanisms in section 6.3.0.

It was thought that the water rivulets seen through the clear tube wall
during visualisation tests with high quality mixtures indicated a highly
helical flow on the part of the gas core. Closer examination showed that
the rivulets were waves with a bulge at one end which was simply the most
upstream part of the wave. The gas secondary flow has, it appears, a very
strong axial flow aspect with less circumferential flow evident than had
been expected. Another phenomenon occurs when the gas core in a high
quality flow is travelling so fast that the vortices can whip droplets from
the top of the waves at the inner wall and deposit them on the outer wall
where they are pulled back along the wall, by the force of the gas core
secondary flow, to the inner wall, see fig 3.12.

Another paper to which Lacey contributed (25) was that by Maddock,
Lacey and Patrick(27). Again the main theme of the work is the structure of
two-phase flow in helical coils. However, this paper is not a survey of
literature but an experimental investigation carried out on annular film
flow. Pictures are shown which have been taken fraom within the flow passage
and velocity profiles have been consﬁructed using pitot tubes.

Bannerjee, Rhodes and Scott(l0) carried out tests on a»number#of coils.

They found that their data agreed well with the Baker plot (see fig 3.13)
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for straight tubes. This was sométhing that a number of workers had
reported : Stepanek and Kasturi(8), Lacey(25), Reddy and Satyanarayan(4) and
Boyce, Collier and ILevy(5), Akagawa(l) and Kozeki(l6) carried out
experiments and showed where the snall differences between straight tube
flow and coiled tube flow occurred. Essentially however all the references
obtained come to the same conclusion with respect to the similarity in flow
patterns between straight and coiled tube flow. For this reason all of
these workers attempted to correlate their data using the
Lockart-Martinelli(20) correlation.

It is generally agreed that the modified Lockart-Martinelli method
gives a good approximation to the correlation. The modification consists of
replacing straight tube single-phase pressure loss gradients by coiled tube
single-phase pressure loss gradients in the calculation of the two-phase
multiplier and Lockart-Martinelli parameter.

Papers by Stepanek and Kasturi(8), and Puri et al(ll) have noted that
the correlation starts to lose accuracy at higher liquid mass flow rates as
well as higher total mass flow rates. This is not surprising since the same
tendency was noted in straight tube flow, hence the Baroczy(33) and Chisholm
and Sutherland(28) correlations specialising for high mass flowrates in
staight tube flow. Rippel, Eidt and Jordan(44) discussing the flow pa?terns
in two-phase flow in a coil, correlate their data using Lockart-Martinelli
and suggest alternative methods of correlating coil two-phase flow data
where higher mass flow effects are apparent. It is interesting to note
their reasoning as to why Lockart-Martinelli and other straight tube
correlations can be used for low but not high mass flux flows. They point
out that up to a point (slug flow), and depending on the two~phase quality,
the nature of the flow patterns are such that they make it very difficult,
if not impoésible, for the Dean effect (secondary flow brought about by
centrifugal forces) to establish itself, and until this happens there is no

reason why the ocoiled tube flow should be ahy different from straight tube
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flow. It is also interesting to note that in this paper an attempt is being
made to deal with increasing flowrate effects where the maximum flow being
dealt with is less than 100 Kg/m’.s. It is intended to run the tests for
this investigation up to mass flux values in excess of 4000 Kg/mz.s.

Since the Lockart-Martinelli method could be modified for use with
coiled flow by the replacement of straight tube single-phase pressure
gradients by coiled tube single-phase pressure gradients it may be possible
to do the same with the Chisholm and Sutherland(28) and other mass flux and
quality dependent correlations. It is intended that this approach be

adopted in the data analysis for this report.
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4.U.U BEXPERIMENIAL APPARATUS AND INSTRUMENTATION

4.1.0 Test Loop

An open circuit test loop was constructed using light gauge copper
pipework, as shown in fig 4.1.

The pipework immediately before and after the test section was made
from 1/2" bore tube and had couplings fitted which enabled the test sections
to be changed without disturbing the remaining pipework. The couplings
consisted of T-pieces which were fitted with pressure gauge lines and
thermocouple glands. After the test section outlet coupling a short length
of straight tube 1ea to the main flow control valve. From this valve a
length of 1large bore rubber tubing led the test fluids into a separator
tank. The separator allows air to exhaust to atmosphere and the water to
drain to a sump tank in the laboratory basement. A pump recirculates the
water to a constant head tank on the laboratory roof.

The test loop supply pump draws water from the constant head tank. A
short bypass loop was installed between the pump discharge and inlet, and
was fitted with a hand operated valve. This arrangement would provide
better control and more flexibility over water supply flowrates and
pressures. At the pump outlet a T-piece was fitted to house a thermocouple
and a high pressure purging water supply which allowed de-aeration of the
pressure tapping lines. A water cooler was installed to prevent an
excessive rise in temperature. The cooling element was supplied with water
from a main supplied by the site cooling tower.

Since the cooler had been installed at floor level, advantage was taken
of a long straight vertical section running to the test bench level to
install a turbine flowmeter.

At bench level the tubing was turned to the horizontal lbefore being
coupled to a flow mixer. From here the test fluid mixture entered a
straight section of tube leading to the test section.

Air is supplied to the mixer from the main air line via a bank of
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rotameters. Immediately before the mixer, the air line is fitted with a
pressure regulator and flow control valve. Finally each test section is
installed with the coil axis horizontal and in line with the supply tubing
as shown in figure 4.1.

4.2.0 Equipment

4.2.1 Drive Pump

The loop drive pump used was a 5WMV20 Worthington Simpson multistage
pump. This model is capable of supplying 19 bar pressure at a flowrate of
0.5 kg/sec.

4.2.2 Cooler

A Bowmans shell and tube heat exchanger with disc and doughnut baffling
was used as a cooling unit. The exchange heat rating was 4.5 kW.

4.2.3 Mixer

A sintered tube flow mixer was used to mix the air and water phases.
This unit consisted of a body-shell made fram 2.5" bore pipe fitted with an
internal sleeve made from porous sintered tube. Water enters the pipe
through the side wall and occupies the annular space between the sintered
tube and the pipe inner wall. Under pressure the water passes through the
sintered tube wall and mixes with the air which is moving through the
central passage. The combined phases then move together down the central
passage of the sintered tube and out to the test section.

4.2.4 Flow Separator

At the discharge from the test section the two-phase mix passes into a
separator consisting of a tank which allows the water to separate under
gravity while exhausting the separated air to atmosphere (see fig 4.1). The
unit is made from a simple steel casing with ports for the two-phase inlet,
water and air emission and a water level indicator. This last item was
installed to avoid accidental flooding.

4.3.0 Instrumentation

4.3.1 Flowmeters
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Air

A bank of four rotameters were used to monitor the air flowrate through the
test section. Due to the large quantities of air which it was anticipated
would be used it was decided to measure the air at the inlet to the test
section where the pressure would be highest and hence the volume lowest.
These rotatmeters had a scale indicating the volume of air corrected to a
standard atmosphere of 1.013 bars and 15 degrees Celsius. Although the rig
was run with the air supply considerably in excess of these pressures there
is a standard method by which higher or lower supply pressures can be
corrected without undue loss to the accuracy of the units.

Water

A Bestobell type M9 turbine flowmeter was used to measure the water
volumetric flowrate. This flowmeter gives an electromagnetically generated
signal which has a frequency proportional to volumetric flow. Calibration
was carried out at the test bench and with the flowmeter in it’s intended
working location. The accuracy of this unit is +0.05% of its maximum rating
within the calibration range. A copy of the calibration graph is found in
Appendix 1.

4.3.2 Pressure Gauges

Four Bourdon-type pressure gauges were used. Two were used as safety
measures to protect the pressure transducer and the manameter tubing
network. Two more were of test instrument standard and were used to measure
the rotameter and test section inlet pressures. In conjunction with the
barometric reading these values provided absolute pressures. Calibration

was carried out by the gauge company and a test certificate issued.

4.3.3 Pressure Transducer

| The main function of the experimental rig is to measure pressure drops
~over designated lengths of pipework. To this end a system of valves and
hypodermic pressure tappings were used in conjunction with a pressure

transducer to measure pressure drop through the system. The majority of the
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pressure measurements made were those involving water and air. The complex
system of tappings shown in fig 4.2 is used with a differential pressure
transducer to provide pressure drgp measurements along the test section.
The pressure transducers used - were  Rosemount  E1151DP differential
transducers. Three were used depending on the range required. They were
calibrated for 1, 3 and 7 bar FSD respectively. This type of unit can be
calibrated in situ to cover a wide range of pressure differentials up to
2000 KN/M2 and have an accuracy of 0.1% FSD. A typical calibration graph is
included in Appendix 2.

4.3.4 Thermometers and Thermocouples

Three thermocouples were used in the test loop. One was used to
monitor the loop temperature at the multistage pump discharge to ensure that
liquid in recirculation did not build up too great a temperature. Two
thermocouples were also used, one each at the inlet and outlet of the test
section. A thermometer was also used to read the air stagnation temperature
at the exit from the separator.

Thermocouples

Three K-type thermocouples were used to obtain stage temperatures in the
test loop. Manufactured to B.S. 4937, these are of the Chromel/Alumel type
and have a generated EMF of 41 microvolts per degree Celsius. Calibration
was carried out at the National Engineering Laboratory over the range +50C
to =-5C. Overall accuracy when used with the Solartron Multimeter 71520 is
estimated to be ip.loK. Calibration graphs for the thermocouples are in
Appendices 3, 4 and 5.

Thermometer

A mercury filled glass thermometer was used at the separator to determine
the stagnation temperature of the air. This was mounted above and behind
the two-phase inlet to the separator thus reducing the water pick-up to a
minimum by immersing the mercury bulb in the air while the air is at a

suitably low velocity. The accuracy was taken to be approximately iQ.ZSOK.
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4.3.5 Voltmeter

Voltage readings from the pressure transducers and thermocouples were
taken from a Solartron Digital Multimeter, wvia channelling through an
instrument-standard multiway switchbox.

4.3.6 Digital Counter

An Orbital B-115M digital counter was used to read the signal from the
turbine meter. Readings fram both the voltmeter and the counter were taken
directly, the various programmes used to calculate the results being

equipped with the required constants and linear equations supplied by

calibration.

4.3.7 Hypodermic Tapping Circuit -

The ten tappings on the test section were connected to the pressure
transducer via a bank of valves and a Schrader manifold. The various
components were all interconnected using 1/8" bore nylon, used for its
flexibility and small effect on the response time. A clean water purging
supply was taken direct from the pump to the manifold to provide a means of
removing air bubbles from the hypodermic tubing. The circuit used can be
seen in fig 4.2.

4.4.0 Test Sections

There were four test sections in all, the detajils for which are as
given below:-

COIL DIMENSIONS

COILED TUBES: - LARGE BORE SMALL BORE
TUBE ID 0.0124 m 0.007 m
COIL MEAN DIAMETER 0.274 m 0.0745 m
TAPPING BORE 1.6 mm 1.6mm

NO. OF TAPPINGS , 10 9

NO. OF TURNS ! 5

ANGULAR DISPLACEMENT

OF TAPPINGS 160° 270°
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FIRST TAPPINGS Al

TAPPING TYPE

END FITTINGS

MATERTAL

STRAIGHT TUBES:

TUBE ID

LENGTH

NO. OF TAPPINGS

TAPPING TYPE

END FITTINGS

MATERTAT

U~ 0~
1/8" BSP 1/8" BSP
1/2" BSP 1/2" BSP

STAINLESS STEEL (ADMIRALTY SPEC)

LARGE BCRE SMALI, BORE
0.0124 m 0.007

lm lm

10 10

1/8" BSP 1/8" BSP
1/2" BSP 1/2" BSP

STAINLESS STEEL (ADMIRALTY SPEC)
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5.0.0 METHODOLOGY

5.1.0 General

There are a number of aspects of this work, which do not appear to have
been met with and studied by other investigators, which form this thesis and
these were arranged into three different sections.

First, the experimental methods, ocommonly uséd in éssessing fluid
pressure drop in a tubular length of test section, were modified to suit the
test section orientation and conditions of test. A single-phase correlation
was also developed at this point for use during the two-phase analysis.
While many investigators have tested ocoils with the coil central axis
running vertically, conditions of service of the boiler being modelled
required that these tests be carried out with the central axis lying
horizontally. The test method development was carried out during the
single-phase test work and while collecting single phase data.

In the second section, straight tubes were tested and the changes in
test method, required for carrying out two-phase tests, developed while
comparing the test section data with readily available correlations.

Finally, tests are carried out for two—phage flow in the coiled test
sections and compared with correlations where possible. At this stage
improved correlations for all the two-phase test data were developed.

5.2.0 Single Phase Tests

5.2.1 Experimental Method

The single-phase water tests with straight tubes were run first. The
use of water made leak detection a simple matter and due to the
incompressible nature of the fluid at the test conditions the analysis
procedure was the simplest of the fluids under test. Having established
that the test rig was functioning properly, single-phase air tests were also
carried out with minor Changes to the test method to enable the fluid volume
to be assessed.

The test method involved the following stages:-
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1) ror wdier tests, Uule wdlterl supply o tne rig was Turnea on ana
multistage pump was primed. For air tests, the pressure regulator on the
air supply to the rotameter bank was set, before opening first the butterfly
valve on the chosen rotameter and then the supply valve to the flow mixer.
This routine was adoped to make sure that any water which might have leaked
back through the air supply route during water tests did not find its way
into the rotameters.

2) All pressure gauge and transducer tapping and supply lines were purged,
for water or two—phase'tests. For air tests the rig would be left to run
dry at a nominal flow with bleed points open to dry all tappings and
instrumentation.

3) For water tests the multistage pump was switched on and the supply
pressure to the test section raised to a maximum safe level to check all
connections for leakage. For air tests, having turned on the air supply at
the required pressure, a special soap solution could be sprayed onto
couplings to assist in leak detection.

4) Having assessed the maximum and minimum flow which could pass through
the section fitted and be measured, the range obtained was divided into ten
subdivisions, (a set of test readings would be taken at each of the ten
calculated flows).

5) Starting at the highest flowrate, the pressure gauge reading was taken
from the first tapping (number 1) and, by the use of the tapping isolation
valves, a sequence of pressure differential voltage values were taken from
the pressure transducer/voltmeter. The readings were taken between the
tapping furthest down the section and tapping number one, first, and then
between tapping number one and each preceding tapping towards.tappiﬁg number
one. By following this method it is possible to reduce the ingress of air
bubbles to the tapping lines, during two-phase tests, to a minimum and so
this method of purging was adopted generally.

6) Having taken all relevant pressure readings, the signal value from the
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pressure readings had been taken) and the thermocouple voltages read.

7) After all readings had been taken, and before reducing the flowrate to

the next selected value, the tapping lines would be purged or dried again.
As a rule, whether required or not, the ambient temperature and

barometer reading were taken before all tests, single-phase water, air and

all two-phase tests. Typical raw data can be found in Figure 5-25.

5.2.2 Data Analysis

For single-phase tests on either test fluid, air or water, equation 2.4
can be used to determine the friction factor where there is no gravitational
or accelerational pressure drop to take into account. A computer progam was
written which read test data files, converting voltage and frequency values
as required, and determined friction factors based on frictional, as well as
accelerational pressure losses where air is the test fluid. The results
obtained can be seen in figure 5.1, 5.2, 5,3 and 5.4 It should be noted
that separate programs were written for coils and straight sections as well
as for each fluid. While the flow in the straight tubes did not require
additional settling length other than that which was provided up to the
first tapping, the literature survey had produced papers which suggested
that up to 270° of rotation should be allowed as settling 1length before
pressure differentials are read fram coils. The early water tests on the
coiled test sections confirmed this as being the case. Hence the computer
programs handling coil test ‘data did not include pressure readings for
tapping numbers one and two in their calculation of the frictional pressure
drop. From figure 5.5 it can be seen that the air data does not follow the
expected trend. Estimates showed that the air tests were producing stream
velocities in excess of 80% of the critical velocity. At these velocities
it is neceésary to use a Fanno line method used in gas dynamics(40) to
assess the value of the friction factor. A computer program was written

which produced the required Mach Numbers, but since the method employed
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since the work involved in producing the software for the whole solution was
not justified. From figure 5.6 it can be seen that this method succeeded in
producing the expected results for the straight tubes. While improvement
resulted, a satisfactory solution was not found for the high wvelocity gas
flow in the case of the coiled tube. On cawparing the data (figures 5.7 and
5.8) it was suggested that the reason for the disparity between the
compressible and incompressible results was almost certainly due to the
failure of the Fanno line method to allow for secondary flow in the flow
stream of the coil, the analysis of which is outwith the remit of the
report. Fortunately this air data was unlikely to be needed in the analysis
of the two-phase data,in Chapter 6.0 the case is discussed further.

The water test results for flow in a coiled tube showed good agreement
with the correlation proposed by Srinivasan(2) (figures 5.9 and 5.10).

5.3.0 Two-Phase Results for Straight Tubes

5.3.1 Experimental Method

The experimental method employed was essentially the same as for the
single-phase tests. Regular checks had to be made of the pressure tapping
lines to ensure that they remained free of air bubbles and as an additional
precaution the test sections were inserted with the tappings to the bottam.
Due to the presence of finely dispersed air bubbles in the test mixture, the
procedure had to be ordered in such a way that pressures in the tapping
lines always erred on the positive side to make sure that there was no
inductioh of the bubbles into the lines. Where checks had to be made on
data points, thé whole system was purgeq;with clean water before retaking
data.

5.3.2 Data Analysis

The values of the density, velocity, mass flow, viscosity, measured
two-phase multiplier and Lockart-Martinelli parameter were calculated by

computer program and comparison made with the Lockart-Martinelli correlation
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From the graph it can be seen that the smaller tube data with higher
mass flux values lies closer to the Lockart-Martinelli 1line. Chisholm(34)
presented a graph showing this tendency for particular mass velocities (up
to 2078 kg/mz.s) to show better agreement with the Lockart-Martinelli
correlation. Brief comparisons were made with the Baroczy(33) and the
Chisholm and Sutherland(35) correlations and there was a reasonable (within
20%) agreement at the lower mass flux values achieved on test. This was,
perhaps to be expected since the limit to the Baroczyi33) data was in the
region of 4000 kg/h?.s with Chisholm and Sutherland(35) using the same data
as a base for their correlation. Finally the correlation presented by HTFS*
was used in a computer program. This correlation was developed using
computer software to provide a fit to the HTFS adiabatic two—phase flow
data. Based on the Lockart-Martinelli method (equation 2.37), the C
coefficient is “tuned” to provide a fit to the HIFS data and is mass flux
and property index (density and viscosity) dependent. Figures 5.12 and 5.14
show the two-phase multipliers obtained by the HTFS correlation compared to
the two-phase multipliers measured and using equation 2.8 for the
single-phase friction factor. The computer output supplying other
- information for this data can be found in tables 5.1 and 5.3. An
alternative equation for the friction factor, obtained fram the single-phase
test data, was employed and the resultant graphs and data are found in
figures 5.13 and 5.15, tables 5.2 and 5.4. It was found however that the
difference in values of the two-phase multipliers obtained was
insignificant. The two-phase correlation used here provides the best fit
for the test data to date but the tendency for even this correlation to
become less accurate at higher mass velocities can still be seen. This is
not surprising if the mass velocities are examined. The best correlations
available have been dependent on data with a mass velocity upper limit of

* Heat Transfer and Fluid Flow Service, NEL, East Kilbride, Scotland.
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6400 kg/h?.s. Also it can be seen that there is a difference between the
multipliers for the respective tube diameters even after allowing for the
high mass flux values. It was noted that the HTFS correlation had been
fitted to data which had thousands of points above, but practically no data
for tubes below, 18 mm in diameter. Other data for small tubes was
extracted and compared with the test data and the resultant graph can be
found in figure 5.16. The 8 mm data shown has mass flux values of up to
9000 kg/m2.s and displays some data confirming the test results. Same data
points appear to be adrift but it is worth noting that this data is for
boiling flow. The 2.6 mm data also show fair agreement. It was decided to
collect the coil two-phase data to confimm the trends shown in the straight
tube data before attempting to find a suitable correlation which would add
tube diameter and further mass velocity dependence.

5.4.0 Two-Phase Results for Coiled Tubes

5.4.1 Experimental Method

During all of the coil two-phase tests and over almost the entire range
of qualities tested the test section vibrated with substantial force. This
vibration persistea despite the rotation of the coil so that the central
axis was in the wvertical position. The resultant fluctuations in the
various instrument readings may have reduced the consistency of the data
obtained so far. To minimise the effects of the vibration the
instrumentation was mounted on a separate bench. The procedure for
collecting readings was as described in section 5.2.1., forces acting on the
liquid phase producing a fairly consistent water cover over the tapping
entrances, reducing the amount of purging required.

5.4.2 Data Analysis

The literature survey had not produced any reference to research work
for two-phase flow in coils at high mass velocities of the magnitude covered

in these tests. Those references which had dealt with two-phase flow in
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similar to those founa ih straight tube horizontal flow. Additionally the
replacement of the straight tube single-phase friction factor with that of
the coiled tube single-phase friction factor had produced a calculated
two-phase multiplier with a good agreement with measured multipliers. This
approach was adopted in writing the software to handle the coiled tube
two-phase flow test data. Versions were written utilizing both the equation
proposed for the single-phase friction factor by Srinivasan(2) and the
equation obtained from the test data. The resultant graphs and output are
found in figures 5.17 to 5.20 and tables 5.5 to 5.8. Again it was found
that the change in single-phase friction factor had very little effect on
the ratio of the calculated - to measured - multipliers. With reference to
the multiplier ratios it should be noted héwever that the correlation is in
fact better than the case for straight tubes. Typical raw data can be found
in Figure 5-25.

5.5.0 Two-Phase Data Correlation

Both the straight and coiled tube data suggest a relationship exists
between the HIFS two-phase multiplier and the tube diametér. It has also
been established that the mass velocities achieved during test are greatly
in excess of the limits of the data for which existing mass
velocity-dependent correlations have been produced. Therefore it is
proposed that a correlation developed for the test data be further dependent
on both these parameters. In addition it .is proposed that there is a limit
up to which the flow patterns for two-phase flow in a coiled tube can be
predicted as being similar to those for a straight tube. Lacey(25) did not
provide test data but did present such evidence from flow visualisation
tests. He showed that at low mass velocities, bubble and slug flow are much
the same in each type of tube geometry, with the phase breakages preventing
secondary flow from establishing a difference. It is suggested however that

there will come a point, with the increase in velocities and at certain
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qualities, where the secondary flow will establish itself in the coil. At
this point there will be differences between the flows in straight tubes and
coils for which different correlations must be provided.

5.5.1 Straight Tube Correlation

The new correlation was only required to come into effect at a certain
level of mass flux for each tube. Accordingly a ratio of the chosen mass
flux to the tube diameter was chosen. The new two—phase multiplier would be
of the form,

¢12new = ﬁlz . C3 (5.1)
where C3 contains the mass flux/tube diameter ratio and ﬂ12 is as found in
equation 2.37. Having examined both the large and small bore data and after
trying a number of different values, a suitable computer subroutine was
written which achieved good results for both tubes. It was decided to adopt
the methods of Chisholm and Sutherland who presented different values of the
coefficient C2 depending on certain ratios of mass flux. For the test data,
each tube diaﬁeter had a suitable value of mass flux chosen, after which the
new correlation was required to have an effect. This value was 3750 kg/mz.s
for the large bore tube and 2162 kg/m>.s for the small bore tube.

The group (G/(const . 4)™) was used as a ratio which should equal 1
when the required mass flux was reached. This same group was in turn used,
being diameter and mass flux dependent, as the base for the modifying C3
coefficient as described in equation 5.1

The value for the constant was taken as 1 x 105 for both the cut-off
point ratio and the modification factor. The index was taken as 1.554 for
the cut-off ratio and 1.115 for the correlation. The final form of the

straight tube correlation coefficient C3 for equation 5.1 is,
5,1.115 ,0.5

C3 = 0.5 + (G/(d . 10°) ) (5.2)
where G/ . 105)1°1554 > 1.0 and
c3 =1.0 Cfor G/(d . 1021124 ¢ 1.0

The graphs of the modified multipliers compared to the test measured
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multipliers can be seen in figures 5.21 and 5.22 together with the actual
data in tables 5.9 and 5.10.

5.5.2 Coiled Tube Correlation

As was the case for the straight tube correlation, the coiled tube
correlation is not required to come into effect until certain levels of mass
flux are reached for a particular diameter of tube. The levels of mass
velocity at which the correlation is needed for the coiled tube flow can be
seen to be considerably lower than those for straight tube flow as can be
seen if figures 5.12 and table 5.1 are compared with figure 5.18 and table
5.5.

The format of the correlation is the same as for the straight tube
data, based on equation 5.1. A significant difference achieved was that of
retaining the same index m for both the cut-off ratio and the correlation.

The final form of the coiled tube two-phase flow correlation coefficient C3

is,

c3 = 0.1 + (6/(10° . @)1-0671)0.35 (5.3)
where G/ . 105 )1'0671 > 1.0 and
C3 = 1.0 where G/(@ . 10° )**%71 ¢ 1.0

The graphs and specific data for this correlation can be found in
figures 5.23 and 5.24, tables 5.11 and 5.12.

5.5.3 Correlation Development

As can be seen from Figures 5.14 and 5.12, the HIFS correlation could
be improved for high mass flux Values and low diameters. The first stage in
improving the mass flux and diameter dependency was to include a term
involving these parameters. Examining the data from Tables 5.5 and 5.6 it
was decided that the new correlation should take effect from approximately
2000 kg/m’.s for the 12.4 mm tube data and 1200 kg/m’.s for the 7.7 mm tube
data.

Since at this point the new term in the correlation should equal 1.0

for each set of data the term can be solved to provide a suitable index.
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2000 kg/m’.s = 1.0 1200 kg/m.s

(0.0124 m x 10°)N (0.0077 m x 10°)V
\
= 2000 kg/m’.s = (\0.0124 % 10%/?
1200 kg/m°.s 0.0077 x 103
1.667 = 1.614"
N =1.0671

A computer program was written which calculated the mean, standard
deviation and percentage of data within 10% of the correlation in use. The
origihal HTFS correlation ‘was then compared with the same correlation
multiplied by the new term G/(d x 105)1'0671, term succeeds in realigning
the two diameter data sets, as can be seen in Tables 5.13 and 5.14
respectively. The intention of introducing a diameter term had been to
bring the line of data for each diameter together (Figures 5.5 and 5.6) by
bringing in a mass flux factor "lifting" the high mass end of the data
group. It was recognised that in bringing the groups together and then
"lifting" both sets of data together that a considerable proportion of low
mass flux data would exceed the 10% limits on the correlation. However
there can be seen to be a very large improvement in the total group (both
diameter sets) as well as a substantial improvement in the smaller diameter
set standard deviation.

Having brought the data sets into alignment the next stage was to reset
the lower mass flux data to the HTFS correlation line. A constant would be
added to achieve this and the effects of adding valves of 0.1, 0.11 and 0.09
can be seen in Tables 5.15, 5.16 and 5.17 respectively. The lower mass flux
data in the large bore results were examined but it was found that the
effects of the constants could not be assessed easily.

The differences in standard deviation and mean for the large bore data

were very small. It was decided that the best measure was a 3% increase in
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data within the 10% limit when a constant of 0.1 was added.
The new term now read
0.1 + G/(d x 10°)+-0671

The data at this stage will lie on a single line, agreement with the
measured values of pressurevdrop varying fram good at lower mass flux values
to poor at higher values.

The final stage of development involves "bending" the correlation to
remove the mass flux effect vériance. To achieve this an index is applied
to the mass flux/diameter ratio to give an equation, of the form

0.1 + (G/(d x 10°)}-067H)m

Values of index of 0.5, 0.35 and 0.2 were tried and the results can be
seen in Tables 5.18, 5.19 and 5.20. Where m = 0.35. It éan be seen that
the correlation shows a maximum of data within 10% of the measured values,
and has a greater consistency of standard deviation and mean for both large
and small bore data. before deciding on 0.35 as an index value the
sensitivity of the index was examined by trying values of 0.36 and 0.34 for
m, (see Tables 5.21 and 5.22). The correlation with m = 0.35 has a
mid-value for both total mean and standard deviation but the variation
between the three sets of values can be seen to occur in the third
significant figure. Additionally with m = 0.35 the correlation has the

greatest amount of data within the 10% limits.
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6.0.0 DISCUSSION

This discussion will be divided into four parts. The pressure drop in
straight tubes will be discussed firstly for the single and two-phase
results. The second section will essentially repeat this for coiled tubes.
The third section will deal with the usefulness of these tests in modelling
boiling flow. Finally a brief discussion with respect to the flow
visualisation tests will relate the findings of the high mass flux tests
carried out using clear plastic tube.

Compressibility effects were experienced with single-phase air flow
which resulted in a significant accelerational pressure gradient as
discussed in connection with equ (2.1). Gas dynamic methods were employed
in order to compare the single phase air results with the existing
correlations for incompressible single-phase flow. While the Fanno method
employed produced satisfactory results for the straight tubes, the results
for flow in coiled tubes did not compare so well with the Srinivasan
correlation. Possible reasons for this apparent discrepancy will be
discussed.

6.1.0 Straight Tubes

The relationship between friction factor and Reynolds Number for
straight +tubes has been thoroughly investigated by other researchers and a
number of correlations are in common use covering various ranges of Reynolds
Nurmber .

Two of the simplest of these, covering a relatively limited range of
Reynolds Number are given in equ (2.7) and (2.8). These, particularly equ
(2.7), have the advantage of simplicity of form which makes them useful for
substitution into other equations. The widest range of Reynolds Number is
found in a correlation found in the ESDU(4S) papers on frictional pressure
drop. Good agreement was obtained when comparing these correlations with
the test data obtained.

As has been discussed in section 2, the prediction of two-phase
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pressure drop is much less certain owing to the greater complexity of the
flow. The best available correlation for the prediction of two-phase
frictional pressure drop is of a proprietary nature, being the property of
the Heat Transfer and Fluid Flow Service (HTFS) and is based on a large data
‘bank covering a range of fluid properties : mass flux, quality, tube
diameter and orientation. There are however in the data bank relatively few
data for tubes less than 12 mm in diameter and it might therefore be
expected that this might be an area of weakness.

6.1.1 Single-Phase

Tests carried out using air and also water in the straight tubes are to
provide confirmation that the rig instrumentation is functioning accurately,
that the experimental technique is adequate and to establish whether the
tube can be regarded as smooth. This area of study is particularly well
covered and results are compared with the friction characteristic equations
chart and showed good agreement.

ILoocking at fig 6.1 showing pressure loss against distance it can be
seen that there are a number of small deviations from the straight line.
These are also discussed in the chapter on experimental methods and were, it
kis believed, due to small burrs on the inside of the tappings (see figs 6.2
and 6.3). The depth of these irregularities is wuncertain but they were
positively identified by the use of a flexible fibrescope. There were
distinct grinding marks around the inside of the tappings. There were also
considerable amounts of weld burn - through where the tappings had been
welded to the tube, and large areas of rust. This rust was present despite
the use of stainless steel for the tube construction.

Despite the presence of these surface irregularities in the tube bore,
the data, when plotted on the friction characteristic, agreed with the line
for an hydraulically smooth tube.

Whilst the results for air flow through the large bore tube showed a

good agreement with the Blasius line, the small bore results did not. It
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was decided to use a method fram John(40) where, having calculated the Mach
numbers at two different points a known distance apart, the difference
between the results of a standard integral give a term:

: ~f.z
C (the difference) = 3 (6.1)

Tests were run and differences calculated for a range of Mach Numbers.
In calculating Mach Numbers for both large and small bore tubes with
single-phase air flow it was found that the method originally used was
adequate until Mach Numbers exceeded approximately 0.2. Thereafter it
becamé necessary to apply the Fanno method, employing the equation shown
(6.1) and respective method based on gas dynamic theory. It should be noted
that the Mach Numbers were estimated to have reached values as high as 0.83
in the small tube. It was believed that at the point where accelerational
and frictional terms became insufficient, local changes in the temperature
would have started to affect the true volume of the fluid. Additionally
while Mach Numbers reached 0.83 at the tapping with the lowest pressure
value, the changes of section and still lower pressures at the downstream
coupling gave rise to the possibility of there being choked flow conditions
affecting the through flow of fluid.

However, the Fanno flow method used succeeded in bringiﬁg the data to
the expected position on the Reynolds Number/friction factor plot. Where
the Mach Numbers were less than 0.2 - 0.3 the two methods employed provided
very similar results, confirming the suitability of the Famno flow method
for use in this application.

The single phase water tests provided good agreement with the line for
an hydraulically smooth tube. For the purposes of calculating two-phase
pressure drop, an equation for the friction factor was derived from this
data,

0.32

f = 0.0016 + 0.106/Re (6.2)

6.1.2 Two-Phase
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The method used to assess the accuracy of two-phase correlations is to
compare a calculated multiplier ratio with the actual two-phase multipliers
measured in the tests. Calculations are based both on a recognized equation
for the single-phase gradient and for an improved equation based on single
phase data from this test work (equ 6.1). The difference between the
equations and the resultant multiplier comparisons was minimal as can be
seen comparing figures 5.12 with 5.13 and 5.14 with 5.15. Comparing these
graphs it was decided that there was no difference, with respect to
single-phase friction factors, worth investigating.

The measured multipliers for the large-bore data can be seen to agree
quite closely with thé ca1cu1a£ed multipliers. Tables 5.1 and 5.2 show a
grouping of the ratio i;approximately 30%. However the small-bore data
shows a different trend. The values of measured multipliers were between
two and three times the calculated value (tables 5.3, 5.4 and figures 5.13
and 5.14). Noting the tendency of the ratio of calculated-to-measured
multiplier to decrease as the mass flux increases, we may also note that
this same trend is visible in the large-bore data (tables 5.1, 5.2 and
figures 5.11 and 5.12) but the movement here is less noticeable. There 1is
no direct link since from the data we can see that a mass flux value for say
4500 kg/mz.s has a very different multiplier ratio value for the large and
small-bore tubes respectiVeiy. However it may be the case that a
relationship may exist which entails factors related to tube diameter.
Graphs displaying both large and small-bore results for mass quality and
mass flux against calculated and measured multipliers (figs 6.4, 6.5, 6.6
and 6.7) show that while there is a small difference between the calculated
and measured values of mass flux there is a marked difference in the values
of measured mass quality from that expected. Only when mass flux and
quality were shown against individual multipliers instead of their ratio did
this trend become apparent.‘ In order to check the truth of the small-bore

test data a comparison was made with data from the HIFS (fig 5.16) data
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bank. Referring to fig 5.16 it can be seen that while there are some data
points which are askew of the main trend (High mass flux boiling data) it
can be seen that there are points which confirm the trend found for the
measured two—phase multiplier to increase with mass flux at a greater rate
than calculated values.

Summarising the assessment of the data, while it was found that the
values for the large bore two-phase flow data is fairly accurately predicted
by the combined Baroczy-Chisholm-Sutherland method it was found that the
small bore -data.-is not. Plots of mass quality against measured and
calculated multipliers indicate that the relationship between these factors
changes for two-phase flow in smaller diameter tubes (less than 10 mm).

In -section -5.0, as. part of the data analysis an attempt was made to
provide a correlation for the data which, in addition to providing a better
estimation of the characteristics of these particular test sections, wpuld
have a base on which later work could develop.

First, the effect of mass flux. It has been shown that the general
limit of data, on which mass flux dependent correlations have been based, is
approximately 4000 kg/mz.s. Since the data collected rises to values in
excess of 6500 kg/m2.s it was decided that the new correlation would preseht
an additional mass flux dependent term. Secondly, it is suggested, that for
a given combination of phases, there is a lower limit of diameter under
which this parameter has been correlated to date. Up to this point in time
investigators may only have noted a trend in data for small tubes tested to
10 mm diameter. However, when viewed from the point where evidence of a
diameter effect is sought, data for quite large tubes may show signs
displaying such an effect. It was therefore proposed that the correlation
should include a tube diameter dependent term. Finally, the design of the
test rig was such that the spectrum of mass qualities which could be
investigated was limited. For this reason it would not be appropriate,

despite the evidence of figs 6.6 and 6.7, to include a term dependent on
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mass quality. The range of mass qualities tested. was narrow and so the
visible effects on these tests are small.

6.2.0 Coiled Tubes

Single-phase flow in coiled tubes has not been investigated to the same
extent as flow in straight tubes but there are a number of sound
correlations in use. These tend to break down to the same forms as those
for straight tubes but with the addition of ratios related to the Dean
Number. Both Blasius and modified Blasius forms are found to be in
reasonable agreement with the data taken; but the 1line proposed by
Srinivasan(2), taking the Blasius form with Reo‘2 (d/D)O'l replacing Reo'32
was found to be the best fram those available. While this correlation was
found to be good it was decided to fit a line through the test data for the
specific coils under test and to compare these with values obtained using
Srinivasan’s correlation. This is important since the best method to date
of predicting two-phase flow in coiled tubes involves replacing the straight
tube single-phase gradient by an equation for single-phase flow in coiled A
tubes.

The coiled tube two-phase test results were analysed in exactly the
same way as those for the straight tube tests but with the replacement of
the straight tube friction correlation by the coiled tube correlations, both
Srinivasan(2) and a correlation based on the single-phase test data were

used.

6.2.1 Single-Phase

The single-phase data were closely predicted by a number of the
existing correlations available with Srinivasan(2), Akagawa(l) and White(32)
all within an acceptable range. In addition to these a line was fitted
through the data to provide a correlation for this specific data.

fc(0/@)?> = 0.081 . (Re(a/m)?) 702 (6.3)

In discussing the straight tube data it was shown that compressibility

effects had to be dealt with by using a method normally employed in gas
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dynamic work. While this method worked well for the straight tube it can be
seen from fig 6.8 that it did not work when used with the coil data. Tests
were carried out to check both straight and coiled tube data but no reason
was found for the apparent drop in friction factor values. There may be,
however, given the differences in flow regime between flow in the straight
and coiled tubes, an explanation available.

In the literature survey it was shown that a number of papers agree
that the maximum velocity of a fluid flowing round a bend is greater than
would expected to be the case (see figure 6.9) due to the secondary flow
pattern which develops. A simple vector diagram will show that the true
velocity of the fluid would involve adding a vector of circumferential
velocity. Extending this concept it is possible to imagine that local Mach
Numbers can rise above estimated vaiues"rendering éhe method for straight
tubes (dependent on one-dimensional flow) inadequate.

6.2.2 Two-Phase

The two-phase data for coils were better predicted by the methods
adopted than the straight tube data. This appears at first to be an odd
situation. There are, however, a number of important features of the coil
flow which should be considered before conclusions are drawn.

Firstly it was noted that during the two-phase coil tests there was a
constant vibration from the coil. Fig 6.10 gives some idea of the magnitude
involved, surprising if only because the coil is firmly fixed at one end and
suppressed at the other. While the frequency of this vibration changed with
flow rate it was of an intensity such that the whole test bench shook and it
became necessary to remove the instrumentation and other loose equipment to
a separate table. The vibration was steady and powerful and it is feasible
that this phenamena had a regqulating effect on the two-phase mix which is
not normally present in straight tube flow. The orientation of the coil was
moved fram having the central axis horizontal to vertical, but did not have

any effect on the vibration. (It is worth noting that none of the papers
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dealing with two-phase flow in coils made any reference to such vibrations.
This may have also been due to the generally low limit of mass velocities
tested).

‘It has been stated that these tests have been run to new, higher limits
of mass flux. It is suggested that a point had been reached where rather
than the flow moved in a generally single dimension, secondary flow patterns
have established themselves and it is no longer valid to apply the
single—phase friction factor as previously used.

6.3.0 Limitations of Modelling Boiling Flow

with an Air/Water Mixture

For the purpose of this research water and air have been used to model
boiiing flow in a coiled boiler tube. It was recognized at the outset that
there would be a limit to which the comparison could be taken and this
section will deal with areas where it is expected that differences would be
met.

First it is important to know how the flow patterns in boiling and two
component two-phase flow differ.

With air and water it has been shown how various types of flow. pattern
evolve as the volumes of the two phases change. Starting with bubble flow
with a relatively small amount of gas dispersed as bubbles in‘ a continuous
liquid phase, as the quantity of gas increases plug flow will develop with
coalescing gas bubbles forming plugs of gas. With greater gas volume
stratified flow may form and as the gas phase increases in quantity, and
hence velocity, the liquid phase may be whipped up to form wavy flow and
then slug flow as the waves cover the tube section and are pushed along as
slugs of liquid. If the gas phase flows with a high énough velocity
relative to the liquid phase the gas may push the liquid to the wall to form
an annulus and the gas itself run along the tube centre as a core to give
annular flow perhaps with liquid entrainment as small waves on the liquid

surface are broken off and carried in the gas flowstream. With the flow in
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a coiled tube there may well be other patterns which develop. The secondary
flow and the centrifugal effects will both act to alter the liquid and gas
distribution. in the tube section. While for low velocities it has been
shown that the liquid phase will tend to daminate the outer areas of the
tube section, if the gas phase velocity is high enough film inversions will
occur (Lacey(25)) with the gas occupying the outer regions but with
secondary flow within the gas phase causing entrainment of liquid from the
inner liquid strata.

In the case of boiling flow there are a number of différences in the
way in which the flow patterns develop. .

At the tube wall the presence of nucleate boiling will have the éffect
of increasing the friction losses between the phases and the tube wall.
Indeed it is not altogether impossible that if the rate of heat flux were
great enough dryout could occur whilst there is still a liquid core, forming
an annular flow with vapour to the tube wall. The point is made that for a
given quality, the boiling flow situation will have a dry wall before the
two—component adiabatic flow and this will have an effect on the accuracy of
the friction pressure drop prediction.

The boiler being modelled in this study consists of two coils, one
forming the inner wall and the other forming the outer wall with the heat
source placed between the coils, (see fig 6.11). | The efféct of this
arrangement is to limit the heat transfer almost exclusively to the outer
side of the inner coil and the inner surface of the outer coil. This
presents a situation which is an opposite to the ideal.

It is intended that the inner coil be used to heat the liquid from a
subcooled state to a saturated condition. If indeed it is the case that the
liquid in this coil remains 1liquid then there will be no problem in
predicting the pressure drop in this coil. However if there is any boiling
of the liquid, the surface on which nucleate boiling will occur will be the

outer surface (see fig 6.12). As has been discussed earlier, where there is
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a small amount of gas or vapour present in the coil travelling at a low
velocity relative to the liquid, it will move.to the inner surface due to
the centrifugal forces acting on both phases. These phase flow phencmena
present a situation where the highest part of the liquid velocity profile is
moving along the surface with the highest local friction factor caused by
the nucleate boiling. Additionally the interphase shear will be at a
maximum since the vapour bubbles will traverse +the whole tube diameter
before arriving at the inner surface where they may recondense.

The situation is similarly far from ideal at the outer coil.

In this coil the saturated liquid is to be heated to a point where at
the coil exit the steam is superheated. During the boiling process the heat
transfer is through the inner wall but due- to  the mass 6f vapour being
generated the increasing vapour phase velocity will quickly bring about film
inversion (see fig 6.13). This will occur at a point where the centrifugal
forces acting on the vapour are greater than those acting on the liquid due
to the higher velocity outweighing the effects of the greatef liquid mass.
Again there is a situation where the vapour bubbles will be formed at the
wetted surface, maximising the interphase shear and if the enfrainment model
by Lacey(25, 27) is considered, liquid at the boiling surface may be
entrained in between the secondary flow vortices and thrown onto the cool
outer wall surface.

These circumstances may not be the worst imaginable and indeed the
resultant effects on the pressure drop may be negligible. However it can be
seen that the effects and circumstances described above could not happen in
the air/water tests and consideration should be given before applying the
results of this research directly to the intended boiler design.

6.4.0 Flow Visualisation Tests

Clear plastic tube of 12.4 mm internal diameter was wound onto a

mandrel to give an arrangement exactly the same as that of the larger bore

coil.
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The primary goal of these tests was to ascertain the flow patterns
which were responsible for the coil vibration. At the same time general
observations were made of the flow patterns at lower mass flowrates.

With the air content at a minimum the mixed flowstream quickly moved to
form a stratified flow as the section became curved and the centrifugal
forces separated the phases.

When the operating conditions were reached which had been present at
the onset of vibration the stratified flow pattern was seen to break up.
The use of a high speed polaroid photograph allowed the examination of the
flow pattern but it was felt that high speed cine or video film would be
required for a thorough examination.

It appears that secondary flows.impart a rotational motion to the whole
mixed fluid body in bursts. . Sections of low quality flow could be seen
swirling along the tube broken up by sections of high quality flow.

It is suggested that the secondary flows present were rotating slugs of
liquid with forces which exceeded the centrifugal forces created by the flow
about the heli central axis. These slugs of liquid, rotating about the
secondary flow axis amount to eccentric masses causing out-of-balance
forces, subsequently causing vibrations. As the vwvelocity increases the
vibrational frequency will increase, with increased secondary flow.
Additionally however the increased secondary flow will lead to
homogenisation, less slugging and hence the reduction of the out-of-balance
forces. It is expected therefore that the vibration would reduce in power

at sufficiently high mass velocities.
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/.U.0 CONCLUSIONS

Frictional pressure drop for two particular coil geometries has been
examined with air and water adiabatic, both single and two-phase flows.

For the single-phase friction factor, the correlation by Srinivasan
(equ 3.17) is confirmed by experiment and is recammended for general use. A
correlation is also presented for the specific coils under test (equ 6.3).

For frictional ©pressure drop with two-phase flow either the
Chisholm-Sutherland(31) or HIFS coefficient is confirmed by experiment as
suitable for use up to certain mass velocity and tube diameter conditions.
Thereafter -a correlation is provided which allows for the correction of the
two-phase multiplier by equation 2.37 for the coils under test and for
general use at high mass flux.

Straight tubes of similar bore were also tested at the same wide range
of flow conditions. A suitable correlation for small tube diameters and
high mass flux flows is also provided (equ 5.2).

The possible use of this study with respect to using the results for
modelling: the changing quality flow in a boiler is discussed as are the
results of a short series of flow visualisation tests carried out with the
large bore coiled tube.

Finally, strong vibrations were produced in the coils over most of the
two-phase flow conditions. These were at a high mass velocity and the flow
visualisation tests indicated that secondary flow was causing a rotational
slugging which produced the vibrations. While data was not collected for
these flow visualisation tests it was noted that the frequency of vibration
increased with mass flux. A paper by Hsien-wen hsu(18) on vibfation effects
on single-phase flow suggests that such vibration could cause massive

increases in frictional losses.
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8.0.0 RECOMMENDATIONS FOR FUTURE WORK

The area of study concerning single-phase flow in helical coils has
been adequately covered for the purposes of this work.

It may be that the case for study of near critical flow in a coil would
be one of interest to users of gas dynamic studies. It is understood by the
author that some work is being carried out at the time of writing this
thesis whereby a two-phase flow is being treated as a single compressible
fluid énd the laws applicable to compressible flows used to provide a
correlation for high velocity two-phase flow.

From the literature survey and the work carried out for this study it
is felt that the subject of high mass velocity two-phase flow is one which
could be expanded considerably together with the effect of'tube diameter on
two-phase flows. It is likely that the applications and hence the
justification of such study would be limited. If a use for such information
has not arisen to date for such conditions what likelihood in the future?
However, the ever present need for the compaction of plant gives constant
life to studies which might apply to coiled boiler tubes.

This last statement leads to the main area in which study might produce
interesting and original work.

This study has added a flow regime to those already known and
established for two-phase flow. This is the two-phase secondary flow
slugging which causedv substantial vibrations in the test coil. The flow
visualisation tests carried out were very crude. No mention of either the
vibration caused or the phenomenon itself has been traced in the literature
survey. Lacey has discussed annular flow in a coiled tube with liquid
entrainment but this flow regime is believed to occur at much higher
qualities. It is suggested that the presence of secondary flow might lead
to some very interesting results at high mass velocities with many different
flow pattern combinations and effects, the knowledge of which will be very

useful to design engineers.
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Finally it would be of great interest to know more about the effects of
vibration on flow in vcoils and particularly for two-phase flow. If
vibration is a characteristic of two-phase flow in coils and the friction
factor increases as suggested by Hsien-wen hsu(18) then such knowledge will

be of great importance to anyone involved in plant design.
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Tube Bore

Mass
Flux
KG/M2.8

1152.
1122,
1104.
1086.
1056.
1055.
10z4.

8985.

979.

960.
1968.
1933.
18z4.
1911.
1510.
1894.
1855.
1882,
1865.
Z2864.
2907,
2813.
2834,
2B24.
2804,
2782,
2781.
2772.
3721.
3723.9
3701.2
3749.0
3746.4
3705.7
3709.7
3708.0
3716.1
3710.6
3777.9
4587.2
4598.1
4625.1
4570.9
4576.8
4547.35

ONU oW @O WANUDBNNNRFPUOAONOOS ONWO NN

L-M
Param

(-)

3.275E-01
3.293E-01
3.316E-01
3.793E-01
4.083E-01
4.657E-01
5.225E-01
6.2B1E-01
8.515E-01
1.400E+00
9.130E-01
9.350E-01
1.003E+00
1.093E+00
1.168E+00
1.310E+00
1.440E400
1.763E+00
2.454E+00
1.573E+00
1.688E+4+00
1.746E+00
1.944E+00
2.130E400
2.320E+00
2.677E+00

3.253E+00 -

4.341E+00
Z2.8ZBE+00
3.188E+00
3.42Z25E+00
4.015E+00
4,.856E+00
1.621E+01
7.937E+00
5.837E+00
4.927E+00
5.757E+00
9.373E+00
5.1Z21E+400
5.620E+00
6.340E+00
6.922E400
B.01Z2E+00
9.299E+00

T.P.Mult
Meas Calc
(-) (-)

61.50 56.84
62.70 57.13
50.02 53.68
53.989 49.78
48.00 46.32
35.25 40.41
33.74 36.03
26.69 29.82
21.48 21.82
14,66 13.30
11.06 15.71
11.01 15.54
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Tube Bore = .0124

Mass Qual L-M Mult T.P.Mult

Flux Param Ratio Meas Calc
KG/M2.8 (—) (~) C/M {(—) (=)
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Flux Faram . Ratio I Calc
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Mass Qual L-M Mult T.F.Mult

Flux Param Ratio Meas Calc
KG-M2.5 (=) (- C/M (=) (=)
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2292.8 016 2.458E+00 . 885 &.91 S.76
2391.4 .014 2.6e7E+00 . 946 .70 5.39
2266.1 011 2.3987E+00 . 252 S.78 4,932
2379.9 .009 3.4940E4+00 . 376 4.48 4,37
2356.4 .07 4.145E+00 . 826 4,24 3.80
=3280.6 .004 1.248E+01 LoD Z.61 1.85

Ulﬂ

TABLE 5.5 (Cont'd)



Mass

Flux

KG/M2 .5

e

0

2507 .8
2524.5
2491.1
24941
2502.1
2475.7
2450.7
245492
2447 .6
2963.2
2958.9
29759.4
2951.5
2344.0
2953.10
2969 .8
2946.2
2919.3
=2438.0
3420.3
3422.2
3380.8

q

)

.

DUCECURR KRR ROV ORE £ IS S S L i o)

N

UNE ) I O N R | Il R

SONCNIE RSN o xR o B A RN B O e e % e o B A TS O OB U W s R

R I S ST S S e I I N

Xl

I AR i R W B I KN I S ORI 01

o 0003 3y

O R S R N O R RN E RO RO R ORO RO R RN
M O3 Fo W Lo S P DD

003 03 0 O O 000

4352.7
48035.5

4772.1

. -
o}

£ e T oo S ot TR o TR Y o B o Y}

=
o D I AN O D

]}
[x}

(e B el LI LS I T O I A

C 0 G (AN B 00 0) Y OO0

.
[
[

=
ey
n

(O '}

DOURES { I B e O [ BN U SR IR L

OO
e N K

D
o S o B o B |

b

]

1

T e
[sex)
zou N D R YRS

.
[
L R ma Y o ]

0 10

s
05
004
L0032
.0og
.aa?

L—M
Par am
(=2

244E400
214400
L2S0E+400
S37E400
FOSE400
SR0E4+00
217E400
S1SE400
L129SE+00
7E2E400
877E4+00
040400
L210E400
437E4+C0

-

S92E4+00
152E+01
SI20E4+00
49cE+00D
Z02E+00
033E4+00
LA4e7E+00
S01E400
1532E+01
231E4+01
I7EE+D1
077E+00
. 303E+OD
SelE+00
823E4+00
44E+00
LB97E+0D
edE+01
477E+01
14E+01
4. 038E4+00

Lot VO OB BTN IS 0 Bl ol UV CWE OV L% B OV SR o BCCRE VU B U O B AN AV i o B U RN I AN B ol el sl

£ 0

i

RN
31

R ORI <}
¥
N
m
+-
o
L]

2 Q0

SE+00
L S58E+01
1.736E4+01
1.545E+01
4.9398E+00
2.403E+00

V.

Lol I

LR N

4,279E+00

Mult
Fatio
C/M

=

03 3 O W0 00D 00
LOGRDee R O T BUA TN SRy IS ]

N R I o O e B o IR Ko B

- - . w

Wm0 o

X
U B S B OV I DV KNI DAL B

i)

. .
[y IR VRN B B Y B S VST 1 IR KU I T

* ) L 0 Ny

ity
<y

.
Ut

o

SMALL BORE OOIL DATA - HTI'S CORRELATICN

TABLE 5,6

T.P.Mult
Calc
(=2

7.7 B

e
S

(B
0

+ 013

Do
CREnn LR Sl U T IR I (O O N

DWW O NN DN O 0 N0 s

AR O N ol LU LV I LV I S0 I OO VI O A A B B T St OO A LN N KR N I O o [ ) AV BTN O S o B A ) BN
L S LS I B N B e XV I B AT B OV AV I

oy

|

PR RPMMNMMMNE RPN PRl =LA &SP s N0 ow

LI SN R ST RYIEN

A
Jo T 0D OO

Il O TN R 3

in

« = - . - - - . =

[
[y

3
3

% 00 0
Ny

n
~] T

4

R G 1 BN N R Y R N |

b

)

)

LG § IO el

1

™

60
54
50
45
57

S0

.30

¥ | aad
J M ot

Lo Y )
(=TI



IMETE Ousl L~ Mult T.F.Mult
Flux Far am FRatio Meas Calc
KGAsMz.5 (=2 £=2 CAM =) (=2

R RN O OB 1

787.0 LO0e 9.913E400 so7 2.74 1.31
coe. 9 aos &.44942E+00 524 2,687 l.a83
788.6 .83 1.823E+01 291 .18 1.29
221.1 Lang 1.983E+01 B35 1.99 1.26
735.8 003 2.134E+01 558 1.79 1.25

TABLE 5.6 (Cont'd)



AN e ——

Flux

KG/M2. 8

1063.1
1044.4
10z8.2
10132.7

0,
)
.

LR K KN S ol S O T B o o8 B O S OB oo

DY EDE R R T B B B B O O RO B S X AR I WX ]
N

Ix]
.

i

.

i lTi LUCR OO () By VIO O v I ) BLOGRLUCN DV A0 I AN ol AL UR VR DGR =R ) I SN DN SRS 0 (Y RV EL A B s 0]

o S A R S SO LN B s SR CA R VR B U i R ) S 3 e B W D

i Jen I Y3
T LN 0D 0 N gL

[N N IR g S N TRy E Ay T Ry SOy B SO IR T E R S SO SO 0

[
.

)
=
Iu
Xa]

2062,
2048.
zZ024,
2027,
2032,
1333.6
2415.5
2420,

2405.8
2410.0

b e e

e & = e ®» =
[ S o T s T e T s T o

-
Fvons I o S o T o O o Y

..
=

0
=

O s s §

oo
RS B 8 B B el IR NG BN B O o R T IR CV IR I OV IRV BRI SA TR OB RS

R S e R T N R R U AT F RN

[

Lol e
U
ROWNY)

)
J

DO i W BN

« w =
Lo T o T

I,:ll.::ll
| aadl ol el LN AN

hl\"r'\]"‘"‘l""-f'-’-l".:ll"JI".,:INIl—"l—"l—")—"l—"l‘v‘ll"{ll—'

,—a

1
1

bl

1.
l

'Lﬂ'—"i—"’-"'.EJCCH:O\J\J\JI-")—"»J:unr.:j'.r_nr_n_:;_c;_x;-

Ly LI
Far am
=1

[ax}
m
|
-
ey

| ey Qi i L e o | O X
SR el e AW R B B VW (N VI O I N L
MR
m
+ i I
EonssCO o N v B o §
L o] {aead

[ QU TN
m
+
=
o]

M
!
[ I e |
ol ol

.121E+Du
173E+00
L212E+O0
L21EE4OD
d1eE+00
SR1E+0D
L 7S1E+D0
COZZESHGG
LA7Z2E4DD
LAZEEFOD
LARFEFON
LB2EE+H0D
LE34E400
LS54E+00
LZ2BE+4O0
L 1S8E40D
LA2SE+RQO
.xiFE+UU
I2E+00D

-.'|

l’

.
':l

S25E+00

.SEqE+UO
0E5E+00
.Z200E+00

s A

Ratio

Co M

B RS R RS LG LD LD LD

RNl KV I OV T

[ S RTINS

n
(IX X

095
957
238

goE

I ]

953

L3155

00 0 00 ]

L B R BN

(AN O O R

Ry IS B RUOY I B TR0 O L R N B ¢ e W Y

o
Ll L1 e T R s R O TR LN I LUV BN

onong

542
01s
944
016
ans

in
Inoin
1 0

T By

[(xx]

AR ]
g )

CRUR Y L 0 LT R O 5

L

~J
~
L)

~
=

. 796

" TEST ~_SINGLE —~PHASE OORRELATION USED-

HTFS CORRELATION

TABLE 5.7

:.-..' »

.18
2.58
9. 88
£.365
17.65
5,55

I RN S BN |

0

VS
I

7.

oLy Bt

[}

LRSI ol S SR U R VRN VY T VO I T

Ol R S O s B0 R O o DY

o
>
[
=
=
)

'm]
S0
el
&3
-
Za
34

+ 3

O O I O I B B O AT B RN B x|

Land el el oo I I L T A B e A A O B ' B R I )

03 MDD N N

LU IR RS A B IR BN IR B LS ) B T Tl ol B NP R 8 B B

P
Y

LRI

o el
[ EX]

) -
(IR

[y
[y R

Xl

JOO O LR G P e O3 O3 N 03 SR N 0 QT NGy 00 5 00000

-

-
()]



$ el a”

2381.
232686,
2379.
2356,

2380.

O W0 s 00

-

ol ol Td e

018
016
.014
011
.0032
007
004

Faram
=2

. 326E+00
. 458E+00
. 662E+00
LI7SESQD
.415E+00
L106E+00
L187E+H0

Ll RN CU TN R I LY I AV O

(K

TABLE 5.7 (Cont'd)

I o

Fatio
C M

778
772
. 827
.745
. 356
. 789
374

RN ORLA1N ) I VIR B |

PR NS B MUY

Calc

(=2

Lanlll £ IS RN OO 4 A1 VY
LS B I 0 B A I R ]
DO IR e B I



Mass
Flux
KG/M2.5

2507.8
2524.5
2491.1
2494.1
2502.1
2475.7
2450.7
2454 .2
2447 .6
2963.8
2958.9.
2979 .4
2961.5

[LEGROR
[ ) I
7900 W

UL
i )
i

LR LV SR SR LY T VU L

D W

4]
£
I
ry
TP o AP NOWLEONODIgN N OO

Ju
(0]
7

[ Y=t

I
0
[V}
Y
¢

4364.1
4313.1
4362.7
4352.7
4805.5
4772.1

J DY D) 03

Lo 0 s i s s Y o
[V
QN o

.018
014
009
L0085
026
023
020
012
015
012
L0005
L0086
L0049
013
L0017
L0155
012
.01la
L0008
LO08E
LO0S
003
L0014
L0013
011
L0010
o2
L0007
L0056
004
L0032
010
L0089
.0a2
008
.005
.004
.003
.gog
007

"TEST SINGLE-PHASE CORRELATION USED -

L—-M
Faram

(=)

258E4+00
328E+00
L281E4+00
. S48E+00
. 717E400
LSE3ZE4HDD
. 312E400
» F17E400
G02E+00
. SFSE+OD
88cE+00
L047ESHOD
213E4+00
. 425E4+00
s82eE+00
23.2683E4+00
LA7SEHTD
LOS8E+GL
. 325E+00
. 439E+00
. FO1E+0D
024400
LAEFEFCD
. B70E+0D
LOSGEFDL
L128E4+01
L201E+01
LO7SEHDOD
L 297E4+00
. S47EHOD
LE805E+00
«312E400
L e54E+00
. 2948E4+01
2S3E+01L
472E+01
017E+00
. 252E+00
. 791E+00
S.437E4+00
1.425E+01
1.588E4+D1
1.773E+01
4.358E+00
9.351E+00

PPN R R 0D PR R e S

Do oDy B b R RS B Lo ) 03 00 G0 R R RS DY 03 00 RSP T R LD

Mult

Ratio

c/M

~ N
W on
o D)

]
'|

LD 00N :'~J ~J :\1 :\J 000 :ZD 5

S DD G RO B PO 0) O 03 DI
LUURN R LN IR I T i i ) B TN N OB VI A 1R AD

. 740

HTFS CORRELATION

TABLE 5.8

T.P.Mult

Meas

(=2

n

13,
12.
14.

=y

o
P
1 IR

DN SR B Ry B O U DO ) B R B X o W U I L IR vy B I K
O s WO 00 00 N S 0D 0 N LD O ) 00 NI Y N
0 T AT L)W T 03O N D DWW 0N gy S O

r g
N Y OO W W g Ty

[V IV O B R T B R O I O R AN I LV I 0 l.u DO O ORI I A IR OO
o) P LN RN R R U BN B

(V) R ) e
o amn

oy

it
MNMERFRPPMNMPNF R R D DR W0 00 R - 00 00 e o B Pd e L (N CNW 3y DS O3 N 00D LD
s e e w . e e . :J:] . = . . v e « = s e s mw

e

Calc
(=2

03O (N 0N 03 @y DY O 00 N0 S
LU I O N TR I LV B B 8 B Ca S R Cu 0 50 AN I s O ol O

ey
s

1)

[ A N B XU ol OF BSOS RN B e |
o O3 gy D U O Oy g

.
(
JUCI N RR AN



Mass Qual L-M Mult T.P.Mult

Flux Param Ratio Meas Calc
KG/M2.8 (=2 (=) C/M (=2 (=2
4787.0 008 S.847E+CGO L2835 3.29 1.592
4206.9 006 6. 360E+00 . 374 3.21 1.34
4788.6 L0035 1.664E+01 .o032 2.62 1.32
4821.1 004 .211E+401 541 2.38 1.25
47235.8 L0003 1.949E401 . 554 2.15 1.28

iy

TABLE 5.8 (Cont'd)



1,00
oy - ? i:)

&0, 02

. ORE 48, 00
1. 1486 35,25
1. 068 SE.T4
1. 121 Th. &9
1,016 ZFi.4a8  21.8
<2 14,66 13,30
R 11,068 15.71
1.4 1i.0l 15,
1. 485 L35 14,
i.408 & 13.
1,381 12
195 i1,
252 10,
1,114 a.
R
h S 5
= .
i &, T
- o o~
Lom w3 {3
K & =,
= =51
4 &
:‘:. 4i
i 3o = G378
3 L. 3 AL 84
-2 1. 3. =z, 31
0 - = g =i
=7 13 ERAAE . T.nE &1
3?9”;7 RIS o UL S 1. 48
709, 7 MERIR LY . ET ] .29
IT0R. G = D06 u 2786 4
716, 1 = 008 u Z.2Z 2,559
3710, 6 . D06 . J.02 Z. 87
R77T7. 5 TR RN i, PR Se 0}
4Sa7 ., = 008 i R .76
L5573, 1 ST i. R Z. 58
: i . D06 & i Z.58 3257
5 L DR & 1,270 2. 56 : 26
= L DS 8. 01 Z2E+D0 1. 080 2. 83 0%
= . 4 3, ZOBEH00 1.0682 2. 72 *.Jﬂ

‘ LARGE BORE STRAIGHT TUBE DATA - TEST CORRELATION
ON HTFS CORRELATICN

TABLE 5.9



i O B

0
&

“

RS

E".

H

]

it

R EnRUE

o

TABLE 5.9 (Cont'd)



Dual i Mult T, o, Mglk
Pavam Hatia e a s Cale
{~) {3 /M {3 {3
7 .08 o1 L. D07 30, 4R 30,68
& MESICN] o1 1.018 £ 28,86
8 L DEA 0 L 820 Z7.3
4 - 008 0 = 2E. 28

N
Bl ol =t R
il < Y P £} “ ela E'E'

A

t
Bl

O . : D0 . 20,87

0 . 1 30 1. i 19,28

0 . 1 00 1. 3 15, 47

= . 1 Al . = 1%, 85

O - 3 D0 - 18,54 15,021

o . e d 00 . 16,55 14,20

= ; 1. IR - i:, et

o) - . Pa. el 11,835

D . “ il i0. 84

= L3 A . i, o, a2

O =003 00 R a, 8.08

=5 . +00 1,035 = &. 54

2 =00 1.548 K 4. 66

7 . EA00 . i1 a. 23

2 . +iD0 . & T30

i . 00 . . 7,59

a - . TLAEA00 . 3, 715
A4 L0 )0 .75 &, &. 82
AL15, 8 . +00 . 7Rz G, 04 H. 23
ATRS, 1 . 3. 00 . TEE Yy 5. 87
L1403 . 4. 00 . 804 5,45 T 21
2 . B ZETEH00 . 392 &, 73 L=
ABER,E LD &, 4REE+D0 1,378 2. B2 .62
T2E8.3 L013 DL ZLTE+DD L Toh 7.47 T. 43
526, 7 .01l I ATIELDOD . T47 7. 07 5. 28
(R D10 S BEZEFOO . 718 T. 13 5, 10
5272.3 . 003 DL QF0EFD0 - 722 6. 80 4,91
S277.6 . 008 Ao ZLOE+DD . THZ £. 31 4. 69
52E8.5 . 007 4, Z21E+00 . 784 S. 78 4. 53
o253, 3 BERIRTCN 5. QOOE+GD - B1E D30 b 32
S2eE. 5 . 005 S TEDE+00 S B10 £, 99 4. 04
S233.7 D03 7. 3TSE+O0 . 381 3.70 Z. 63
S27E. S L D0 1. OS7E+OL 1. 065 2,99 3.18
£184.6 .08 4, BOSZE+DD . 703 T O3 3. 81
SEL. 2 . 007 S I2LE+DO L T2S 4. 84 S. 91
6266.3 . 006 =, 6P0E+00 . 7S7 4,61 Z. 49
£283.3 L 005 £, 284E+0D0 . BZ5 &, 03 5. 38
246.2 . 0040 £, G93E+00 . 835 2.93 3. 30
62%8.9 - D03 8, 29ZE+00 . 884 TLET 3. 15
6413, 6 . D07 1, 048E+01 1,053 2. B2 2. 97

*"SMALL, BORE 'STRAIGHT TUEE DATA -~ TEST CORRELATION
' 'ON ‘HTFS OCORRELATION

TABLE 5.10



7.

L

i

s
-
't

't

.
!

1 [0

-
!

() e b

s

)

ing

e

Mmar

LM
Paoram
{—)

FABE-OL

e
SOSE~DL

L BEZOE~DL

g0 Rh

Lt

Lo}

5§

1IN

fd

» " 5

OOl s D

Vb R ogen e e b o
]

1

R

b
®

X

3

I
L

Tk
o

N

'~
!

b

LARGE BORE COI

4TE

ABTE+00
fI2BEHOD
£34E+00
BHEAELGO
OZBT-00

ASAT00

T

LTEEO0
ORZE+O0
GREE+F00
SOEE+O0
ORSE+0O0

200500

<3

H

R

et

Rt o O

SN

1
1

dt

§a
ga

[P W

R

-
'~

4
&
bl
<L
[l
]
=
=
wd
=]

b

R rE A

IR B A RN R RO IR E:

B 13 o e

i

e [

it

A

Y

-t

5

M
b

B R

v s LI

forde
~
.

f gl
n

Y | [
n
1

.
E
o

PN R A1 BN

A0y =L

11y

3
)

s

13 LY

-~

R
«J

o

P
@
.

mn &

3 "

"

~d g~

=

LED TUBE DATA - TEST CORRELATION

ON HTFS CORRELATION

TABLE 5,11



i

i

-t

=
. :
{i

-

o
N

3

DI N I O I O S R T
I~ G U el e
u 3 k] * 3 £
P Peonf U<

DET

TABLE 5,11 (Cont'd)



e i

Paso P e LR,
— . . = L
lumn SE T A 1o Meaos Lo Lo
WE/MZ. B {3 {—3 {—} (=}

- 4 -
1. 050 135,59 Vo, 2T
4 4 g bl 1 2
a4 £ 17.19

fote
u

Ml

-
j=b g
S
ot

A

I

5

3

-t
T,
B

3

s,

o
I~

. e iy v}
1,103 0.7 11,86
1. 083 a,z8 10,79
1330 e .57
1. 223 &, &, 28
L TL0 R

5
8.

!
wla
.
7. 50
o~ -
e 72
=
L BT
7, i =
LAN S A e S
e i
Cra BCPRE RS
- -
aw i A
- - - p
Y.
o FAPSST AN
- ol e Yo
R G . 2

[T E

o
PR
LL01E
4Ty
iom [R] !.

jors
[

]
~J

¥
&

HATET T

ke
£
)
VRN
Xh]
5
a
rede
|

L N z i @

s ERY - e
LB0S, 5 - 1.014 Se 0
JE— PR —

LATT2 L 2 1. 000 a2

SMALL BORE COILED TUBE DATA - TEST CORRELATION
ON HTFS CORRELATICN

TABLE 5,12



P
Wl
oL

-1

B!

L1

ROLL LW

12 (Cont'd)

TABLE 5



)

LT

1 Oad, i
TOBR. Y | 19 e TS 1,082 SIS TR 1
LOLE a3 i
1002, L85 O
. 839 O

0L 885 0

0. 8&7 O

D.F10 i

1. D4AE i

133 )

a1 i

é i

1

i

0
Q
0.01& 0
2093 Q. 003 0O

)
2338, 8 7.38 SL76
23914 €. 53 5. 40

e
L3
t

2356, 1 B, 63 4. 25 . 53T D.034 O
2IETD.3 S. 13 AT - 169 D, 000 0

2IE5E. 4 4.85 3.83 1.266 0.013 O

23806 4, 13 1.26 20107 0. 308 8
Mean Std Dev 104 Limit
1.154 0. 204 5%

- Table 5.13




9.7 1
10. 38

3
4

RN GEG]

24940 8,52 o O
2B 7.74 . 199 O

Bt et e
*
NN A

1

]

Za d
BLTSLT
7

&. 83 {048 1
BOT0, T BT 1. 1383 0
2L4TELL 2 53 1.873 O
BHAT .6 PR 1. 288 O
& O

2963. 8 £.68
2EHA, 9
2979, 4
Z9E1.

o
2

RS

204400

ot

213 )
L BZO 0
. 594 O
AN o

= o

r
i
»
e
ja
T S T S VU L S T G Y
3
L
-
]
ha

.

i

) e
~j

L. 335 o
o ot Lt -
L. 2E88 O
T O
PEE S A 0
1,730 0
1.7893 i -
i = o7
= T O
2L EL 4 1. s
F9LE. 4 . i

£

{
[HIRY)

[ O Y

“r

=8 a o

ez

PR } n k=

- g P

=8 b O -

o 4

SBE i. '..'

;o El o

(4 % Eon L}

4 Ta [

F LT “ “

AR i. 3

-

LE % “ i
[, -

43531 5, 1 - i
- -

LI T L

LTE2.T

el i S S O
»

.
L8055 . 0
477%. 1 . o
LT BT, . ; 8]
L4806, 9 . UG O, 048 i

4788, 6

Pt b et Rer fer

1.32 - 985 0. 2L 0
4821. 1 1.325 - 845 0,102 0
A4735. 8 1.2 . 68D 0. 024 0

Mean 5td Dev 10% llimit
1,526 0. 250 =
Total Broup

Mean Std Dav
1. 340 0. 227

Table " 5.13 contd

.




Caloulated

mabio

T B 0. 3572 0
1.977 O, 290 O
083 (I rd 0
Q57 0. ZBE 0
1.778 O, 118 i
1. BGO 0,131 0
1.8&1 0. 173 s}
LR G, 144 9]

282

,..
»
-

EX RNa] 9]

L O
&

i

0

i 3

- B, 1. i
. 1. )
T 1. i
7. i ]
S 1a 9]
T i 0
4., i 0
a. Toa %
5,324 R 0. 154 1
73233 o 0,135 i

pay
]
~i
sy

7.53
0. 139
0.

0,182

fy

o34
BN
bt et

6. 46
T. 86

~d
®
1]
L
e
<

ﬁl
.

3]
;}.
o)

H
Wl
@
i
(o)
[
B

PW LA
4T
2. 33 1. 770 0,110 0
' Maan Std Dev 10% Limit

1.438 0. 378 19%

-
L]

~J

a

o

*

T4

fu
e

s -

« Table 5.14° .




- .
20,58

23.50
1YL E7
16. 10
14,18
' 16
53.28
&, 58
16, 46
19. &7
il 66

153,71
12. 63
11.1%9
.35
4, 59
13. 58
12,83
IR
11,07
i, it

=

Mo D
SRSy

(IR I ]
&~

3
U

26

aes
~Jd

a2,
g
>
5
4
8. 27
7
-
7
5
S
5

04

Q,Gnq

0. 578
0O, 508

o [ wetnd
0. 55

Q. =18
O.518
0. 558

0. 499
0. 480
D427
Mean

0.527

Total
Mean
2991

Table 5.14 cgntd

.
Q.
i
O, 008
0, 001
O, 004
O, 0L

Std Dev

O, 097
Group

Std Dev

-

3

B

i

.
Lt

P

O

[
[w}
Limit
Eh

RIF]

P

e’



s =0t
o d

e
e
ey
s

“{)

iA
16

4
T
doed

10

-~ T
»

o
[N B S RN ¢ Y

~
o

P e

ifi

~4

&

=

<
4
EN

A}

W77

o
" ot

-

« 78
« 8

-r
» o]
. 53

.19
.16

PN
4 1:: fi
—

o~
~

Bl g
6 oalud
. 8

P -
PN

Lo o
PR
L]
LY
-
w2t
26
oy
il

i
=

bl

R
A Y B

™
o
2

618]
e

NN
i S k]
Mo~y

;
~
s}
(431

o
=h

O IR = e
s
o
[5s]
[0

L T

G im
& (o f O
[ex IRV U ax BN 0

{
bR
4i]

-&,,_,
.

[FIRLN

B

-

—

E3
i
%
BN
t

foxs
P
i

4
w

O, 995

1. 1351
1. OEE

[

.20
L. 0G4
0. 921
0. 284
0. B2
0. 384
0. 386
0. 353
1. Q44
0, 206
0. 3931

Mean
. 266

i

OO0

0,316
G 01S

0, O

Oy, A

O, DL

0,011

O

0. 078

0,138
Std Dev
0,292

& al Jan,

Table 5.15

i
L (32

10%

il

!

s

e
o

o

Pl
ot

£

3 ore T )

et en Oh

- ot
T ek e

oo’

P

[ N

ek pet i pes

= pa

-
'

Limit

Tt e/
0

Wt s



T

s4
8,52
16. 88
14.., 87
12. 76

4. B0

L s
17,13
4 £ -rd
.&EZ-. [N
LI i Yol
JE . ) .a..&.*
4 7 Rt
e WS
dlte Lad
Ll
11,83
. e
. 35
= i

boL

ALY )

3.

Do}

vl - ot
7O

v
P
XK

Z4
18
0z
48
iB
. 83
4

5.33

S\IQJCU{...HE_;ULH!’.EJCQ;

~
a

A

S.i7

O, 8371 0, Q04

0. 633

0. S5BO 0, 005

0. 550 0. 002
O, 484 O, 001
G, B30 0. OCO0

O.B75 0. 134
0,589 0. 007
G, 537 0. 001
0. 527 0. 000
O, 539 0. 001
O050 0, OO0

O.5re O OO0
O, A7 0. D00

0. ATE O, 003

G.714 Q. 04z

0. 556 O, 001
D, 450 O, 000
O, =i 0, 000
i, 474 0,001
O, 475 O, 001

Gy 4192
O, 407
0. 533
O, ™E7
O, 513
0, HLED

0. 455

0, Add

O, 005

0.
Q.
Q.
O,
0.
0.
O
3, 04
O, QO3
Std Dev
0.091
Total Group
Mean Std Dev
0. 835 Q. 192

Table 5.15 contd

10%

-~
fed

g

b}

N

bl

D)

-
-».

LA b

o

-
e

b

-

Limit
O

iy



oulated MMeand

Twe—phase
Multipii
(ot=0, 11)
7. 00 1.657 0.193 0
6. 18 33 0. 14
240 G4 719 0.2t
23,15 =20 Q. 193 0
Z1. 16 A58 0. D45 0
18. 94 4735 O, 050 Ia]
16. 87 S1zZ 0. 0868 8]
1ELAR au7v 0,051 8]
10.33 waED GL0a3
. 26 797 0. 295
1%, 26 : 0,035

- [l s
8L 54

Zouni

LR

pod et jed jed et pad
x

5

gust
r
Vo
o

!

oy

O, 01

z

»
-
DO,

fed Pl jeb ed pet
.

et

Oy <

[y
3

:"‘f 3
1iL 88 1. i1
'E, - x?frra . &
7. i ]
::.. E‘;‘) j a ‘.5
Lh. S5 w Q. D0 O
T4, 078 1. 18% O, 0D 0
135037 1.117 .08 - i

. B i, 181 GLO0E < 8]

3l 1. L0E ) e

i o

Gou [#]

i 1

1. - 3

1. 1

i L)
iDL 20 1 i
B, 82 1. -1
T, b 1. 1
= O 1
7. 86 1. O
7.8 i. 8]
2 i i
4. 54 1. i
Q.25 0.~ 1
8.33 G, 983 0. 072

o
z
i)
~i
\J
-]
N

8. 65

073
8,29 OB8
7.91 0. 376 0, 076
7.54 0,978 0.074
7. 05 O, DZE 0. 106
6. 40 1. 036 0. 048
5.71 0. 833 0,124
4.923 0. 283 0. 072
2.55 1. 620 0. 136 Q
Mean = Std Dev 104 Limit

. 251 0. 285 IS%

L
n
&
[
2

e B I e e N

Table 5.16




] I
e Hy
mem g
ERRETI W

le. 38
14, 34

12, 8%

P =
I -

s

dade D

vt
14, 323

[

-
H » o s

a

MmN ommmo o

.

(=
. B3
. SE
< A0
-ra
a L
.18

Hex]

+

o

R B

M2an
G. 507
Total

Mean
0. 888

o, OiDd
0. 01D

VO
OOZ
QOO
00
155
O0E
QO L

Q00
Qg
. OO0
0, QD
0, OO0
QL OO0

0,004

0, 00T

0, ODS
i, 003
O, 309
O, O0E
0, 007

.

PR

0. 003

Q. 00A
Std Dev  10%
0. OO0

Orouo

2td Dev

0. 188

Table 5.16 contd

ot

o~ e e ke
) ] IR eI
bR Wy L sy A L)

:

-,
-

<

v

o~
-

O

S

o

N

-
!

Limit
0%



Q5%

S8R5 0. 081
52 O, O

s
fed

-

1,
S
§-

il
24}
[

R 1% BN B N = SR O R S

Ln v
-

ot

Tt et
"

(O

Ui,

1,

iy,

L G ES 0,

2 S 4 1. 1073 il

4, &8 1. 038 O,
A, 1a 004 G, D77
7.72 i.14% 0,019
5. D3 1. 140 Q. 020

.13 1. 042
RPN 1. 039
g.11 1,00 .

8. 86 O, 928 0. DHED
8,52 0,932 0., R4
a.1¢& 0. BES O, 037
7.73 0, 931 0. 084
TS 0. 954 0. 083
&. 94 0. 340 0,116
. 30 1.052 0. 032
5. 62 0.313 0. 135
4, 86 0. 9398 0. D0

2.5 1. G4E . 133
Mean Std Dev
1.281 0. 2399

‘Table 5.17

)

—~ -
t 3
!

s

b

i
o

-
b
!

P ]

Dkl

!

P

-

Enadi S e N L Y

PR RER

poy

O

10%4 Limit

S1%



fasl
M

o
i

0, D01 O
G. OO0 O
G, 136 0
0. 007 )
0. 001 O
O, OO0 O
0, 001 O
Cr, OO0 )
O, QDO 0
G, OG0 9]

0. 001 O

SIS N4

0. QDG

e

[RIF
ZvoDy D

DA AR T

4]
: i
S EE 3
&, 32 0
3,650 0
G, 27 i3 % i
A, &5 0, 05 0
8,07 0,011 oy
S A3 i, D05 0
5.17 0, D00 s}
.01 0. 005 ¥
a.4% O, 009 o
S, 18 0,010
7.8 0. 008 G
7.5 0. Q07 ')
S. 57 O, 001 I}
5.2 0. 004 5
e lE .47 Q. 009 0

Maan St Dev  10% Limit
0. 510 0, 0321 (B
Total Group

Mean td Dev
Q. 903 0. 195

Tablee 5017 contd




taltip
-

(ind=0.57

B4l 89 1. 0
A4, 07 1 0
51,989 1a O
S0. 47 i O, 0

AN . O, OO 0
25,07 n O, 00 I8

-
!

2 0L OO0
7 0. 002
& O, OO0

22 70
18, 0B
13. 87

{

s
-~
W
1t

5 ek

o

a
[l ]
fad

el ce i S

3

,

[
", ')
o)

0, O54

-

5. 88 128 Q. Q00
Se =23 G. 381 0, 026
4. 54 1. 068 0. OGE i
2. 33 1.76%9 0O.391 0
ean Std Dev 10#4 Limiz
1.144 0.170 4.8

-
b
R

i O D0R 0
1. 1F Oy, D00 &
1.4 O, D00 i
1. L8E 0. 001 ]
L. 18z 0. D00 0
L.073 i
: 1. 085 3
11 1L 07E H
e 1.3
S. 18 Z. O
15, 35 1.
4. 8% i O
Léu 16 1. - 1
13,58 i -
(R 4 i, i
e 1
kS 1. ; L
& i 0,
50 1 Cra OO0 - i
1i.11 ia O, 008 k]
1. 75 ia 0. 000 C
S. 5 i O, DS i
. Ta . QD1 o
2, i 0,010 i
B. 2 ia & 0,019 1
7. e 158 O, QOO %]
GBS 1. 138 O, OO0 )
&. 14 1. 041 0,011 1
4. 50 1. 028 0,013 1
a. 4z 1. 035 G, G0z 1
8.17 1. 082 Q. Q04 1
7.8% L. 071 0, 005 i
755 1. 048 Q. 009 1
T 20 1.072 . 005 1
&. 88 L.O72 Q. 005 1
6. 45 1,013 0,017 1
1
4

s




i

434

0. Bz
Syl
0. 803
1, B30
Q. 7535
0., 784
O, 747
0.7

G, B8
0,831
0. D47
0. 78
G, 806

Maan
G, 841
Total
Mearn
0,988

r, 0OL

0y, X 1
3, 00 )

O, O 0
0, QOF O
i, Q0% 8

Cr, QOD 9]

i

1]

LI )

e T

(. D&l
D.01E
0. 001 (&)

-

Q, D00 0
Q0. 013 i
0, Ol 0
G, QD1 i
Std Dav 10%4 Limit
0. 111 14%
Group
Std Dev
O. 141

Tabléﬂ5.18 contd



a0, 3
8.0

e
RIS
-
et
—_—

bl

» L

. B
L
I =
-

2

i, B
R
e A1
8,22
= “
g
1,
10, &
ol 42
-

" a = a M »

x

L A T B R T A AN L B KR A R

r
(=
o

o G

s
i~

O W e e £ R

D U e g3 = IO T

17

il ated

Memaryd

1.109 O, 001
1. 055 O, 001
1..108 0,001
.07z G, GO0
0. 318 0. 028

. 926 O, 025
O.921 Q.02

DL D01 O, 055

. 2A4 O, 020

1. OBA G, OO0
1,073 0, D00
1. 051 0,001
1.5 0. 005
1. QO Cr, OO0
i O, 00
0, 0,015
1. O, OO
O, BEL Cv, Q1 4y

[RIERINlS
i, D0

O, 0G0

0., DCS

O, O

D, 05

1OL O, DD
G.9e3 0,015
G, OO

0, D00

O, 0D

0, 005

(0, 20

O, OOl
1,013 0. 005
1. 142 O, GD3
1 .
1. Goah O, GOy
1. Q27 O, OO3
1. 154 0. 005
La 140 0. Q03

QL ODE
O, Q00

=
=
i.129 O,
1 27 0.
1 4 0. 000
1.181 . D03
1. 029 0, 003
1 0. 001
1. 856 0. 595
Std Dev
0. 163

Mean
1. 084

—

Table 5.19 = . .

Count

10%

[l xv‘

£

-
‘-I‘

[ T e il T o Uy BV RSP ST S

Ind  pel ped ged bede

-
[asd

o)

o
!

et fed et ed fat

i i I

- -
s
D

O et e

-
D
"

S S

=
D

o
Do OO O

Ve

-~

!

Q
Limit
65%




3, 36 i

1,093 G, 002

1. 004 0. 018

P

O, 353 0, D34
0. : = ‘:'! . (:)9 :S (%]

-

0. 204 G. US4
1. 494 0. 128
L. 004 S 0.018
1. DED Q. 006
1. 041 0. 00T
i
3

-
'~

b

S T T

. DS G O0OS
1,010 O, 06
1. OOE O, 01T
2, BEL Q. 031
O, 325 O, 041

1. 404 0,071 o

1 beh fed o

-~

feh el

Py

b

3

1
-
o

—- e O
A o
-.:. - .;- i:)
1.1 o
3o, 0 1
1. 1

1
i
8]
i
0O
8]
s

.
e

JUR,

o=

y Tr

-
(-

O, GOd oy
28T O, GUR ]
2,72 0. D05 o
2.6l 0, Q09 O

0. 083 0

O, 026 0

O, 002 O

Std Dev 10% Limit
0. 163 4.8
Group

Std Dev

0. 163




Count

b

v

e
et

]

[ T A A O
: &

—~ A
MR S Y

Tt b

~d G

= = (O

1
~
-

1) ped e
J

RGN

]
o
X}
£y
-
i

—
H
=

P s
A PPt

]

G, 35 i 0
1. O
i Q

o

e et ges

[y

'

i

TS S T

O e

ST e

: i

- 4

B.17 i.
Tu 73 ia =
£.94 i D

.

L
L. 0ES
. 124
110
. O ISP slnle]
. 0O7E 0, D01

. 100 O, D00

m
b3
=
(&
(S
13

e

. 20
7.3
7.9
7. 356
7. 032
8.71
5. 29
5.75

SS9l 10 . 00% Q. 0L
a4 dhy . 052 0. 000
2.2 1.81% 0. 483 G

Mean Std Dev 10% Limit
1.113 0. 160 2%

-~
R

[ TS S

b b

039 0. OO0
O38 O, 0D
154 0. 002

P

't

-
!

b

e
N

e

Table 5,20




0, 000 i

G, D14 ]

b

B
(RS BRI g o]

(5]

v O
w2 &)

w S
i)

') 4

0O LG e e
o
2]
-

XA}

L}

i
+

) O, 888 "
8248 8]

[REERA BN
v

1]
L

1

Vit

1. mEE

52 . olam ")
S Q.97 i
5.87 G, 289 3
S.4a6 0,972 i
Z. 3 0, 295 1
Za 37 1.012 1
2. 27 . 15E O
ENICS 1. 063 1
e 20 O, 379 1

Pean Srd Dev 104 Limit
0,378 0, 1351 GO%
Totai Grouo
Mean Std Dev

’ 1.047 0. 145

. Table 5.20 contd




[T
M
]

~
—
a
a——
)
2y
-

)

E. 286 Q. 005 1
5. 74 O, OO 0
5. 10 s

e G 496 0

Mzan Std Dev 10% Limit
1.111 0. 160 55,

Table 5.21



LR
;
RN

)

(AR S

Aoy

[

.

=

B A
sla o

vy -
= A

AR R

¢
{
2
T B
s

LR 0 2 Y

i

-+ =T
a S

s,

els)

Al N

2,17

K
z

.
.

>

*

5

o

=
[ P

-
W

Nl Uy b
W

&

f

l—‘l
e
o Doy

i
¢
£

o
B
]
§
o

i
£

1,250
0, o
.=

O, 292
[ E
DRI o
O, Bal
0,

P

-
B

T dek

N
T
ot e

s z

b
v

'

i
>

-~
3
+ L
13

-,
'
ey
't

R RONSE

poy
E

o~
DI

o et
2
o

O € B v R s » B

=z
g
E

O,
Total
Miearn

1.08:

W
i
3]

(@]

"~ n

0.

QOO0
O

O, 032

O, 009
O, OO0
Std Dev
0. 133
Groun
Std Dev
Q. 14E

10%

Table 5.21 contd.

e

L) RS

D]

b
bt

b et

i

PPy

£ i

-

-
K

b

Hig

D

Pt

jod et Pk pes

. -
]

[

Limit
oA



{imd=i, 36)

ET7. 73 i D, 010 3
S6. 32 Ba O, 00E O
B, &Y 1. Q. 010 0

T34 i 0O, 004 G
) 0,010 i

ey mwe

Py A

b et
-

O, ODOR
0L 008

=

—t

QU011 E

et e bed

-

D, 009
0, OO0

0, G0

- s e e
N LI R

jea

[

b

iy

G, 00 i3

1. 0, 001 1
1. (1 i
1" 1
i o

0, OO5

RAM AN

[

1. )
1 1. 0. 011
LTS 1. 0. 001 0
.34 1 0. 001 0
5. 13 1. 0, 005 i
L5l 1. D, 008
. 22 i 0. GO0 5
.34 i O OO0 I}

=
Ny
[
®

-~
el
(61

7 O, GO0
074 0. 002
58 G, OO0
(S1910]
. O37 0. 006

182 O, 001
L 00T 0,012
051 0. 001

s
[

&
b
[
N
-
!
U
[ S SOy

S
S 7O
.11
4. 45
2.28 1. BO3 0. 482 )
Mean Std Dev 10% Limit
1.119 0. 160 624

'\U‘U\‘JTJ\I'»JHBQ
Gl

]
o

N
[
P e e o e
s :
= C,
s 1 W
" ~1
v“l
.
B

i

-
»
4 et

-
!

Table 5:22




4 i, - T
i (v [P el b
10085 G BEDS 005 ]
.67 O 0. 049 0

)

!

O, D24

i

3
juk
[

Dae bl a 0. 140 (9]
313 Q. $

i
'3
[ and
fe
.

PR SOy

oD
R
AN
)
e S
.
L
[®
o~

2. 26 e B84 O
7 1, S8 )
= 0, 840 i

5 0. B3 GO
3 1. 0
o .S58 i
- iy - -
7 O, E0 i
- S
7 3 1
& 8 0
el ™ o~ =
& G, A Y]

S O BT O
. i, T " i
. PR -
- - LS ) 8]

v 1. ¥ 8]
2,53 i 0,03 O
S 58 o, 1
= Iy 1

i 4

.

-
o

by

-
-

i

PR SO

i} " R b
PohE L F s

-
(-

.
O, DDO

0, OO0
(i D200
= 0, OO0
F.El S 0. 001
2 30 1. 138 0. 0293
i =
7

[

(et

w  omres
wra wad

et

o~
-

3 0. 008
0, OO0
Mezan Std Dev  10% Limit
0. P68 0,129 52
Total Group
Mean Std Dev
1.043 O. 145

S LD

PRI

Aaw el o

Table 5.22 contd



area x shear

Y.d, dz, L

a.dp

It

a.dp

FORCE ON AN ELEMENT OF TFLUID IN A PIPE WITH
RESPECT TO SHEAR AT THE WALL

FIG. 2.1 = SIMPLE SHEAR/FRICTION TFACTOR MODEL




INTERFACE

A REPRESENTATIVE PHASE DISTRIBUTION

FIG, 2.2

INTERFACE

BEQUIVALENT CROSS SECTION AS USED IN MODEL

FI1G, 2,3



SECONDARY FIOW IN EFACH PHASE
OF A TWO PHASE FIOW

FIG. 2.4




FIG. 3.1 SECONDARY FIOW AS PREDICTED BY DEAN(22)

FIG. 3.2 THE STREAMLINE ON THE CENTRAL DPLANE
- (DEAN(22))
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FIG, 3,11 *'SECONDARY ' FIOW IN 'A "BEND FROM TACEY(25)
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FIG. 6,2 GRINDING MARKS AROUND A TAPPING



FIG. 6.3 V.FID BURN THROUGH AT TAPPING
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CIRCUMFERENTIAL

FIG. 6.9



FIG, 6,10 COIL VIBRATION
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