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Abstract

This thesis describes the use of swirl-inducing pipes in water and water/mixture

flows, with a particular emphasis on production of swirl before a bend.

The author takes ideas for imparting swirling action to particle laden liquids which
have occurred in one form or another throughout the 20™ Century. The aim of the
project was to reduce wear and produce better particle distribution throughout a bend.
In the present investigation two methods were used in the examination of swirl-
inducing pipes, namely experimental and numerical. The experimental method made
use of a Swirly-flo pipe, which is normally found in marine boilers and is used to
improve heat exchanger efficiency. The Swirly-flo was then placed onto an
experimental test rig, which was specifically designed to provide insight into the use
of swirl-inducing pipes. The numerical method came from a commercial
Computational Fluid Dynamics (C.F.D.) package which allowed the author to

examine various shapes for pipes and provided information on the flow fields in a

swirl-inducing pipe.

From the experimental results it was shown that swirling the flow before a bend
produced less pressure drop across the bend than non-swirling flow. However, the
Swirly-flo pipe produced a greater pressure loss across its length than the standard
pipe. By swirling the particles before the bend the particles were more evenly
distributed throughout the bend, which has the potential to remove the characteristic
wear zones. Computational Fluid Dynamics was used to investigate various Swirly-
flo designs. These studies indicated that the optimum pitch to diameter ratio was
shown to be 8 for a constant pitch Swirly-flo pipe, which was consistent with

previous work.
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1.0 Introduction

This thesis describes a three-year investigation into conventional and unconventional
pipe design in the transportation of water and particle/water mixtures. The water and
particle mixtures were examined as they flowed through a right-angled bend. The bend

was also examined visually for wear and particle distribution.

In 1993, at British Coal Corporation, Jones proposed a new approach to the problem of
settling particles in which a pipe-section could be given a helical profile to promote
suspension of particles at relatively low velocities (Jones, 1997). The proposal was
supported by the European Coal and Steel Community, but the Technical Services and
Research Executive of British Coal was closed down soon afterwards. Fortunately, the
E.C.S.C. agreed to continue to support the project at the University of Nottingham.

The project described in this thesis started soon afterwards under the direction of Dr. N.

J. Miles and supervision from Dr. T.F. Jones.

1.1 Aims of Thesis

The aims of thesis are to examine the effects of a swirl-inducing pipe before a bend,

highlighting the flow characteristics under varying slurry concentrations, and determine

the optimum swirl-inducing pipe before the bend by using Computational Fluid

Dynamics (C.F.D.).
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1.2 An Overview of the Thesis

The use of helical designs of pipes to stimulate slurry suspension, and improve the
characteristics of slurry transport, originated in dredging. The first patent on record
with helical ribs was Gordons’ (1899). Using similar methods to stimulate the
suspension of particles in a carrier fluid other patents were registered in the earlier part
of this century. The first scientific study was carried out by Howard (1939,1941) who
examined rifling in pipes and produced full scale tests on the Mississippi River in
United States of America. The results of these tests proved satisfactory. Further
examination of the effect of helical ribs in pipes was done by the late Professor Wolfe of
the University of Toronto, Canada and he concluded that helical ribs inside a pipe
reduced the tendency of particles to settle out onto the bottom of the pipe. Another
Canadian, Charles (1971,1976) showed that internal ribs produced a good suspension of
particles. An optimum pitch to diameter ratio was determined and the height of the ribs
were investigated. The final Canadians to contribute to this work were Schriek et

al.,(1971) who provided a useful summary of the majority of previous work and again

highlighted the optimum pitch/diameter ratio.

The thesis provides concise information about the characteristics of particulate
transport, in chapter 2, in which the major flow parameters, such as: particle size,
particle shape and concentration are discussed. This was then followed by a summary

of the wear processes present in particulate transport.

Chapter 3 provides information about the rig assembly.and the problems encountered in
the manufacture and commissioning of the test facility. The examination of the water
and particle flow took place in transparent pipes throughout the test rig. The mass flow
rate and volumetric flow rate were monitored. The flows were recorded on a video
camera for future use. The flow was induced within the test rig by a centrifugal pump.
A de-aerator extracted the air from the fluid, before reaching the test sections, thereby

producing a two phase mixture. The chapter also describes the characteristics of the

beads, in terms of size and mass.

15



The experimental tests were then conducted with over 300 detailed runs, in which each
one lasted just under an hour. During these runs the pump was modified so that the
flow rate of water and solids around the rig was more steady than before. In these runs

the efficiency of the pump was determined, with and without the pump modification.

A fundamental investigation was then carried out into the optimum geometry of a swirl
inducing pipe, using the Calculus of Variations, in conjunction with Computational
Fluid Dynamics (C.F.D.). In the Calculus of Variations the trajectory of a single
particle was examined, whilst only the water phase was examined using Computational
Fluid Dynamics (C.F.D), due to the high computational time and financial costs of
modelling two-phase flow. This provided the author with knowledge of the internal

flow characteristics of a swirl inducing pipe

Results of various swirl inducing pipes is presented in Chapter 7. The circumferential
velocity was examined at the exit of the swirl-inducing pipe since this would be the
major component that would provide upward motion for any particles within the pipe.

Pressure losses were also examined since they would be a critical factor in any industrial

application.

The conclusions and recommendations are presented in Chapter 8. The main
recommendations involve the improvement of the test rig, with the aid of more pressure
transducers and a new datalogger. The Swirly-flo pipe could also be improved to reduce

the pressure losses at the entrance and exit of the pipe.
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2.0 Literature Survey, Background and Theory

2.1 Introduction

This chapter gives the background to the use of innovative pipe geometries to
keep moving particles in suspension in pipes and the rheology of particle
suspensions, critical velocities of settling slurries and fluid friction in straight
pipes and bends. The earliest source came from United States of America
patents in the early part of this century, and episodic groups of references could
be found in a variety of journals throughout the 20" century. A manufacturing

source of swirl-inducing pipes was also found and technical details of that

process are presented.
2.2  The Use of Helical Sections in Pipes

The use of ﬁelical ribs goes back as far 1899, when HM. and H.A. Gordon
(1899) obtained a United States of America Patent (an extract of which appears
in Figure 2.1). The object of the Gordons’ invention was to stop the settling of
particles in a pipe or conduit. This was done by placing ribs in the pipe or
conduit, which caused the flow of the carrying liquid to be diverted so that the
flow was from one side of the pipe over the bottom and up the other side. This
caused the sediment to be deposited at the top of the pipe and, therefore, kept in
suspension. The ribs did not form a continuous helix, but were placed
sequentially along the pipe, so as to produce alternately opposite currents of the
liquid beyond the ribs. No optimum spacing was specified in the patent for the
ribs; neither was the angle of the ribs in the pipes optimised. Engineering

judgement was used to obtain the correct angle for a given flow.

Arthur E. Robinson (1923) obtained a patent for an improvement in delivery
pipes to hydraulic machines for dredging of earth, clay, sand and gravel. The

main purpose of this invention was to reduce the high likelihood, common with

17



hydraulic dredging, of the spoils becoming lodged in the delivery pipe. This
lodging of the spoils was known to cause an increase in power consumption and
sometimes led to a complete blockage of the pipeline. These effects were
ameliorated by the use of “rifling” in the pipe, similar to that found in a rifle
bore. The ribs were arranged in a continuous helix, as illustrated in Figure 2.2.
Robinson (1923) suggested three helix threads, but the number of helices was
dependent to some extent on judgement, the type of slurry and the available
power. The ribs could be discontinuous in nature, that is to say some pipe
sections were without ribs, while others had ribs. This was very similar to the
Gordons’ idea in that the particles were kept in suspension by changing the flow

patterns in the pipe.

Nathaniel A. Yuille (1928) produced another patent with suction dredging as the
primary application. The object of this invention was to stop the settling of
slurries. The method utilised ribbed pipes placed at sequential intervals along the
pipe length, as illustrated in Figure 2.3. This spacing was not optimised for the
best suspension of particles, or any other way. The alternating sections were
more economical than continuous-helix pipes and reduced the friction-losses of
the flow, which in turn caused a reduction of pump power consumption. The
pitch of the helix changed along the pipe so that material being pumped through

would not become wedged between the spirals but would tend to free itself as

the space widened out.
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Howard (1939, 1941), who used ribbed pipes in connection with dredging
carried out a very thorough examination of rifled pipes. He used 2 inch and 4
inch nominal bore pipes and 24 different configurations of rifles or ribs. The
solids consisted of either gravel or clay, ranging in size from 0.0001 mm to 2.5
mm. Howard reached the conclusion that rifling would increase the efficiency
of a dredge line when transporting clay or gravel. This was verified by full
scale tests on the Mississippi river over a period of two years. In this period
the throughput capacity of coarse sand and gravel by dredging was increased

by 45%.

In 1966 D. Brian Long presented his undergraduate thesis to the University of
Toronto, Canada in "The transportation of solids in helically-ribbed pipes". The
University of Nottingham library were unable to obtain this reference but in the
following year, S.E.Wolfe (1967), the Professor of Mining Engineering at the
University of Toronto published an accessible paper on the use of helically-
ribbed pipes in the pumping of slurries. In this paper the following major points

were made:

1) the flow could be stopped and restarted without any difficulty,

2) the low minimum velocities required to keep the solids moving

resulted in a much lower pump power consumption and hence a cost

reduction,

3) the wear in the pipe sections was reduced, due to the lower flow

velocities,

4) the optimum angle for the helical profile inside the pipe appeared to be
45 degrees to the horizontal.
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The helix inside the pipe provided a circumferential flow around the internal
wall, causing the sediment on the bottom of the pipe to be returned into
mainstream flow. The tendency for the sediment to settle could not be

prevented, but the helical ribs inside the pipe reduced this tendency.

Charles et al., (1971) examined the “flow of ‘settling’ slurries in tubes with
Internal Spiral Ribs”, in which sand/water slurries were examined with and
without ribbed pipes in horizontal sections of varying pitch/diameter ratios.

With one rib only, the optimum pitch/diameter was estimated at 5. The flow
velocities ranged from 0.5 f/s to 8 ft/s, whilst the concentrations by volume
ranged from 5% to 18%. Two sizes of sand were used, namely 48-65 mesh
and 28-35 mesh. The authors also examined the flow of air through ribbed
pipe, and in doing so, obtained velocity profiles for a single helically ribbed
pipe. The rib had a square profile (1/4 inch x 1/4 inch) in a pipe of diameter 2

inches.
The main conclusions drawn from this work were:

1) the velocity distribution of air flowing in a pipe with a helix rib of a
pitch to diameter ratio of 3, showed that the helical rib produced

turbulence and formed a large rotational motion around the axis of the

pipe,

2) the solid/liquid flows at high average mixture velocities produced high
pressure gradients due to the presence of an internal spiral rib, the
opposite was true for low mixture velocities where the pressure

gradient was better than a standard smooth pipe,

4) the addition of air as a third phase caused an increase in the pressure
gradients and therefore was not useful in counteracting the settling

tendency of solid particles.
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No optimisation of the number of ribs was carried out, nor investigation of rib

dimensions in relation to the pipe.

In 1976 Charles and Singh (1976), investigated the effect of the rib height in
relation to the diameter of the pipe. In doing so, the authors altered Charles’
original pitch/diameter optimum from 5 to 8. The width of the rib was still

1/4”, (~ 6mm) whilst the height varied. Therefore, the main conclusion of this
study was that the optimum pitch/diameter ratio was 8, with the rib height in

the range 10-15% of the pipe diameter.

Schriek et al., (1974) provided a summary of previous work on the use of
ribbed pipes, in which he states that Chamberlain (1955 and 1957) did some
work on pumping 0.2 mm and 0.65 mm sand through a 12" corrugated pipe.
He concluded “under some conditions it is possible to convey sediment at a
given rate with minimum horsepower by means of a pipe containing artificial
roughness”. Schriek et al., (1974) also provided an insight into Chu’s M.Sc
thesis (Chu,1969), in which Chu concluded that a pitch/diameter of about 5
was the optimum. However, Schriek ef al, (1974) concluded that the
optimum was nearer 8, but there was a pitch/diameter range from 5 to 11
through which there was no significant change from the optimum. The paper

provided no optimum on rib shape or size and recommended that more work

was requested on helically ribbed pipes.

Weisman et al., (1994) examined two phase flow patterns and pressure drops
in single and double helix pipes with regard to liquid-vapour transport in
industrial boilers. The swirling effect of the helical ribs forced the liquid
phase to the tube wall while the vapour flowed down the centre of the tube.
Weisman and co-workers gained “very little information on the conditions

under which the desired swirling flow is obtained.”
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23 Marine Swirly-flo pipes

Swirly-flo boiler tubes are used on low pressure water tube boilers for the
efficient exchange of heat from the combustion or exhaust gases to the boiler
water or steam. According to Milton (1961), “the swirl given to the gases
passing through such tubes ensures a more intimate contact between them and
the tube walls and the heat transfer is on that account largely increased.” A
Swirly-flo boiler tube of the correct diameter was donated to this project by
North Sea Ferries (Van Loo, 1996). A photograph of a Swirly-flo tube is

presented in Figures 2.4a and 2.4b.

Figure 2.4a Longitudinal view of the Figure 2.4b Axial view of the Swirly-

Swirly-flo pipe flo pipe

The Swirly-flo pipes are manufactured by Durham Tube (A division of Senior
Thermal Engineering Limited), Middleton St.George, Darlington under

licence to Senior Thermal Engineering Ltd., Wakefield, England.

Manufacture of a Swirly-flo pipe starts with a normal straight pipe, which is
then ragged, that is to say that one end of the pipe is compressed into a smaller

diameter, as shown in Figure 2.5. The pipe is then normalised to a

N
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temperature of 900 °C. After this the pipe enters the wet process, in which the
pipes enter baths of sulphuric acid, water and zinc phosphate. The process of
producing the Swirly-flo pipe is carried out by cold drawing, through a rotating
die. The die and the draw bench are illustrated in Figures 2.6 and 2.7,
respectively. The pipe may or may not be heat treated again after this process.
The pipes produced by this method are illustrated in Figure 2.8, and the pipes
had a pitch/diameter ratio of 8.6, close to the optimum specified by Schriek es

al. (1974).
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Figure 2.5 Pipes that are tagged
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Figure 2.6 Rotating Die

Figure 2.7 Draw Bench
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Figure 2.8 Finished Swirly-flo pipes
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2.4 Theory
2.4.1 Factors Influencing Suspension Rheology

Rheology of a suspension can be Newtonian or non-Newtonian depending on the
characteristics of the suspension. The main parameters which govern this are those of the
solids and the suspending medium. Particle size and shape, and concentration are the

principal factors that affect the viscosity of the suspension.
2.4.2 Particle Shape

Einstein (1906) developed the first theoretical model concerning spheres in a dilute slurry.
This model was then furthered by Jeffery (1922), showing that the change in the shape of
an ellipsoid in a dilute slurry produces a change in the viscosity of that slurry. According
to Shook and Roco (1991), Happel and Brenner (1965) also showed that the viscosity

increases as the shape departs from spherical.

Ming-Jau Yin, JK.Beddow, and A.F. Vetten (1983) from the University of Iowa

conducted an experiment on five different particle shapes with the same sphericity. The

major conclusions of this paper are listed below:
1) the shape of particle does affect the behaviour of the slurry,

2) the sphericity is not a unique and adequate shape descriptor.

2.4.3 Particle Size

As a general rule flows of particles that are large, with a low concentration by volume, are
often Newtonian in nature (Shook and Roco, 1991). This Newtonian nature was also
proposed by Wasp (1977) for suspensions of large symmetrically shaped particles, 50

micrometres or larger. In the Newtonian range, the viscosity is a function of solids
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volume concentration. Suspensions of smaller particles or of asymmetrically shaped

particles possess non-Newtonian rheology.

2.4.4 Particle Concentration

For dilute suspensions, that is less than 1% by volume of solids, Einstein (1906)

developed a formula from theoretical analysis to determine the viscosity as shown below.

Bu < 14250, @)
H

This equation only applies to laminar flow, and to particles which are spherical in shape.
The equation applies to particles which are large compared to the molecular dimensions
and to situations where there are no particle interactions. Guth and Simha (1936) extended

Einstein's analysis to concentrations of 20% with a 10% accuracy (Shook and Roco,

1991). The formula for this is shown below.
p, = p(I1+25C,+14.1¢c,’) 2

Many expressions have been proposed for the viscosity of more concentrated slurries, but
none has been wholly successful. Thomas (1965) proposed an empirical equation (2.3)

and indicates that it fits the data reasonably well over the entire range.

W, = u,[1.0 + 25¢C, + 10.05 C2 + 0.00273exp(16.6C,)] (2.3)

The most complete analysis of highly concentrated flows was carried out by Frankel and
Acrivos, (1966), in which the relative viscosity depends on the ratio of the concentratioﬁ
to the maximum concentration rather than the concentration itself. (See equation (2.4))
According to the authors this model agreed exceedingly well with the limited data that was

available.
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/;245 Suspension of Particles

The major concern in slurry flows is the accurate determination of the lowest velocity at
which the suspension system can prevail. Unfortunately several identifiable states of
suspension and partial settling have been observed and this means that there is no practical
definition of a single "lowest critical velocity" which will apply for all circumstances.
Thomas (1965) defined a "minimum transport velocity” as the velocity at which a layer of
stationary or sliding particles appear at the lower surface of the pipe. Durand (1953) used
a "limit deposit velocity" which he identified by the appearance of "a deposit regime" in
the pipe. Graf et al. (1970) preferred to identify a "critical deposit velocity" which they

defined as the velocity at which the solid particles settled out of suspension and formed a

stationary bed.

Chien (1993) illustrated suspension/settling features which occur at increasing slurry flows
and this has been incorporated with the key transition velocities of Govier and Aziz
(1972). Figure 2.9 shows a reduced set of settling patterns redrawn from Chien’s paper
(Jones, 1997). Note the difficulty in making precise divisions between suspension
regimes and particularly between asymmetric and symmetric suspensions (the V,,

transition).
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Velocity, after Govier
and Aziz (1972)

r_m_:l (I) build-up of a stationary bed of particles at

the bottom of the pipe

; é ioo—i& (1) saltation over a stationary bed of particles | <,

£ ?ﬁ%o’d’ 8 (1) dune-like motion as a result of saltation | Vy;-Vp

over a moving bed of particles
( J
0}5\0‘ 5 | ‘. .
o OO&(}‘% oo (IV) asymmetric suspension vV
{ —
L J
o 0/0'\30 oO
O\Qox QO % (V) symmetric suspension 2V
L J
o settled particle (o] moving particle

Figure 2.9 Patterns of Particles in Slurry Flow [ Redrawn from Chien, (1993) by
Jones (1997)]

The transition velocities in Figure 2.9 are defined in Table 2.1, taking into account the
observation that with mixtures of sizes the transitions are less precise than otherwise.

Notice that size-sorting effects can be expected to smooth the transitions to V.3 and Vg
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Figure 2.10 Schematic Classification of Transition Velocities in terms of Pressure

Gradient for a Constant Volume Fraction of Solids (after Jones (1997))

Table 2.1 Definition of Transition Velocities (Govier and Aziz, (1972))

Varr= the velocity at and above which the mixture flows in the symmetric suspension pattern;

Vuz= | the velocity at and above which (up to ¥}, the mixture flows in the asymmetric suspension;

the velocity below which the solids form a deposit on the bottom of the pipe;

V= the velocity at and above which (up to ¥,.), a moving bed of particles exists on the bottom of
the pipe;

the velocity at which, with mixed-size particles, some particles move by saltation and some are

in suspension;

the velocity below which the part of the bed in contact with the pipe-wall becomes stationary;

Vi~ the velocity at and above which (up to V) a bed exists, the lower part of which is stationary
and in which the particles in the upper part move by saltation;

the velocity at which, with mixed-size particles, some particles are in suspension;
the velocity below which hlockage occurs.
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Simple correlations exist for the transition velocity V,,, and ¥,,, but no direct methods are
known for V,;; and V). Fortunately the latter two velocities are of less interest in this

thesis.

Historical work on transition velocities was carried out by Hazen and Hardy (1906) who
discussed the complementary work on the settling of sand suspensions by Blatch (1906).
Blatch concluded that for each value of concentration there was a velocity at which the
pressure gradient in the pipe was a-minimum, and that this velocity represented a
transition between flow with a stationary bed and suspended flow (later this would be
termed the V), velocity). The precise distinction between symmetric suspension and

asymmetric suspension, which defines ¥, in table 2.1, is difficult to establish in practice.

At low speeds Blatch observed that the greater part of the sand was dragged along the
bottom of the pipe and practically clear water occupied the upper half of the pipe. This
then caused a very high pressure loss. These high pressure losses are more prominent in
gas/solid flow mixtures (Govier and Aziz, 1972). As the flow was then gradually
increased the pressure drop decreased when the particles of sand entered into suspension.
Then at higher velocities, the loss due to the sand was small since it was suspended. This

is reflected in Figure 2.10.

2.4.6 Pipe Characteristics

Correlations for pressure losses in pipes, bends and other flow elements are related to the

Reynolds Number, which is defined as:

re=2"2 (s
where p = fluid density kg/m’
V' = mean flow velocity m/s
# = dynamic viscosity of fluid Ns/m?
and D =diameter of pipe m

In defining the Reynolds Number, the various properties of the fluid have to be

determined, namely, 4, the dynamic viscosity and p, the fluid density. The viscosity of
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water varies considerably over normal ambient temperature ranges, as does density to a

lesser extent. These variations are accounted for in Appendix A.

For steady, turbulent, incompressible flow in pipes the Darcy-Weisbach equation (Gerhart
and Gross, 1985) gives a method of determining the pressure losses due to fluid friction in

terms of a dimensionless variable termed the Friction Factor (f) ...

2
AL g

AP = fx =
f><D

Friction factor depends on relative roughness (&D) and Reynolds Number (Re) and can be
determined from the Colebrook (1938) equation, which is...

R gD 251 ”9
7 0.861..[ 7 +Re J?) 2.7

The equation can quickly be solved using an iterative procedure, such as the Newton-

Raphson method.

\\{ 2.4.7 Swirling of Fluids in a Straight Horizontal Pipe

‘Swirling flow through a pipe is a highly complex turbulent flow, even when there is only
one phase present, as for example, water. All the investigations into swirling flow,
analytical or experimental, have considered only one phase flow, that of the fluid. Talbot
(1954) examined laminar swirling flow and in 1961 Sibulkin (1961) produced a summary
of the work prior to 1960. Kreith and Sonju (1965) investigated the decay of swirl using a
linearised theory for Reynolds numbers in the range of 10000 to 100000. It was observed
that turbulent swirl decayed to about 10-20% of its initial intensity in a distance of about
50 pipe diameters and that decay was more rapid for lower Reynolds numbers. Kitoh
(1991) is the most modern paper on the turbulent swirling flow in a straight pipe, and
examines the proposition that the swirl intensity (non-dimensional angular flux) decays
exponentially with pipe length. He found that the decay coefficients were not constant as
conventionally assumed, but depended on the swirl intensity. Major flow characteristics
were discussed, and, importantly, Kitoh pointed out that the turbulent viscosity model did
not work well in this situation and this is why the Reynolds Stress Model is used in
modelling the flow through the swirl-inducing pipes, see Chapter 6.
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2.4.8 Losses at Bends For Liquids Only

It is customary to express pressure losses in bends as follows ...

AB)end__-Kx

V2
”2 2.8)

where ...

. 4P, ;= the static pressure drop around the bend

p = the fluid density
V = fluid velocity
and K = static pressure-loss coefficient

Single values of K for bends are quoted in various sources (for example (Gerhart and
Gross, 1985)), but for accurate work these values cannot be assumed. K is in fact a strong

function of Reynolds Number and R/D, the ratio of bend radius to pipe diameter.
Pressure losses are due to four main factors:

. dynamic pressure losses given by an equation of the form of (2.8),

. upstream frictional losses due to the length of tangent pipe leading to the bend,

. downstream frictional losses due to the length of tangent pipe downstream of the bend,

. gravitational pressure losses due to the vertical distance between pressure-measurement

stations.

Combining these terms ...

AP=K><%pV2+%pV2 xfx%—é‘i+pgAz 2.9)

AP = pressure drop between pressure stations upstream and downstream of the bend,

K= gross pressure-loss coefficient dependent upon the geometry of the bend, pipe

roughness and Reynolds number, Re,

(K=K, +K_.+K,, where K, is the term for the bend length, K, is the term

representing pressure losses due to the bend curvature, and K, is a term
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accounting for the re-establishment of fully developed straight-pipe flow in the

downstream tangent),
f= friction factor which may be obtained as a function of Re and roughness, &D,

g=  effective roughness height (for glass and plastic ¢ is often assumed to be zero or,

alternatively, a nominal value between 8 x 106 and 2 x 10:%is chosen
(ESDU, 1995),

L,= upstream tangent-pipe length

L;= downstream tangent-pipe length

pgAz = gravitational pressure drop due to the vertical distance, 4z, between transducers.

Following the method given in (ESDU, 1995)
K, =007x8x(R/D)x f/4 (2.10)

where 6= turning angle of the bend in degrees (= 90 for tests described here)

!

: £)2
K, = —9%(5) 0.03+ 1.3(5) (2.11)
and, for R/D 2> 1
K,=02x(R/D)"* x ¢, x ¢, x$s (2.12)
where
@, = Reynolds number correction = (1 + %) 2.13)

~01L,ID | 35‘:;;/;) )] e-{(IAJ/Ll)—);T}IRID (2.14)

#, = downstream correction factor = [l -e

¢s= bend angle correction factor = 1.04 — [(l 10- 9)2 / 10“] (2.15)
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For =90, ¢, = 1.

K=K,+K,+K, (2.16)

2.49 The Pump

The experimental rig for this thesis utilised a pump with integral sump (header tank) and is
completely described in Chapter 3. This section describes briefly the equations which

govern the pressures and power output from that pump.

Pumping power is the product of the head loss and volumetric flow rate. The head loss

from the pump can be derived by using the Bernoulli equation of fluid mechanics.

The increase in total head which the pump provides is given as:

v: P 2 p
AH,,. =(—'+—'+z,)—(£/°—+—°+zo)
2g pg 2g pg

pumping power = press. loss x vol. flow rate
= AI_Ipump X p X g X qump

202

where AH,,,,, = total head change,
P = the effective density of the
medium,

Opump = the delivery flow rate of the pump,

and other variables are defined in the diagram.

Assuming that the velocity at station 0 is zero and the pressure at station 0 is atmospheric,

the power produced becomes ...

Py /’(zmﬂ/4)}2
P

+ [)gAZ x qump (2' 1 7)

WI'UMP = PI Gavee t
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This is less than the power consumed by the pump because dead-load and static friction
forces must be overcome before any fluid can be pumped. If the output power of the
pump is determined and the electrical power consumed by the pump is measured, by the

Fluke power meter, and the efficiency of the pump can be evaluated as follows.

Power out
Power in

] (2.18)

2.4.10 Wear in Pipes

Industries spend millions of pounds a year to repair erosion damage caused by solid particle
impingement. Solid particle erosion affects a large number of industries including the oil
and gas, aerospace, automotive and electrical power generation industries. Erosion results
in facility downtime, loss of income and high repair costs. In order to reduce these losses a
fuller understanding is required of the physical processes involved and factors that influence
erosion. These factors include particle properties such as size, shape, density, hardness, and
concentration. The properties of the pipe also have an effect, such as elastic modulus, yield
stress, and toughness. The interaction of particles and carrier fluid also provides variables
that affect the rate of erosion such as particle speed, impingement angle, particle rotation

and the type of carrier fluid. (Rybicki and Shadely, 1992)

The following erosion terminology is found to be quite useful in referring to erosion
behaviour. “Normal impingement” refers to those situations where solid particle impacts
the target material at an impingement angle of 90 degrees. “Oblique impingement” refers
to all impact angles less than 90 degrees. Normal impingement involves velocities which
are normal to the surface of the target material, while oblique impingement involves
velocity components that are normal and tangential to the surface of the target material.
“Erosion ratio” is the ratio of the mass of the target material removed or eroded to the

mass of impinging particles required to remove that material.
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Over the past 40 years, a number of papers have been written with regard to erosion. A
large number of possible mechanisms have been presented. A number of models have

been developed to predict erosion rates when the values of certain parameters are known.

In 1958, a significant contribution to characterising erosion was made by Finnie (1958).
Finnie developed a solid particle erosion model based on a mechanism of material
removal resembling that of a cutting or micro-machining process. Finnie performed the
tests on a glass target using spherical cast iron particles with a diameter of 600
micrometres. At small angles of impingement , the predictions of the model compared
well with experimental data. However, at angles close to the normal, Finnie’s model
predicts no erosion, which is the contrary to the experimental evidence. Finnie improved

his model using empirical correction factors to take account of this fact.

Bitter (1963) theorised that a second component of erosion exists and derived a solid
particle erosion model based on this theory. Using the Hertzian contact stress equations
of Timoshenko and Goodier (1987), Bitter developed a two part model consisting of
components of erosion termed “deformation wear” and “cutting wear.” Deformation wear
results from repeated impacts that cause cracks to occur which spread away from the
initial deformation. Cutting wear results when “particles impact a body at an acute angle,
scratching out some of the material from the surface.”(Bitter, 1963a) Cutting wear is more

complex due to the presence of velocity components normal and tangential to the surface.

Bitter’s model provides a good correlation between the theoretical model and the
experimental results involving aluminium and copper target materials. However, some of
the values for yield stress of the target materials were unrealistically high. Subsequent
work by Neilson and Gilchrist (1968) simplified Bitter’s equations.

Bitter’s model introduced the concept that more than one mechanism of erosion exists.
These components can occur simultaneously, yet have differing effects on the material.
Quite a few authors have adopted this approach, and many mechanisms of erosion have
been suggested, such as surface cracking, subsurface cracking, low-cycle fatigue and
target melting. Rybicki and Shadely (1992) give a comprehensive discussion of these

mechanisms.
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In bends there are certain areas where the wear is higher than the rest of the bend,
commonly known as wear spots. These areas are illustrated in Figure 2.11, which is based
on an illustration found in Zenz and Othmer’s book (Zenz and Othmer, 1960). The first
region of high wear is when the bend has almost fully turned from the horizontal to
vertical. On the outside wall of the pipe, particles begin to circulate against the wall
(Region 1, in Figure 2.11). Region 2 shows that as the flow traverses around the bend

some of the particles ricochet from the outside of the bend and move to a common impact

area on the inside of the bend.

Region 2 of wear due to

particles ricocheting off o 17 g
the outside wall just 0 3 A
after the bend R : :

Region 1
of high

Figure 2.11 High Wear Areas on a Bend (copied from Zenz and Othmer, (1960))
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3.0 Design and Commissioning of the Test Rig

3.1 Design Criteria

A rig was designed to study the flow of water/beads mixture in a 50mm bore pipe
with and without experimental pipe sections. The most important position for such a
section was considered to be before the bend because it was felt that the swirl-
inducing pipe would reduce the pressure loss and wear around the bend. No

references could be found for previous experimental work with this configuration. In

order to investigate this it was considered:

1) the particles would be visible in the pipeline,

2) pressure readings could be taken,

3) mass flow rate and volumetric flow rate could be measured,
4) pump efficiency could be determined,

5) aeration could be minimised,

6) the inter-changing of straight and bend pipework could be effected easily,

7 the pump flow rate could be varied so that a range of different velocities
could analysed,
8) there was provision for draining the rig,

9 beads could be added and taken away from the rig to give a set of mixtures

with a range of concentrations,

10)  the header tank was suitable for the pump suction required.
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3.2 Summary of Design Method

The method of design and assembly was undertaken with the foreknowledge that
outside companies would be involved in manufacturing the test rig. All fabricated

components were individually drafted and were given a specific drawing number.

T{xe assembly of the test rig, which was located in L4 Engineering Laboratory, at the
University of Nottingham, was carried out in consultation with the technician staff of
the Faculty Woodwork Workshop, and the Departmental engineering technicians.
The actual pipe test rig was mounted on vertical boards, themselves mounted on the
structure of an existing test facility. Careful planning had to be made to ensure that
the boards were correctly placed, so that there would be no excessive bending
stresses or other loads on the pipe sections, or the wooden boards. The lower section

of the rig was raised above the floor. This necessitated the fabrication of stands for

the pump and de-aerator.

The header tank, manufactured at the University, was located at the highest part of
the rig to allow water and particles to be mixed together. This was also used for
retrieving the beads from the test rig. Water/particle mixture from the header tank
were led to the pump through a tough reinforced flexible pipe.

The following paragraphs give details of the major components of the test rig

together with the relevant measuring equipment. The problems of assembly and

fabrication are discussed at the end of this chapter.
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3.3 The Wooden Frame

To allow easy interchange of pipes and bends, it was necessary to have a flexible
arrangement. This was achieved by attaching the pipe sections to boards made from
Medium Density Fibreboard (M.D.F.). This made it possible to mount the pipes

anywhere on the board. Figures 3.1 and 3.2 illustrate the general arrangement of the

test rig.

Figure 3.1 Lower section
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Figure 3.2 Upper Section

3.4 Pipe Selection

To observe the water/particle mixture it was necessary to manufacture the pipe out of
a transparent material. After examining alternatives it was decided that Transpalite®
was the best material. (Manufacturing was carried out by Stanley Plastics Ltd.,
Midhurst, West Sussex, England.) The characteristics of this Transpalite® are shown
in Table 3.1. The pipework had an outside diameter of 65 mm and an internal

diameter of 50 mm.

Bent pipework was made by a sub-contractor of Stanley Plastics Ltd. The first
attempt at the bends was very poor, as can be seen in Figure 3.3. The circular cross
section was severely distorted by the bending process. However, the second attempt
proved considerably more successful. All the bends have a mean Radius/Diameter
ratio of 0.6. When the manufacturing of the pipes and bends was completed, the pipe
work was assembled before delivery, to ensure that all the fittings were satisfactory,

and interface flanges were marked for ease of reassembly at the University of
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Nottingham. The pipes are joined together by flanges and are secured with stainless

steel nuts, washers and bolts; then sealed with an O-ring seal.

To secure the pressure transducers, specially adapted pipes were fitted with a helecoil

placed within a boss. This enabled transducers to be screwed in and attached to the

pipework.
Table 3.1: Properties of Transpalite® SS
ASTM Test Physical Property Average ANSI/ASME
Procedure Value /PYHO-1
Minimum
Specification
D342 Refractive Index 1.49 1.49
D570 Water absorption in 24 hours 0.25 % 025 %
D732 Ultimate Shear Strength 79 MPa 55 MPa
D785 Rockwell Hardness M Scale 108 | M Scale 90
D792 Specific Gravity 1.19 1.19
Poisson's Ratio 0.38
D696 Coeff of Linear Expansion @ 26 C | 8.48x10™/°C | 7.74x10”/°C
D638 Ultimate Tensile Strength 77 MPa 62 MPa
Elongation at Break 5% 2%
Modulus of Elasticity 3540 MPa 2758 MPa
D621 Compressive deformation at
275 MPa and 50°C <0.56 % <1%
E398 UV Transmission of a casting <0.08 % < 5%
batch
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Figure 3.3 Unsatisfactory bends

3.5 The Design and Manufacture of the De-aerator

The de-aerator was manufactured from Transpalite® by the Faculty Engineering
workshop at the University of Nottingham. In the commissioning of the test rig, it
was found that the de-aerator did not perform well because it was structurally very
weak, giving rise to leaks and was generally of a poor build quality. Following
modification of the design and a rebuild the new de-aerator was installed for
preliminary tests. The structural integrity was much improved and there were no
further leaks. A picture of this de-aerator during a test run is illustrated in Figure 3.4,
Flexible couplings were fitted at the entrance and exit of the de-aerator to reduce the
vibration from the pump and allow easy installation of the remainder of the pipe
system. The flexible coupling links were fixed with stainless steel “jubilee” clips.
The de-aerator was fitted with a valve at its base to allow for the drainage of water
from the test rig, since this is the lowest point on the rig. From the top of the de-
aerator there was a small bore flexible tube, to allow the air released from the water

to escape.

45



Figure 3.4 De-aerator

3.6 Sala Pump

Due to financial constraints, it was not possible to obtain a pump of the desired
specification for the test rig. As a result it was necessary to make modifications to an
existing Sala pump and its electrical control. A special electrical junction box was
fabricated so that the electrical power could be measured safely. On commissioning
of the test rig it was found that the head of water varied in the sump of the pump. It
became necessary for an operator to continuously watch and control the head of
water in this sump. The problem was overcome by providing a sealed lid for the
sump. The Sala pump unit is illustrated in Figure 3.6, which shows the lid

modification.

3.7 Speed control

The rotational speed of the pump was controlled by the use of an electrical inverter,
which changed the electrical frequency supply to the pump. The inverter is

manufactured by Heenan Drives Ltd., Worcester, England. Figure 3.5 shows the

inverter used on the test rig.
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Figure 3.6 Sala Pump Viewed From Above, With The Lid Modification
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3.8 Electrical Power Meter

In order to measure the efficiency of the pump it was necessary to obtain the
electrical power supplied to the pump. To measure three-phase electrical power, one
has to use the “two Watt meter” method for an unbalanced phase load, or variant of
this method. The use of a single Watt meter is permissible assuming balanced phase
loads which would be the case for the pump motor. The Fluke 39 power meter was

utilised for single phase measurement and was chosen for:

1) its ability to handle non-sinusoidal waveforms produced from the inverter,

2) its ease of use.

The wiring for the connections to the power meter were made safe by the provision
of plug-in sockets for the voltage readings across two of the phases and sheathed
external cable for the third phase to passively measure the current in one line (see
Figure 3.9). An electrical diagram (Figure 3.8) taken from the handbook (Model 39
Power Meter Handbook, 1995) shows the wiring connections for a balanced

electrical load. Figure 3.7 illustrates the power meter.
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Figure 3.8 Wiring Diagram for the Power Meter
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Figure 3.9 Passive Current Clamp and Voltage Leads in situ
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3.9 Pressure Transducers and Data Logger

The pressure transducers were chosen for their ability to handle water/particle

mixtures and low pressures. The datalogger was selected for ease of installation and

reasonable price.

The datalogger had eight channels, one for each of the pressure transducers. The
power for the datalogger was from the mains supply which in turn was rectified to 15

Volts direct current. This was connected to a personal computer via a serial port.

The transducers were purchased from Rayleigh Instruments Limited, Essex. A
quality certificate for all the transducers was provided by the manufacturer, the
details of which are shown below. A picture of a transducer, in situ on the test rig, is

shown in Figure 3.10.

Table 3.2 Transducer Properties

Name: Henschen Type 861 pressure

transducer

Supply voltage 13-32v DC

Output signal 4-20 mA
Non-linearity and Hysteresis < 0.5 % of final value
Long-term stability <£0.1 % of final value
Long term stability <£0.1 % of final value
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Figure 3.10 Pressure Transducer before the Rising Main

3.10 Volumetric and Mass Flow

Mass and volumetric flow was measured by a calibrated container, spring balance
scales and a stop watch. The spring balance was situated above the header tank for
the Sala pump. The spring balance was provided with a calibration certificate.
Figure 3.11 shows the spring balance above the header tank. The picture illustrates
the lifting apparatus, which consisted of two pulley blocks connected to a cantilever
beam above the header tank. This use of pulleys provided the operator with a 3:1

mechanical advantage.
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Figure 3.11 Spring Balance with Header Tank

3.11 General Commissioning of Test Rig

The test mixture consisted of mains water and plastic beads which were white in
colour. The beads were obtained from Victor Plastics Ltd., Coventry, England, and
provided good contrast to the blackboard on which the Transpalite® pipes were

mounted. The characteristics of the beads are outlined later in this chapter.
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3.12 Problems in Commissioning

When the rig was constructed the restrictions of beams and columns of the existing
structure in the laboratory, caused the pump outlet to be misaligned with the entrance
to the de-aerator. This caused asymmetrical forces on the pipe, which then had to be
restrained by the use of tie bars. It was then necessary to attach a flexible connection

between the outlet pipe and inlet of the de-aerator to prevent “water hammer” in the

pipe.

Ideally the header tank should have been constructed of stainless material but was not
due to financial constraints. Painting of the steel header tank with Hammerite paint
proved unsatisfactory and it had to be refurbished by sand blasting and then
galvanising, which proved more satisfactory. This process was carried out by
Annometals, Nottingham, England. Corrosion standards of the galvanised steel met

BS5466, 1SO3768 and DIN 50021 specifications.

3.13 Calibration of Pressure Transducers

The commissioning of the rig involved zeroing the pressure transducers with
reference to the datalogger (Signalogger-PC), supplied by Laplace Instruments Ltd.
The data obtained from the datalogger was later manipulated using Microsoft® Excel.

The transducers measure pressure relative to the atmosphere (gauge).
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3.14 Experimental Arrangements

The flow tests were conducted with a standard rig set-up, as illustrated in Figure
3.12. Pressures were logged once a second, and electrical power was sampled using
the Fluke Model 39 power meter. Tests were then run at various power settings
(approximately equivalent to inverter frequencies varying from 20 Hz to 60 Hz). The
pressure reading stations are indicated in Figure 3.12. Where, 1,2,3...8 refer to the

pressure reading stations.

Slurry-
Volume + _~
% b
Timing
7 Point g
6 i
1
S 4 32

Figure 3.12 Standard Schematic Set-up
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The term “standard set-up” refers to all runs that did not use a Swirly-flo pipe. When
the Swirly-flo pipes were used, the position of transducer 3 was changed. This is

illustrated in Figure 3.13 and 3.14. Again 1,2,3...8 refer to the pressure reading

stations.
Slurry-
Volume -«
S mant b
Timing
7 Point -, T
= | ' = 5 ©®
6 & 8
1
S|4 3 2

+—t ' . 5 +

Figure 3.13 Swirly-flo Schematic Set-up

Figure 3.14 Long Swirly-flo in-situ

Pressure data was referred to by the station where it was sampled and flow
characteristics by the axial length away from the de-aerator flange. For example, the
pressure difference across the bend between station 4 and 5 could be variously

described as...

[)ft_PS:APﬁ:PM
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3.15 Bead Characteristics

The beads chosen to act as the solid part of the ‘slurry’ were white in colour to
provide good contrast with the black backboards. The beads were denser than water
with an average specific gravity of 1.46 and were bought from Victor Plastics Ltd., of

Coventry, England.

The beads had a roughly cylindrical shape, and their size distribution is shown in
Figure 3.15. This gave a median value of 1.75 mm and a calculated mean value of

1.87 mm with a standard deviation of 0.257 mm.

The determination of the density was performed using a float and sink technique,
with sodium polytungstate solutions. Table 3.3 shows the results obtained and
Figure 3.16 illustrates this graphically. This graph gave a median value of 1.45

relative density, and an average of 1.46, with a standard deviation of 0.005.
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Figure 3.15 Screen Sizes of Plastic Beads for Water/Particle Mixtures Tests
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Figure 3.16 Float and Sink Data for a Sample of Beads

Table 3.3 Float and Sink Data for a Sample of Beads

Relative Density Mass (g) | Mass % [Cumulative %

F@ 1375 23.0 1.4 1.4

1.375 - 1.400 87.0 5.3 6.7

1.400 - 1.425 28.0 1.7 8.5

1.425-1.438 702 43 12.8

1.438 - 1.450 734.8 45.3 58.1

1.45-1.475 607.7 375 95.6

1.475 - 1.500 1.5 0.0 95.7

1.500 - 1.525 50.0 3.0 98.8
S @ 1.525 17.8 I} 100.0

Total 1620.0 99.6

Table 3.4 Screen Size of Beads

Size mm Mass (g) Mass % Cumulative %
less than 1- 1 0 0 0
1-1.18 19.1 3.8 3.8
1.18 - 1.7 200.8 40.1 43.9
1.7-2 252 50.3 943
2-2.36 27.3 5.4 99.7
2.36-2.8 0 0 99.7
2.8-3.15 0.6 0.2 99.9
3.15-3.35 0.8 0.2 100
Total 500.5 100
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3.16 Pump Characteristics

The power consumption of the pump with and without the lid modification was
examined. The pump was one of the most critical parts of the test rig, and it was
necessary to obtain its characteristics before use. This was performed with the

standard set-up (Figure 3.13) of the test rig with water.

In Figure 3.17, the two best fit straight lines illustrate how the power delivered to the
fluid was increased with the lid modification for the same electrical input power.
This was due to the extra head provided by the water in the header tank. This water
head stopped a great deal of air entering the water circuit, and provided an increase in
efficiency. The electrical power required to start the water moving was less, due to

the fact that the resisting head was less.

700 ‘ T
\
z 600 | A
3 500 | }
= | " o Power Output of Pump with |
Z 400 { < Lid Modification |
Y | |
f 300 | o Power Output of Pump \
8 1 | without Lid Modification ‘
-2 200 | .
£ | |
= 100 | ‘
= ‘ \ \
= o0 | 4 |

0 500 1000 1500 2000 2500 3000
Electrical Power Supplied/ W \

Figure 3.17 Electrical Input Power versus Fluid Output Power
Figure 3.18 illustrates the characteristic efficiency curves for both pump

arrangements. After the lid modification it can been seen that the pump efficiency

was effectively doubled.
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Pump Efficiency/ %

Figure 3.18 Pump Efficiency Curve for Water-only
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|
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The final graph for the pump, Figure 3.19, shows the fluid power produced for a

given flow rate. The curves are similar, but with the lid modification the power

delivered to the fluid for a given flow rate was almost doubled.
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Figure 3.19 Fluid Power Delivered against Volumetric Flow Rate
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4.0 Experimental Work

This chapter examines the experiments carried out on the test rig described in chapter

3. The experimental procedure consisted of several parts, namely:

1) water tests to produce a benchmark for the water/particle tests,

2) conventional pipe set-up before rising main bend with water/particle
mixtures,

3) long Swirly-flo Pipe before the rising main bend with water/particle mixtures.

4.1 Water Tests

Figure 4.1 shows the friction factor against pv2/2 for water-only tests. It is known
that friction factor varies significantly over large changes in velocity but a starting
value of 0.02, obtained from Figure 4.1, was useful for more accurate procedures.

Figure 4.1 also shows that the friction factor was far from constant at low velocities.

0.1 ’ ‘

A 0.08 |® | | o friction factor in upper
| § 505 \ ’ j [ . horizontal main
| 5 ) .- ‘ ‘ ‘ i w friction factor in rising |
'S 004 2N, — ~ main |
| -*-:: . | | | . e . |

k- 0.02 | a%a f“::{ :#=‘=| - ”. & ﬁ'lCt‘lOn factor in lower | |

= ‘ | |  horizontal
' 0 L | | “ ! el ‘
‘ 0 500 1000 1500 2000 2500
1
[ 2

1/2pv Pa

Figure 4.1 Water-only Friction Factor for Straight Sections  (taking

account of pipe joints)
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Neglecting the pressure loss across the joints it was decided to plot the pressure
gradient of the lower horizontal, rising main, and upper horizontal sections against
volumetric flow rate (Q) and this was compared with the predicted values using the
Colebrook equation for friction factor (Colebrook, 1938). Figures 4.2, 4.3 and 4.4

show these results.
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|
Figure 4.2 Water-only Pressure Gradient against Volumetric Flow Rate in the

Lower Horizontal Section
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Figure 4.3 Water-only Pressure Gradient against Volumetric Flow Rate in the

Rising Main Section
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Figure 4.4 Water-only Pressure Gradient against Volumetric Flow Rate in the

Upper Horizontal Section

The Colebrook equation provided an excellent benchmark for water, in the upper and
lower horizontal sections and was used as the benchmark for water in these sections.
It was not satisfactory for the rising main, this was due to the flow not being fully

developed at pressure station 5. The Colebrook equation can be only used in fully

developed flow.

4.2 Determining the Optimum Swirly-flo Pipe Before a Bend

Three lengths of Swirly-flo pipe (long, medium and short) were fabricated into rig
sections. They were all made from the same pipe stock which had a pitch of one full

revolution per 0.43m or 837° per metre. The Long, Medium and Short Swirly-flo

pipes had lengths of, 1 m, 0.260 m and 0.129 m, respectively.

To determine the most effective Swirly-flo pipe section, each section was placed

before the bend (between pressure stations 4 and 6) and the pressure effect across the
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bend was then measured for various flow rates. This is shown in Figure 4.5. The
bend pressure drop was in fact measured between stations 4 and 6 to lessen the effect

of flow immediately downstream of the bend.
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Figure 4.5 Pressure Drop Across the Bend for Different Sections of Swirly-flo

Pipe

Note that the pressure errors bars represent a pressure error of 0.1%.
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4.3 Water/Particle Mixture Tests
4.3.1 Concentrations for a Given Loading

The test runs with solids were partly described by the amount of beads placed into
the test rig. As the amounts of beads increased then so did the concentration. Table
4.1 shows the average concentrations taken at the exit of the test rig for a given

quantity of beads.

Table 4.1 Concentration of Solids for a Given Loading

Loading in Kg Concentration of solids (volume %)
2 6.1
4 8.0
6 9.0
8 10.3

4.4 Determining the Optimum Orientation of the Long Swirly-flo Pipe

To determine the optimum position of the pipe, the pipe was rotated through six
positions and in each position 2 Kg (concentration 6.1 % v/v) of beads were placed
into the rig. Then the pressure drop between stations 4 and 6 were measured for
various flow rates. These results produced an optimum position as shown by Figure

4.6.
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Figure 4.6 Optimum Position of the Long Swirly-flo Pipe

The positions of the Swirly-flo pipe were marked with a number from 1 to 6. These
numbers referred to the position of the top bolt in the flange, directly opposite any
particles settling under gravity. Figure 4.7 shows the various positions at the
entrance to the Swirly-flo pipe. Figure 4.8 shows an idealised cross-section at the
entrance to the Swirly-flo pipe, with actual bolt hole positions marked. The
corresponding portion of the pipe profile in proximity to any settling particles is
shown with an arrow. It can be seen that odd-numbered positions were opposite
cusps in the pipe profile, while even-numbered positions were opposite lobes. The

cusp opposite position number 5 had been ground during the fitting of the flange.

[t appears from Figure 4.6 that the even-numbered bolt positions produced better
results, with the exception of position 5 which had the most favourable pressure-drop
characteristics of all. This supported the intuitive conclusion that when the lobes at
entry were on the bottom of the pipe, lower pressure drops were obtainable, but

further detailed investigation would be required.
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Figure 4.7 Entrance Positions on the Long Swirly-flo Pipe
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Position 5
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Figure 4.8 Bolt-hole Positions with Corresponding Settling Surfaces
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4.5  The Effects of the Long Swirly-flo Pipe on Various Concentrations of
Beads at Varying Flow Rates

The pressure drop characteristics across the bend (first bend plus the rising main) are

shown in Figure 4.9
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Figure 4.9 Pressure Drop Characteristics With and Without the Long Swirly-flo

Pipe

The above results show a reduction of pressure loss for all concentrations and water
with the use of the Swirly-flo pipe. Figures 4.10 and 4.11 illustrate the flow regime

with and without swirl.
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Figure 4.10 6.1 % concentration v/v with a flow a volumetric flow rate of 1.7 l/s

without swirl

Figure 4.11 6.1 % concentration v/v with a flow a volumetric flow rate of 1.7 Us

with swirl
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Figure 4.12 shows the pressure drop across the long Swirly-flo pipe before the bend
and compares it to the standard pipe at various loadings. These results are also

tabulated in Table 4.4, where the pressure drop was taken from station 3 to station 4.
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Figure 4.12 (P3-P4) Pressure Drop with and without a Long Swirly-flo Pipe
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Table 4.2 (P3-P4) Pressure Drop with and without a Long Swirly-flo Pipe

normal Swirly-flo

Run Average flow I/s| Pressure loss (p3-p6) Pa | Pressure loss Nett loss

(p3-p6) Pa Pa
2kg 0.83 38221 38455 233
2kg 1.23 38703 39107 886
2kg 1.71 39110 39946 1243
2kg 2.06 39566 40756 1646
2kg 2.40 39958 41580 2013
2kg 2.74 40417 42453 2494
2kg 3.05 40899 43291 2874
dkg 0.73 38249 38406 157
4kg 1.16 38796 39147 898
4kg 1.65 39354 40054 1257
4kg 2.05 39769 40990 1636
4kg 2.39 40220 41807 2037
4kg 2.75 40709 42698 2477
4kg 297 41177 43330 2620
6kg 0.72 38345 38547 202
6kg 1.14 38800 39178 832
6kg 1.60 39441 40021 1220
6kg 2.06 39885 41071 1630
6kg 2.40 40331 42037 2152
6kg 2.76 40837 42931 2599
6kg 3.03 . 41500 43697 2860
8kg 0.68 38404 38643 238
8kg 1.12 38917 39182 778
8kg 1.61 39557 40295 1377
8kg 2.05 40032 41332 1775
8kg 2.38 40544 42246 2214
8kg 2.72 41062 43033 2488
8kg 3.06 41556 43956 2894
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4.7 Discussion of Experimental Results

The aim of the experimental approach was to monitor key flow characteristics, such
as velocity and static pressure, and the flow regimes present. The experimental runs
provided a “benchmark” for the Swirly-flo pipe, and from this the effects of swirl

inducing flow could be observed.
4.8 The Experimental Set-up

On examining the pressure graphs (see Appendix D), there were obviously some
fluctuations in the pressure reading and this was especially prominent at low flow
rates. The effect was attributed to changes in the level in the header tank which
caused a variation in the pressure readings. At high flow rates the effect was
reduced. Momentarily, the pump could be drawing more water than was entering the
header tank. Other variations could be attributed to the design of the pump which
may have produced slight variations in pressure. These variations were most likely
to have been masked by the variations in the header tank. For future work there

should be a mechanism controlling the height of liquid in the header tank.

The only place where the author could be sure of an accurate determination of the
concentration was at the pipe exit above the header tank. By examination of video
data and direct observation it was clear that the concentration of solids varied
throughout the test rig. Local concentration could not be determined with the
required accuracy at crucial points in the test rig, such as, the entrance and exit of the
Swirly-flo pipe and around the bend. The technique of Shook and Roco (1991) using
pressure transducers 5 and 6 to provide an estimation of concentration in the rising
main, was tried and discarded due to the fact that the site of the pressure transducer
(station 5) after the bend was in a region of flow re-establishment. Concentration is
an extremely important parameter in slurry transport, and a more comprehensive
survey will be required for future work. This will involve the development of
experimental techniques to allow concentration measurement in different parts of the

rig circuit.
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In the sampling of the mass and volumetric flow rate, three samples were extracted at
each flow rate, and an average value taken. This provided consistent results for runs
which were repeated several times. In sampling, water and solids were being taken
out of the test rig, thus changing the head of water in the header tank. Accordingly
an interval of time was allowed between measurement. Time was allowed for the

water to rise back to its specific head.
4.9 Results of Experiments

Three lengths of Swirly-flo pipe were examined to determine which one produced the
greatest effect on the bend in terms of pressure loss. These became known as the
long, medium, and short Swirly-flo pipes. The results of the pressure drop around the
bend showed that at low volumetric flow rates (Figure 4.5) the difference between
the long Swirly-flo and the medium Swirly-flo was marginal but as the speed

increased the gap between them became larger. Therefore the long Swirly-flo pipe

was used in all the further tests.

The long Swirly-flo was not specifically designed for the test rig, but due to time
constraints and relatively easy supply, it was used. The first long Swirly-flo pipe was
obtained from North Sea Ferries (Van Loo, 1996) and then cut to the correct length, 1
metre, and flanges were placed on the ends so that it could be fitted to the
Transpalite® pipes. The pitch to diameter ratio (P/D) of this pipe was 8.6, which was
very close to the optimum specified by Schriek ef al., (1974). The diameter of the
Swirly-flo pipe was considered to be the maximum core diameter at which an
uninterrupted circle could be drawn without the interference from the lobes, an
example of this is shown in Figure 4.13. In Figure 4.13 this diameter is considered to
be 0.05 m, the same as the Transpalite® pipes. The actual Swirly-flo pipe core

diameter was slightly smaller than this.
Before the test runs with beads in the long Swirly-flo pipe, the pipe was optimised for

position of the flange, which in turn altered the inlet flow regime in the Swirly-flo

pipe. Each of the six flange holes were marked with a number 1 to 6.
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Each number referred to the location of the top bolt. Position 5 showed the most
favourable results for the pressure drop around the bend but this was thought to be
due to smoothing of the cusp between lobes during the fitting of the flanges. There
was evidence that when the lobes were at the bottom of the pipe at entry the most

favourable pressure drop results were obtained.

180

270

Figure 4.13 Schematic Cross-Section of the Swirly-flo Pipe

For the long Swirly-flo pipe it was not possible to make a smooth entrance and exit.
At the inlet the flow had to go through almost a sudden contraction even though the
entrance was smoothed out by grinding. Figure 4.14 illustrates the flow
characteristics of a sudden contraction which leads to a high pressure loss. The exit
of the long Swirly-flo pipe was similar to that of a sudden expansion, as illustrated in
Figure 4.15, which also lead to a high pressure loss compared to the rest of the

pipework.
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Figure 4.14 Flow Field of a Sudden Contraction (copied from Gerhart and
Gross, 1985)
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Figure 4.15 Flow Field of a Sudden Expansion (copied from Gerhart and
Gross, 1985)

In future the effects of sudden contraction and sudden enlargement at pipe entry and
exit to the swirl inducing pipe must be minimised by careful design of entrance and
exit ducts. To obtain a benchmark, water was first used with the long Swirly-flo pipe
before the bend, in the optimum orientation. The swirling of the flow produced a
decrease in pressure drop across the bend. This could be explained by the fact that as
rotating flow went around the bend it altered the expected separation characteristics
of the flow field downstream of the bend. These characteristics are illustrated in

Figure 4.16.
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Figure 4.16 Secondary flow and Separation at a Bend (copied from Gerhart
and Gross, 1985)

In the case of the secondary flows around the bend the presence of a rotating flow
field may have caused one of them to be reduced in magnitude and the other to
increase in magnitude. As for the region of separation, the circumferential velocity
caused by the long Swirly-flo pipe may have reduced the separation in size or
removed it altogether. If this was the case it would cause the local axial velocity to
decrease in the region and reduce the pressure drop in proportion to the square of

velocity.

These effects would have also been present, perhaps to lesser a degree, when
pumping beads and water around the test rig. The results indicated that there was an
improvement for all concentrations when the long Swirly-flo was placed before the
bend. However, the 2 kg run with swirl seemed out of sequence with respect to the
other runs with swirl, this can be seen in Figure 4.9. The reason for this was unclear.
It was believed that the solids may have not been uniformly distributed. In the initial

tests the 2 kg run with swirl was showing a pressure drop curve between water with

76




swirl and the 4 kg with swirl, but when run for a longer time (~1 hr) the results were

not so favourable. This requires further investigation.

In observing the solids flowing around the bend it could be seen that the swirling of
the flow field caused the beads to rotate around the axis of the pipe, which caused the
normal wear zones for particles to be eliminated. This was particularly the case for
particles at lower concentrations. As well as producing a lower pressure drop across
the bend, the zones normally exposed to wearing action were no longer affected.
This could have a great benefit to industry if slurries were swirled before the bend it
could effectively increase the working life of the bend and hence reduce cost and
down time. To make this appealing to industry actual wear measurements should be
taken or inferred from using computational methods and wear models. The particles
seemed to rub against the whole pipe wall in an even manner. At low concentrations
the flow field was visible as particles were carried with the flow. The flow patterns

were observed to execute a roughly helical path.

Figures 4.17, 4.18, 4.19 and 4.20 illustrate the particle flow field with and without a
Swirly-flo pipe before the bend.

In producing swirl prior to the bend, the pressure drop across the Swirly-flo pipe was
always larger than the gain in pressure across the bend. This is shown in Table 4,24.
This could be explained by the entrance and exit effects previously mentioned, and
roughness of the electroplated steel compared to the Transpalite® pipe.
Nevertheless, the removal of the zones of high wear and the lowering of the pressure
loss associated with the bend are important effects from the upstream Swirly-flo pipe
despite the disadvantage of the nett pressure loss. The future optimisation of the

design of this pipe holds out the possibility that this disadvantage could be reduced.

The optimisation of the swirl-inducing pipe was one of the prime aims of the project.
Experimental results with commercially-available swirl-inducing pipe have
highlighted the need for further investigation into the design of a swirl-inducing pipe

for this duty. Stated simply, could swirl be improved for minimal pressure loss?

77



Further experimental work with specially-fabricated pipes would consume
considerable time and expense, and would not necessarily produce an optimal design.
Mathematical modelling was seen as a first step forward in optimising the design of a
swirl-inducing pipe without incurring fabrication costs. This modelling would be
based on powerful mathematical techniques to optimise the helical geometry known
as the Calculus of Variations. Computational Fluid Dynamics (C.F.D.) could then be
used to simulate single phase flows through these pipe designs and to provide

information about the flows field in swirl-inducing pipe.

78



Region 2 of wear v a1

due to particles L b

ricocheting off the i e

outside wall just pe s

after the bend G
Region 1 of
high wear

Figure 4.17 Particle Distribution without Swirly-flo before the Bend (adapted from
Zenz and Othmer, 1960)

Figure 4.18 8.0 % concentration v/v with a flow rate of 2.7 I/s without swirl
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Figure 4.19 Expected Particle Distribution with Swirly-flo before the Bend
(adapted from Zenz and Othmer, 1960)

Figure 4.20 8.0 % concentration v/v with a flow rate of 2.7 I/s with swirl
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5.0 Optimal Design for Swirl in Swirl-Inducing Pipes

In an attempt to optimise the induction of swirl by means of a helically formed pipe, it was
necessary to examine the physics of the flow and consequently to develop a mathematical
description of the flow. In this examination several mathematical models could be
obtained with varying degrees of complexity. The geometry of the pipe cross-section is
relatively easily defined, whilst the flow of an industrial slurry is much less so. The
challenge was to create a simplification of particle flow which was mathematically
tractable but was still representative of the real flow in important respects. Problems of

this type can be classified in order of increasing mathematical accessibility as follows:
1) two phase flow of water with varying particle sizes and densities,

2) two phase flow of water with single-sized and single-density particles,

3) single phase flow,

4) a single frictionless particle in a frictionless medium.

In order to solve (1) and (2) a mixture of theoretical and empirical methods are required.
Item (3) is computationally possible, and powerful techniques using computational fluid
dynamics will be elaborated in chapter 6. The last item, (4), the single particle model,
permits an analytical solutions of the trajectory of the particle under constant acceleration.
These solutions are independent of particle specifics and properties of the flowing
medium. They provide elegant loci for the optimal trajectory of a particle in a cylindrical
pipe and, by extension, a first design for the pipe helix.

The flow was simplified to a single particle, with a single path constrained to the inside of
a cylinder. With this simplified approach two different criteria for the curve inside the

cylinder were looked at, namely:
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1) the shortest distance (geodesic) between two points inside a cylinder which give
one full pitch,

2) the shortest time (brachistochrone) between two points in one full pitch.

The above optimisation involves a special type of maximum and minimum problem,
which involves the Calculus of Variations. Once these geodesic or brachistochrone paths
had been established for a given pipe, they were transposed into a computational mesh
with 3 lobes, each lobe having the same curve but a different starting point at the
beginning of the pipe. The reason for having 3-lobes was two fold: firstly the existence of
a 3-lobe pipe in the laboratory and secondly the suggestion by Robinson, (Robinson,
1923) that three could be the optimum. The determination of the flow field was then
found by using Fluent 4.3.

5.1 Introduction to the Calculus of Variations

The first variational problem known comes from antiquity, and is known as the problem
of Dido (Forray, 1983). Dido, also called Elissa, was the first Queen and founder of
Carthage in 814 B.C. (Josephus, circa 100 A.D.). On arrival in the region she was given
permission, by natives, to settle on land which was not to exceed in size the area which
could be covered by an ox-hide. This meant that Dido had to obtain the largest enclosed
area with a simply closed curve; this curve was made from ox-hide cut into a narrow
thong. By intuition we know this to be a circle, but a mathematical derivation is not
obvious. A mathematical solution to this problem is obtainable by the use of the Calculus

of Variations.

In the 17" century the subject obtained its momentum through the pioneering work of
Johann (1667-1748) and Jakob (1654-1705) Bernoulli, two brothers from a family of
mathematicians. ~ All the giants of 17" century mathematics made contributions,

admittedly by ad hoc ingenuity, such as: Newton (1642-1727), Leibniz (1646-1716) and
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L'Hopital (1661-1704), (Forray, 1968 and Anderson, J.D., 1991). Finally, Euler (1707-
1783), a student of Johann Bernoulli (1667-1748), took up the subject and produced some

general methods and in doing so established a firm basis for the Calculus of Variations.

The characteristic features of a problem involving the Calculus of Variations are given, as

follows (Hollingdale, 1989):
1) an integral of an expression with an unknown function, for example y(x);

2) the necessity to determine the value of this integral which will make it either a

maximum or a minimum, subject to the initial conditions.

There are formulae, developed by Euler, that allow one to determine the extremum,
although sometimes they are not sufficiently general (Feynman, 1963). In the two cases
presented above there is a formula, known as Euler's Equation, which was used to solve

the two problems. These two problem will be looked at in the following sections.
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5.2 Determination of the Geodesic on a Surface of a Cylinder of Revolution

To make the problem easier cylindrical co-ordinates were used. Figure 5.1 shows the co-

ordinate system.

Figure 5.1 Cylindrical Co-ordinates

The first step is to determine the incremental length of arc on the surface, which is...

(&) =~ (o )+r(8p)+ (&) (5.1)

Dividing through by ().

(&5/ &) ~ (/&) +72(0¢/ &) +(%/&) (5.2
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In the limit &—»0, equation (5.3) is obtained.

lim &z—> 0 @s/dz)’ = F@d¢/dz)® + 1 (5.3)

The elemental length of arc is obtained by transposing (5.3) in terms of ds.

ds = \y(dp/dz) +1 dz (5.4)

To obtain the geodesic required the minimum of the following integral (5.5) must be

found.

[ds = [Jr@g/dz)) +1 dz (55

To determine the extremum of this integral the Calculus of Variations must be used and
the formula used is provided by Goldstein's book (Goldstein, 1980), and is commonly

called Euler’s formula, which is given at equation (5.7) with the notation

dg _ -
T =4 6o

Euler’s Formula
Where, fis the function under integration on the right hand side of equation (5.5).
of d ,of
e (=) =0 (57
o9 & ( 3 ¢) (5.7)
)
o _ re (58)

d¢ /r2¢2 +
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S hasno term in 4.

o .
y 0 (59)

Substituting (5.8) and (5.9) into (5.7) gives.

.“'_(_—_—’2¢ ) =0 (510)

dz g + 1

Integrating with respect to z,

__ré . ¢ (511)

Re-arranging equation (5.11), gives

Integrating with respect to z,

¢ = bz+d (513)

Clearly the term on the right hand side of equation (5.12) is of a constant value.

Therefore, integration of equation (5.12), leads to equation (5.13), where b and d are

new constants, This is the equation for a regular helix and is a straight line, in the xy

plane. If the cylinder was unwrapped it would produce a straight line in the plane. Itis

apparent that this is a minimum. The constants, b and d, can be determined for one full

revolution over the arbitrary length of pipe. If the helix starts at the origin the constant

d equals zero. If one full revolution is required over the length of the cylinder the

constant b equals 2w/cylinder length.
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5.3 The Brachistochrone Problem Inside a Cylinder of Revolution

The brachistochrone problem was formulated by Johann Bernoulli (1667-1748) in 1696.
(Forray, 1968) The problem involves finding a curve joining two points, say, 4(x,y,) and
B(xsyy) and where x; > x, and y, > y,. Along this curve a frictionless particle travels from
rest under the influence due to gravity. The problem is to determine the curve along which
the particle will move from A to B in the least time, commonly known as the curve of

quickest descent.

This problem was then modified to be constrained by the wall of cylinder and the
acceleration of gravity replaced by an arbitrary acceleration, a. Which represents the axial
acceleration given to a stationary particle at the bottom of the pipe. In the course of
determining this curve the acceleration term becomes redundant (Forray, 1968). The idea

behind this approach is to maximise velocity in the circumferential direction at the exit of

the swirl-inducing pipe.

As before, once the curve has been determined it will then be transposed into a

computational grid with 3-lobes and then the flow field will be determined by
Computational Fluid Dynamics (C.F.D.).

Velocity is given by equation (5.15), which itself is derived from the conservation

theorem for energy, equation (5.14).

%mvz = maz (5.14)

Which gives v as follows.

v = 2az (515)
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Velocity along the curve is given as.

ds
v=— (516
7 (5.16)

By using the chain rule of differential calculus one obtains the following.

Substituting for ds/dz, gives.

ds p 3 dz
=% = + 1 = (518
v . \/r @af/dz) ” (5.18)

On simplification this leads to.

V2az =y (@dg/dz) + 1 gz; (519)

Divide through by V2az, this gives.

| _r@p/dz) + 1 dr

V2az dr (5:20)

Separating variables and integrating gives equation (5.21) and the problem is to find the

minimum of this integral.
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[ I\/#(d¢/d.-;)2 + 1

N dz (521)

Again we resort to equation (5.7) to obtain the extremum:

.

o 49, _
o5 555 =0 OV

This gives the following.

% L L 52

On integration with respect to z, equation (5.24) is obtained.

1

1
Vz [1+,2(3)

Ko -c=0 (524)

Now equation (5.24) has to be transposed in terms of dgdz.

r¢ =z rig+1.c (525)



r4¢2 = Z(r2¢2+1)cz= zczr2¢2+zcz (527)

e -2 = F(r-ztrt) = 2 (5.28)

2 2 2 2 2 2
¢ 4 2 2 2 2 2 2 2 2 2 2 2 2 ’
ri-zc'r ri(r‘-zc’) zri(r’-z¢’) r(zr'-2°¢c’)
zc

b= ———ou (530
T Erae

To obtain ¢, one has to integrate equation (5.30).

é = ¢ ¢ r +k (531)

Initially, the solver software MATHCAD (1994) was used to obtain a rather
cumbersome solution for developing the computational grid, see equation (5.31).
Subsequently, the integration was carried out by the author who showed that a more

elegant form of solution of equation (5.31) exists. This is shown as follows, starting

with equation (5.32).
¢ = —_z—cz— (5.32)
rer-z)
Let u equal
u =z’ (533)
which gives
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W =z (534)

and this gives
dz 2u
— = = (535
P (5.35)
leaving
d = 24 (536
c

Therefore the integral of equation (5.32) becomes the integral of equation (5.37) in terms

of u.
u’ 2u.du
/ VP -d?) ¢ (37)

on simplification, equation (5.37) becomes equation (5.38)

M s 38

2
Jr(r-d’) ¢

Taking the constants to the left hand side of the integral sign and extracting the r? term out

from the denominator, equation (5.39) is obtained.

2 2
[ =—du (539)

re N -d')
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Again integration by substitution is used with.

u =rsinf (540)

and,

% = rcos@ (5.41)

this then gives.

du = rcosf d@ (5.42)

Therefore equation (5.39) becomes equation (5.43) in terms of 6.

2 .2
2 j__rsinf L o0 do (543)

re? NP -risin’6)

Since,

rcos@ = \/(rz-rzsinze) (5.44)

equation (5.36) becomes the following.
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2 . 2
-z—zfr—s!n—qrcosﬂ de (545)
r¢’ reos

Which then simplifies to equation (5.46).

2—: sin’@ df (546)
c

Using the standard result equation (5.47) is obtained.

2r 0 sin26
=(=- +k (547
¢ 02(2 4 J+k (547)

This can be re-written as

¢=z£(_6_?_2sin000s0)+kl (548)
2 4

From equation (5.40) it can be determined that,

g = s,-n-'-’rf (5.49)

On substitution into equation (5.48) the following is obtained.
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JU U U
oy sin’= 2sin(sin’ ;) cos(sin" )

¢=;;( 2’- y r_)+k, (550)

Which leads to equation (5.51)

2
¢=—r-(sin'12-31/1-£~ )+k (551)
c2 ror r2

Substituting for u the following is obtained.

2 [ .2 2
ZYE 1A vk, (552)
4 r r

r
¢= —z(sin"
c

Applying the boundary conditions to equation (5.52), results in k, always being equal to
zero and hence simpler than the solution produced by MATHCAD (1994), equation
(5.31). Equations (5.31) and (5.52) do look different. However when both are
differentiated, one obtains equation (5.32). This illustrates the fact that depending on
the method of integration, one may get a different result with a different constant of
integration, which is still mathematically correct. The original solution from
MATHCAD was used in the development of the computational grid, using a
FORTRAN program. It was then necessary to check if the result was a minimum and

this would then apply to both methods of integration

To determine whether this result was a minimum the Legendre test was used (Miele,

1965). This states that, f, the integrand used in Euler’s equation is mathematically
operated on by taking the second derivative with respect to d@/dz. If this is greater than

0, then the extremum is a minimum.
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Legendre Condition
[y >0 (553)

In this case the Legendre condition for a minimum is satisfied, as the equations that
follow illustrate. The first derivative, with respect to d¢/dz, of the integrand in equation

(5.21) is given by equation (5.54).

L1y 554)

Vz [1+7 ()

This equation (5.54) has to be differentiated again with respect to d¢/dz. This is shown
in equation (5.55) and equation (5.56) is the simplified form of equation (5.55).

) -1 42 r’
Vz (12 (30" e Ji1+r2(8) )z

(555)

1 r
— ———(556)
vz (1+r7(8)')""
Equation (5.56) is positive for all values of z, and noting that the negative answer of the

square root of z, is not physically possible. Hence equation (5.21) gives a minimum.

Using the boundary conditions the constants of integration can determined, that is ¢ and
k, using MATHCAD (1994). According to Byerly (Byerly, 1917) the evaluation of ¢ in
similar problems is "a matter of some difficulty”, with which the author can fully

concur. Table 5.1 shows the constants for given pipe lengths. Each of the pipes has the

same boundary conditions, which are, when z=0, ¢=0 and z=0, ¢=27.
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Table 5.1 The constants of integration for the brachistochrone curve in a cylinder

Length of pipe (m) c k
0.1 0.07905694 3.14159286
0.2 0.04748579 8.70767865
0.3 0.03041858 21.220322
0.4 0.02113055 43.975206
0.5 0.01563354 80.3368563
0.6 0.01211902 133.688559
0.7 0.00972947 207.420067
0.8 0.00802452 304.923787
0.9 0.00676061 429.593375
1.0 0.00579432 584.823122
1.1 0.00503665 774.007705

These constants were then entered into a FORTRAN computer program, which can be

found in Appendix B, to obtain a computational grid, with 3-lobes having a

brachistochrone helix. In Figure 5.2 the difference in path between the regular helix and

the brachistochrone is illustrated for a cylinder of 0.7m in length and a diameter of 0.05

m.
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Figure 5.2 The Brachistochrone Curve and Regular Helix for a Cylinder of 0.7 m
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6.0 Computational Fluid Dynamics

The aim of using Computational Fluid Dynamics (C.F.D.) is to provide a method
of flow visualisation in the Swirly-flo pipe, without the need for a specially
designed test rig, or pipes. This method also provides a way of optimising the

Swirly-flo pipes.

Due to the long computational time of running two-phase flow problems in
CFE.D,, it was decided to just run one phase, that of water. This gave a

visualisation of the flow field and an indication of the swirl at the exit of Swirly-

flo pipes.

This chapter introduces the basic concepts of Computational Fluid Dynamics
(C.F.D.), starting with a brief outline of turbulence followed by the equations that

govern viscous fluid flow. The solution algorithm of Fluent 4.3 is then

discussed, with generation of the Swirly-flo pipe grids.
6.1 Turbulence

From a classical point of view, turbulence is considered as irregular fluid motion
in which various quantities such as velocity, pressure and temperature show
random variation with time and space co-ordinates, but in such a way that
statistically distinct averages can be discerned (Hinze, 1975). Turbulence can
also be defined as eddy motion with a wide spectrum of eddy sizes and a
corresponding spectrum of fluctuation frequencies. The motion is always
rotational, that is the fluid elements have a finite angular velocity. The forms of
the largest eddies (low-frequency fluctuation) are usually determined by the
boundary conditions, while the forms of the smallest eddies (highest frequency
fluctuation) are determined by viscous forces (Rodi, 1980).

98



Classical theory describes turbulence by its characteristics and not by formal

definitions.

The following list, with a brief summary, illustrates the main characteristics of

turbulence. (Abbott and Basco, 1989)

1) Irregularity - The flow is so complicated and irregular it is not possible to

describe it in a reasonable way.

2) Three-dimensionality - Turbulence is always three-dimensional, even in flows

where the flow is predominantly one or two dimensional. Flow fluctuations

always have components in all three directions.

3) Diffusivity - The rapid mixing of momentum, heat and mass is a typical

feature of turbulent flows.

4) Dissipation - The kinetic energy of turbulent motion is dissipated into heat
under the influence of viscosity. The energy source for the turbulence is

produced by the mean flow by interaction of the shear stresses and velocity

gradients.

Turbulence originates primarily from instabilities in the flow, which generally
occur at high Reynolds numbers. Once turbulence is initiated it is not self

maintaining and so depends on the flow environment to provide it with energy.
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6.2 The Equations that Govern Viscous Fluid Motion

Continuity Equation

%’;D+V-(pV)=o 6.1)

This equation describes the conservation of mass. The first term represents the
rate of change of density at a fixed point in space. The second term describes the
convection which represents the rate of mass flux passing out of the control

surface (which surrounds an arbitrary control volume) per unit volume.

\Y

Control Volume

Control Surface

Figure 6.1 Arbitrary Control Volume

Viscous Momentum Equation

?—(ng+VO(pVV)=Pf+(-P50+Tu) (6.2)

where, 1; is the viscous stress tensor
ij
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Oy
_a_“'_+ ”!)_25 ﬂ.@‘_"_] (6.3)

r,-,-“#[(axj o’ 3%,

This equation describes the conservation of momentum. Once again the first
term on the left hand side of equation 6.2 represents the rate of change of
momentum per unit volume in the control volume. Similarly the second term on
the left hand side describes the rate of momentum lost by convection. The first
term on the right hand side of the equation represents the so-called body forces.

Body forces include gravity and buoyancy. The final term on the right hand side

represents the forces due to pressure and viscous stress gradients in the fluid.

Energy Equation

%%w.(E,V):-Z-‘,Q-Vq+pf-V+V-[(-p6,,~+ry-)°V] (6.9)

This equation describes the conservation of total energy. As before the first term
on the left hand side of the equation 6.4, represents the rate of change of total
energy with time, and the second term the convection of the conserved quantity.
The first term on the right hand side represents the rate of heat generation by
external sources and the second term represents the rate of heat loss by
conduction. The final two terms represent the power associated with the body
forces and the pressure and stress gradients, respectively. Where 1;; is the viscous
stress tensor and J; is the Kronecker delta. The above mentioned equations
represent the most comprehensive description of fluid flow, in continuum terms.
These equations can be used to solve turbulent flows and this is known as Direct
Numerical Simulation (D.N.S.). However, DN.S. is limited by computational

power and large memory requirements. Due to these limits D.N.S. can only be
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applied to basic research on standard flows. Flows in complex geometries such
as those found in practical devices will generally not use D.N.S. due to the high
cost in time and money (Smits, 1992). Since D.N.S. is not a realistic option with
present computational facilities, one has to move to the Reynolds-Averaged
Navier-Stokes equations (R.AN.S.).

6.3 The Reynolds Averaged Navier-Stokes Equations

This approach was introduced by Reynolds (Wilcox, 1993), in which the
appropriate parameters are decomposed into their mean and fluctuating parts.
The Reynolds average of a parameter f is defined as follows and is denoted by

7

The time period, AT, is selected to be large compared with the period of turbulent
fluctuations, but small compared to any large scalar transient feature in the flow
field. AT, is sometimes indicated to approach infinity as a limit, but this should
be interpreted as being relative to the characteristic fluctuation period of
turbulence.

By definition the Reynolds average of a fluctuating variable is zero (Anderson et

al., 1984) that is:

m+ e

F—Ai{ -0 (66)

fo-

102



The variables that appear in the Navier-Stokes equations can be written as:

u=u+tu'
v=v+vy'

w=wtw

The Reynolds-averaged form of the Navier-Stokes equations are derived by
replacing the variables with their mean plus the fluctuating components, and then
the Reynolds-averaging of the complete equations. For simplicity the Reynolds

averaged equations are derived in Cartesian co-ordinates and incompressible

form.

Continuity Equation

Ouy
o~ 9 6.7
3xj

The Reynolds-averaged form of the continuity equation is identical to the original
with the turbulent velocity replaced by the mean velocity. The equation is shown

using tensor notation, this allows the Reynolds-averaged Navier-Stokes equations

to be written on one line.

The Reynolds-averaged form of the momentum equation is similar to the original
momentum equation with the turbulent parameters replaced by their mean values.
However, additional terms are introduced as a consequence of the Reynolds

averaging process. Thus the Reynolds-averaged momentum equations are written

as:
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Momentum Equations

a( ) op
gtm (uzu,) -5-;+axj(tz, pu' ;) (6.8

= (a“' Yy g
Xj Ox;

The additional terms in the momentum equation (6.8) are:

o 8

These are known as the Reynolds or turbulence stresses, R;;. The Reynolds stress
tensor is symmetric and hence has six independent components. These terms
represent the transfer of momentum due to turbulent fluctuations. The
introduction of these additional unknowns means that the system of equations is
no longer closed, that is, there are more unknowns than equations. Therefore, it
is necessary for Reynolds-average Navier-Stokes equations to require additional
information for the computation of turbulent flows. The resulting problem of
finding additional equations or conditions to make up this disparity has come to
be called the closure problem. To solve this problem requires the introduction of

turbulence models.
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6.4 Turbulence Transport Models

A transport model is a set of additional equations to Reynolds-averaged Navier-
Stokes equations, purporting to express the relations between terms appearing in
those equations. The starting point of the closure problem is the modelling of the
Reynolds stresses in terms of the mean flow quantities. Simple closure models
normally use the eddy viscosity hypothesis of Boussinesq (1887). This model
considers turbulent eddies as quantities of fluid, which, like molecules, collide
and exchange momentum, obeying the kinetic theory of gases. From this
Boussinesq suggested the turbulent shearing stresses might be related to the mean
rate of strain, a scalar term, p,. ,, is referred to as the turbulence or eddy
viscosity (dynamic). This is not a property of the fluid but depends on the local
state of turbulence; it is assumed to be a scalar quantity and it may vary
significantly from point to point and flow to flow. It must be realised that the
available 'transport' models pay no respect to the actual physical modes of
turbulence: for example eddies, velocity patterns, and high vorticity regions.
Therefore, turbulence models obscure the physical process they purport to
represent. Flow visualisation experiments confirm this point (Markatos, 1986)
and demonstrate the difficulty of precise definition and modelling.
Consequently, it should be of no surprise that the actual physics of turbulence are
nowhere to be seen in the 'transport’ models; simply because no one can represent
them mathematically in the models. It is, however, also true that the engineering
community has fortuitously often obtained very useful results by using the
'transport’ models; results that would have cost more money and time if done
experimentally. Therefore, cautiously exercised and interpreted models can be
valuable tools in research and design despite their physical deficiencies. It is
customary to classify turbulence models according to the number of transport

equations used for turbulence quantities. This is illustrated by table 6.1.
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Table 6.1 Classes of turbulence models

Name Number turbulent Turbulence quantities
transport equations | transported
Zero equation models 0 None
One equation models 1 k, turbulent kinetic
energy
Two equation models 2 k, turbulent kinetic
energy
€, viscous dissipation
Stress/flux models 6 Reynolds stresses
Algebraic stress 2 k and ¢ to calculate the
models Reynolds stresses
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6.4.1 Zero-Equation Models

The zero-equation model only uses the partial differential equation for the mean
flow field and no transport equations for the turbulent quantities. This is also
known as the mean field closure (Mellor, 1973). The models of this group relate
the turbulence shear stress uniquely to the mean flows at each point. Since this
only requires algebraic expressions, they have become very popular (Markatos,
1986). All models in this class use the eddy-viscosity concept of Boussinesq

(1877).
6.4.2 One-Equation Models

The one equation model requires the solution of an equation for the turbulent
kinetic energy, k, and as a result allows for its transport. The turbulent kinetic
energy equation can be derived from the Navier-Stokes equations (Spalding and
Launder, 1972). The model requires length scale that is specified algebraically
and hence flow dependent. It is difficult to incorporate the length scale
empirically for complex flows with separation, streamline curvature or rotation.
The one equation model is not very popular since it performs only marginally

better than the zero-equation model (Nallasamy, 1987).

6.4.3 Two-Equation Models

The two equation model is one of the most widely used in engineering
applications. In the 1970s the Imperial College group, led by Professor Spalding
(Spalding and Launder, 1972), experimented with three kinds of two equation
models, k-kl, k-m, and the k-e model. These three models are closely associated
with each other, although they differ in the forms of diffusion and near wall terms
employed. However, the k-e model has become the most popular because of the

practical advantage that the e-equation requires no extra terms near the walls.
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6.4.4 Algebraic Stress Models

These models can be considered as an intermediate between the two-equation
models and the Reynolds stress models, they run with a reduced computational

effort in comparison to Reynolds stress models.

Algebraic based models are applied between the component of turbulent stress, k
the turbulent kinetic energy and e, the dissipation, with coefficients as a function
of the mean velocity gradients. This effectively forms an extension of the k-g

model. Algebraic models are therefore suitable when the individual transport of

the Reynolds stresses is not important.

6.4.5 Large Eddy Simulations

Large eddy simulations involve the integration of the Navier-Stokes Equations in
time using the appropriate finite difference or spectral representation, and is
therefore free of the closure difficulty. The objective of large eddy simulation is
to filter the small eddies from the flow field. This is done in such a way that the
continuum equations come to apply only to the resolvable, large-scale eddies.
The technique of full simulation is only available for transition flows (Markatos,
1986). Large eddy simulation is still in its infancy and is limited by computer
power. Its present disadvantages are as follows: (Markatos, 1986)

1) it requires too much computer time and storage,

2) realistic models are not available near the walls,

3) the use of natural boundaries stretch computer resources to the limit and

present synthetic boundaries are questionable.
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6.4.6 Reynolds Stress Models

The two-equation models have been used extensively for engineering
applications, but the main practical limitation is the assumption of isotropic eddy
viscosity. This means that the effects of curvature, rotation and buoyancy have to
be modelled separately. To improve on this situation one has to move towards
the so-called Reynolds Stress Models (R.S.M.). These models employ transport
equations for the individual stresses and are sometimes called second order
closure models. Reynolds stress models are extremely computer intensive.
However, they are capable of handling rotation and large amounts of curvature,
as encountered with a Swirly-flo pipe. The two equation models only do this
with modification. Naturally, these equations contain terms that need to be
modelled in keeping with the postulate of turbulent flows. Such modelling
follows the pioneering work of Rotta (1951). The most widely known stress
models at the present time are those of: Hanjalic and Launder (1972), Daly and
Harlow (1970) and Donaldson (1972). The state of Reynolds stress models as of
1979 has been described by Launder (1979) and the present state as of 1990, by

Leschziner (1990).

The Reynolds Stress Model used in Fluent (Fluent, 1996) is based on the work of
Launder (1975). It must be noted that Fluent 4.3 manual quotes (Launder, 1975)
as the source for the constants used in Reynolds Stress Model, when the actual
source was Launder (1992). This was where Launder updated the constants used
in the Reynolds Stress Model. Fluent did not model all the terms, the so-called
wall-echo or pressure reflection were not modelled. These terms re-distribute the
normal stresses near the wall and were of a non-trivial value only in this region.

The following section will highlight the main points of the turbulence model,
since this model was used to solve the flow fields in Swirly-flo pipes. It is

general practice in literature to call R; the Reynolds Stress tensor. The exact
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transport equation for the transport of Ry is given in equation 6.11, where R;; is

given by equation 6.10.

Ry = - = u'i’u,j (6.10)

© [

DR;
Dr

=P;j+D.y‘£ij+Hj,'+an (6-11)

Where, Py, Dy, €, ITj, and Q;, are the rate of production of Ry, the transport
diffusion of R, the rate of dissipation of R;;, the transport of R;; due to turbulent
pressure-strain interactions and the transport of R;; due to rotation, respectively.

Examining each of these term separately we find the following.

Production term

al] a i
Pij = '(le — + ij —U_) (612)
axm axm

In general C.F.D. computations with Reynolds stress transport equations retain

the production term in its exact form, as shown in equation 6.12.

Diffusion term

o v, 0
Dy = 2 (R 613

Oxx o Oxi

The diffusion term is modelled by the assumption that the rate of transport of
Reynolds stresses by diffusion is proportional to the gradients of the Reynolds

stresses. The majority of commercial C.F.D. packages use the simplest form, as
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shown in equation 6.13. The dissipation tensor g; is given by equation 6.14.

This is based on the hypothesis of local isotropy of Kolmogorov (1941), since
most dissipation occurs at the smallest scales. This is set so that it affects the
normal Reynolds stresses (i=j) only and in equal measure. This is achieved by
the use of the Kronecker delta, 8;. If i equals j then &; =1. If however i does not

equal j, then &; = 0.

2

Pressure strain term

2 2
I = ‘le(Rij'}’k(Sij) - Cz(Py-EPJo') (6.15)

The pressure-strain terms are the hardest to model in the Reynolds stress model
and the most important one to be modelled correctly. The Reynolds stresses are
caused by the two major components, namely: pressure fluctuations due to two
eddies mixing together and pressure fluctuations due to the interaction of an eddy
with a region of flow with a different mean velocity. The overall effect of the
pressure-strain term is to redistribute the energy amongst the normal Reynolds
stresses, so as to make them isotropic and to reduce the Reynolds shear stress. C,

and C, are constant values of 1.8 and 0.6, respectively.

Rotational term

Q]j = - 2&).& (R_/m eim t Rimejltm) (6 16)
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oy is the rotation vector and ey is the alternating symbol; e = +1 if i, j are
different and in cyclic order, ey =-1 if i, j and k are different and in anti-cyclic
order and e;;=0 if any two indices are the same.

Turbulent kinetic energy is needed in the above formula and can be found by
adding the three normal stresses together (R,,R5,,R33) as shown in equation

6.17.

1
k= —2"(R11 + R + Ri) (6.17)

The six equations for the Reynolds stress transport are solved along with the

model for the scalar dissipation rate, €. The equation for dissipation rate,e, is
shown below.

O de o ,v 0O¢ e 00U, _ 0U; 8U, &
Z U — = — () + Cr — + - Cip— (6.18
ot v axi aXi(O's aXi) ¢ k V’(aXJ aXI)axj ! k ( )

The first term on the right hand represents the rate of change of € at fixed point
in space. The second term on the right hand side represents the rate of change
of € lost by convection (per unit volume) through the control surface, this is
sometimes known as the transportation of €. The terms on the right hand side
of equation 6.18, moving from left to right are: diffusion of €, generation of ¢,

and destruction of . Cy,, C;, and o, are constants, having the values of 1.44,

1.92 and 1.3, respectively.

Fluent provides additional terms for curvature when cylindrical co-ordinates
are used, which was used in this thesis, these terms can be readily found in the

Fluent 4.3 manual.(Fluent, 1996)
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6.5 The Solution Algorithm

The solution algorithm is based on the finite volume approach. This is the name
given to the method by which the integral formulation of the conservation laws
are discretized directly into physical space. This approach takes full advantage of
an arbitrary computational mesh.

6.5.1 The Integral Approach to Finite Volume

The finite volume approach provides a intuitive association between the physical
processes occurring across the bounding surfaces of the control volume and the
governing partial differential equations, this is a consequence of the Gauss'

Divergence Theorem. The application of this theorem to the conservation laws

for a discrete volume is shown in equation (6.19).

2 fouda+ (Eeds = [0d0 619

Where, €, is the control volume, S is the surface vector, F is the flux vector and
Q the sources (Hirsch, 1988). When the discretized equation associated with U,
is to be defined, Equation (6.19) is replaced by the discrete form:

% (U, Q) + Zswes(E 0 8) = 0,Q, (620)

Where the sum of all the flux terms refers to all the external sides of the control

cell Q.
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Figure 6.2 Arbitrary Control volume

This is a general formulation of the finite volume method for a selected control
volume. The solution of all the relevant quantities is based on the Semi-implicit

Method for Pressure-linked Equations, or more commonly known as

SIMPLE..

6.5.2 The S.I.M.P.L.E. Algorithm

This method of solution of the incompressible turbulent Navier-Stokes equations
is derived from the general strategy outlined by Patanker and Spalding (Patanker
and Spalding, 1972). This method comes under the general heading of pressure
correction methods. "Pressure correction methods follow the principle of
initially solving the momentum equations using a guessed pressure field, in
order to obtain an approximate velocity field. The approximate velocity and

pressure fields are then corrected such that continuity is satisfied". (Rubini,

1994)

114



The S.LM.P.L.E. procedure consists of a set of algebraic equations for velocity
components, turbulent kinetic energy, turbulent dissipation, Reynolds stresses
and an equation for pressure. The method starts from arbitrary initial conditions

(except at the boundaries) and converges to the correct solution after a sequence

of iterations.

Each iteration consists the following steps:

1) start with estimated P',u',v‘, and w‘,

2) solve the momenturmn transport equations using Puv,andw,
3) solve the pressure correction for P#, using u‘,v', and w‘,

4) update the pressure and the velocity fields using P* to obtain ul,v', and
1

W,
5) solve the other discretised transport equations, that is the six independent

Reynolds stresses and the scalar dissipation rate €,
6) repeat steps 2 to 5 until convergence is reached.

The S.IM.P.L.E. algorithm has been used to successfully solve a number of
incompressible flow problems. In certain cases it is found that the rate of
convergence is not satisfactory. This is due to the fact that the pressure
correction equation tends to overestimate the value pressure even though the
corresponding velocity corrections are reasonable. Due to this fact it may be
necessary to alter the pressure correction equation to include an under-relaxation

parameter. For the same reason, under-relaxation is employed in the solution of

the momentum equations.
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The convergence criterion specified that the sum of the normalised residuals must

be less than 10*. This is a measure of the overall conservation of flow

properties.

The accuracy of the solution with respect to the computational grid may be
considered accurate if alteration in the grid size produces no significant change in
the values of dependent variables or fluxes at the points in flow or its boundary

which are of interest to the user. Such alteration is obtained by altering the

number of grid intervals in all directions of flow.

The number of iterations required for convergence varies substantially depending
on the grid system, under-relaxation factors, and inlet turbulent intensity as
determined by Zigh (1993). Computations were performed on a the University
V.M.S. Alpha and the Rutherford Appleton Laboratory J923 Cray.

6.5.3 Interpolation Scheme

The computer algorithm for the solution of the Navier-Stokes equations stores
the computed velocity components and scalar variables at geometric centres of
the control volumes defined in the grid. During the solution process it is
necessary to compute the values of the variables at the control volume
boundaries. Therefore it is necessary to use some form of interpolation
technique. This is achieved by using the Power-Law interpolation (P.L.D.S.)
based on the work of Patanker (1980). This method uses the Power-Law since it
was believed the exact exponential solution would be too costly to compute. An
important feature of the Power Law scheme is it can give rise to strong numerical
induced diffusion if the flow is skewed relative to the mesh lines of the
computational grid in regions of high vorticity or shear. This is due to the fact
that the leading truncation error is of order one in the interpolation scheme, which

leads to numerical diffusion.
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6.5.4 Boundary Conditions

Insertion of correct boundary conditions requires modification of the finite
volume formulation near boundary points. Due to the elliptical nature of the
conserved equations, boundary conditions must be specified at all boundaries
along the domain being considered. The inlet conditions are known beforehand
and can be specified at the beginning of the calculation. Conditions at the exit
from the region of interest are not known beforehand. The algorithm stipulates
that the overall continuity must be satisfied and the flow is fully developed at the
exit boundary. Therefore zero gradient boundary conditions are applied at the
exit of the region of interest and on an axis of symmetry (with the exception of
perpendicular velocity components which must vanish at an axis of symmetry).

The boundary conditions led on to the use of wall functions.

6.5.5 The use of Wall Functions in the Solution

Fluid near the wall surface is stationary and turbulent eddies must stop near the
wall. In the absence of turbulent (Reynolds) shear stresses the fluid is dominated
by viscous shear. This is often known as the laminar sublayer or the linear
sublayer. As one moves away from the wall viscous and turbulent effects both
become important, so a new law is invoked, which is known as the log law.

These formulae for flow near the wall are commonly called the law of the wall

(Gerhart and Gross, 1985).

oo L wey) 621
K

L]

u
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Fluent decides what rule to use by evaluating a dimensionless parameter, y*. The
dimensionless parameter y* is a type of Reynolds number. Depending on the
value of y*, Fluent chooses the log-law (eqn 6.21) if y* > 11.225 and if y'<
11.225 then equation (6.22) is used.

Where:
u = /1": (6.22)
P

and y'=pu'An/p
k = von Karman's constant (0.42)
E =empirical constant (9.81)
u, = velocity of the fluid at point p near the wall
An,, = distance from p to the wall
p= density of fluid
T wall shear stress
u = viscosity (dynamic)

Av
where: w = U— (6.23
re T S (6.23)

Av = the velocity parallel to the wall at height An
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6.5.6 Mesh Used

The mesh used was derived from a FORTRAN program that produced a mesh
that Fluent 4.3 could read. This program allows the user to change the pitch and
length of a Swirly-flo pipe with ease, and saves time by not having to draw each
different Swirly-flo pipe on a C.A.D. (Computer Aided Design) machine. The
program makes sure that the internal grid moves with twist of the pipe, so that the
majority of cells are not skewed to the direction of flow. That is to say that the
majority of the axial flow enters each cell perpendicular to the cell wall. This
would reduce numerical diffusion, as stated in 6.5.3. The computer programs for

producing the grid can be found in Appendix B. An example of a surface grid is

illustrated in Figure 6.3.

Figure 6.3 Illustration of Swirly-flo Grid
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6.5.7 The Co-location of Variables

The co-location of variables means that all variables are stored in the same
location on the computational grid. There are two main reasons to use the co-
location of variables. The first of these is that it provides a simplification in the
computer code. That is, in principle only one routine needs to be developed to
solve the general transport equation, since the coefficients for each variable will

be very similar (Rubini, 1994).

Secondly, the use of staggered grids when used with a curvilinear grid, limits the
choice of co-ordinate transforms that may be used (Rubini, 1994).
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7.0 Computational Fluid Dynamics Results

7.1 Introduction

This chapter contains the results obtained from examining pipes, using C.F.D., with
constant pitch and those of a non-linear nature, that is those governed by the
brachistochrone curve. All computational runs were carried out with a constant set of

parameters, unless otherwise stated, and are shown in Table 7.1.

Table 7.1 Input parameters for the Computational Fluid Dynamics Runs
Initial u-Velocity (axial component) 1 m/s
Initial v-Velocity (radial component) 0m/s
Initial w-Velocity (circumferential 0 m/s
component)

Density 1000 Kg/m”
Viscosity () 0.0009 Pa s
Reynolds number 555585
Characteristic Length 0.05m
Turbulence Intensity [(r.m.s of 10 %
u’)/u,,,]x100) at Entrance of Pipe

The initial input velocities are all zero, except the axial velocity of 1 m/s. This velocity
is constant all the way across the inlet of any swirl-inducing pipe. This represented
fully developed turbulent flow at the entrance of the pipe. The viscosity and density
represent that of water. Characteristic length was chosen to be the exit diameter of the
pipe and the turbulence intensity was set at 10% at the inlet, which is normal for pipe
flows (Fluent,1996). Before these experimental test runs were carried out it was

necessary to show grid independence.
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7.2 Examination of Grid Independence

To test for grid independence the shortest constant pitch grid was used, that of 0.1 metre
standard Swirly-flo pipe, with a taper. (Appendix C, 1-C). This was used since it could
provide the user with an extremely high degree of twist, or a small pitch/diameter ratio
(P/D). Testing for grid independence was necessary because it reduced the effect of the

grid to an acceptable level in the solution of the equations of viscous turbulent flow.

Table 7.2 Grid Independence Comparison
Standard Grid Half Standard | Quarter
(30x50x40) Grid Standard Grid
(15x25x20) (8x13x10)
Average
w-velocity at exit 0.32 0.38 0.32
Average u-velocity
at Exit 1.75 1.72 1.60
Average
Turbulent Kinetic 0.01 0.01 0.01
Energy/ Unit Mass

Table 7.2 illustrates some important parameters at the exit of a 0.1 standard Swirly-flo
pipe. The numbers in the brackets in Table 7.2, refer to the number of cells in a
particular direction. For example (30x50x40), refers to 30 cells in the circumferential
direction (I), 50 cells in the radial direction (J) and 40 cells in the longitudinal direction
(K). The product of these numbers becomes the number of cells in the liquid flow. The
grid is based on cylindrical Cartesian co-ordinates. The column labelled “Half Standard
Grid” refers to a set of results for which the number of computational cells was halved
in the axial, radial and circumferential directions compared to the standard grid. In the
quarter standard grid column the number of cells in these directions was reduced to a
quarter of the standard grid. It was not possible to double the grid in all three directions

due to the computational limits presently available. It is realised that some values can
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not be halved and have an integer number, so Fluent 4.3 determines the most

appropriate values.

In looking at the u-velocity and the turbulent kinetic energy terms it can easily be seen
that the values seem to approach a consistency at resolution. In respect to the w-
velocity the values do not start to converge as readily as the other two, this could be due
to the fact that the (15x25x20) grid does not produce quite the same outline perimeter of
the pipe due to the odd number of cells in the I and J direction. Therefore, the writer

assumed that the w-velocity was already consistent at the coarsest exit.

It was then considered that a satisfactory level of grid insensitivity was achieved, and

the cell to length ratios of the standard grid set up would be continued, where possible,

throughout any grid.

Since the solution procedure is iterative Fluent 4.3 uses, as a criterion of convergence, the

sum of the normalised residuals being less than 10™. This is a measure of the overall

conservation of flow properties.

7.3 Experimental Runs

The test runs were designed to investigate the effect of the pitch on the production of
swirl at the exit of a swirl inducing pipe. All the runs were carried out with the same
input parameters (Table 7.1), where possible. Due to the limits of computational time
all the test runs consisted of 3 lobed helices equally spaced around the circumference of
the pipe and these helices all rotated through 360 degrees. The formula that governs the
lobe, is given by equation (7.1) and illustrated in Figure 7.1. This only refers to the first
lobe, the other two lobes are obtained by rotating the first lobe through 120° and 240°,
respectively. The bold line is the out-line of the lobes. In the grid generation program,
the curve stops at (0.025,120), then produces the other two by rotation. In Figure 7.1

the dashed lines that have a radii less than 0.025 m are obviously ignored in the grid

generation program.
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p= Rcos(¢) cos(¢ 0)+ R\/cos(¢)2.cos(21¢—19)Z —cos¢  (7.1)

2 2 2
Where,
R=0.025m,
0= the angle of rotation
$=2/3.1

p= radial length from the origin.

The minimum radial length was 25 mm and the maximum was 33 mm.

270

Figure 7.1 Illustration of the Geometry of the Lobes

In the case of the standard Swirly-flo pipe section (geodesic) the pitch of the helix is

given by 2n/ cylinder length. The brachistochrone curves similarly rotate through 27
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radians throughout the length of the pipe. In the preliminary runs all pipes were reduced
to a circular cross-section through the last 30% of their length by means of a taper.
With the last two runs this was not done, so that the true effect of the swirl induction
could be observed without the attenuating effects of the taper. In examination of the w-
velocity along the pipe, it was necessary to observe the w-velocity just away from the
cylinder wall. The majority of simulations had 50 computational cells in the radial
direction (J) and it was thought appropriate to choose the 45™ cell in the radial direction
to observe the circumferential velocity. This cell represented 0.9 of the maximum
radius at any point in the pipe. As can be seen from Figure 7.1 this would not be a
constant distance all along the perimeter, unless it was at the end of the taper. However,
the author was interested in the flow effects at a distance away from the wall at which
different pipe profiles could be sensibly compared. At the maximum radius, 33 mm, the
distance away from the wall was 3.3 mm, and at the minimum radius the distance was
2.5 mm. This led to a variation of 0.8 mm, which was considered an acceptable margin.
For the three runs that had less than 45 cells in the radial direction (0.6 standard Swirly-
flo, 0.7 standard Swirly-flo, and 1.0 metre standard Swirly-flo pipe) with 25 cells. The
23" cell was used which led to a variation in distance from the wall was of 0.65 mm,
again acceptable. It should be noted that the incorrect characteristic length was used in
0.6 and 0.7 standard Swirly-flo pipes (500 mm, as opposed to 50 mm), however the

results of these runs were noted since they still provided information, albeit incomplete.
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The following two tables give the grid densities for the all the runs, whether they had

tapers or not.

Table 7.4 Characteristics of the Standard Swirly-flo Pipes

Length of pipe Pitch Angle to the P/D Cells

m rad/m Longitudinal axis/ deg ratio (IxJxK)

0.1 62.832 57.518 2 30x50x40
0.2 31.416 38.146 4 30x50x80
0.3 20.944 27.636 6 30x50x120
0.4 15.708 21.439 8 30x50x140
0.5 12.566 17.440 10 30x50x160
0.6 10.472 14.671 12 30x25x140
0.7 8.976 12.648 14 30x26x160
0.8 7.853 11.109 16 30x50x160
0.9 6.981 9.900 18 30x50x180
1.0 6.283 8.927 20 25x25x200

Table 7.5 Cell dimensions for the Brachistochrone pipes

Length of pipe Cells
(m) (IxJxK)
0.1 Not done because the computational cost was prohibitive
0.2 30x50x80
0.3 30x50x120
0.4 30x50x140
0.5 30x50x160
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Figure 7.2 Pressure Drop agamst Axial Distance for Standard Swirly-flo Pipes

with constant I (30) and J (25) Cell Numbers

The 0.1 metre section gave the largest w-velocity, with largest pressure drop. The 0.4

metre run produced the lowest pressure drop with a pitch/diameter ratio of 8.
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Figure 7.3 Pressure Drop against Axial Distance for All Standard Swirly-flo Pipes

Figure 7.3 graph shows that the 0.6 and 0.7 metre runs where clearly out of place, whilst

the 1 metre section pipe seemed to be following the pattern of the correctly configured

runs. However it shows a reduced overall pressure loss (at the last point) in comparison

to the 0.9 metre curve.
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Figure 7.4 Average w-Velocity against Axial Distance for Standard Swirly-flo

Pipes with constant I (30) and J (25) Cell Numbers

Figure 7.4 indicates that as the axial distance increased the amount of swirl reduced.
Since all the standard pipes have a full 360° of twist, the reduction in length is bound to
increase the swirling rate induced by the pipe. Note the flattening of the swirl induction

effect as the standard pipe was lengthened.
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Figure 7.5 Average w-Velocity against Axial Distance for All Standard Swirly-flo

Pipes

In Figure 7.5 the 0.6 and 0.7 metre runs followed similar pattern to the rest, whilst the 1

metre run showed a greater w-velocity than the 0.9 metre section.
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Figure 7.6 Pressure Drop against w-Velocity for Standard Swirly-flo Pipes with
constant I (30) and J (25) Cell Numbers

A general summary of Figure 7.6, was that the higher the w-velocity the greater the

pressure loss (measured at the last point).
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Figure 7.7 Pressure Drop against w-Velocity for All Standard Swirly-flo Pipes
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As before, in Figure 7.7, the 0.7m and 0.6m runs showed a displacement of pressure

drop in comparison to the other runs.
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Figure 7.8 w-Velocity against Axial distance for 0.5m Standard (Geodesic) Swirly-
flo Pipe and 0.5m Brachistochrone

In Figure 7.8, the average Geodesic and average Brachistochrone refer to the average w-
velocity taken over the entire plane, at successive axial positions. The standard

Geodesic J=45 and the Brachistochrone J=45, refer to the average of all J=45 cells taken

at successive axial positions.
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Figure 7.9 Pressure Drop Against Axial Distance for the 0.5m Standard (Geodesic)
Swirly-flo pipe and the 0.5m Brachistochrone

As Figure 7.9 shows, the pressure drop for both curves was almost the same.
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Figure 7.10 Pressure Drop Against w-Velocity for the 0.5m Standard (Geodesic)
Swirly-flo pipe and the 0.5m Brachistochrone

Figure 7.10 illustrates that the w-velocity was greater nearer the wall compared to the

average w-velocity, with brachistochrone being the largest.
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Figure 7.11 w-Velocity against Axial distance for 0.4m Standard Swirly-flo

(Geodesic) Pipe and 0.4m Brachistochrone

As Figure 7.11 shows, both the 0.4 metre sections produced more swirl than the 0.5
metre sections, with J=45 brachistochrone producing slightly more swirl than the
geodesic pipe. However, the average swirl across the plane was less for the

brachistochrone.



|

|

(Geodesic) Swirly-flo pipe and the 0.4m Brachistochrone

Pressure Drop/ Pa
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The brachistochrone curve produced slightly more pressure loss towards the end of the

pipe. (See Figure 7.12)
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Figure 7.13 Pressure Drop Against w-Velocity for the 0.4m Standard (Geodesic)

Swirly-flo pipe and the 0.4m Brachistochrone

Figure 7.13 illustrates that the w-velocity was greater nearer the wall compared to the

average w-velocity, with brachistochrone being the largest.
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Figure 7.14 w-Velocity against Axial distance for 0.3m Standard (Geodesic)

Swirly-flo Pipe and 0.3m Brachistochrone

Figure 7.14 shows that for both cases the geodesic pipe produced more swirl than the

brachistochrone pipe. The average J=45 values were very similar at exit.
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Figure 7.15 Pressure Drop Against Axial Distance for the 0.3m Standard

(Geodesic) Swirly-flo pipe and the 0.3m Brachistochrone

The pressure drop for both curves was almost the same, as shown in Figure 7.15.
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Figure 7.16 illustrates that the w-velocity was greater nearer the wall compared to the

average w-velocity. However, the difference between the two curves near the wall was

negligible.
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Figure 7.17 show that the brachistochrone curve produced slightly less swirl for the

given 0.2 metre length.
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Figure 7.18 Pressure Drop Against Axial Distance for the 0.2m Standard

(Geodesic) Swirly-flo pipe and the 0.2m Brachistochrone

As Figure 7.18 shows the brachistochrone curve produced slightly more pressure loss

towards the end of the pipe.
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Figure 7.19 Pressure Drop Against w-Velocity for the 0.2m Standard (Geodesic)

Swirly-flo pipe and the 0.2m Brachistochrone

Figure 7.19 illustrates that the w-velocity was greater nearer the wall compared to the

average w-velocity. However, the difference between the two curves near the wall was

larger than that for the 0.3m pipes.
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and 0.4m Brachistochrone, without Tapered Ends

Figure 7.20 shows that for 0.4m length of pipe the brachistochrone produced more swirl

than the standard Geodesic pipe. The brachistochrone shows an increasing gradient,

whilst the converse is true for the geodesic curve.
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Figure 7.21 Pressure Drop against Average w-Velocity for 0.4m Standard pipe

and 0.4m Brachistochrone, Without Tapered Ends

For the increase in swirl the brachistochrone suffered from a slightly increased pressure

loss, of approximately 60 Pa. (See Figure 7.21)
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0.4m Brachistochrone, Without Tapered Ends

As outlined in Figure 7.22, the gradient of the brachistochrone was always increasing,

where as the geodesic was decreasing.
7.4 Examination of Colour Plots

The colour plots of the major parameters of interest can be found in Appendix C. The
first plot for each run shows the surface grid which illustrates the external profile of the
pipe. The other plots illustrate the pressure drop along the pipe followed by the plots

illustrating the change in circumferential velocity and the final plot indicates the

circumferential (w-velocity) at exit.
7.4.1 0.1 Metre Standard Swirly-flo Pipe

The w-velocity at exit (5-C) illustrates that the higher velocities were just away from the
wall and the maximum velocity present was 0.901 m/s. Approaching the centre of the

pipe the velocities become slightly negative (-0.07 m/s).

The static pressure at the wall (2-C) showed a slight rise in pressure at the entrance to
the pipe, this was then followed by a rapid drop in pressure.
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In examining (3-C) a region of high w-velocity was observed in one lobe about two
thirds of the way along the pipe, the colour scheme indicated a velocity of 1.1 m/s. This

region was also noted in (4-C).

7.4.2 0.2 Metre Standard Swirly-flo Pipe

The pressure again rose slightly at the entrance (7-C), this was followed by a gradual

pressure loss, the majority of the pressure loss was in the tapered section.

Figures (8-C) and (9-C) illustrate the swirl velocity just away from the wall, again there
was a region of high w-velocity, 0.845 m/s, just before the exit. Figure (10-C) shows
the w-velocity at exit, where the highest velocities were near the wall. Approaching the

centre the velocities became slightly negative.
7.4.3 0.3 Metre Standard Swirly-flo Pipe

The static pressure (12-C) still showed a slight pressure rise at the entrance, again with

gradual losses after that.

Figures (13-C) and (14-C) show the w-velocity component just away from the wall,
again one can see a region of high w-velocity (0.592 m/s) just before from the exit. At
exit there was a region of high w-velocity in the top right-hand lobe of the w-velocity

vector plot (15-C).

7.4.4 0.4 Metre Standard Swirly-flo Pipe

Figure (17-C) again illustrates the entrance effects, then the pipe forms a gradual

pressure loss until the taper was reached, followed by a dramatic pressure drop.
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As before a region of high pressure can be found just before the exit (19-C) and the
region of highest w-velocity (0.418 m/s) can be found in the top right hand lobe (20-C).

7.4.5 0.5 Metre Standard Swirly-flo Pipe

Figure (22-C) shows the characteristic pressure rise at the entrance of the pipe followed
by a gradual loss in pressure and finally the taper which gave the major contribution to

pressure loss.

Figures (23-C) and (24-C) showing the w-velocity near the wall, again have a region of
high velocity in one lobe just away from the exit (0.342 m/s). Figure (25-C) shows that
as before, with the 0.4 metre standard Swirly-flo pipe, the region of high w-velocity was
located in the top right-hand lobe (25-C).

7.4.6 0.6 Metre Standard Swirly-flo Pipe

The runs for 0.6m and 0.7m standard Swirly-flo pipe have slightly different grid
densities because of the limited computing resources that were available. This meant

the cells in the radial direction had to be reduced from 50 to 25.

The static pressure had the usual peaks in pressure at the entrance followed by the two

characteristic regimes, one before the taper and one at the taper itself (26-C).
As before there was a region of high w-velocity in one lobe just before the exit (29-C),

of 0.274 m/s. This is reflected in the w-velocity plot at exit (30-C); the larger w-

velocities occupied slightly more than the top right hand lobe at exit.
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7.4.7 0.7 Metre Standard Swirly-flo Pipe

The initial static pressure rose at the entrance. The pressure gradually dropped until the

taper, where the pressure drop became larger (32-C).

As before there was a region of high w-velocity in one lobe and a maximum w-velocity
of 0.202 mv/s just away from the exit (33-C). On looking at the w-velocity at exit the

region of the highest velocities was observed in the upper and lower right corner (35-C).

7.4.8 0.8 Metre Standard Swirly-flo Pipe

The pressure rise at the entrance was less than the 0.7 metre pipe. As before the

pressure drop was gradual until the taper, where the drop became more severe (37-C).

Figures (38-C) and (39-C) show the w-velocity component near the wall. As before
there was a region of high velocity in one lobe before the wall. In (39-C) the higher

velocities were found to be in the upper and lower right corners of the colour plot.

7.4.9 0.9 Metre Standard Swirly-flo Pipe

Figure (42-C) illustrates the peak rises in pressure at exit which has been common
throughout the standard Swirly-flo runs. As for previous runs the pressure drop was

gradual all the way to the taper and the taper caused the pressure to drop dramatically.

Figures (43-C) and (44-C) again show that the higher w-velocities were in the lobes and
in one of these lobes there was a region of high swirl observed (0.154 m/s) in

comparison to the rest of the pipe.

Finally at the exit of the pipe the higher w-velocities occupied the upper and lower

right-hand corners of the colour plot (45-C).
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7.4.10 1.0 Metre Standard Swirly-flo Pipe

Figure (47-C) again shows the characteristic pressure rise at the entrance followed by

the gradual drop in pressure then by the a steep drop due to the taper.

The largest w-velocity near the wall was 0.14 m/s (48-C and 49-C). No region of high

pressure was noted. The w-velocity at exit was distributed all around the exit.

7.4.11 0.2 Metre Brachistochrone With End Taper

Initial rise in pressure at the entrance was less than that of the 0.2 m standard Swirly-flo
pipe. The greatest pressure drop was again in the taper (52-C). Overall there was an
increase of 60 Pa, compared to the 0.2 standard Swirly-flo pipe.

Comparing the w-velocities just away from the wall (53-C and 54-C), the
brachistochrone had a velocity of 0.896, an increase of 0.46 m/s a second over the
standard 0.2 metre Swirly-flo pipe. As with the standard pipe, a region of high w-

velocity can be found in one lobe just before the exit.

In Figure (55-C) the plot of w-velocity at exit shows a reduction of the peak in

comparison to the 0.2m Swirly-flo pipe.

7.4.12 0.3 Metre Brachistochrone With End Taper

Pressure rises at entrance were not as prominent as the 0.3 standard Swirly-flo pipe, and

the lowest pressures in the pipe can be found at the intersection of the lobes, until the

taper where the majority of pressure was lost (57-C).

The maximum w-velocity near the wall (58-C and 59-C) was 0.632 m/s compared to the
standard pipe of 0.617 m/s (13-C). As before there was a region in one lobe where the
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w-velocity peaked, to 0.632 m/s. Slightly negative velocities were observed near the

intersection of the lobes.

At the exit the standard pipe gave (5-C) a higher peak velocity than the equivalent
length brachistochrone (60-C). The region of the highest velocities were in the upper
and lower right hand corner, with a peak velocity of 0.563 m/s.

7.4.13 0.4 Metre Brachistochrone With End Taper

As before the pressure rises at the entrance were less prominent than the standard pipe.
The highest pressure drop was in the taper, as before. The highest pressure drop was

1020 Pa (62-C) compared with -1010 Pa for the standard pipe (17-C).

The maximum w-velocity near the wall was 0.47 m/s (63-C and 64-C), as before the
peak velocity occurred in one lobe just before the exit. Slightly negative velocities can

be found at the intersection of the lobes.

The maximum w-velocity at exit was 0.4 m/s (65-C) and the largest w-velocity vectors
can be found on the right hand side of the exit. This was less than the 0.3 standard pipe
which had a peak w-velocity of 0.92 m/s (20-C).

7.4.14 0.5 Metre Brachistochrone With End Taper

The pressure rises at the entrance were still present but reduced in magnitude compared
to the previous brachistochrone pipes. The highest pressure drop again was taken by the
taper, showing a peak pressure drop of 1020 Pa (67-C) and the standard pipe showed
1010 Pa.

The w-velocity near the wall (68-C) was 0.369m/s compared to 0.324 m/s of the
standard pipe. The area of high w-velocity was still present as with previous

brachistochrone pipes.
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Figure (70-C) showed that the right hand side contained the majority of highest w-
velocity vectors, with a peak of 0.294 m/s.

7.4.15 0.4 Metre Standard Swirly-flo Pipe Without Taper

Figure (72-C) shows the drop in static pressure, and it was quite uniformly distributed
around the perimeter of the pipe. Slight rises in pressure at exit were seen, which was
common with all the standard pipes. The maximum pressure drop was 441 Pa, with the

lowest pressure drops in the region of the lobe intersections.

Figure (73-C and 74-C) showed that there was a region of high swirl very slightly
before the exit, showing a w-velocity of 0.443 m/s. This was re-affirmed by the Figure

(75-C).

Figure (75-C) shows the w-velocity vectors at the exit, the larger vectors were situated

in the top right hand lobe of the plot, with a maximum of 0.698 m/s.

7.4.2 0.4 Metre Brachistochrone Pipe Without Taper

Figure (76-C) illustrates the surface grid of the brachistochrone pipe without taper. This
is followed by Figure (77-C) the static pressure drop at the wall, indicating that the
largest pressure drop regions were the intersection of the lobes. As with the standard
0.4 pipe without taper, there was no sudden rise in pressure loss at the end due to the

taper; the lowest pressure determined was -410 Pa.

Figures (78-C and 79-C) indicated a region of high w-velocity at the exit of the pipe, of
0.610 m/s. The w -velocity near the wall began to increase near the exit of the pipe.
This was reflected by Figure (80-C) showing that the region of highest swirl was found
to be the upper right hand corner of the this vector plot.
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7.5 Introduction to the CFD Results

No experimental measurements could be taken of the circumferential velocity, w-
velocity, in the Swirly-flo pipe, so the C.F.D. method was used to provide an insight into
its flow characteristics. Since the flows examined experimentally had approximately
Newtonian rheology, this provided the author with some justification for the use C.F.D.
in providing insight into the flow, albeit without direct validation by internal flow

measurements.

In this examination the initial pipes had tapers on the end. This was, in hindsight, an
error and caused the flow field to change in the last 30% of the length of each pipe. Due
to this changing cross-section the dominant axial velocity also increased, with an
increased pressure loss. It did, however, provide insight into the local flow conditions.
The final two computational runs were performed without the taper for a cylinder length
of 0.4 metre and a pitch/diameter ratio of 8. In this run the brachistochrone curve
produced a slightly higher w-velocity at exit. It should also be noted that the
brachistochrone provided significantly larger mechanical twist in the final plane and one

can suppose an improved downstream swirl after delay has been taken into account.

7.6 Accuracy of the C.F.D. Results

7.6.1 Verification and Validation

Verification and validation are two important terms in computational modelling, and it
is extremely important that the difference between these two semantic terms are
understood. The terms from Roache (1997) (which Roache adopted from Boehm
(1981) and Blottner (1990) ) which defined verification as “solving the equations right”
and validation as “solving the right equations.” The computational code defines
precisely what partial differential equations are being solved and shows that they are
being solved correctly, that is, usually with some order of accuracy and always
consistently. As some measure of discretization A ( mesh increment, size) approaches

zero, the code produces a solution to the continuum partial differential equations; this is,
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verification. Whether or not these equations and their solution bear any resemblance to
a physical problem of interest to the user is subject to validation. To be exact a code
cannot be validated; only a calculation (or a range of calculations) can be validated. In
the words of Roache (1997) “this is a difficult concept and requires frequent re-
iteration.” It must be assumed that Fluent 4.3 was a verified code, since the user could
not examine the source code to check if this was true. Validation of the Fluent 4.3 code
for rotating flow in pipes was a matter of difficulty with the regard to the turbulence
model that was used. Since there was no experimental data available, the author had to
improvise, which led to the use of published evidence using data from a combustor with

no combustion present (see below).

7.6.2 Comparison of CFD Results with the Nearest Available Data

Hogg and Leschziner (1989) produced a paper on the “Computation of Highly Swirling
Flow with a Reynolds Stress Turbulence Model”. On the swirling flow from a
combustor in a jet engine without any combustion. This paper provided the nearest
benchmark for the Reynolds Stress Model of Launder and Gibson (1978), for a rotating
flow in a confined space. The values of the w-velocity in this paper were about 10 times
higher than the ones calculated for the swirl inducing pipes, the flow therefore being
considerably more severe in the combustor. The ratio of the maximum w-velocity to the
maximum axial velocity is known as the degree of swirl, G (Chigier, 1964). The value
of G in the combustor was about 2 and for the maximum swirl-inducing pipe about 0.5.
The errors in the combustor on the whole were less than the actual measured values.
Therefore it could be said that the Reynolds Stress Model (Launder and Gibson, 1978)
under-predicted the values of axial and circumferential velocity. On average the under-
prediction of the axial velocity was 33% and the w-velocity 25%-50 %. It was felt that
the errors would not be as large as this in a swirl inducing pipe, due to the fact that the
degree of swirl was less than 1. In the words of Wilcox (1991), “only qualitative

agreement with measurements have been achieved” with rotating confined axial flows.
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7.6.3 Grid Independence

The grid independence test was carried out on the standard 0.1 metre Swirly-flo pipe
(Geodesic), in which the grid density was halved then quartered. In doing this the shape
of the perimeter of the boundary became polygonal, which reduced its comparability
with smoother cases. Altering the shape of the boundary would have altered the flow
characteristics in the pipe. The quantities measured did seem to be converging to
certain values, and it would be fair to say that the grid independence was achieved for
the 0.1 metre section. This grid density was used wherever possible, but this did not
necessarily mean that the same grid density could be applied to different cases and
remain independent. Roache (1997) highlights that there was a problem with this type
of methodology. He demonstrated the fact with two very similar aerofoil sections, in
which grid independence was shown for a NACA 0012 aerofoil section. This grid was
then used on a slightly thicker aerofoil (NACA 0015), and found to be lacking. Roache
concluded that this approach was not justified. Therefore, the author assumed that the
results of all the other grids were not necessarily grid independent solutions. To
produce grid independent solutions for all grids would have been prohibitive due to the
time and financial cost of using the CRAY at the Rutherford Appleton Laboratory.
Hence, all the grids must be taken with caution, even though in the majority of cases the

grid density was high.
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7.7 Discussion of Graphical Results

Figure 7.2, provided an insight into the total pressure drop for the total length of pipe
with the helix traversed through 360 degrees of rotation. The graph showed that the 0.4
metre standard Swirly-flo pipe (Geodesic) provide the least pressure drop for one
rotation of 360 degrees. This was comparable to the work of Schriek et al.(1974) who
said that the optimum pitch/diameter ratio was 8 for minimum energy requirements.
The 0.4 metre pipe had a P/D of 8. On examination of Figure 7.2 the 0.7, 0.6 and 1
metre sections were out of place with the rest. This was due partly to the grid density
not being the same, but primarily that the incorrect characteristic length was placed into
the Computational Fluid Dynamics Package (0.5m instead of 0.05m). This could have
effected the normal Reynolds stresses and caused an effective increase in pressure. The
1 metre run used considerably less number of cells which could have altered the shape
of the computational domain. This could explain why the 1 metre run had slightly less

pressure drop than the 0.9 metre run.

Figures 7.4 and 7.5 show how the average w-velocity across the pipe varied with the
axial length. The tighter the pitch/diameter ratio (P/D), or the shorter the length, the
greater the swirl. The reason for this was that the tighter the twist, or the lower the P/D,
the greater the change of momentum from the axial to the circumferential direction. In
Figure 7.5 the 0.6 and 0.7 metre sections were also following a similar pattern. It would
seem that the error associated with the characteristic length did not adversely effect the
calculation of the w-velocity. The 1 metre section on the other hand did not follow this
pattern, this was probably due to the lack of cells in the circumferential and radial

directions.

Figures 7.6 and 7.7 illustrate the relationship between pressure drop and average w-
velocity, which show that the lower the P/D the greater the pressure loss. Again the
standard 0.4 metre section shows that it produced the minimum pressure drop for the
one full twist through 360 degrees. The averaged w -velocity was approximately a 1/2

of the 0.1 metre section.
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7.8 Comparison between the Standard and Brachistochrone

Figures 7.8 to 7.22 show how the w-velocity, at various locations, varied with axial
length for the brachistochrone and standard (geodesic) pipe lengths. On examination of
the curves it was found that the gradient of the brachistochrone curve always increased
as the length of the pipe was traversed, whilst with the standard Swirly-flo pipe, the
gradients of curves began to reduce towards the end of the pipe. This was a function of
the type of curve that governed the shape of the helix. The standard curve had a
constant gradient (2n/cylinder length), whilst the gradient of the brachistochrone curve

was always increasing (See Figure 7.23).
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Figure 7.23 The Brachistochrone Curve and Regular Helix for a Cylinder of 0.7 m
Those values taken near the wall (J=45) always had a larger w-velocity than the average
across a given plane in the axial direction. This would be the area of interest, just away
from the wall, an ideal position to cause the suspension of particles. Figure 7.24
illustrates a typical profile of w-velocity against radius, showing the peak w-velocity
was in the region of 0.8 to 0.9 of the cylinder radius. This was verified numerically, and
is illustrated in Figure 7.25. On examination of the w-velocity near the wall (J=45 or
J=23 cells) the magnitude was generally more than double the average w-velocity across
the whole plane. This can also be seen from the colour plots in Appendix C. In the

longest length the brachistochrone produced slightly more swirl (w-velocity) in both
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cases, however, as the length of the pipe reduced the brachistochrone lost out to the

standard Swirly-flo (geodesic) pipe.
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Figure 7.24 Typical w-Velocity against Radius (copied from Kreith and Sonju,
1965)
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Figure 7.25 The Average profile of the w-velocity at the Exit of the 0.5 m Standard
Swirly-flo pipe
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Four runs were carried out comparing the brachistochrone and standard Swirly-flo
sections. An unforeseen problem occurred with use of the taper which was that towards
the end of the pipe (in the last 30% of its length) the taper reduced the lobe heights and
at the exit the perimeter was completely circular. This did not affect the standard
Swirly-flo to any great degree since the helix had rotated through 252 degrees, whereas
the brachistochrone varied depending on the overall length of pipe. For the
brachistochrone pipe there was more angular displacement in the latter stages of the
pipe, hence the full effect of this curve was reduced due to the taper. Another two runs
were carried out with a 0.4 metre length pipe without the tapered ends to determine the

true effect of the brachistochrone profile.

This is shown in Figures 7.20 to 7.22 which provided a direct comparison with the
brachistochrone a slight increase in w-velocity for a 60 Pa rise in static pressure loss
was noted. If the standard pipe was lengthened, it may be possible to get an increase in
w-velocity from the brachistochrone curve for less pressure loss. Figure 7.26 shows the
geodesic curve extrapolated for a greater pipe length. From this graph it can be seen

that the brachistochrone gives more w-velocity for less pressure drop.
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Figure 7.26  Pressure Drop against w-Velocity for 0.4m Standard pipe
(Extrapolated) and 0.4m Brachistochrone, Without End Tapers
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The w-velocity produced at the exit of the standard pipe was less than that with an end
taper. This was due to the fact the cross-section area of the flow started to reduce in the

taper and caused the axial velocity to increase, which in turn led to an increase in w-

velocity.

7.9 Discussion of Colour Plots

All the computational runs had five colour plots associated with each run, namely:
1) surface grid,

2) static pressure at the pipe wall,

3) w-velocity -view 1,

4) w-velocity -view 2,

5) w-velocity at exit of pipe.

All the runs had a surface grid to illustrate the geometrical outline of the grid. The static
pressure at the wall gave an indication of how the pressure dropped along the length of
the pipe. In the early stages of the pipe, especially in the standard Swirly-flo pipe, there
were slight increases in pressure, this was due to stagnation as the wall begins its twist.
This generally occurred in the lobes and as one proceeded down the pipe the effects of
stagnation rapidly diminished. The higher peak pressures occurred at the entrance of the
Swirly-flo pipe for the shorter lengths (geodesic), which was not surprising since the
pitch/diameter ratio was smaller. The brachistochrone curves on the whole did not
suffer from this to the same degree. These peaks were considerably reduced, because
the brachistochrone curve does not start “twisting” as early as the standard Swirly-flo
pipe, thus providing better entrance conditions. For example the entrance peak pressure
for the 0.5 metre brachistochrone was 59 Pa and for the 0.5 metre standard Swirly-flo
was 268 Pa. Therefore, it would seem that the brachistochrone pipe produced better
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entrance characteristics than the standard Swirly-flo pipe. Proceeding down the length
of a standard Swirly-flo pipe the pressure drop was quite gradual until the taper began.
Here the pressure increased much quicker due to the fact the cross-sectional area was
reducing, causing a rise in the static pressure drop. The brachistochrone pipe showed
similar characteristics, with a slightly higher pressure loss approaching the exit of the
pipe. This was due to the brachistochrone curve having its greatest degree of curvature

or twist near the exit of the pipe

On examination of the w-velocity plots certain characteristics were noted. The high w-
velocities occurred in the lobes of the swirl-inducing pipes, whilst the lower w-
velocities occurred at the lip between the lobes. There was some acceleration of the w-
velocity along the length of the pipes. In the standard Swirly-flo pipe it was more
gradual, but with the brachistochrone, most of the swirl was generated in the latter
stages of the pipe length due to the non-linear nature of the brachistochrone curve. In
all the cases with the brachistochrone and standard Swirly-flo pipes with end tapers,
except the shortest standard Swirly-flo pipe, there was a peak w-velocity in just one lobe
about 2/3 down the pipe length and near the exit for the two 0.4 metre runs without
tapers. In the runs with tapers the peak w-velocity in one lobe probably occurred early
in the length due to the fact the axial velocity was increasing in the taper and thus
caused an increased the w-velocity. The runs without tapers had to wait till almost the

exit, for the peak velocity to occur. The reason for this was uncertain and requires

further investigation.

The initial reasoning for having an end taper was that the swirl inducing pipe could then
be fitted to a normal circular pipe and the swirl carried down the normal pipe. The exit
w-velocities for the standard Swirly-flo decreased in magnitude as the pipe became
longer or the pitch/diameter increased. This was expected as the helix angle reduced
(pitch/diameter ratio increased) the flow, had less change in axial momentum and hence
less w-velocity produced at the exit. The swirl at the exit highlights that just away from
the wall there was a region of high w-velocity and as one proceeded towards the centre
of the pipe the velocity reduced to very low, sometimes slightly negative, values. With
longer lengths of standard Swirly-flo pipe, 0.3 m and above, a region of high w-velocity

was noted in the upper right lobe, this may have been due to the fact that the swirl
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velocity had not been given enough length to evenly distribute itself at the exit, as was
the case with in the 0.1 metre and 0.2 metre standard Swirly-flo pipes. The
brachistochrone pipes with tapers all had a region of high w-velocity situated in the
upper right lobe, again this may be due to the fact that the swirl velocity had not been
given enough length to evenly distribute itself at the exit. The two 0.4 metre pipes
(brachistochrone and standard Swirly-flo (geodesic)) without end tapers had different
characteristics due to the lack of taper. The brachistochrone had regions of high w-
velocity inside the lobes, with the highest being in the upper left lobe, with a peak
velocity of 0.698 m/s. The standard Swirly-flo pipe had similar characteristics in that
the lobes contained high w-velocities; again the highest w-velocity occurred in the upper
left lobe, with a velocity of 0.486 m/s. This was less than that produced by the
brachistochrone curve. The majority of the pipes had a Iobe where the w-velocity was
considerably higher than the other two lobes, the reason for this is uncertain and would

require further investigation.

If these locations of high w-velocity are confirmed by experiment, then these regions
could prove useful in causing the suspension of particles, by having the peak w-velocity
at the bottom of the swirl inducing pipe just before the exit. This would cause the
particles at the bottom of the pipe to have maximum initial swirl on leaving the pipe.
Following on from this if the Reynolds Stress Model proved to be accurate enough to
predict major flow field characteristics, it could be used in the determination of various

optima, for example, the number of ribs or lobes.
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8.0 Conclusions and Recommendations

8.1 Conclusions

1) Advantages in creating swirl before a pipe bend have been demonstrated. Pressure
loss around a bend was reduced for water and water/particle mixtures. Zones which
have been associated with wear are potentially no longer vulnerable if swirl-induction is

applied.

2) The inlet and exit orientation of a Swirly-flo pipe were of importance in creating the
most appropriate swirl conditions at the exit of the Swirly-flo pipe. The transition from

standard pipe to Swirly-flo pipe was also important.

3) The Computational Fluid Dynamics package, Fluent, qualitatively indicated that the
0.4m standard Swirly-flo pipe (geodesic) produced the least pressure drop for 360°.
This pipe had a pitch/diameter ratio of 8, the value recommended by Schriek et

al.(1974)

4) The C.F.D. results indicated that the 0.4m brachistochrone pipe without the end taper

produced more swirl than the standard Swirly-flo (geodesic) pipe, with a marginal

increase in pressure loss at exit.

5) The shorter the pipe, or the smaller the pitch to diameter ratio in a geodesic pipe the

greater the swirl produced with a greater pressure loss.

6) The thesis provided the most complete information to date on the use of swirl-

inducing mechanisms in water/particle mixture flows.
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8.2 Recommendations

1) The design of an improved test rig, or improvements to the existing test rig, would
be an important priority. The existing rig had a minimal number of pressure transducer
stations, which was considered adequate for the initial study. However, the author now
considers it important to measure pressure changes radially, axially and at closer
spacing. This would require a greater number of transducers at more locations. One of
the aims would be to examine experimentally the flow characteristics of a swirl-
inducing pipe with and without particles, in much more detail. Pressure transducers
placed radially at the exit and inlet of the Swirly-flo pipe would provide a detailed
distribution of pressure where the flow is not dominated by axial flow, but also by a
significant swirl component. The sampling rate of the existing datalogger, 1 sample of
all transducers every second, was considered inadequate to measure fluctuations in
pressure. For example, at low velocities, saltation heaps were observed to pass a
pressure transducer station in less than 1 second. The author suggests that the
datalogger should sample at a rate of about 100 times per second to monitor small

fluctuations in the flow field. This would allow the effect of saltation heaps on the

pressure field to be measured.

The project confirmed the potential of C.F.D. in providing detailed flow information.
Validation of the C.F.D. model was not possible with the existing test rig. In order to
validate these C.F.D results the modified/new test rig should have the facility to use
advanced flow visualisation techniques, such as Particle Image Velocimetry (P.I.V) and
Laser Doppler Anemometry (L.D.A.) which is often used in validation. New

transparent swirl-inducing pipes would be manufactured so that these techniques could

be used.

2) Inthe C.F.D. test runs it was noted that if the geodesic graph of pressure drop against
w-velocity was extrapolated, as in Figure 7.25, then it would be possible to obtain more
swirl from the brachistochrone than the geodesic pipe for less pressure loss. In order to

test this hypothesis it would be necessary to examine the w-velocity and pressure loss
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for the brachistochrone and geodesic pipes in which the total twist of the pipe is greater
than 360°, possibly up to 400°.

3) In section 2.4.7 details and references are given on the decay of swirl in horizontal
pipes, in which the swirl component decays in an exponential manner. In order to
obtain the greatest swirl and thus keep the particles in suspension before the bend, the
author recommends that the Swirly-flo pipe be placed as close to the bend as possible.
This would produce a greater swirl on the entrance to the bend. This is illustrated in

Figure 8.1.

4) In Chapter 4, the problems of sudden exit and inlet into the Swirly-flo pipe were
mentioned. In the present long Swirly-flo pipe these effects can be visualised with
particle laden flow. In order to reduce these pressure losses at the entrance and exit of

the Swirly-flo pipe it would be necessary to design a smoother transition from and to the

Swirly-flo pipe.

5) The computer and datalogger which monitored the pressure transducers in the
original test rig were controlled by software which performed satisfactorily in its
primary role. However, the data was stored in a format which was not easily
transferable to a spreadsheet, especially with the large amounts involved. It is
considered bad practice to allow for the possibility of human error in transporting data
once captured. The present system was open to such errors. The author recommends,
that in future, data should be placed directly into a spreadsheet, thus saving considerable

processing time.

Further development is required in the measurement of the volumetric flow rate and
mass flow rate, since it would be ideal if these two quantities were also datalogged.

This would give the user of the test rig an indication of how the volumetric and mass

flow rate is varying with time.

6) In the experimental runs on the present test rig, it could be seen that the
concentration of beads varied throughout the pipelength
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concentration at the top of the rig was not satisfactory when determining the
characteristics of the bend and Swirly-flo pipe for varying concentrations. Therefore the
author recommends that the concentration of beads should be determined with greater
accuracy in the regions of interest, such as, the bend and in the Swirly-flo pipe. This
would possibly prove useful in investigating the anomaly of the 2kg run, which seemed
to be out of sequence, see Figure 4.9. Possible solutions to this problem of

concentration measurement include image analysis.

7) Observations made indicated that the beads with swirl were more evenly distributed
throughout the bend and it may be inferred that the wear would be more evenly
dispersed in the bend. These observations need to be quantified by experimental

methods. Once this has been achieved the experimental results could be useful in

validating Computational methods in predicting bend wear.

8) Validation of the Launder and Gibson (1974) turbulence model is required for
predicting velocity profiles in swirl-inducing pipes. The validation of C.F.D. solutions

to low-intensity swirling flows in confined spaces is likely to be produced by the C.F.D.

community as turbulence modelling evolves.

4 Dotted line indicates ribs
2% or swirly-flo pipe

Figure 8.1 Ribs or Swirl Inducing Mechanism as an Integral Part of the Bend
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Appendix A

The relationship of density of water to temperature

The relationship of viscesity of water to temperature

1-A

2-A



The Variation of Water Density with Temperature
The relationship between temperature and density of water was obtained from Miller’s

book (Miller, 1989). The results were plotted on a graph and then polynomial equation
was fitted to the results. This equation was then used in the calculation of density.
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The equation of the polynomial is shown below.
7E-09¢’ - 1E-06t" + 0.0001¢" - 0.0091t> + 0.0682t + 999.84 = Density of water
where,

t = temperature of the water



The Variation of Water Viscosity with Temperature
The relationship between temperature and viscosity of water was obtained from Miller’s

book (Miller, 1989). The results were plotted on a graph and then polynomial equation
was fitted to the results. This equation was then used in the calculation of viscosity.

i 0.0018 L

0.0016 |
‘ ©0.0014
0.0012

0.001

0.0008

0.0006 |

0.0004

Absolute Viscosity/ Ns/nf

\ 0.0002

25 30

Temperature/ C

L

The equation of the polynomial fit is shown below.

6E-14t° - 1E-11t° + 7E-10t" - 4E-08t> + 2E-061" - 6E-05t + 0.0018 = viscosity of the water

where,

t = temperature of the water
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Appendix B

Generic FORTRAN program for producing Standard

Swirly-flo pipes with end tapers 1-B to 9-B
Generic FORTRAN program for producing Brachistochrone
pipes with end tapers 10-B to 19-B
FORTRAN program for producing 0.4m Standard
Swirly-flo pipe without end taper 20-B to 28-B
FORTRAN program for producing 0.4m Brachistochrone

29-B to 39-B

pipe without end taper
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* *
* PROGRAM TO SAVE R,THETA,Z COORDINATES TO FLUENTFORMATTED *
* FILE *
* *
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* *
* AUTHOR: BENJAMIN RAYLOR *
* *
* DATE: 25 November 1996 *
% *
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* *
* PURPOSE: TO PRODUCE A GRID FOR FLUENT TO USE IN THE *
*EVALUATION *
* OF HELICES IN PIPES *
* *
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*

* VARIABLES

*

*1 NODES IN THE ANGULAR DIRECTION (INTEGER)

*J NODES IN THE RADIAL DIRECTION (INTEGER)

*K NODES IN THE AXIAL DIRECTION (INTEGER)

*NI MAXIMUM NUMBER OF CELLS IN THE ANGULAR DIRECTION
* (INTEGER)

*NJ MAXIMUM NUMBER OF CELLS IN THE RADIAL DIRECTION
*(INTEGER)

*NK MAXIMUM NUMBER OF CELLS IN THE AXIAL DIRECTION
(INTEGER)

* LABEL TYPE OF CELLS (INTEGER)

* GRDTYP GRID TYPE (INTEGER)

* CRDSYS TYPE OF COORDINATE SYSTEM (INTEGER)

* PRBDIM DIMENSION OF PROBLEM 2D OR 3D (INTEGER)

* CYLLENGTH CYLINDER LENGTH IN METRES (REAL)

* CLRADIUS CYLINDER RADIUS IN METRES (REAL)

* MAXCYLANGLE 2*pi In radians (REAL)

* dx Increment in the x-direction-axial (real)

* dt Increment in theta (real)

* dr Increment in radius (real)

* dp Increment in pitch (real)

* 1p taper length (real)

* 12 Cylinder radius inside loop (real)

* 11 set to zero only present for generality

* 1(i,j,k) Array containing r values (real)

% % 2 ¥ * X F 4 X x x ¥ x x * ¥ * X x * x * x x x * x
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* x(i,j,k) Array containing x values (real)

* y(i,j,k) Array containing y values (real)

* 2(i,j,k) Array containing z values (real)

* gradient(i,j) Array containing gradient values for the linear
* taper at 70 % cyllength

* xtaper(i,j) Allows the origin for the taper to be placed at

* cyllength70%

* omega An angle describing one of the 3 lobes (real)

* counter A counter (integer)

* pitch Determines pitch of swirly-flo pipe
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* DATE OF LAST MODIFICATION: DEC 19
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* ERRORS: NONE

sk
s o e ofe e s s s e o ok ok ke s ok ke oo ok o s ok ok ke ks ok o ot ok kol oo o ok ol sk K o o o ok ook ok oo ok ok e o ok ke ol o ke s ol ok s ok o sk ok ok

38 e e 4 ofe e ke e o ke o ok o s 3 o o 3k o o ok ok o ko ke ol sk ok ok ol sk s o ok o skl o ok s ok ok ol ok ok ok ol s o ok ok ok ok ok ok ok o o ok ok ok ok ok sk ok ok ok

C  SETINTEGERS

INTEGER [, J, K, NI, NJ, NK, GRDTYP, CRDSYS, PRBDIM
INTEGER COORD, LABEL, REPEAT counter

C  SET PARAMETERS
PARAMETER (GRDTYP=2, CRDSYS = 1, PRBDIM = 3)
PARAMETER (NI =30, NJ = 50, NK =180)

C  SET REAL VARIABLES

real x(ni,nj,nk), y(ni,nj,nk), z(ni,nj,nk),r(ni,nj,nk)
real gradient(ni,nj),xtaper(ni,nj)

C  SetINTEGERS

integer icell(ni+1, nj+1, nk+1)

C  REAL CONSTANTS

REAL CYLLENGTH,CYLRADIUS,MAXCYLANGLE
2-B



10
20
30
40
50
60

REAL PITCH,dp
REAL rp,pi,twopi,omega
REAL rl,12

REAL dx,dr,dt,theta

DEFINE REAL CONSTANTS

CYLINDER LENGTH IN METRES

CYLLENGTH =0.9

CYLINDER RADIUS IN METRES

CYLRADIUS = 0.025

ANGLE OF "CYLINDER IN RADIANS
USED FOR A FULL CYLINDER WHICH FROM 0 TO 2*PI

MAXCYLANGLE = 6.28318530718

DEFINE SECTION FORMATS

FORMAT (16, 1X, A)
FORMAT (80A)
FORMAT (A1)
FORMAT (10I8)
FORMAT (5E15.8)
FORMAT (2014)

C OPEN GRID FILE

OPEN (UNIT = 4, FILE=' swirl09metre.GRD', STATUS='NEW")

C WRITE FILE SECTIONS

3-B



C THESE FILE SECTIONS FOLLOW THE LAYOUT IN USER'S GUIDE
C VOLUME 4 PP B-1 TO B-16 (FLUENT VERSION 4.3)

C.1.1 FILE HEADER

WRITE (4, '(A10)") '#!fluent.1’

C.1.2 PROGRAM INFORMATION MESSAGE SECTION

WRITE (4, 10) 2
WRITE (4, 20) 'Created by: SWIRL09metre.for'
WRITE (4, 30) '#

C.1.3 TITLE SECTION

WRITE (4, 10) 1, 'Title'
WRITE (4, 20) '0.9 M PIPE X 50 mm bore GRID'
WRITE (4, 30) '#

C.1.4 GRID TYPE SECTION

WRITE (4, 10) 6, 'Grid Type'
WRITE (4, 40) GRDTYP, CRDSYS, PRBDIM, NI, NJ, NK
WRITE (4, 30) '#

C ook kR ok ek ok ook dokok ok okolok o

C SECTIONS 1.5 - 1.9 IGNORED

C etk ook kool ok oo okl ook ok ook

THIS IS BASED ON THE INFORMATION PROVIDED BY DR. REN LUI
OF FLUENT 15/4/96. FOR BODY FITTED CO-ORDINATES THE INPUT

HAS TO BE IN CARTESIAN CO-ORDINATES
SO WE USE CYLINDRICAL POLAR CO-ORDINATES FIRST THEN

TRANSFER THEM INTO XYZ CARTESIAN

oRoNoReNe!

SET INCREMENTAL LENGTH IN THE X-DIRECTION

@]

dx = CYLLENGTH/real(nk-1)

C  SET THE INCREMENTAL LENGTH IN THETA

dt = MAXCYLANGLE/real(ni-1)
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SET INTERNAL RADIUS
r1=0.0
PITCH OF SWIRL
divided by the length so that we get one full twist
360 degrees

PITCH = 8.0*atan(1.0)/cyllength

CALCULATE THE INCREMENT IN PITCH

dp = PITCH/real(nk-1)

CALCULATE 2*PI

twopi= 8.0*atan(1.0)

CALCULATE PI

pi = twopi/2.0

SET NESTED DO LOOPS FOR GRID POINTS
do k=1,nk
do j=1,nj

do i=1,ni

TRANSLATE INTO X IN CARTESIAN GRID

x(i,j,k) = dx*real(k-1)

CALCULATE THETA IN CYLINDRICAL COORDINATES

theta = dt*real(i-1)



COn

oNoNoReNe!

SETTING r2 TO THE BORE OF THE PIPE AND KEEPING IT
CONSTANT PRODUCES A CYLINDER

r2 = CYLRADIUS

TO PRODUCE THE LOBES OF THE SWIRLY FLOW PIPE
TRIGONMETRICAL RELATIONS WERE USED AND THE
PROGRAM IS GENERIC FOR ANY NUMBER OF LOBES

FORMULA FOR THE DISPLACED CIRCLE IN TERMS OF THETA
dr = (12 - r1)/real(nj-1)
CALCULATE RADIUS
r(i,j,k) =rl + dr*real(j-1)

SINCE PHI CHANGES IF STATEMENTS HAVE TO MADE
SO THAT THE CENTRES OF THE LOBES ALTERNATE IN

CORRECT SEQUENCE
3 LOBES AT AN ANGULAR DISPLACEMENT OF 120 DEG

IF(THETA.LE.TWOPI/3.0)THEN

1(i,j,k) = r(i,j,k)*cos(TWOPI/6.0)*cos(TWOP1/6.0 -theta)
& +r(i,j,k)*sqrt((cos(TWOP1/6.0))**2*(cos(TWOP1/6.0-theta))**2
& -cos(TWOPI/3.0))

ELSE IF((THETA.GT.TWOPY/3.0).AND.
&(THETA.LE.4.0*P1/3.0)) THEN

omega = theta - twopi/3.0

1(i,j,K) = r(i,j,k)*cos(TWOP1/6.0)*cos(TWOP/6.0 -omega)
6-B
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& +1(i,j,k)*sqrt((cos(TWOPV/6.0))**2*(cos(TWOPI/6.0-omega))**2
& -cos(TWOPI/3.0))

ELSE
omega = theta - 4.0*pi/3.0
1(i,j,k) = r(i,j,k)*cos(TWOPL/6.0)*cos(TWOPI/6.0 - omega)

& +1(i,j,k)*sqrt((cos(TWOPL/6.0))**2*(cos(TWOPI/6.0-omega))* *2
& -cos(TWOPI/3.0))

ENDIF

Taper for end

This occurs at 70% of the cylinder length
This is done by using the integer at 70%
as a marker

IF(k.eq.real(nk*0.7))then

calculate cell spacing radially at the exit
this done by dividing cylradius/nj

rspacing = cylradius/real(nj)

calculate the gradient for each (i,j) at 70% cylinder length
gradient(i,j) = (r(i,j,k)-rspacing*(j-1))/(cyllength*0.3)
determine x(i,j,k) at taper
This effectively moves the origin for the taper
using a simple y=mx-+c type graph
xtaper(i,j) =x(i,j,k)
endif

The taper commences when k is greater than 70%
overall length
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if(k.gt.real(nk*0.7))then
r(i,j, k)=r(i,j.k)-gradient(ij)* (x(i,j,k)-xtaper(ij))
endif
c This statement stops the the nodes at the outer edge
c falling below cylradius
if((j.eq.nj).and.(r(i,j,k).It. CYLRADIUS))then

r(i,j,k) = CYLRADIUS
endif

TRANSLATE INTO CARTESIAN CO-ORDINATES
INCREMENT TO PRODUCE SWIRLY PIPE
USING THE HELIX PHI =BZ +C

XIS EQUAL TO Z IN THE ABOVE FORMULA
THIS IS DUE TO THE FLUENT NOTATION

aaoaoaan

¥(i,j,k) = r(i,j,k)*COS(theta + (pitch*x(i,j,k)))
2(i,j,k) = r(i,j,k)*SIN(theta + (pitch*x(i,j,k)))
enddo

enddo

enddo

C.1.10 BFC SECTION
WRITE (4, 10) 9, 'BFC Grid'
WRITE (4, 50) (((x(i,jk),i=1,ni), j=1,nj), k=1,nk)
WRITE (4, 50) (((y(i,j,k),i=1,ni), j=1,nj), k=1,nk)
WRITE (4, 50) (((z(i,j,k),i=1,ni), j=1,nj), k=1,nk)

WRITE (4, 30) '#
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C.1.11 CELL TYPES SECTION
WRITE (4, 10) 11, 'Cell Types 2’
C ONLY LIVE CELL TYPES SPECIFIED LE. LABEL =4
C LOOP REPEATED TO WRITE CELL INTEGER ZONE NUMBER L.E. LABEL = 1
do i=1,ni+1
do j=1,nj+1
do k=1,nk+1
icell(i,j,k) =2
enddo

enddo

enddo

do i=2,ni
do j=2,nj
do k=2,nk
icell(ij.k) =4
enddo
enddo
enddo
WRITE (4, 60) (((icell(ij,k), I =1, NI+1), J = 1, NJ+1),
& K=1,NK+1)
WRITE (4, 60) (((1,1 =0, NI), J = 0,NJ), K = 0, NK)
WRITE (4, 30) '#

C.1.12 NODES SECTION
C.1.13 END-OF-FILE SECTION

WRITE (4, 10) -1
WRITE (4, 30) '#
CLOSE (4)

END
9-B
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* *
* PROGRAM TO CALCULATE R,THETA,Z AND SAVE THEM IN CARTESIAN *
* *

* COORDINATES TO FLUENT FORMATTED FILE

*
sk ok e o ok o s o s o ok o ok ok o ok s ok oo s e ko e ko o o ok o sk ok o ke o ok o o R ok oo ke ok o s ok ok e o ok ok o ok s o ok o ok ok ok
e ke e o o 4 o e 6 o o o o S ol e e s ok oo o ok oo o 3 oK oKk o ok ook ok ok ool ok o ol sk o ok o s ok ok s 3k o oo ok ok o ok o o ok ok ok ok ok ok ke ok ok

*
*

*

*

* AUTHOR: BENJAMIN RAYLOR

*
* DATE: 2 APRIL 1996
*
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*

* PURPOSE: TO PRODUCE A GRID FOR FLUENT TO USE IN THE
*EVALUATION OF BRACHISTOCHRONE HELICES IN PIPES

*
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* VARIABLES

*

*1 NODES IN THE ANGULAR DIRECTION (INTEGER)

*J NODES IN THE RADIAL DIRECTION (INTEGER)

*K NODES IN THE AXIAL DIRECTION (INTEGER)

*NI MAXIMUM NUMBER OF NODES IN THE ANGULAR DIRECTION

*(INTEGER)
*NJ MAXIMUM NUMBER OF NODES IN THE RADIAL DIRECTION

*(INTEGER)
*NK MAXIMUM NUMBER OF NODES IN THE AXIAL DIRECTION
*(INTEGER)

* LABEL TYPE OF CELLS (INTEGER)

* GRDTYP GRID TYPE (INTEGER)

* CRDSYS TYPE OF COORDINATE SYSTEM (INTEGER)

* PRBDIM DIMENSION OF PROBLEM 2D OR 3D (INTEGER)
*

* CYLLENGTH CYLINDER LENGTH IN METRES (REAL)

* CLRADIUS CYLINDER RADIUS IN METRES (REAL)

* MAXCYLANGLE 2*pi In radians (REAL)

* dx Increment in the x-direction-axial (real)

* dt Increment in theta (real)

* dr Increment in radius (real)

* 1p taper length (real)

* 12 Cylinder radius inside loop (real)

* r1 set to zero only present for generality

* 1(i,j,k) Array containing r values (real)

L O I T T N T
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* x(i,j,k) Array containing x values (real)

* ¥(i,j,k) Array containing y values (real)

* 2(i,j,k) Array containing z values (real)

* gradient(i,j) Array containing gradient values for a linear taper
* at 70 % cyllength

* xtaper(i,j) Allows the origin of the taper to be placed

* at cyllength70%

* omega An angle describing one of the 3 lobes (real)

*c¢  Constant from the brachistochrone problem (real

*ck  Constant from the brachistochrone problem (real

* counter A counter (integer)

*phi The displacement added onto theta, phi is function of axial
* distance (real)

* secterm,root,t3,t4 Are values that are used to break down the

* brachistochrone equation
*
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* DATE OF LAST MODIFICATION: N/A
*
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*
*

*
* ERRORS: NONE
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C  SET INTEGERS

INTEGER 1, J, K, NI, NJ, NK, GRDTYP, CRDSYS, PRBDIM
INTEGER LABEL ,counter

C  SET PARAMETERS
PARAMETER (GRDTYP=2, CRDSYS = 1, PRBDIM = 3)

C  SET NI,NJ,NK TO ONE PLUS THE NUMBER OF CELLS
C  YOU REQUIRE IN EACH DIRECTION

PARAMETER (NI =30, NJ = 50, NK =40)

C  SET REAL VARIABLES
C  THE CARESIAN COORDINATES OH THE NODES
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real x(ni,hj,nk), y(ni,nj,nk), z(ni,nj,nk)
real gradient(ni,nj),xtaper(ni,nj), r(ni,nj,nk)

CELLS

integer icell(ni+1, nj+1, nk+1)

REAL VALUES
REAL CYLLENGTH,CYLRADIUS,MAXCYLANGLE
REAL phi,rp,pi,twopi,omega
REAL rl,r2 root,secterm,t3,t4
REAL dx,dr,dt theta,c,ck

DEFINE REAL CONSTANTS

CYLINDER LENGTH IN METRES

CYLLENGTH = 0.9

CYLINDER RADIUS IN METRES

CYLRADIUS = 0.025

ANGLE OF "CYLINDER IN RADIANS"
USED FOR A FULL CYLINDER WHICH FROM 0 TO 2*PI

MAXCYLANGLE = 6.28318530718

DEFINE SECTION FORMATS

FORMAT (16, 1X, A)
FORMAT (80A)
FORMAT (Al)
FORMAT (10I8)
FORMAT (5E15.8)
FORMAT (2014)
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C OPEN GRID FILE

OPEN (UNIT = 4, FILE="brach09.GRD', STATUS='NEW')

C WRITE FILE SECTIONS
C THESE FILE SECTIONS FOLLOW THE LAYOUT IN USER'S GUIDE

C VOLUME 4 PP B-1 TO B-16 (FLUENT VERSION 4.3)

C.1.1 FILE HEADER

WRITE (4, '((A10)) "#!fluent.1"

C.1.2 PROGRAM INFORMATION MESSAGE SECTION

WRITE (4, 10) 2
WRITE (4, 20) 'Created by: bracht01'
WRITE (4, 30) '#

C.1.3 TITLE SECTION

WRITE (4, 10) 1, 'Title'
WRITE (4, 20) '0.9 M PIPE X 50 mm bore GRID'
WRITE (4, 30) '#

C.1.4 GRID TYPE SECTION

WRITE (4, 10) 6, 'Grid Type'
WRITE (4, 40) GRDTYP, CRDSYS, PRBDIM, NI, NJ, NK
WRITE (4, 30) '#

C ko ok ko o oo ok o oo e o ool ol o ok ale ke ok ok ok oe

C SECTIONS 1.5 - 1.9 IGNORED

C kot ks sk s s ok s e e ko e ok ok o ok ok o o o ok ok ok

C THIS 1S BASED ON THE INFORMATION PROVIDED BY DR. REN LUI

C  OF FLUENT SHEFFIELD, 15/4/96. FOR BODY FITTED CO-ORDINATES THE
INPUT

C  HAS TO BE IN CARTESIAN CO-ORDINATES

C SO WE USE CYLINDRICAL POLAR CO-ORDINATES FIRST THEN

C  TRANSFER THEM INTO XYZ CARTESIAN
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C  SET INCREMENTAL LENGTH IN THE X-DIRECTION

dx = CYLLENGTH/real(nk-1)

C  SET THE INCREMENTAL LENGTH IN THETA

dt = MAXCYLANGLE/real(ni-1)

C SET INTERNAL RADIUS

r1 =0.0

C  CALCULATE 2*PI

twopi= 8.0*atan(1.0)

C  CALCULATEPI

pi = twopi/2.0

c the constant from the equation 20 for the brachistochrone
¢ problem This was done in Mathcad (brach9.mcd)
¢ this constant changes with cylinder length and radius

¢ =0.006760614259128

¢ valuation of the constant K was also done in mathcad (brach9.mcd)
¢ this constant changes with cylinder length and radius

ck = 429.5933756456777

¢ SETNESTED DO LOOPS FOR GRID POINTS
do k=1,nk
do j=1,nj

do i=1,ni

C TRANSLATE INTO X IN CARTESIAN GRID
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x(i,j.k) = dx*real(k-1)

CALCULATE THETA IN CYLINDRICAL COORDINATES

theta = dt*real(i-1)

SETTING r2 TO THE BORE OF THE PIPE AND KEEPING IT
CONSTANT PRODUCES A CYLINDER

r2 = CYLRADIUS

TO PRODUCE THE LOBES OF THE SWIRLY FLOW PIPE
TRIGONMETRICAL RELATIONS WERE USED AND THE
PROGRAM IS GENERIC FOR ANY NUMBER OF LOBES

FORMULA FOR THE DISPLACED CIRCLE IN TERMS OF THETA
dr = (12 - rl)/real(nj-1)
CALCULATE RADIUS
r(i,j,k) = r1 + dr*real(j-1)

SINCE PHI CHANGES IF STATEMENTS HAVE TO MADE
SO THAT THE CENTRES OF THE LOBES ALTERNATE IN

CORRECT SEQUENCE
3 LOBES AT AN ANGULAR DISPLACEMENT OF 120 DEG
IF(THETA.LE.TWOPI/3.0)THEN
(i,j,k) = 1(1,j,k)*cos(TWOPI/6.0)*cos(TWOPL/6.0 -theta)

& +1(ij,k)*sqrt((cos(TWOPL/6.0))* *2*(cos(TWOPL/6.0-theta))* *2
& -cos(TWOPL/3.0))
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ELSE IF((THETA.GT.TWOPI/3.0).AND.
&(THETA.LE.4.0*Pl/3.0))THEN

omega = theta - twopi/3.0
r(i,j,k) = r(i,j.k)*cos(TWOPL/6.0)*cos(TWOPI1/6.0 -omega)

& +r(i,j,k)*sqrt((cos(TWOPL/6.0))**2*(cos(TWOPI/6.0-omega))* *2
& -cos(TWOPI/3.0))

ELSE
omega = theta - 4.0*pi/3.0
1(i,j,k) = r(i,j,k)*cos(TWOPI/6.0)*cos(TWOPI/6.0 - omega)

& +r(i,j,k)*sqrt((cos(TWOPL/6.0))**2*(cos(TWOPI/6.0-omega))**2
& -cos(TWOPI/3.0))

ENDIF

Taper for end

This occurs at 70% of the cylinder length
This is done by using the integer at 70%
as a marker

IF(k.eq.real(nk*0.7))then

calculate cell spacing radially at the exit
this done by dividing cylradius/nj

rspacing = cylradius/real(nj)

calculate the gradient for each (i,j) at 70% cylinder length

gradient(i,)) = (r(i,j,k)-rspacing*(j-1))/(cyllength*0.3)

determine x(i,j,k) at taper
This effectively moves the origin for the taper
using a simple y=mx-+c type graph
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xtaper(i,j) =x(1,j,k)
endif
The taper commences when k is greater than 70%
overall length
if(k.gt.real(nk*0.7))then
1(i,j,K)=r(i,j,k)-gradient(i,j)* (x(i,j,k)-xtaper(i,j))
endif
This statement stops the the nodes at the outer edge
falling below cylradius
if((j.eq.nj).and.(r(i,j,k).1t. CYLRADIUS))then
1(i,),k) = CYLRADIUS

endif

TRANSLATE INTO CARTESIAN CO-ORDINATES

INCREMENT TO PRODUCE SWIRLY PIPE
USING THE HELIX FOR A BRACHISTOCHRONE IN A CYLINDER

THIS IS DUE TO THE FLUENT NOTATION
SINCE THE FORMULA FOR A BRACHISTRONE CURVE

INSIDE A CYLINDER IS RATHER COMPLICATED
WE WILL BREAK IT DOWN INTO SMALLER COMPONENTS

Due to the nature of the constants of the brachristrone
problem a slight error will occur unless phi is set to zero
at the k=1, or x(i,j,k)=0.0.

if(k.eq.1)then

phi=0.0

else
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¢  spliting formula into parts
¢ to allow easy manipulation of formulae

ROOT = -1.0*SQRT(12*r2*x(i,j.K)/(c*c)-x(1.K)*x(i,j,k))
SECTERM = 1.0/2.0%12**2/(c*c)
13 = ((2.0*x(i,j.K)*c*c-12*12)/(12*12))

t4 = asin(t3)

¢ calculate phi temp using the temporary markers
phi= (ROOT + SECTERM*t4)/12 + ck
endif

c transfer into cartesian co-ordinates

¥(i,j,k) = r(i,j,k)y*COS(theta + phi)

2(i,j,k) = r(i,j,k)*SIN(theta + phi)

enddo

enddo

enddo

C.1.10 BFC SECTION
WRITE (4, 10) 9, 'BFC Grid'
WRITE (4, 50) ((x(i,j,k),i=1,ni), j=1,nj), k=1,nk)
WRITE (4, 50) (((y(i,j,k),i=1,ni), j=1,nj), k=1,nk)
WRITE (4, 50) (((2(i,],K),i=1,ni), j=1,nj), k=1,nk)

WRITE (4, 30) '#
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C.1.11 CELL TYPES SECTION
WRITE (4, 10) 11, ‘Cell Types 2'
C ONLY LIVE CELL TYPES SPECIFIED LE. LABEL = 4
C LOOP REPEATED TO WRITE CELL INTEGER ZONE NUMBER L.E. LABEL =1
do i=1,ni+1
do j=1,nj+1
do k=1,nk+1

icell(ij,k) =2

enddo
enddo
enddo
do i=2,ni
do j=2.nj
do k=2,nk
icell(ij,k) =4
enddo
enddo
enddo

WRITE (4, 60) ((icell(,jK), I = 1, NI+1), J = 1, NJ+1),
& K =1, NK+1)

WRITE (4, 60) ((1,1=0,NI), 7 = 0,NJ), K =0, NK)

WRITE (4, 30) #

C.1.12 NODES SECTION
C.1.13 END-OF-FILE SECTION

WRITE (4, 10) -1
WRITE (4, 30) '#
CLOSE (4)

END
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* *
* PROGRAM TO SAVE R,THETA,Z COORDINATES TO FLUENT

FORMATTED FILE *
* *
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* AUTHOR: BENJAMIN RAYLOR

*
* DATE: 25 November 1996
*
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*

* PURPOSE: TO PRODUCE A GRID FOR FLUENT TO USE IN THE

* EVALUATION
* OF HELICES IN PIPES WITHOUT TAPERS

*
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*

*
*
*

*

* VARIABLES

*

*I  NODES IN THE ANGULAR DIRECTION (INTEGER)

*I  NODES IN THE RADIAL DIRECTION (INTEGER)

*K NODES IN THE AXIAL DIRECTION (INTEGER)

*NI MAXIMUM NUMBER OF CELLS IN THE ANGULAR DIRECTIO
(INTEGER)

*NJ  MAXIMUM NUMBER OF CELLS IN THE RADIAL DIRECTION
* (INTEGER)

*NK MAXIMUM NUMBER OF CELLS IN THE AXIAL DIRECTION
* (INTEGER)

* LABEL TYPE OF CELLS (INTEGER)

* GRDTYP GRID TYPE (INTEGER)

* CRDSYS TYPE OF COORDINATE SYSTEM (INTEGER)

* PRBDIM DIMENSION OF PROBLEM 2D OR 3D (INTEGER)

* CYLLENGTH CYLINDER LENGTH IN METRES (REAL)

* CLRADIUS CYLINDER RADIUS IN METRES (REAL)

* MAXCYLANGLE 2*pi In radians (REAL)

* dx Increment in the x-direction-axial (real)

* dt Increment in theta (real)

* dr Increment in radius (real)

* dp Increment in pitch (real)

* p taper length (real)

* 12 Cylinder radius inside loop (real)

LR S R I 2K R I T R T R T S SO
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* r1 set to zero only present for generality

* r(i,j,k) Array containing r values (real)

* x(i,j.k) Array containing x values (real)

* y(i,j,k) Array containing y values (real)

* 2(i,j,k) Array containing z values (real)

* gradient(i,j) Array containing gradient values for the linear
* taper at 70 % cyllength

* xtaper(i,j) Allows the origin for the taper to be placed at
* cyllength70%

* omega An angle describing one of the 3 lobes (real)

* counter A counter (integer)

* pitch Determines pitch of swirly-flo pipe
5 o 2k e o e e s b ol o o of o ke e s e s S se e 3 e 3k o ¢ o o 8 o s ok o ok o s o o ok o o ok ok sk kol ok ol o ok ke o ke o kol ok oo ok e ok ok ok ok ok
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DATE OF LAST MODIFICATION: DEC 1997

modification (1) - To produce 0.4 mtre standard swirly-flo
without end taper

* X ¥ X X x

*

*
*

*
*
*
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* ERRORS: NONE
*
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C  SETINTEGERS

INTEGER 1, J, K, NI, NJ, NK, GRDTYP, CRDSYS, PRBDIM
INTEGER COORD, LABEL, REPEAT counter

C  SET PARAMETERS

PARAMETER (GRDTYP=2, CRDSYS = 1, PRBDIM = 3)
PARAMETER (NI =30, NJ =50, NK =140)
C  SET REAL VARIABLES

real x(ni,nj,nk), y(ni,nj,nk), z(ni,nj,nk),r(ni,nj,nk)
real gradient(ni,nj),xtaper(ni,nj)

C  Set INTEGERS

21-B



10
20
30
40
50
60

integer icell(ni+1, nj+1, nk+1)

REAL CONSTANTS

REAL CYLLENGTH,CYLRADIUSMAXCYLANGLE
REAL PITCH,dp

REAL rp,pi,twopi,omega

REAL rl1,r2

REAL dx,dr,dt,theta

DEFINE REAL CONSTANTS

CYLINDER LENGTH IN METRES

CYLLENGTH =04

CYLINDER RADIUS IN METRES

CYLRADIUS = 0.025

ANGLE OF "CYLINDER IN RADIANS
USED FOR A FULL CYLINDER WHICH FROM 0 TO 2*P1

MAXCYLANGLE = 6.28318530718

DEFINE SECTION FORMATS

FORMAT (16, 1X, A)
FORMAT (80A)
FORMAT (A1)
FORMAT (10I8)
FORMAT (5E15.8)
FORMAT (2014)
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C OPEN GRID FILE

OPEN (UNIT = 4, FILE=' swirl04metrewt. GRD', STATUS=NEW)

C WRITE FILE SECTIONS
C THESE FILE SECTIONS FOLLOW THE LAYOUT IN USER'S GUIDE
C VOLUME 4 PP B-1 TO B-16 (FLUENT VERSION 4.3)

C.1.1 FILE HEADER

WRITE (4, '(A10)") '#!fluent.1

C.1.2 PROGRAM INFORMATION MESSAGE SECTION

WRITE (4, 10) 2
WRITE (4, 20) 'Created by: SWIRLO4metrewt.for'
WRITE (4, 30) '#

C.1.3 TITLE SECTION

WRITE (4, 10) 1, 'Title'
WRITE (4, 20) '0.4m Pipe X 50 mm without taper’
WRITE (4, 30) '#

C.1.4 GRID TYPE SECTION

WRITE (4, 10) 6, 'Grid Type'
WRITE (4, 40) GRDTYP, CRDSYS, PRBDIM, NI, NJ, NK
WRITE (4, 30) '#

(O skt dei ook ok oo sl ook ok ok ok

C SECTIONS 1.5 - 1.9 IGNORED

(C Aok kb ok ksl kool o ofe e ke ok ok sk ok o sk ke o ook ook

C
C
C
C
C

THIS IS BASED ON THE INFORMATION PROVIDED BY DR. REN LUI
OF FLUENT 15/4/96. FOR BODY FITTED CO-ORDINATES THE INPUT
HAS TO BE IN CARTESIAN CO-ORDINATES
SO WE USE CYLINDRICAL POLAR CO-ORDINATES FIRST THEN
TRANSFER THEM INTO XYZ CARTESIAN
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SET INCREMENTAL LENGTH IN THE X-DIRECTION

dx = CYLLENGTH/real(nk-1)

SET THE INCREMENTAL LENGTH IN THETA

dt = MAXCYLANGLE/real(ni-1)

SET INTERNAL RADIUS
rl =0.0
PITCH OF SWIRL

divided by the length so that we get one full twist
360 degrees

PITCH = 8.0*atan(1.0)/cyllength

CALCULATE THE INCREMENT IN PITCH

dp = PITCH/real(nk-1)

CALCULATE 2*PI

twopi= 8.0*atan(1.0)

CALCULATE PI

pi = twopi/2.0

SET NESTED DO LOOPS FOR GRID POINTS
do k=1,nk
do j=1,nj

do i=1,ni
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TRANSLATE INTO X IN CARTESIAN GRID

x(i,j,K) = dx*real(k-1)

CALCULATE THETA IN CYLINDRICAL COORDINATES

theta = dt*real(i-1)

SETTING r2 TO THE BORE OF THE PIPE AND KEEPING IT
CONSTANT PRODUCES A CYLINDER

12 = CYLRADIUS

TO PRODUCE THE LOBES OF THE SWIRLY FLOW PIPE
TRIGONMETRICAL RELATIONS WERE USED AND THE
PROGRAM IS GENERIC FOR ANY NUMBER OF LOBES

FORMULA FOR THE DISPLACED CIRCLE IN TERMS OF THETA
dr = (12 - rl)/real(nj-1)

CALCULATE RADIUS

1(i,j,k) = rl + dr*real(j-1)

SINCE PHI CHANGES IF STATEMENTS HAVE TO MADE
SO THAT THE CENTRES OF THE LOBES ALTERNATE IN

CORRECT SEQUENCE
3 LOBES AT AN ANGULAR DISPLACEMENT OF 120 DEG
IF(THETA.LE.TWOPI/3.0)THEN
1(i,),k) = r(i,j,k)*cos(TWOPI/6.0)* cos(TWOPI/6.0 -theta)

& +1(i,j,k)*sqrt((cos(TWOPI/6.0))**2*(cos(TWOPI/6.0-theta))**2
& -cos(TWOPI/3.0))
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ELSE IF((THETA.GT.TWOPI/3.0).AND.
&(THETA.LE.4.0*P1/3.0)) THEN

omega = theta - twopi/3.0

1(i,j,k) = 1(i,j,k)*cos(TWOPI/6.0)*cos(TWOPI/6.0 -omega)
& +r(i,j,k)*sqrt((cos(TWOPI/6.0))* *2*(cos(TWOPL/6.0-omega)) **2
& -cos(TWOPI/3.0))

ELSE
omega = theta - 4.0*pi/3.0

1(i.j,k) = r(i,j,k)*cos(TWOPI/6.0)*cos(TWOPL/6.0 - omega)
& +1(i,j,k)*sqrt((cos(TWOPI/6.0))**2* (cos(TWOPI/6.0-omega))**2
& -cos(TWOPI/3.0))

ENDIF

TRANSLATE INTO CARTESIAN CO-ORDINATES
INCREMENT TO PRODUCE SWIRLY PIPE
USING THE HELIX PHI =BZ +C
XIS EQUAL TO Z IN THE ABOVE FORMULA
THIS IS DUE TO THE FLUENT NOTATION

y(i,j,K) = r(i,j,k)*COS(theta + (pitch*x(i,j,k)))
z(i,j,k) = r(i,j,k)*SIN(theta + (pitch*x(i,j,k)))
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enddo
enddo

enddo

C.1.10 BFC SECTION
WRITE (4, 10) 9, 'BFC Grid'
WRITE (4, 50) (((x(i,j,k),i=1,ni), j=1,nj), k=1,nk)
WRITE (4, 50) (((y(i,j,k),i=1,ni), j=1,nj), k=1,nk)
WRITE (4, 50) (((z(i,j,k),i=1,ni), j=1,nj), k=1,nk)
WRITE (4, 30) '#
C.1.11 CELL TYPES SECTION
WRITE (4, 10) 11, 'Cell Types 2'
C ONLY LIVE CELL TYPES SPECIFIED IL.E. LABEL = 4
C LOOP REPEATED TO WRITE CELL INTEGER ZONE NUMBER LE. LABEL
=1
do i=1,ni+1
do j=1,nj+1
do k=1,nk+1
icell(i,j,k) = 2
enddo

enddo

enddo

do i=2,ni
do j=2.nj
do k=2,nk

icell(ij,k) = 4
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enddo
enddo

enddo

WRITE (4, 60) ((GGeell(i,j,k), I = 1, NI+1), J = 1, NJ+1),
& K =1, NK+1)

WRITE (4, 60) (((1, 1 =0, NI), J = 0, NJ), K = 0, NK)

WRITE (4, 30) %

C.1.12 NODES SECTION
C.1.13 END-OF-FILE SECTION

WRITE (4, 10) -1
WRITE (4, 30) '
CLOSE (4)

END
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* PROGRAM TO CALCULATE R,THETA,Z AND SAVE THEM IN

*CARTESIAN
* COORDINATES TO FLUENT FORMATTED FILE

*
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* AUTHOR: BENJAMIN RAYLOR

*
* DATE: 2 APRIL 1996
*
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*

* PURPOSE: TO PRODUCE A GRID FOR FLUENT TO USE IN THE
EVALUATION

* OF BRACHISTOCHRONE HELICES IN PIPES

* WITHOUT TAPERS
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*

* VARIABLES

*

*1I  NODES IN THE ANGULAR DIRECTION (INTEGER)

*J  NODES IN THE RADIAL DIRECTION (INTEGER)

*K NODES IN THE AXIAL DIRECTION (INTEGER)

*NI MAXIMUM NUMBER OF NODES IN THE ANGULAR DIRECTION

(INTEGER)
*NJ MAXIMUM NUMBER OF NODES IN THE RADIAL DIRECTION

(INTEGER)

*NK MAXIMUM NUMBER OF NODES IN THE AXIAL DIRECTION
* (INTEGER)

* LABEL TYPE OF CELLS (INTEGER)

* GRDTYP GRID TYPE (INTEGER)

* CRDSYS TYPE OF COORDINATE SYSTEM (INTEGER)

* PRBDIM DIMENSION OF PROBLEM 2D OR 3D (INTEGER)
*

* CYLLENGTH CYLINDER LENGTH IN METRES (REAL)

* CLRADIUS CYLINDER RADIUS IN METRES (REAL)

* MAXCYLANGLE 2*pi In radians (REAL)

* dx Increment in the x-direction-axial (real)

* dt Increment in theta (real)

* dr Increment in radius (real)

* rp taper length (real)

* 12 Cylinder radius inside loop (real)

**l**********************
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* 11 set to zero only present for generality

* 1(i,j,k) Array containing r values (real)

* x(i,j,k) Array containing x values (real)

* y(i,j,k) Array containing y values (real)

* z(1,j,k) Array containing z values (real)

* gradient(i,j) Array containing gradient values for a linear taper
* at 70 % cyllength

* xtaper(i,j) Allows the origin of the taper to be placed

* at cyllength70%

* omega An angle describing one of the 3 lobes (real)

* ¢ Constant from the brachistochrone problem (real

*ck  Constant from the brachistochrone problem (real

* counter A counter (integer)

* phi The displacement added onto theta, phi is function of axial
* distance (real)

* secterm,root,t3,t4 Are values that are used to break down the

* brachistochrone equation
*
A 30 o oo ok o e o o o o ok oo o o o Koo o o o o o o o ool koo e o o o o o o o e o
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*

* DATE OF LAST MODIFICATION: DEC 1997 *
* *
* Modification (1) To produce a 0.4 metre Brachistochrone *
* without end taper *

*

*
3 b o e o e e S ok ok e e o o o ol o e sk k8 o8 e o o o o o i ko o o o o ol s ks ok oo o s o ok ok ol o oo ok ok o ol o ok ok o o ook ook

38 4 o o e e o o s e ool e ok o ok o ok o ok ks ol o ok ko o oo o o o Ko oo o o K o o 0 o o o e a3 o o R o o ok o e K o ok ko

* *

* ERRORS: NONE

%
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*
*

C  SET INTEGERS

INTEGER L, J, K, NI, NJ, NK, GRDTYP, CRDSYS, PRBDIM
INTEGER LABEL,counter

C  SET PARAMETERS
PARAMETER (GRDTYP=2, CRDSYS =1, PRBDIM = 3)

C  SET NINJ,NK TO ONE PLUS THE NUMBER OF CELLS
C  YOU REQUIRE IN EACH DIRECTION
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PARAMETER (NI =30, NJ = 50, NK =140)

SET REAL VARIABLES
THE CARESIAN COORDINATES OH THE NODES

real X(ni,nj 5nk)a y(ni’nj 9nk), Z(njanj ’nk)
real gradient(ni,nj),xtaper(ni,nj), r(ni,nj,nk)

CELLS

integer icell(ni+1, nj+1, nk+1)

REAL VALUES
REAL CYLLENGTH,CYLRADIUS,MAXCYLANGLE

REAL phi,rp,pi,twopi,omega
REAL rl,12,root,secterm,t3,t4
REAL dx,dr,dt,theta,c,ck

DEFINE REAL CONSTANTS

CYLINDER LENGTH IN METRES

CYLLENGTH=0.4

CYLINDER RADIUS IN METRES
CYLRADIUS = 0.025
ANGLE OF "CYLINDER IN RADIANS"

USED FOR A FULL CYLINDER WHICH FROM 0 TO 2*PI

MAXCYLANGLE = 6.28318530718

DEFINE SECTION FORMATS



10 FORMAT (I6, 1X, A)
20 FORMAT (80A)
30 FORMAT (Al)
40 FORMAT (10I8)
50 FORMAT (SE15.8)
60 FORMAT (2014)

C OPEN GRID FILE

OPEN (UNIT = 4, FILE='brach04.GRD', STATUS='NEW")

C WRITE FILE SECTIONS
C THESE FILE SECTIONS FOLLOW THE LAYOUT IN USER'S GUIDE

C VOLUME 4 PP B-1 TO B-16 (FLUENT VERSION 4.3)

C.1.1 FILE HEADER

WRITE (4, '(A10)) '#!fluent.1'

C.1.2 PROGRAM INFORMATION MESSAGE SECTION

WRITE (4, 10) 2
WRITE (4, 20) 'Created by: bracht04'
WRITE (4, 30) '#

C.1.3 TITLE SECTION

WRITE (4, 10) 1, 'Title'
WRITE (4, 20) '1M PIPE X 50 mm bore GRID'
WRITE (4, 30) '#

C.1.4 GRID TYPE SECTION

WRITE (4, 10) 6, 'Grid Type'
WRITE (4, 40) GRDTYP, CRDSYS, PRBDIM, NI, NJ, NK

WRITE (4, 30) '#

C %30k ok ok oo o o o ok o oo o e ok ok oo ok ok ok o ok

C SECTIONS 1.5 - 1.9 IGNORED

O kool o ol e ke kool e ok ok o o ok ok
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C THIS IS BASED ON THE INFORMATION PROVIDED BY DR. REN LUI
C OF FLUENT SHEFFIELD, 15/4/96. FOR BODY FITTED CO-ORDINATES
THE INPUT
C  HAS TO BE IN CARTESIAN CO-ORDINATES
C SO WE USE CYLINDRICAL POLAR CO-ORDINATES FIRST THEN
C  TRANSFER THEM INTO XYZ CARTESIAN
C SET INCREMENTAL LENGTH IN THE X-DIRECTION
dx = CYLLENGTH/real(nk-1)
C SET THE INCREMENTAL LENGTH IN THETA
dt = MAXCYLANGLE/real(ni-1)
C SET INTERNAL RADIUS
r1 =0.0
C CALCULATE 2*PI
twopi= 8.0*atan(1.0)
C CALCULATE PI
pi = twopi/2.0

o

(<]

the constant from the equation 20 for the brachistochrone
problem This was done in Mathcad (brach4.mcd)
this constant changes with cylinder length and radius

¢ =10.021130559837260

valuation of the constant K was also done in mathcad (brachl.mcd)
this constant changes with cylinder length and radius

ck = 43.97520604974775

SET NESTED DO LOOPS FOR GRID POINTS
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oNoNe!

oNoNoNe!

do k=1,nk
do j=1,nj

do i=1,ni

TRANSLATE INTO X IN CARTESIAN GRID

x(i,j,k) = dx*real(k-1)

CALCULATE THETA IN CYLINDRICAL COORDINATES

theta = dt*real(i-1)

SETTING r2 TO THE BORE OF THE PIPE AND KEEPING IT
CONSTANT PRODUCES A CYLINDER

12 = CYLRADIUS

TO PRODUCE THE LOBES OF THE SWIRLY FLOW PIPE
TRIGONMETRICAL RELATIONS WERE USED AND THE
PROGRAM IS GENERIC FOR ANY NUMBER OF LOBES

FORMULA FOR THE DISPLACED CIRCLE IN TERMS OF THETA

dr = (12 - rl)/real(nj-1)

CALCULATE RADIUS

1(ij,k) = r1 + dr*real(j-1)

SINCE PHI CHANGES IF STATEMENTS HAVE TO MADE
SO THAT THE CENTRES OF THE LOBES ALTERNATE IN

CORRECT SEQUENCE
3 LOBES AT AN ANGULAR DISPLACEMENT OF 120 DEG
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IF(THETA.LE.TWOPI/3.0)THEN

1(i,j,k) = 1(i,j,k)*cos(TWOPY/6.0)*cos(TWOPY/6.0 -theta)
& +1(ij.k)*sqrt((cos(TWOPL/6.0))**2*(cos(TWOPI/6.0-theta))**2
& -cos(TWOPI/3.0))

ELSE IF((THETA.GT.TWOPI/3.0).AND.
&(THETA.LE.4.0*P1/3.0))THEN

omega = theta - twopi/3.0

1(i,j,k) = r(i,j,k)*cos(TWOPI/6.0)*cos(TWOPI/6.0 -omega)
& +r1(i,j,k)*sqrt((cos(TWOPL/6.0))**2*(cos(TWOPI/6.0-omega))**2
& -cos(TWOPI/3.0))

ELSE
omega = theta - 4.0*pi/3.0

1(i,j,k) = r(i,j,k)*cos(TWOPI/6.0)*cos(TWOPI/6.0 - omega)
& +1(i,j,k)*sqrt((cos(TWOPI/6.0))* *2*(cos(TWOPV/6.0-omega))**2
& -cos(TWOPI/3.0))

ENDIF

Taper for end

This occurs at 70% of the cylinder length
This is done by using the integer at 70%
as a marker

o O 6 6

IF (k.eq.real(nk*0.7))then

calculate cell spacing radially at the exit
this done by dividing cylradius/nj

(el ¢!

rspacing = cylradius/real(nj)
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[¢]

[¢]

osNoNoNoNoNeNe)

calculate the gradient for each (i,j) at 70% cylinder length
gradient(i,j) = (r(i,j,k)-rspacing*(j-1))/(cyllength*0.3)
determine x(i,j,k) at taper
This effectively moves the origin for the taper
using a simple y=mx+c type graph
xtaper(i,j) =x(i,j,k)
endif
The taper commences when k is greater than 70%
overall length
if(k.gt.real(nk*0.7))then
1(i,j,k)=r(i,j,K)-gradient(i,j)* (x(i,j,k)-xtaper(i,j))
endif
This statement stops the the nodes at the outer edge
falling below cylradius
if((j.eq.nj).and.(x(i,j,k).1t. CYLRADIUS))then
1(i,),k) = CYLRADIUS

endif

TRANSLATE INTO CARTESIAN CO-ORDINATES
INCREMENT TO PRODUCE SWIRLY PIPE

USING THE HELIX FOR A BRACHISTOCHRONE IN A CYLINDER

THIS IS DUE TO THE FLUENT NOTATION

SINCE THE FORMULA FOR A BRACHISTRONE CURVE

INSIDE A CYLINDER IS RATHER COMPLICATED

WE WILL BREAK IT DOWN INTO SMALLER COMPONENTS
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Due to the nature of the constants of the brachristrone
problem a slight error will occur unless phi is set to zero
at the k=1, or x(i,j,k)=0.0.

if(k.eq.1)then

phi =0.0

else

spliting formula into parts
to allow easy manipulation of formulae

ROOT = -1.0*SQRT(r2*r2*x(i,j,k)/(c*c)-x(i,j,k)*X(i,j,k))
SECTERM = 1.0/2.0*r2**2/(c*c)
t3 = ((2.0*x(i,j,k)*c*c-12*12)/(12*12))

t4 = asin(t3)

calculate phi temp using the temporary markers
phi= (ROOT + SECTERM*t4)/r2 + ck
endif

transfer into cartesian co-ordinates

y(i,k) = r(i,j,k)*COS(theta + phi)

2(i,j,k) = r(i,j,k)*SIN(theta + phi)

enddo

enddo

enddo
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C.1.10 BFC SECTION
WRITE (4, 10) 9, 'BFC Grid'
WRITE (4, 50) (((x(i,jk),i=1,ni), j=1,nj), k=1,nk)
WRITE (4, 50) (((v(i.j;k),i=1,ni), j=1,nj), k=1,nk)
WRITE (4, 50) (((z(i,j;k),i=1,ni), j=1,nj), k=1,nk)
WRITE (4, 30) '#

C.1.11 CELL TYPES SECTION
WRITE (4, 10) 11, 'Cell Types 2'

C ONLY LIVE CELL TYPES SPECIFIED 1.E. LABEL =4
C LOOP REPEATED TO WRITE CELL INTEGER ZONE NUMBER LE. LABEL

=1
do i=1,ni+1
do j=1,nj+1
do k=1,nk+1

icell(ij,k) =2

enddo
enddo
enddo
do i=2,ni
do j=2,nj
do k=2,nk
icell(i,j,k) =4
enddo
enddo
enddo

WRITE (4, 60) (((icell(i,j,k), I =1, NI+1), J = 1, NJ+1),
& K=1,NK+1)
WRITE (4, 60) (((1,1=0, NI), ] =0,NJ), K = 0, NK)
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WRITE (4, 30) '#

C.1.12 NODES SECTION
C.1.13 END-OF-FILE SECTION

WRITE (4, 10) -1
WRITE (4, 30) ¥
CLOSE (4)

END
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APPENDIX C

0.1 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - Grid

0.1 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - Static Pressure (Pa) at the wall

0.1 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-velocity (m/s) at J=45 - View 1

0.1 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-velocity (m/s) at J=45 - View 2

0.1 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-Velocity at Exit

0.2 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - Grid

0.2 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - Static Pressure (Pa) at the wall

0.2 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-velocity (m/s) at J=45 - View 1

0.2 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-velocity (m/s) at J=45 - View 2

0.2 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-Velocity at Exit

0.3 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - Grid

0.3 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - Static Pressure (Pa) at the wall

0.3 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-velocity (m/s) at J=45 - View 1

0.3 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-velocity (m/s) at J=45 - View 2

0.3 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-Velocity at Exit

2-C

3-C

4-C

5-C

6-C

7-C

8-C

10-C

11-C

12-C

13-C

14-C
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0.4 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - Grid

0.4 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - Static Pressure (Pa) at the wall

0.4 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-velocity (m/s) at J=45 - View 1

0.4 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-velocity (m/s) at J=45 - View 2

0.4 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-Velocity at Exit

0.5 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - Grid

0.5 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - Static Pressure (Pa) at the wall

0.5 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-velocity (m/s) at J=45 - View 1

0.5 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-velocity (m/s) at J=45 - View 2

0.5 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-Velocity at Exit

0.6 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - Grid

0.6 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - Static Pressure (Pa) at the wall

0.6 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-velocity (m/s) at J=23 - View 1

0.6 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-velocity (m/s) at J=23 - View 2

0.6 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-Velocity at Exit

16-C

17-C

18-C

19-C

20-C

21-C

22-C

23-C

24-C

25-C

26-C

27-C

28-C

29-C
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0.7 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - Grid

0.7 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - Static Pressure (Pa) at the wall

0.7 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-velocity (m/s) at J=23 - View 1

0.7 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-velocity (m/s) at J=23 - View 2

0.7 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-Velocity at Exit

0.8 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - Grid

0.8 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - Static Pressure (Pa) at the wall

0.8 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-velocity (m/s) at J=23 - View 1

0.8 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-velocity (m/s) at J=23 - View 2

0.8 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-Velocity at Exit

0.9 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - Grid

0.9 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - Static Pressure (Pa) at the wall

0.9 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-velocity (m/s) at J=23 - View 1

0.9 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-velocity (m/s) at J=23 - View 2

0.9 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-Velocity at Exit

31-C

32.C

33-C

34-C

35-C

36-C

37-C

38-C

39-C

40-C

41-C

42-C

43-C

44-C

45-C



1.0 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - Grid

1.0 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - Static Pressure (Pa) at the wall

1.0 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-velocity (m/s) at J=23 - View 1

1.0 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-velocity (m/s) at J=23 - View 2

1.0 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- With End Taper - W-Velocity at Exit

0.2 Pipe X 50 mm Bore Brachistochrone - With End Taper
- Grid

0.2 Pipe X 50 mm Bore Brachistochrone - With End Taper
- Static Pressure (Pa) at the wall

0.2 Pipe X 50 mm Bore Brachistochrone - With End Taper
W-velocity (m/s) at J=45 - View 1

0.2 Pipe X 50 mm Bore Brachistochrone - With End Taper
- W-velocity (m/s) at J=45 - View 2

0.2 Pipe X 50 mm Bore Brachistochrone - With End Taper
- With End Taper - W-Velocity at Exit

0.3 Pipe X 50 mm Bore Brachistochrone - With End Taper
- Grid

0.3 Pipe X 50 mm Bore Brachistochrone - With End Taper
- Static Pressure (Pa) at the wall

0.3 Pipe X 50 mm Bore Brachistochrone - With End Taper
W-velocity (m/s) at J=45 - View 1

0.3 Pipe X 50 mm Bore Brachistochrone - With End Taper
- W-velocity (m/s) at J=45 - View 2

0.3 Pipe X 50 mm Bore Brachistochrone - With End Taper
- W-Velocity at Exit

46-C

47-C

48-C

49-C

50-C

51-C

52-C

53-C

54-C

55-C

56-C

57-C

58-C

59-C

60-C



0.4 Pipe X 50 mm Bore Brachistochrone - With End Taper
- Grid

0.4 Pipe X 50 mm Bore Brachistochrone - With End Taper
- Static Pressure (Pa) at the wall

0.4 Pipe X 50 mm Bore Brachistochrone - With End Taper
W-velocity (m/s) at J=45 - View 1

0.4 Pipe X 50 mm Bore Brachistochrone - With End Taper
- W-velocity (m/s) at J=45 - View 2

0.4 Pipe X 50 mm Bore Brachistochrone - With End Taper
- With End Taper - W-Velocity at Exit

0.5 Pipe X 50 mm Bore Brachistochrone - With End Taper
- Grid

0.5 Pipe X 50 mm Bore Brachistochrone - With End Taper
- Static Pressure (Pa) at the wall

0.5 Pipe X 50 mm Bore Brachistochrone - With End Taper
W-velocity (m/s) at J=45 - View 1

0.5 Pipe X 50 mm Bore Brachistochrone - With End Taper
- W-velocity (m/s) at J=45 - View 2

0.5 Pipe X 50 mm Bore Brachistochrone -With End Taper -
W-Velocity at Exit

0.4 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- Without End Taper - Grid

0.4 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- Without End Taper - Static Pressure (Pa) at the wall

0.4 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- Without End Taper - W-velocity (m/s) at J=45 - View 1

0.4 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- Without End Taper - W-velocity (m/s) at J=45 - View 2

0.4 metre pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
- Without End Taper - W-Velocity at Exit

0.4 Pipe X 50 mm Bore Brachistochrone - Without End Taper
- Grid

61-C

62-C

63-C

64-C

65-C

66-C

67-C

68-C

69-C

70-C

71-C

72-C

73-C

74-C

75-C

76-C



0.4 Pipe X 50 mm Bore Brachistochrone - Without End Taper
- Static Pressure (Pa) at the wall

0.4 Pipe X 50 mm Bore Brachistochrone - Without End Taper
W-velocity (m/s) at J=23 - View 1

0.4 Pipe X 50 mm Bore Brachistochrone - Without End Taper
- W-velocity (m/s) at J=23 - View 2

0.4 Pipe X 50 mm Bore Brachistochrone - Without End Taper
- W-Velocity at Exit

77-C

78-C

79-C

80-C
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Grid (30 X 50 X 40)

0.1 M Pipe X 50 mm Nominal Bore Standard Swirly-flo Grid

With End Taper
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T

2.58E+03
2.42E+03
2.26E+03
2.10E+03
1.95E+03
1.79E+03
1.63E+03

" 147E+03

1.32E+03
1.16E+03
1.00E+03
8.45E+02
6.88E+02

| 5.30E+02

3.73E+02

2.16E+02

5.84E+01
-9.89E+01
-2.56E+02
-4.14E+02
-5.71E+02
-7.28E+02
-8.85E+02
-1.04E+03
-1.20E+03
-1.36E+03
-1.51E+03
-1.67E+03
-1.83E+03
-1.99E+03
-2.14E+03

>

Z

0.1 M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper Static Pressure (Pa) at the Wall
Lmax = 2.576E4+03 Lmin = -2.144E+03




0
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0.1 M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S) at J=45- View 1
Lmax = 1.114E+00 Lmin = -1.254E-01
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0.1 M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S)at J=45- View 2
Lmax = 1.114E+00 Lmin =-1.254E-01
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0.1 M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S) at Exit
Lmax =9.010E-01 Lmin =-7.140E-02
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0.2 M PIPE X 50 mm Bore Standard Swirly-flo Pipe
With End Taper Static Pressure (Pa) at the Wall
Lmax =9.077E+02 Lmin =-1.158E+03
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0.2M PIPE X 50 mm  Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S)at J=45- View 1|
Lmax = 8.454E-01 Lmin =-1.210E-01
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0.2 M PIPE X 50 mm Bore Standard Swirly-flo
With End Taper W-Velocity (M/S)at J=45- View 2
Lmax = 8.454E-01 Lmin =-1.210E-01
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0.2 M PIPE X 50 mm Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S)at Exit
Lmax = 8.227E-01 Lmin = -5.005E-02
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0.3 M Pipe X 50 mm Bore Standard Swirly-flo Pipe
With End Taper Static Pressure (Pa)
Lmax = 5.502E+02 Lmin =-1.014E+03
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0.3 M Pipe X 50 mm Bore Standard SWirly-flo Pipe
With End Taper W-Velocity (M/S)at J=45- View 1
Lmax = 6.167E-O1 Lmin =-1.047E-01
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0.3 M Pipe X 50 mm Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S)at J=45- View 2
Lmax = 6.167E-01 Lmin =-1.047E-01
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0.3 M Pipe X 50 mm Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S)at Exit
Lmax = 5.922E-01 Lmin = -3.283E-02
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0.4 M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper Static Pressure (Pa)at the Wall
Lmax = 3.714E+02 Lmin = -1.006E+03
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0.4 M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
W-Velocity (M/S)at J=45- View 1
Lmax =4.521E-01 Lmin = -8.932E-02
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0.4 M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S) at J=45- View 2
Lmax =4.521E-01 Lmin = -8.932E-02
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0.4 M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S)at Exit
Lmax = 4.178E-01 Lmin = 2.635E-04
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0.5 M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper Static Pressure (Pa) at Exit
Lmax =2.682E+02 Lmin =-1.010E+03
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0.5 M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S) at J=45- View 1
Lmax = 3.424E-01 Lmin = -7.729E-02
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0.5 M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S) at J=45- View 2
Lmax = 3.424E-01 Lmin = -7.729E-02
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0.5 M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S) at Exit
Lmax = 2.969E-01 Lmin = -1.832E-02
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0.6M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper Static Pressure (Pa)at the Wall
Lmax = 1.949E+02 Lmin = -8.958E+02
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0.6M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S)at J=23- View 1
Lmax =2.737E-01 Lmin = -7.776E-02
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0.6 M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S) at J=23- View 2
Lmax =2.737E-01 Lmin = -7.776E-02
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0.6M Pipe X 50 mm Nomial Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S)
Lmax =2.233E-01 Lmin =-6.036E-03
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0.7M Pipe X 50 mm Nominal Bore Standard Swirly-flo
With End Taper Static Pressure (Pa)at the Wall
Lmax =-1.839E4+02 Lmin = -1.420E+03
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0.7M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S)at J=23- View 1
Lmax =2.017E-01 Lmin =-7.612E-02
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0.7M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S)at J=23- View 2
Lmax =2.017E-01 Lmin = -7.612E-02
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0.7M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S) at Exit
Lmax = 1.495E-01 Lmin = -8.376E-03
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0.8 M PIPE X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper Static Pressure (Pa)at Exit
Lmax = 1.346E+02 Lmin =-1.070E+03
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0.8M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper ~ W-Velocity (M/S) at J=45- View 1
Lmax = 1.786E-01 Lmin = -5.399E-02
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0.8M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S)at J=45- View 2
Lmax = 1.786E-01 Lmin = -5.399E-02
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0.8M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S) at Exit
Lmax = 1.367E-01 Lmin = -6.048E-03
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0.9M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper Static Pressure (Pa) at the Wall
Lmax = 1.058E+02 Lmin =-1.114E+03
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0.9M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S) at J=45- View 1
Lmax = 1.544E-01 Lmin = -5.699E-02
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0.9M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S) at J=45- View 2
Lmax = 1.544E-01 Lmin = -5.699E-02
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0.9M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S) at Exit
Lmax = 1.187E-01 Lmin = -5.156E-03
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S

IM Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper Static Pressure (Pa) at the Wall
Lmax = 1.165E+02 Lmin =-9.794E+02
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Z

IM Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper  W-Velocity (M/S)at J=23- View |
Lmax = 1.401E-O1 Lmin = -4.189E-02
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1M Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
With End Taper W-Velocity (M/S) at J=23- View 2
Lmax = 1.401E-01 Lmin = -4.189E-02
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IM Pipe X 50 mm Nominal Bore Swirly-flo Pipe
With End Taper W-Velocity (M/S) at Exit
Lmax = 1.070E-01 Lmin = 2.508E-03
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0.2 M PIPE X 50 mm Bore Brachistochrone With End Taper
Grid (30 X 50 X 80 )
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S

0.2 M PIPE X 50 mm Bore Brachistochrone With End Taper
Static Pressure (Pa) at Wall
Lmax = 6.907E+01 Lmin =-1.097E+03
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Z

0.2 M PIPE X 50 mm Nominal Bore Brachistochrone With End Taper
W-Velocity (M/S) at J=45- View 1
Lmax = 8.960E-01 Lmin =-9.281E-02
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0.2 M PIPE X 50 mm Nominal Bore Brachistochrone With End Taper
W-Velocity (M/S)at J=45- View 2
Lmax = 8.960E-01 Lmin =-9.281E-02
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0.2 M PIPE X 50 mm Nominal Bore Brachistochrone With End Taper
W-Velocity (M/S) at Exit
Lmax =7.731E-01 Lmin = -3.858E-02
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0.3 M PIPE X 50 mm Bore Brachistochrone With End Taper
Static Pressure (Pa)at Wall
Lmax = 3.281E+01 Lmin =-1.049E+03
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0.3 M PIPE X 50 mm Bore Brachistochrone With End Taper
W-Velocity (M/S)at J=45- View 1
Lmax = 6.319E-01 Lmin =-6.993E-02
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IS

0.3 M PIPE X 50 mm Bore Brachistochrone With End Taper
W-Velocity (M/S)at J=45- View 2
Lmax = 6.319E-01 Lmin = -6.993E-02
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0.3 M PIPE X 50 mm Bore Brachistochrone With End Taper
W-Velocity (M/S)at Exit
Lmax = 5.629E-01 Lmin = -2.758E-02
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0.4 M Pipe X 50 mm Bore Brachistochrone With End Taper
Static Pressure (Pa)at the Wall
Lmax = 1.414E+01 Lmin =-1.023E+03
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0.4M Pipe X 50 mm Bore Brachistochrone With End Taper
W-Velocity (M/S) at J=45- View 1
Lmax = 4.695E-01 Lmin = -5.584E-02
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0.4M Pipe X 50 mm Bore Brachistochrone With End Taper
W-Velocity (M/S)at J=45- View 2
Lmax = 4.695E-01 Lmin = -5.584E-02




-9

4.00E-01
3.85E-01
3.71E-01
3.56E-01
3.42E-01
3.27E-01
3.13E-01
2.98E-01
2.84E-01
2.69E-01
2.55E-01
. 2.40E-01
2.26E-01
2.11E-01
1.97E-01
1.82E-01
1.68E-01
1.53E-01
1.39E-01
1.24E-01
1.10E-01
9.54E-02
8.09E-02
6.65E-02
5.20E-02
3.75E-02
2.30E-02
8.49E-03
6.00E-03
22.05E-02

R TITTrrrrey

0.4 M Pipe X 50 mm Bore Brachistochrone With End Taper
W-Velocity (M/S)at Exit
Lmax =3.997E-01 Lmin = -2.049E-02
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0.5M Pipe X 50 mm Bore Brachistochrone
With End Taper Static Pressure (Pa)at the Wall
Lmax =5.963E+00 Lmin =-1.022E+03
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0.5M Pipe X 50 mm Bore Brachistochrone With End Taper
W-Velocity (M/S)at J=45- View 1
Lmax = 3.694E-01 Lmin = -4.644E-02
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0.5 M Pipe X 50 mm Bore Brachistochrone With End Taper
W-Velocity (M/S)at J=45- View 2
Lmax = 3.694E-01 Lmin = -4.644E-02
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0.5M Pipe X 50 mm Bore Brachistochrone With End Taper
W-Velocity (M/S)at Exit
Lmax =2.942E-01 Lmin =-1.710E-02
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0.4m Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
Without Taper  Static Pressure (Pa)
Lmax = 4.407E+02 Lmin = -5.108E+02
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0.4m Pipe X 50 mm Nominal Bore Standard SWirly-flo Pipe
Without End Taper W-Velocity (M/S) at J=45- View 1
Lmax = 4.427E-01 Lmin = -8.491E-02
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0.4m Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
Without End Taper ~W-Velocity (M/S) at J=45- View 2
Lmax =4.427E-01 Lmin = -8.491E-02
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0.4m Pipe X 50 mm Nominal Bore Standard Swirly-flo Pipe
Without End Taper W-Velocity (M/S) at Exit
Lmax = 4.863E-01 Lmin = -1.019E-02
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0.4M PIPE X 50 mm bore Brachistochrone
Without End Taper Static Pressure (Pa) at the Wall
Lmax = 6.560E+01 Lmin =-4.095E+02
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0.4M PIPE X 50 mm bore Brachistochrone Without End Taper
’! W-Velocity (M/S) at J=45- View 1
7

Lmax = 6.099E-01 Lmin = -5.296E-02
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0.4M PIPE X 50 mm bore Brachistochrone Without End Taper
W-Velocity (M/S) at J=45- View 2
Lmax = 6.099E-01 Lmin = -5.296E-02
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0.4M PIPE X 50 mm bore Brachistochrone Without End Taper

W-Velocity (M/S) at Exit
Lmax = 6.981E-01 Lmin = -2.090E-02




Appendix D The Experimental Pressure Results with Graphs

Standard water runs Water I to Water XXXV
Short Swirly-flo water runs Water XXXVI to Water LXVII
Medium Swirly-flo water runs Water LXVII1 to Water CIII
Long Swirly-flo water runs Water CIV to Water CXXXIX
Standard Pipe Arrangement with 2kg I to XXXVI

Standard Pipe Arrangement with 4kg XXXVII to LXXI1

Standard Pipe Arrangement with 6kg LXXIII to CIX

Standard Pipe Arrangement with 8kg CX to CXLV

Long Swirly-flo Pipe Arrangement (pos 1) CXLVI to CLXCV

Long Swirly-flo Pipe Arrangement (pos 2) CLXCVI to CCXXXV

Long Swirly-flo Pipe Arrangement (pos 3) CCXXXVI to CCLXV

Long Swirly-flo Pipe Arrangement (pos 4) CCLXVIto CCC

Long Swirly-flo Pipe Arrangement (pos 5) CCCI to CCCXXXVI

Long Swirly-flo Pipe Arrangement (pos 6) CCCXXXVII to CCCLXXII

Long Swirly-flo Pipe Arrangement
(optimum position) 4Kg CCCLXXIII to CCCXCVIII

Long Swirly-flo Pipe Arrangement
(optimum position) 6Kg CCCXCIX to CDXXVI

Long Swirly-flo Pipe Arrangement
(optimum position) 8Kg CDXXVII to CDLIV



Standard Pipe Arrangement
Run: water20

Volumetric Flow: 1.009 I/s
Number of Data of Points:2302
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0 500 1000

Time/ s

\ .
Water III PS8 variation with time

|
\
1500 2000 2500 |
|

pl p2 p3 pd p3 p6 p7 P8

mean 0.399067| 0.505548] 0.502901 0.501795] 0.484286] 0.120857] 0.092682] 0.089439]
median 039007 0.50562| 0.50287[ 0. 0.4843| 0.12089] 0.0927] 0.08943]
mode 0.49907] 0.50706| 0.50287] 0.502% 0.4835[ 0.12068| 0.09188[ 0.08943]
standard deviation TOTE-05] 0.001462[ 0.001276] 0.001138[ 0.00114[ 0007010 0.00088] 0.00012T|
variance 6.35F-00( 2.TAE-06| 1.63E-06| I.3E-06] T.3E-06] T.04F-06] T-73F-07| T.46E-08
skew ~273108] -0.03576( -0.18907( -0.28487[ 0. 5[ -0.27555] 0.074742 -7. S
Kurtosis TOTT.789| -0.41587( -0.0727T| 0.1334312] 0.504472 -0.30387] 0.

Water IV Pressure Readings and Statistical Data



Standard Pipe Arrangement

Run: water25
Volumetric Flow: 1.421 /s
Number of Data of Points:2326
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|
Water VII P8 variation with time

pl p2 p3 pd p3 po p7 P8
mean 0.337702] 0.517711 0.512168| 0.510024 Ummm\_ﬂ_m
median 033793 0.5179] 0.51207[ 0.50996 0.49187] 0.1258] 0.09822] 0.09106
mode 0.53999 051851 0.51289] 0.51078] 0.49269 0.1238] 0.09843] 0.09106
standard deviation 0.001966] 0.001646| 0.001737[ 0.00176] 0.00T726 0.00137]0. 0.00027T]|
variance I 86E-06| 2.7TE-06] 3.02E-06] 3.TE-06| 2.98E-06| T.88E-06] 1.75E-06[ 7.33E-08|
skew 0.68928| -0.05583[ -0.0211Z[ -0.0335[ -0.05249] -0.07165| -0. -T.97058]
Kurtosis —20.29505| 0.280306] -0.23905| -0.33373| -0, z. —-0.30043( 3.679977

Water VIII Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: water30
Volumetric Flow: 1.839 l/s
Number of Data of Points:2265
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Time/ s

Water XI P8 variation with time

1500 2000 2500

0

pT p2 p3 pa p3 poé p7 P8
mean 0377733 0514635 0. 570500783 0.48T61T| 0.1T2508[ 0.084085| 0.07116
median 0.57783 0.51463] 0.50409| 0.50075| 0.481T43[  0.1125 0.08411[ 0.0714Z]
mode 037784 0.51422[ 0.50368| 0.50034( 0.48082 0.11207 0.0839] 0.07142]
standard deviation | 0.002368[ 0.002332( 0.002096| 0.002019( 0.002053[ 0.001804| 0.00T699[ 0.000423]
variance 3.6TF-06] 5.48E-06] 4.39E-06| 4.08F-06| 4.2TE-06| 3.25E-06| 2.89E-06] 1.79E-07
skew 0.137192[ 5.61E-05[ 0.072978] 0.049136 0.081237] 0.037509] 0.033548] -0.919716
Kurtosis 0.47158] -0.03006| -0.13423| -0.10899( -0.TT8T4[ -0.31376| -0.33275| 1.087337

Water XII Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: water35
Volumetric Flow: 2.24 I/s
Number of Data of Points:2164
—— SeetOT
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median 06377 05314 0.51698] 0.51262 0.49289( 0. 0.00188] 0.07347
mode 063777 053161 03176 0.51262( 0.49432[ 0.12068 0. 0.07306
standard deviation | 0. 0.0031Z] 0. 6[ 0.002334] 0.002464| 0.0019T4| 0.001866] 0.000596
variance 3. T7TE-06] 9.73E-06 6.74E-06| 6.42E-06| 6.07F-06] 3.66F-06] 3.48E-06| 3.55E-07
skew Z0.37593( 0.076188] 0.04T753[ 0.013038[ -0.0187[ -0.03489] 0.008315| [1.3183
Kurtosis 0.479915( 0.131724 0.125218[ 0.054923| 0.051493] 0.014902| 0.024802| 1.384795|

Water XVI Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: water40

Volumetric Flow: 2.602 /s
Number of Data of Points:2444
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median 069854034859 052987 052438 030413 012928 0.09986 0.07673|
mode 069854 0.3492] 0.32905| 052366 030435 012907010006 0.07633|
standard deviation 000266 0.003755( 0.002977[ 0.002864 | 0.002783] 0.002064| 0.001996[ 0.00057|
variance T.08E-06| 1.4TE-05[ 8.86E-06| 8.2E-06| 7.75E-06| 4.26F-06| 3.98E-06| 3.25E-07
skew 0.T0572[ -0.06455 -0.0019[ -0.03484| 005658 0.0TT38] -0.05398] 0.716479]
Kurtosis 0.07733] 0023288 -0.03839[ 0. 11505 0,107 =0 T0033] 0: 066085

Water XX Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: water45

Volumetric Flow: 2.928 I/s
Number of Data of Points:1771
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mean 077673711 0.567363| 0.544456| 0.537789( 0.516984] 0. 0.T09152] 0.08046
median 0.767 0.3672] 0.5443] 033778 0.51683[ 0.13889 0.10007] 0.08022]
mode 076912 0.56659| 0.54521| 0.53799[ 0.51683] 0.13889] 0.10027] 0.07961
standard deviation | 0.002042 0.004624| 0.003855 0.003618] 0.003561 0.002623 0.002591 0.000888]
variance 63E-06[ 2.13E-05| 1.48E-05[ I.3TE-05| I.27E-05| 6.88F-06| 6.71E-06| 7.89E-07
skew -0.10379] 0.12198| 0.10027 0.09314[ 0.068622| 0.032199| -0.00499| 0.840602]
Kurtosis 0.006884| -0.01585| -0.01312] -0.01141[ -0.05764| 0.033800] - -0.1351

XXIV Pressure Readings and Statistical Data



Standard Pipe Arrangement

Run: water50

Volumetric Flow: 3.241 /s
Nuﬂber of Data of Poigts:2839
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Water XXV P4 variation with time
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Water XXVII P8 variation with time
pl p2 p3 pd p5 pé p7 p
mean 0.85T538] 0.588854 0.560782( 0.552853| 0.531462| 0.149422( 0.119439] 0.08453
median —0.85006] 0.58868| 0.56076] 0.5527Z] 0.53135 0.13932] 0.1195] 0.08452]
mode 0.85096] 0.58787| 0.5587Z] 0.55272 n.ssmmmm
standard deviation 003619] 0.00537T( 0.004168| 0.004038[ 0.003939( 0. 0.00285T] 0.000923]
variance 2. 13E-05[ 2.88E-05| 1.74E-05| 1.63E-05] I.57E-05| 8.38E-06| 8.13E-06] 8.3
skew 0.279536( 0.087296] 0.06794] 0.0958T6[ 0.076023[ 0.057555| 0.100686| -0.01782
Kurtosis T0.T3573[ -0.02551] -0.11204] -0.12897] -0.05784] -0.04004| -0.80776

Water XXVIII Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: water55

Volumetric Flow: 3.556 I/s
Number of Data of Points:1181
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Water XXXI P8 variation with time
pl p2 p3 p4 pS po p7 pS

mean 0.920637] 0.606816| 0.574T08[ 0.565439] 0.543536] 0.158261] 0.128249] 0.088217
median 093051 0.60689] 057406 0.5654| 0.54332[ 0.15812 0.1283[ 0.0884
mode 092051 0.60792] 0.5744 0.5656( 0.54445  0.1573] 0.1283] 0.08943]
standard deviation 0.004293] 0.00639T| 0.004864| 0.004575| 0.00449] 0.003317]0.003272] 0.001067
variance BAE-05| 4.08E-053| 2.37E-05( 2.09E-05[ 2.02E-05] T.TE-05[ T.07E-05| I.T4E-06
skew " 0.009855| 0.029813( -0.02T89[ -0.00823] 0.06872 0.028731[ -0.34092
Kurtosis 0533551 -0.03944| 0.T43132[ 0.135001[ 0.167T77[ 0.107586] 0.1T7806| -0.86013]

Water XXXII Pressure Readings and Statistical Data
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Water XXXIII P4 variation with time

Standard Pipe Arrangement

Run: water60

Volumetric Flow: 3.873 I/s
Number of Data of Points:88}5
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Water XXXIV P8 variation with time
pl pz p3 p4 pS po p7 p
mean T.00 .628236( 0.590074| 0.580153( 0.557669| 0.168895[ 0.138554| 0.092145|
median T.00542] 0.62858[ 0.59022] 0.58013[ 0.53774[ 0.16896| 0.13853] 0.09229]
mode T.00643| 0.63062| 0.5898T[ 0.57767] 0.56061| 0.16937 0.13812] 0.0927
standard deviation 0.004379( 0.006885| 0.005474| 0.005225 0.005165] 0.003897] 0.003706| 0.000842]
variance T92E-05| 4.74E-05] 3E-05[ 2.73E-05[ 2.67E-05| T.532E-05[ 1.37E-05] 7.09E-
skew 0.094647[ -0.06044( -0.01237] 0.042635[ 0.026285[ 0.054626] 0.012602| 0.024987|
Kurtosis -0.12839( -0.05887( - 20.2573T[ -0.29769 -0.29419 -0.31855| 0.891787

Water XXXV Pressure Readings and Statistical Da

ta



Short Swirly-flo Pipe
Run: Water 20
Volumetric Flow: 0.868 I/s

Number of Data Points: 1446
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Water XXXVIII P8 variation with time
pI p2 p3 p4 pS p6 p7 p8
mean 0.490979( 0.504514| 0.503616| 0.4865% 0.48117, 0.119269] 0. 0.088461
mode 0.4908| 0.50378[ 0.50368| 0.48623] 0.48123[ 0.11925] 0.09434] 0.08843
modal 0.4908 0.50378| 0.50368| 0.48623| 0.48123] 0.11923[ 0.09434| 0.08843
standard deviatio | 0.002321( 0.000944| 0.000729] 0.00079] 0.000907[ 0.000773| 0.000739] 0.000157
variance 330F-06] 8.9E-07| 5.31E-07[ 6.25E-07| 8.22E-07 5.97F-07] 5.46E-07| 2.45E-08]
skew 20.07019] 0.914786| -0.9472( -0.99046| -0.4317 - —1.18944( 6.912738
Kurtosis 20.96783] 0.261036] 1T.41329( 17.99668] 8.5707741 19.80424] 73.48142
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Water XXXIX Pressure Reading and Statistical Reasults



Short Swirly-flo Pipe

Run: Water 25

Volumetric Flow: 1.27 Us
Number of Data Points: 1215
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‘Water XXXXII P8 variation with time
pl p2 p3 pd pS p6 p7 p
mean 0327623 0.517853( 0.51388T[ 0.493065| 0.487945| 0.123055] 0.098488] 0.09003T|
mode 032762 0.51851[ 051432 0.49277 0.48778] 0.12355] 0.09843[ 0.09000]|
median 0.52 0.318T[ 051412 0.4 0.48778[ 0.12396 0.09833] 0.09006
standard deviation B 06E-05[ 0.001 143 0.001094] 0.00TT92[ 0.00T088[ 0.000885 [ 0.000842[ 0.000116]|
variance 2.56E-09] I.3TE-06| T.2E-06| I.42E-06 T1.ISE-06| 7.8aF-07 7.09E-07| 1.36E-08
skew 2007479 -0.5T083| -0.31764[ -0.06351| -0.17423[ 0.167302] -0.36973] -5.56407|
Kurtosis A0T.6584| 0.596196] -0.T00535| -0.36851] 0.105306] -0.29464| 0.375493| 45.96873]

Water XXXXIII Pressure readings and Statistical Data



Short Swirly-flo Pipe

Run: Water 30

Volumetric Flow: 1.68 /s
Number of Data Points: 1292
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Water XXXXVI P8 variation with time
pl p2 p3 pd p5 poé p7 p8
mean 5 0.526836| 0.51917 0.493616| 0.488333] 0.12178T1 0.095747| 0.08247
mode 03767 0.52731 0.52087[ 0.49605[ 0.49003( 0.12257 0.09833 0.08515
median R —0.52751| 0.52005] 0.49461| 0.4894T[ 0.12293] 0.097] 0.08372]
standard deviation | 0.0023489] 0.00319Z[ 0.00335[ 0.003513] 0.003632 0.0036891 0.003729( 0.003777
variance 6.2E-06| 1. -05] T.12ZE-05] T.23E-05| 1.32E-05| 1.36F-05] T.39E-05] 1.43E-05
skew “T.13583| -1.28286( -1.53327| -1.55338[ -1.60049] -1, -1.72412 -1.98872
Kurtosis 0.3436378] 0.837963| 1.123033 SU7| 1.122072] 1.3327 T.197468| 1. -

Water XXXXVII Pressure Readings and Statistical Data



Short Swirly-flo Pipe
Run: Water 35
Volumetric Flow: 2.069 I/s

Number of Data P97i1717t7s:714778 -
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Water L. P8 variation with time

pl p2 p3 p4 p5 pé p7 P8

mean R 0.538443| 0.526745] 0.495912( 0.490514( 0.120997] 0. 0.076002]
mode 0.62582] 0.533813] 0.52762| 0.49625| 0.49105 0.12191 0.09515] 0.07333]
median 0.62582( 0.53836] 0.5268| 0.49605| 0.49064] 0.12109( 0.09454| 0.07636
standard deviatio | 0.000234( 0.002279| 0.002133] 0.002223] 0.002282( 0.002116] 0.002T02[ 0.001717
variance 3.46E-08] 5.2FE-06| 4.55E-06 4.94F-06 5.2TE-06] 4.48F-06| 4.42E-06] 2.95E-06
skew 3.795627) 0.053932( -0.2TTTT[ -0.20618 -0.1852[ -0.33923[ -0.28674| -1.068T1
Kurtosis 78.37206| 0.285441 3| 0.288818[ 0.25148[ 0.344684] 0. 1719579

Water LI Pressure Readings and Statistical Data



Short Swirly-flo Pipe

Run: Water 40

Volumetric Flow: 2.386 /s
Number of Data Points:1756
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Water LIV P8 variation with time
pl p2 p3 pd p3 p6 p7T P8
mean 0.688877 0.5355697 0.54024[ 0.504607] 0.499133[ 0.126773] 0.099062| 0.076554
mode 0.687Z[ 0.55718] 0.54133| 0.30587| 0.50046] 0.12907 0.10088] 0.0786T|
median 068933 0.35595( 0.5405T[ 0.50484( 0.49944 0.12723] 0.1 0.0784
standard deviatio | 0.001674| 0.003283( 0.003323( 0.003448( 0.003429] 0.003206 0.003206] 0.00292]
variance 2.8F-06| 1.08E-05 I.TE-05| I.T9E-05| T.TSE-05] T.03F-05] 1.03F-05| 8.53E-06
skew 0.0822| -0.23895| -0.24938( -0.25671| -0.28343] -0. 036736 0.
Kurfosis -0.84517[ -0.26445| -0.34631| -0.39678[ -0.43047] -0. -0. -1.33442

Water LV Pressure readings and Statistical Data



Short Swirly-flo Pipe

Run: Water 45

Volumetric Flow: 2.74 I/s
Nuplpgr gf Data Points: 1844
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pl pl p3 p4 pS pé p7 p8
mean 0.739381( 0.5374923 0.555249| 0.513444] 0.507595[ 0.131830( 0.104678] 0.07>
mode : 0.57416| 0.55483] 0.51446| 0.3066] 0.131533[ 0.T0518[ 0.07533]
median 0.75982( 057498 0.55524( 0.51334 0.50762 013173 0.10457] 0.07553]
standard deviatio | 0.001467] 0.003446[ 0.003266] 0.003294] 0003142 0.00261T] 0.002551| 0.000569
variance 7.15E-06| T.T9E-05[ T.07E-05] T.08F-03 O.87E-06| 6.82E-06| 6.51E-06] 3.23E-07
skew 0.048047| 0.029774] 0.033353] 004531710 173575 0. 5[ 2.402207
Kurt 0.2 T86778[ 0271862 0230184 0.438445| 0.330217] 1376572

Water LIX Pressure readings and Statistical Data



Short Swirly-flo Pipe

Run: Water 50

Volumetric Flow: 3.073 l/s
Number of Data Points: 1483
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mean 0.836518[0.5397872] 0.573315 0.525989( 0.519839] 0.140677| 0.113316[ 0.078597]
mode 0.83654| 0.59625| 0.5722Z| 0.52653( 0.51949[ 0.14114 0.11357[ 0.0786T|
median 0.83654] 0.5 0.57324] 0.5259T  0.5199 0.14073] 0.11336]
standard deviatio | 0.00178T[ 0.00428] 0.003958 0.00402( 0.00401] 0.003272 0.003197| 0.000475
variance I17E-06| 1.83E-05| T.37E-05] 1.62E-05| 1.6TE-03| 3 T.

skew “0.16323[ -0.0067T| 0.097829| 0.065451| 0.10254] 0.082346| 0.070913

Kurtosis 0.173123 0.208488[ 0.350338] 0.13389] 0225

Water LXIII Pressure Readings and Statistical Data



Short Swirly-flo Pipe

Run: Water 55

Volumetric Flow: 3.33 I/s
Number of Data Points: 580
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Water LXVI P8 variation with time
pl p2 p3 pd ps pé 7 P8
mean 0.907225 0.620003| 0.590472| 0.537618| 0.531494] 0.1 0. 121431[ 0.081619|
mode 0.0 0.62121 0.589( 0.53839| 0.52869 0.14789] 0.12236] 0.08188
median 000713 0.6204] 0.59043] 0.3 053156 0.14912 0.12155] 0.08188|
standard deviatio| 0.00T73] 0.005TT1[ 0.004857[ 0.005037[ 0.004955] 0.004000] 0.003936] 0.000684
variance 3.09F-06] 2.6TE-05| 2.36E-05[ 2.54E-05] 2.46E-05] 1.6TE-03| 1.55E-05| 4.68E-07|
skew 027662 -0.1946| -0.02182[ -0.06444| -0.03806[ -0.04021| -0.05307| -0.85071
Kurtosis - -0.2T3T| -0.04318[ - 2| -0.11061[ -0.09687 -0.08] 2.29841T]

Water LXVII Pressure Readings and Statistical Data



Medium Swirly-flo Pipe

Run: Water20

Volumetric Flow: 0.881 I/s
Number of Data Points: 1194
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pl p2 p3 pd p5 po p7 p8
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standard deviatio | 0.001748[ 0.001056| 0.000681[ 0.000778[ 0.000905 0.000815] 0.000804] 0.00016
variance 3.06E-06| 1.12E-06] 4.64E-07[ 6.06E-07] 8.19E-07] 6.65E-07] 6.46E-07| 2.57E-08|
skew -1.0343[ -0.07756| -0.68508| -0.3978| -0.08621| -0.73006| -1.13001[ -0.825
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Water LXXI Pressure Results and Statistical Data



Medium Swirly-flo Pipe

Run: Water25

Volumetric Flow: 1.28 I/s
Number of Data Points: 1830
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mode 032762 0.51851 0.51432( 0.49277 0.48778 0.12355] 0.09843[ 0.09000
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skew 69328871 0.243773| -0.10034[ -0.00235 -0. 133781 0.135739[ -0. 3 -2.12513
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Water LXXV Pressure Results and Statistical Data



Medium Swirly-flo Pipe
Run: Water 30
Volumetric Flow: 1.69 /s

Number of Data Points: 1994
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Water LXXIX Pressure Results and Statistical Data



Medium Swirly-flo Pipe
Run: Water 35

Volumetric Flow: 2.038 I/s
Number of Data Points: 1858
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Water LXXXIII Pressure Readings and Statistical Data



Medium Swirly-flo Pipe

Run: Water 40

Volumetric Flow: 2.372 l/s
‘Number of Data Points: 1727
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Water LXXXVII Pressure Results and Statistical Data



Medium Swirly-flo Pipe
Run: Water 45
Volumetric Flow: 2.75 /s

Nurqbe; of Data Points: 262 )
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Water XCI Pressure Results and Statistical Data



Medium Swirly-flo Pipe
Run: Water 50

Volumetric Flow: 3.078 I/s
Number of Data Points: 1890
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Water XCV Pressure Results and Statistical Data



Medium Swirly-flo Pipe
Run: Water 55

Volumetric Flow: 3.72 I/s
Number of Data Points: 808
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Water XCIX Pressure Results and Statistical Data



Medium Swirly-flo Pipe
Run: Water 60

Volumetric Flow: 3.709 I/s
Number of Data Points: 295
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Water CIII Pressure Results and Statistical Data



Long Swirly-flo Pipe

Run: Water 20

Volumetric Flow: 0.852 l/s
Number of Data Points: 2798
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Water CVII Pressure Results and Statistical Data



Long Swirly-flo
Run: Water 25

Pipe

Volumetric Flow: 1.26 I/s
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Water CXI Pressure Results and Statistical Data



Long Swirly-flo Pipe

Run: Water 30

Volumetric Flow: 1.664 l/s
Number of Data Points: 1805
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Water CXV Pressure Results and Statistical Data



Long Swirly-flo Pipe

Run: Water 35

Volumetric Flow: 2.031 I/s
Number of Data Points: 1936
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Water CXIX Pressure Results and Statistical Data



Long Swirly-flo Pipe

Run: Water 40

Volumetric Flow: 2.353 /s
Number of Data Points: 2439
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Water CXXIII Pressure Results and Statistical Data



Long Swirly-flo Pipe

Run: Water 45

Volumetric Flow: 2.692 /s
Number of Data Points: 1763
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Water CXXVII Pressure Results and Statistical Data



Long Swirly-flo Pipe
Run: Water 50
Volumetric Flow: 2.958 I/s
Number of Data Points: 1806
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variance I21E-06] 1.89E-05| 1.35E-05 T.5TE-05[ T.31F-05] T.0TE-05] 9.73E-06] 2.47E-07|
skew 07564| 0.024502( 0.008056| -0.01196( 0.044989] 0.020383] 0.006086| -0.91468
Kurtosis 0.133629] 0.0T7022] 0.070586] -0.03575| <0.00202| - 0.00506] 1.67423

Water CXXXI Pressure Results and Statistical Data



Long Swirly-flo Pipe

Run: Water 55

Volumetric Flow: 3.303 I/s

‘Nlrlinrbei of Data Points: 842

l

1
0.55 f
1 £ 0.54 |
8053 |
& 052 |
‘ 0.51 |
‘ 1000
r I
Water CXXXII P4 variation with time
e R e e
( 0.17 —— |
= 0.16 | i 3
8 o5 ‘
S ' |
| B 0.14 ‘
' 0.13 |
1000 f
|
| S |
Water CXXXIII P6 variqtiqq Vwith iime
|
| 0.084 ‘ |
0.083 e T
g 0.082 L L |
0.081 livia | “W
008 01w |
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Water CXXXIV P8 variation with time |
pl pZ p3 p4 pS po p7 p
mean 0. 0.612677] 0.584861| 0.5332134| 0.32892( 0.147825] 0.119253[ 0.081696]
mode 0.89801| 0.61569| 0.5851T| 0.53205] 0.3289| 0.13055 0.1177] 0.08188]
median i —0.61262 0.5851T] 0.53226] 0.5289( 0.13779 0.11914[ 0.08188]
standard deviatio | 0. 0.005115| 0.004764| 0.004694| 0.004764| 0.003865] 0.00382[ 0.000564
variance 373F-06( 2.62E-05| 2.27E-05| 2.2E-05| 2.27E-05] 1.39F-05| T1.46F-05| 3.18E-07
skew K —-0.00187[ -0. 1| -0.0016[ -0.01363] -0.0225| -0.00502| -1.4619
Kurtosis 0.011235| -0.20612 -0.09294] 0.046317 -0.1T0TT| -0.020a1| -0.03715| 5.185571

Water CXXXV Pressure Results and Statistical Data



Long Swirly-flo Pipe

Run: Water 60

Volumetric Flow: 3.583 l/s
Number of Data Points: 410
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| 0082 | L | |
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lWater CXXXVIII P8 variation with time

pl p2 p3 p pS po p7 ps
mean ; 0.636528( 0.603533[ 0.54491( 0.531901[ 0.1573T4[ 0.128516| 0.085105
mode 097882 0.64106| 0.60332( 0.54781| 0.54342  0.15371] 0.12875 0.08515]
median 0.97882( 0.63635| 0.60352[ 0.545045 0.54219]  0.1373 0.12875 0.08515]
standard deviatio | 0.002493[ 0.005922( 0.005414| 0.005469] 0.005393] 0.004361] 0.004377] 0.000747
variance GITE-06| 3.531E-05( 2.93E-05] 2.99E-05] 2.9TE-05[ T.99F-05] T.92F-05[ 3.39E-07|
skew 0.23298( 0.248387( 0.051294| 0.038315| -0.06103| -0.00856| -0.04693| 0.466444
Kurtosis = T0.1653382| 0.0147T7[ -0.05066] -0.06901| -0.05205] -0.07623[ 3.263099

Water CXXXIX Pressure Results and Statistical Data



Standard Pipe Arrangement
Run: 2kgstd20
Volumetric Flow: 0.952 I/s
Mass Flow: 0.976 Kg/s
Number of Data Points: 2530
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“ Time /s f
x S .i
IIT P8 variation with time
pl p2 p3 pd pS po p7 p8
mean 0.4993 7T 0.51T738] 0.507296( 0.504771| 0.48825] 0.123353] 0.095452| 0.089944]
median 0.39007] 0.51T76| 0.30757] 0.50484| 0.48818] 0.123T4[ 0.09536| 0.08943]
mode 0. 0.51033| 0.50778| 0.505387( 0.48778 0.12252 0.00515| 0.08943]
standard deviation | 0.000755| 0.001603] 0. 0.00162| 0.00156( 0.001072[ 0.001186] 0.
variance 3GOE-07 2.57E-06| 2.57E-06| 2.63F-06| 2.43F-06| 1.13F-06] T.4TE-06| 4.92E-07
skew 3126792 -0.16589( -0.29304] -0.19502| -0.20230| 0.229389] - 770316
Kurtosis T1.24855( -0.12822| 0.069468| -0.12998[ 0.092289| 0.939136| 0.81883

IV Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: 2kgstd25
Volumetric Flow: 1.385 /s

Mass Flow: 1.415 Kg/s
Nmﬁnﬁber of Data Points: 2086 -
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VII P8 variation with time

pl p2 p3 pd pS po p7 p
mean 0.53988( 0.524057[ 0. 051377 0.496103[ 0.128255[ 0.100279( 0.09T09T]|
median —0.53999 0.52424] 0.51698 0.51384] 0.49616] 0.12825] 0.10027[ 0.09106|
mode 033999 0.52506] 0.51739 0.51384( 0.49637] 0.12907] 0.10006] 0.09T06]
standard deviation | 0. ~0.001534( 0.001625] 0.001664| 0.001595[ 0.001273 0.001207| 0.000166|
variance 2.56E- 35E-06 2.64E-06| 2.77E-06| 2.54E-06] T.62E-06| T.46E-06| 2.76E-08
skew 437322 -0.07076] 0.130036] 0.053006] 0.073564] 0.041398] 0.1T1861| 5.489836]
Kurtosis 3577456 0.437435] 0.010563] -0.16678 0.04957T[ -0.0144T| 0.126073[ 41.88804

VIII Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: 2kgstd30

Volumetric Flow: 1.824 /s
Mass Flow: 1.866 Kg/s
rNumber of Data Points:3332
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XI P8 variation with time

pl p2 p3 pd pS pé p7 P

mean 0.38075] 0.520224| 0.50877( 0.504197( 0.485673| 0.114625[ 0.08% 0.0718
median 0.38001T 0.52015[  0.5088[ 0.50402| 0.48552| 0.11435] 0.08% 0.07142
mode 0.38001 0.51994 0.509( 0.5032T[ 0.4853Z] 0.11414] 0.08% 0.07142
standard deviation 0.002377] 0.00242 0.002334[ 0.002322] 0. 0.00214T| 0.00207] 0. 5
variance 6.T4E-06] 5. 5.5E-06| 5.39E-06| 5.66F-06| 4.58E-06] 4.29E-06| 1.73E-

skew -0.0085[ 0.867121| T.022399| T.T45852| 1.093351( T.603851( 1. 9.517022
Kurtosis 0. 4894877 5.580246| 5.190259( 9.331928] 11.62575| 103.106

XII Pressure Readings and Statistical Data




Standard Pipe Arrangement

Run: 2kgstd35

Volumetric Flow: 2.216 /s
Mass Flow: 2.273 Kg/s

N yglkgr of Dati Points: 2681
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XV P8 variation with time
pl p2 p3 pd pS po6 p7 p8
mean 0.638773] 0.535972| 0.521107 0.51567| 0.496483] 0.122752( 0.093354| 0.07481T]
median 7 — 0.5359] 0.52107] 0.51569| 0.39637 0.12273[ 0.09331 0.0737
mode 0.638T9[ 0.5359 0.52189] 0.51548[ 0.49596( 0.12293[ 0.09352 0.0747
standard deviation | 0.002082[ 0.003077[ 0.002554| 0.002454| 0.002386] 0.00T817] 0.001794| 0.000835]
variance 4.34E-06] 9.47E-06| 6.52E-06] 6.02E-06| 5.69E-06| 3.3E-06[ 3.22E-06| 6.97E-07
skew R 0.TOT29T| 0.005828[ -0.03193| -0.0014T[ -0.041T7] 0.001448[ -0.07288]
Kurtosis 0.930848| -0.06463| -0.1T733[ -0.07498] -0.03774| 0.116894 0.000296| -0.64537

XVI Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: 2kgstd40

Volumetric Flow:2.566 /s
Mass Flow: 2.637 Kg/s
Number of Data Points:2389
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XIX P8 variation with time

pl p2 p3 pd pS po p7 p
mean 0699675 0.552294| 0.533315[ 0.527067| 0.507284[ 0.130633] 0.100933| 0.077652|
median 69936 0.55227| 0.53335] 0.52714( 0.50721[ 0.1303[ 0. 0.07777
mode 0.69956| 0.55247 0.53478] 0.52735 0.50782] 0.13001[ 0.10027] 0.07797
standard deviation 0002561 0.00358] 0.002964] 0.002817 0.002733| 0.002084 0.001988[ 0.000625]
variance 6.36F-06] T1.28E-05| 8.78E-06| 7.93E-06] 7.47TE-06] 4.33E-06| 3.95E-06] 3.9TE-07]
skew 025902 0.085225| 0.112202] 0.028783 0.04611] 0.103036| 0.058178| -0.19576
Kurtosis 0.16277] -0.18896| -0.189T2[ -0.13527] -0.0579T 0.063556 0.169185[ 0.12908]

XX Pressure Readings and Statistical Data



Standard Pipe Arrangement

Run: 2kgstd45

Volumetric Flow: 2.941 /s
Mass Flow: 3.021 Kg/s
‘Number of Data Points:2689
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XXIII P8 variation with time
pl p2 p3 p4 pS poé p7 p8
mean 0.774232[ 0.571996] 0.5 0.541079( 0.520782[ 0.130591( 0.1T0542| 0.08T517
median 077324 0.57191 0.54849( 0.54105] 0.52071 0.13053 0.17T05] 0.08165
mode B 0.57252] 0.54808| 0.53024 0.52276| 0.14032 O.1T09T| 0.08288
standard deviation | 0.002763] 0.004528] 0.003665( 0.003431 0.003389"“0253] 0.002374] 0.
variance 7.63E-06( 2.05E-05 1.34E-05| I.18E-05( I.13F-05 6.4F-06| 6.12E-06| I.04E-06]
skew 0.01526] 0.199227 0.157546| 0.159904| 0.147169] 0.133883[ 0.089967| -
Kurtosis 3T1326( 0.081946] -0.02369 -0.02928[ -0.00458] -0.02058| -0.02765 -0.95T06

XXIV Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: 2kgstd50

Volumetric Flow: 3.324 I/s
Mass Flow: 3.339 Kg/s
’Number of Data Points:2829
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XXVII P8 variation with time

pl p2

mean 0.849923] 0.59080T]

median —0.8489T 0.39073]

mode 0.83891| 0.59032]

standard deviation | 0. 0.005318]

variance 3.T9E-05[ 2.83E-05]

skew 0.277339] -0.03114| -0. R -0.0T355( 0. X g
Kurtosis 0.3552T] -0.06806| -0.07783] -0.16957 -0.16852| -0.11306 -0.12289[ -0.42919|

XXVIII Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: 2kgstd55

Volumetric Flow: 3.523 l/s
Mass Flow: 3.64 Kg/s
Number of Data Points:1235
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XXXI P8 variation with time

pl p2 p3 p4 p3 po p7 p

mean 0.IT7T76[ 0.607498] 0.575315[ 0.566122] 0.544835] 0.158262[ 0.1281T3[ 0.0883

median 091735 0.60751 0.57529[ 0.56622| 0.54485 0.15812 0.12809] 0.0888T]
mode 0.91837[ 0.60648] 0.57437[ 0.56663| 0.54506] 0.138T2] 0.12768| 0.08943]
standard deviation | 0.003361[ 0.006279( 0.004727[ 0.004433 0.004338 0.003T98] 0.00317T| 0.001054|
variance T.9E-05] 3.94E-05| 2.23E-05| 1.97E-05| 1.88E-05| T.02F-05] T.0TE-05| I.TTE-06
skew ~0.03718[ -0.0350T[ -0.0333[ -0.10567| -0.08157[ -0.0471] -0.00242| -0.59095|
Kurtosis 023962 [ -0.03836] 0.T62728[ 0214966 0.219578[ U.159144] 0. -0.43988

XXXII Pressure Readings and Statistical Data



Standard Pipe Arrangement

Run: 2kgstd60

Volumetric Flow: 3.76 /s

Mass Flow: 3.90

Numt{ej' qf Da!a
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Points:6r91”
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XXXIV P6 variation with time
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XXXV P8 variation with time

pl p2 p3 p4 psS po p7 p
mean 0.9991777 0.628681| 0.59T019| 0.580638| 0.558701[ 0.168514] 0.137976| 0.092187]
median 0.99928[ 0.62858] 0.59063| 0.58033] 0.55836 0.16835 0.13791[ 0.09229
mode 0.99928 0.62981| 0.59002| 0.57808| 0.55836| 0.168153] 0.13934 0.0927|
standard deviation | 0.004851 0.007259( 0.005652 0.005379 0.005279( 0.003916] 0.003723] 0.000923]
variance 2.35E-05] 5.27E-05| 3.19E-05| 2.89E-05| 2.79E-05] 1.53F-05] T.39E-05] 8.36E-07
skew -0.05231( 0.08272T[ 0.073002 0.077337 0. 34[0.065443] 0.049255| 0.210137
Kurtosis S0.13798] 0.425328( 0.285365 0297152 0.550406] 0.528863( 0.939915

XXXVI Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: 4kgstd20

Volumetric Flow: 0.888 I/s
Mass Flow: 0.916 Kg/s
Number of Data Points:3192
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XXXIX PS8 variation with time

pl p2 p3 pd pS po p7 p

mean 0.301306( 0.514076| 0.508603( 0.50558] 0. 810.123602 0.097075| 0.090215|
median 0.30112[ 0.51401| 0.50850( 0.30566| 0.48921[ 0.12457 0.097Z 0.089849
mode 0. 0.5136 0.50778] 0.503 0.48778 0.12252 0.09843| 0.08943]
standard deviation | 0.002126( 0.002166( 0.002398] 0.002605] 0.002485| 0.001695| 0.001796| 0.00T059
variance 4.52E-06| 4.69E-06| 6.75E-06] 6.79E-06| 6.17E-06| 2.87F-06] 3.23F-06| I.12E-
skew 0.776346] -0. -0.23794] -0.02707| 0.022655| 0.123028| -0.25128[ 0.605598
Kurtosis 015728 2.324992 0.502053] 3[0.066416] 001821 -0.1854] 1.5

XXXX Pressure Readings and Statistical Data



Standard Pipe Arrangement

Run: 4kgstd25

Volumetric Flow:1.312 I/s
Mass Flow: 1.349 Kg/s
N q@bg( (ﬂ)ata Points: 2854
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XXXXIII P8 variation with time
pl p2 pJ pd pS pé p7 P

mean 0.330718 0.532795] 0.522563| 0.518243 0.50149| 0.132728[ 0.103851 0.091976|
median 0.53 53263 0.52231 0.518T4[ 0.50148[ 0.13275 0.10395 0.09209
mode 03 0.53161[ 0.5223 0.51793] 0.50087 0.13234| 0.10497[ 0.0927
standard deviation | 0.001072[ 0.001763| 0.002114( 0.002083( 0.002068[ 0.00T8TT[0.00179| 0.000838]
variance T.T5E-06] 3. 6| 4.47TE-06] 4.34E-06| 4.28F-06| 3.28E-06 3.2E-06( 7.02E-
skew T.871092| -0.04846| 0.064693] -0.18646| -0.01605| 0. 20.31656| 0.317892]
Kurtfosis 4526125 1567 1.283266] 1.603637| 1.266936| 1.530085( 1.835422| 1.012649Y|

XXXXIV Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: 4kgstd30
Volumetric Flow: 1.766 /s

Mass Flow: 1.809 Kg/s
Number of Data Points: 2199
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XXXXVII P8 variation with time
pl p2 p3 p4 pS p6 7 p
mean 0.389484] 0.546701| 0.5333T[ 0.528344[ 0.51037] 0.138066| 0.109356 0.09274T]|
median 03 0.54674| 0.53335 0.52837[ 0.51028[ 0.13807[ 0.10927| 0.0927
mode 0.3 0.53654| 0.53335[ 0.52837] 051069 0.13787 0.1 0.0927
standard deviation | 0.000763] 0.00209( 0.002036| 0.002031( 0.002053| 0.001789( 0. 000175
variance 582E 3.3TE-06] 4.15E-06| 4.13E-06| 4.2TE-06| 3.2F-06] 3.19E-06| 3.05E-08
skew T.948573] -0.00738| 0.069251| -0.00876| 0.068146] 0.04T032[ 0.015413| 4.424019]
Kurtosis 3.485922( 0.234985[ 0.0440TT| 0.070684| -0.00037] -0.08766| -0.14906| 49.86235

XXXXVIII Pressure Readings and Statistical Data



Standard Pipe Arrangement

Run: 4kgstd35

Volumetric Flow: 2.159 I/s

Mass Flow: 2.246 Kg/s

Num!)er of Dati Points:373i44 7
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pl p2 p3 pd pS po p7 p

mean 0.640796] 0.544255| 0.527098] 0.520686| 0.501964| 0.126008| 0.096625| 0.075857
median 0.64023[ 0.54429| 0.3272T| z 0.5021 0.126 0.09639| 0.07613]
mode 0.63023[ 0.54429[ 0.53273%] 0.5208] 0.50169] 0.12621] 0. 0.07633
standard deviation 0.00231| 0.003014| 0.00242Z| 0.00235| 0.002329( 0.0017732[ 0.001725| 0.0005
variance 3.33E-06| 9.09E-06| 3.87E-06| 5.52F-06| 5.42F-06 IE-061 297E-06| 3.15E-07
skew 0.441027| -0.06889[ -0.07376| -0.01T51| -0.03894| -0.03109| -0.06241| -1.21846
Kurtosis 0.319516( -0.06133] 0.057711( 0.019937 -0. —-0.04569 -0.15726] 0.

LII Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: 4kgstd40

Volumetric Flow: 2.547 l/s
Mass Flow: 2.638 Kg/s
Number of Data Points:2196
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LV P8 variation with time

pl p2 p3 p4 pS p6 p7 p
mean 0.701293] 0.559669( 0. B3194[ 0512565 0.1 0.104053[ 0.078662
median 0.70T61[ 0.5% 0.53928[ 0.53185 0.51253] 0.13398] 0.10416[ 0.07858]
mode 070161 0.53861| 0.53969| 0.53205 0.51273] 0.13398 0.10457| 0.07797,
standard deviation | 0.0023T3[ 0.003548] 0.003024 0.002786| 0.002803 0.002TTT| 0,002045[ 0.00062]
variance 6.3TE-06| 1.26E-05| 9.15E-06( 7.76E-06| 7.86E-06| 4.46F-06| 4.18F-06| 3.84E-07
skew Z0.12776] 0.088388[ 0. 5[ 0.056148[ 0.07651T| 0.016162] 0.095517[ 0.019982]
Kurtosis 0.105413 56| 0.164329 0.048292[ 0.02TT4T1[ 0. -1.02214

LVI Pressure Readings and Statistical Data
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LVIL P4 variation with time

Standard Pipe Arrangement

Run: 4kgstd45

Volumetric Flow: 2.912 I/s
Mass Flow: 3.013 Kg/s
Numberrofi Data Pqi2t§:217174h
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LIX P8 variation with time

pl p2 p3 pd p5 po p7 p8

mean 077531 0.578813( 0.554372| 0.54581| 0.525893 0.143498[ 0.113401] 0. z
median 0.77526] 0.57866] 0.55342| 0.54576| 0.32583( 0. 0.11336| 0.08288]
mode 0.77526[ 0. .55 0.53576] 0.52603  0.1436| 0.11336| 0.08288]
standard deviation | 0.002651| 0.004396| 0.003628( 0.003442| 0.003396 0.002541] 0.002356| 0.000533
variance TO03E-06[ T.93E-05| T.32E-05| T.T9E-05| T.T3E-05| 6.46E-06] 6.03E-06| 2.84E-

skew 0.024263| 0.158449( 0.075877[ 0.130719[ 0.136673 o.mmmmm‘
Kurtosis 02747 0.164023[ 0.023722[ 0.101223] 0.112812[ 0.167814[ 0.254673| 6.984059

LX Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: 4kgstd50

Volumetric Flow: 3.22 Us
Mass Flow: 3.316 Kg/s
Number of Data Points:2877
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LXIII P8 variation with time
pl p2 p3 pd pS p6 p7 p8 |
mean 0.846137( 0. 0.56752 0.55834] 0.337879( 0.152232[ 0.121891] 0.08607T]
median 0.8448Z( 0.59605| 0.56751 0.55844] 0.5379] 0.1% 0.12195] 0.08615]
mode 0.83277] 0.59584| 0.56792| 0.55885| 0.53831[ 0.15239| 0.12236| 0.08615
standard deviation | 0.006363| 0. 0.004T0T| 0.003978| 0.003858| 0.002839| 0.002814[ 0.000758]
variance F.05E-05| 2.89E-05| 1.68E-05| 1.38F-05| 1.49F-05| 8.06F-06| 7.92E-06| 5.74E-0
skew 0.660032] 0. 0. T2T088[ 0.079827( 0.0782345] 0.095152| 0.108648| 0.196155
Kurtosis 006736 0.04638Z| -0.07473| -0.13376[ -0.13284|  -0.075] -0.11526] 2.6469TT|

LXIV Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: 4kgstd55

Volumetric Flow: 3.45 ls
Mass Flow: 3.571 Kg/s
Number of Data Points:2344
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LXVII P8 variation with time
pl p2 p3 p4 ps p6 p7 ps
mean 0.9T6308[ 0.613726| 0.580433] 0.570383] 0.549349( 0. 0. 130328] 0.089475
median 09154 0.6134d] 0.5804] 0.57051] 0.53936| 0.16078[ 0.13034[ 0.08943]
mode 0.9TT3T[ 0.61283] 0.58163| 057774 0.53058]  0.1614[ 0.13096| 0.08943
standard deviation 0.00846] 0.006289| 0.004885( 0.004552| 0.004455( 0.003329] 0,003228[ 0.000912]
variance 7.16E-05| 3.95E-05( 2.39E-05 2.07E-05] T.98F-05[ I.ITE-05| 1.04E-05] 8.3TE-07|
skew 0.487487| 0.042085] 0.016265| -0.01637[ 0.003T48] -0.00959( -0.05582 -0.45607|
Kurtosis T0.52658] -0.15673] -0.T1925| 0.00368[ 0.004481| 0.018352[ 0. 1494557

LXVIII Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: 4kgstd60

Volumetric Flow:3.751 Us
Mass Flow: 3.903 Kg/s
Number of Data Points:1097
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LXXI P8 variation with time
pl p2 p3 pd pS po p7 p
mean 0.99493T[ 0.63323| 0.595094| 0.584002| 0.562435[ 0.770394  0.1396 0.092987
median U.99519] 0.63308| 0.59493] 0.58402] 0.56245] 0.17019] 0.13955 0.0927|
mode 0.994T6| 0.63308[ 0.59472] 0.58218] 0.56286] 0.16978] 0.13955 0.0927
standard deviation 0.00433[ 0. 5| 0.005527 0.005235| 0.00516( 0.003852( 0.003661| 0.001T08]|
variance T.87E-05| 5.T6E-05[ 3.05E-05[ 2.74F-05 2.66E-05] T.48F-05] T.34F-05| 1.23E-06
skew 0.006835[ 0.0899T7| 0.039592( 0.043701T| 0.038888| 0.091598] 0.050564| 0.721255
Kurtosis 0.1 201336 0.04T69[ -0.07049( - 010262 -0.1485T

LXXII Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: 6kgstd20
Volumetric Flow:0.827 /s
Mass Flow: 0.849 Kg/s
Number of Data Points:2088
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LXXV P8 variation with time
pl p2 p3 pd pS p6 p7 p
mean 0.305758( 0.522798| 0.514346| 0.510244| 0.494233( 0.128372( 0.099336| 0.09TT64]
median 050726 0.52301( 0.51422[ 0.50965] 0. T/ 012784 0.09863| 0.09086]
mode 030726 0.52506] 0.51T05] 0.51078] 0.49T05[ 0.12907] 0.09515] 0.08943
standard deviation 0.002554| 0.003869] 0.005805( 0.005644| 0.005434( 0.00465| 0.004726| 0.002T63]
variance 6.52E-06 I.5E-05] 3.37E-05] 3.T9E-05| 2.95E-053 2.16E-05| 2.23E-05] 4.68E-006
skew “1.28925| -0.28419] 0.179568| 0.300289] 0.228943] 0623314 0730939 1.547041
Kurtosis 0.972382| -0.0137T| -0.3987T| -0.55465] -0.54135] -0.06463| 0.137318] 2.81444
LXXVI Pressure Readings and Statistical Data



Standard Pipe Arrangement

Run: 6kgstd25

Volumetric Flow:1.244 l/s
Mass Flow: 1.293 Kg/s

Numlﬂ' pf Data Points:727497677
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LXXX P8 variation with time
pl pZ p3 pd psS po p7 P8
mean 0.5345152( 0.54113[ 0.527927( 0.522614| 0.505712] 0.136188[ 0.107506| 0.09256
median 03451 0.53122 0.52803( 0.52264| 0.50578] 0.13623 0.10763[ 0.0927
mode 0.348T7] 0.53813 0.52823] 0.32387] 0.50414] 0.13562[ 0.10825 0.0927
standard deviation mmmmmmmm
variance 7.07E-06| 5.78E-06| 8.73E-06] 9.13E-06] 8.61E-06] 6.95F-06] 7.22E-06| 1.9E-06]
skew S0.13979] -0.1T769| 0. 11175 0.017909| -0.06887] -0.12789| -0.1T085| 1.20002
Kurtosis -0.08657[ 0.333729] 0.10379] 0.133817] -0. -0.2773%| 1.743485

LXXXI Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: 6kgstd30

Volumetric Flow: 1.743 I/s
Mass Flow: 1.814 Kg/s

Numbgr ",f,ll‘?t,a Points:2284
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pT pZ p3 pd p5 pé p7 p8
mean : 0.556015( 0.539905[ 0.533518[ 0.51571[ 0.142261[ 0.113265| 0.0935716|
median ~0.59T13] 0.55616| 0.53 0.53348 0.5158[ 0.14216[ 0.11336[ 0.09352]
mode —0.59113[ 0.55718[ 0.54051[ 0.53369 051621 0.14339 0.11398]  0.0927
standard deviation | 0.00T755[ 0.00203( 0.002056 0.002036( 0.002106] 0-00T879] 0.00T826| 0.00063 ]
variance 3.08E-06| 4.12E-06] 4.23E-06| 4.15E-06| 4.43F-06] 3. 3AE-06( 3.
skew 0.732361| -0.01087( -0.10403[ -0.02802[ -0.04107 =0.00762| -0.0315| 0.780332]
Kurtosis 0.394673[ 0.402573 0.13134| 0.043961[ -0.0311T[ 0.044634| I.TT3912

LXXXYV Pressure Readings and Statistical Data




Standard Pipe Arrangement
Run: 6kgstd35

Volumetric Flow: 2.157 I/s
Mass Flow: 2.237 Kg/s
INumber of Data Points:2336
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Time/ s

pl p2 p3 pd pS po6 p7 p8
mean 0.643372Z| 0.55349] 0.333512 0.507417] 0.129838( 0.10007| 0.07632T]
median 0.6433[ 0.5535] 0.53353 0.50742] 0.12989( 0. 0.0763
mode 0.6433] 0.55391| 0.53376 0.50803| 0.12989| 0.09925| 0.07633
standard deviation | 0.002691| 0.00301Z]  0.00264 0.00242T1] 0. 0.001824| 0.000257
variance 7 24E-06| 9.07E-06| 6.97E-06 3.86E-06| 3.38F-06| 3.33E-06| 6.6E-08]
skew 0.169889] -0.03964| -0.09786 011472 -0.00129] -0.04525| -1.40544|
Kurtosis 0.2 0.223788 3 0.565721] 0.2 24.67838

LXXXIX Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: 6kgstd40
Volumetric Flow: 2.527 /s
Mass Flow: 2.636 Kg/s
Number of Data Points:2290
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XCII P8 variation with time
pl p2 p3 p4 pS pé p7 p8
mean 0.703263] 0.568229| 0. 54| 0.537285( 0.517999( 0.137357] 0.107273| 0.079397
median 0.70366| 0.56823| 0.54562 0.53737 0.51805[ 0.13725] 0.1072Z 0.0796T]
mode 0.70366] 0.56925| 0.54583| 0.53839[ 0.5174d| 0.13644] 0.1070Z 0.07961
standard deviation | 0. 0.003472( 0.002992] 0.002803[ 0.002777| 0.002058] 0.00203[ 0.000412]
variance 5.42E-06| 1.2TE-05| 8.95E-06| 7.86E-06| 7.7TE-06[ 4.24F-06] 4.12E-06] 1.7E-07
skew -0.04245( 0.094863] 0.062738[ 0.082126[ 0.050325] 0.053354] 0.033053| -T1.21512
Kurtfosis 0.619569] 0.031134[ -0.01607[ -0.02584| -0.01706] 0.00541] -0.04459| 2.943194

XCIII Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: 6kgstd45
Volumetric Flow:2.91 Kg/s
Mass Flow: 3.03 I/s
Number of Data Points:2
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XCVI P8 variation with time
pl pZ p3 pd PS5 po6 7 p
mean 07777 0.586806] 0.56043] 0531213 0.1368721 0.116475[ 0.
median 0777731 0.58684] 0.56056] 0.55108] 0.33115] 0.14687| 0.11643 0.08329]
mode 077731 0.58746] 0.56076] 0.55128[ 0.53053] 0.13769] 0.1177345] 0.08288
standard deviation | 0.002726 0.004098 0.00333T[ 0.003264] 0.0032T9[ 0002331 0.00235[ 0.000635]
Variance T A3E-06| T.68E-05[ T.TTE-05[ T.07E-035[ T.04F-05| 5.9TE-06| 5.32F-06 4.03E-07
skew U2T3826] -0.0322T[ -0.033T9( 0.00763| -0,0TT86| -0,07T08[ 0.001794 0.807902]
kurtosis 0.136168( 0.045322] 0.167525[ 0.T08562[ 0.058263|-0. 51 -0.0T06[ -0.0693

XCVII Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: 6kgstd50

Volumetric Flow:3.207 l/s
Mass Flow: 3.342 Kg/s
Number of Data Points:2597
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pl p2 p3 pd pS po p7 p
mean 0.854202] 0.605234| 0.574446| 0.564527[ 0.543021| 0.156176[ 0.125683| 0.
median 0.85302 0.60505| 0.57447| 0.56458| 0.54304| 0.15628] 0.12564| 0.08759]
mode 0.85402| 0.60362| 0.57306| 0.56397 0.54332[ 0.15628] 0.12461| 0.08615
standard deviation 0.00467| 0.005038] 0.003961| 0.003771[ 0.003704 0.002751] 0.002755| 0.001053
variance 2.18E-05| 2.56E-05| T.37E-05| T.42E-05| I.37E-05[ 7.37E-06 7.59E-06| I.TTE-0:
skew 0. Jd63122Z[ 0167729 0.09108( 0.106443] 0.071869( 0. 0.141234
Kurtosis 0. 0.064126( 0.145508] 0.T0192[ 0.080644| 0.030078] -0.05036( -1.06349]

CI Pressure Readings and Statistical Data



Standard Pipe Arrangement

Run: 6kgstd55

Volumetric Flow: 3.506 I/s
Mass Flow: 3.634 Kg/s
Number qf Data Points: 1229
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pl p2 p3 pd pS po p7 p
mean 0.923285] 0.622561| 0.587432| 0.576505[ 0.555479( 0. 0.134] 0.09TT8T
median 0. 62244 0.38756] 0.57645] 0.553 0.16367] 0.13303] 0.09T106
mode 091 62224 0.58797[ 0.57645  0.5557[ 0.16528]  0.1328[ 0.09106
standard deviation 0.007T8[ 0.006188] 0.0048T8| 0.004493] 0.004416| 0003286 0.00315[ 0.000884|
variance 5.16E-05| 3.83E-05[ 2.32E-05| 2.02E-05 1.95E-05( T.08E-05] 9.92F-06| 7.8TE-0
skew 0.304359] 0.031933[ 0.018202[ 0.053476| 0.05156] 0.024T69] -0.00345| -0.01066
Kurtosis 70.52335( -0.09933[ -0.02377[ 0.021T75] -0.0069] -0.05557] - -0.17204

CV Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: 6kgstd60

Volumetric Flow: 3.8 I/s
Mass Flow: 3.395 Kg/s
Number of Data Points:577
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pl p2 p3 p4 ps po p7 p8
mean T.000138[ 0.641202] 0.601612[ 0.589912( 0.568353] 0.174284[ 0.143155[ 0.095T17T8]
median 0.99928( 0.64085] 0.60147[ 0.58974( 0.56818| 0.17308] 0.13303| 0.09536
mode 0.99928] 0.63983( 0.60086| 0.58913| 0.57043] 0.17531] 0.14364] 0.09597]
standard deviation 0.003T7[ 0.0072T5] 0.005656 0.005403| 0.005338( 0,004094 0.003867| 0.001196]
variance 2.67E-05| 5.2TE-05[ 3.2E-05| 2.92E-05| 2.85E-05| 1.68E-05] [.5E-05] 1.43E-06
skew 0.168098| 0.075348| 0.012688| 0.014271T[ 0.00382] 0.045348| 0.02881Z -0.3713
Kurtosis 0.18045| -0.05655| U.T79679] 0.30°7639] 0.180900 0221554 0.309734| -0.53559]

CIX Pressure Readings and Statistical Data



Standard Pipe
Run: 8kgstd20

Arrangement

Volumetric Flow: 0.739 I/s
Mass Flow: 0.757 Kg/s
Number o!' Data rPorints: 1588
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pl p2 p3 p4 [ poé p7 p8
mean 0.308747] 0.525832] 0.517331| 0.512466( 0.496027( 0.130789( 0.102837[ 0.091742
median 0.30726] 0.52588] 0.51719 0.512] 0.49555[ 0. 10231 0.
mode 030726 0.53161 0.51432] 0.51078( 0.49432] 0.1238] 0.00843| 0.08943]
standard deviation 0.0033[ 0.005275 0.008492] 0.008319( 0.008178[ 0.007453] 0. 002872
variance T.09E-05] 2.78E-05| 7.2TE-05| 6.92E-05] 6.69E-05 53.55F-05| 5.62E-05] 8.25E-0
[skew 02T2218[ -0.27759( 0.007826 0.164488( 0122886 0.399358[ 0.429065| 1.033087|
Kurtosis 0.785455| -0.59386( - 32046027 -0.47T16[ -0.53761[ -0.52243] 0.038232

CXIII Pressure Readings and Statistical Data



Standard Pipe Arrangement

Run: 8kgstd25

Volumetric Flow: 1.206 I/s
Mass Flow: 1.252 Kg/s
N umber of Data Points:2057
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pl p2 p3 p4 pS pé p7
mean 03395731 0.544057] 0.52991T[ 0.524057[ 0.507129] 0.138305[ 0. 1T0315[ 0.
median 3 —0.54300( 0.52987 0.52407( 0.50721] 0.13828[ 0.1T05[ 0.0927|
mode 054877 0.5447( 052987 0.52387( 0.50742( 0.13848] 0.1T152[  0.0927|
standard deviation | 0.002634| 0.002862| 0.00374[ 0.003714] 0.003623| 0.003271T] 0.003305[ 0.001537
variance 6.94F-06 8.19E-06| T1.4E-05[ T.38E-05] T.3TE-05| T.07E-05] T.09E-05| 2.39E-06
skew 0.103264| 0.6171a5[ 0.58029] 0.31647] 0.248409] - 0. 13218[ T.06572
Kurtosis T.161T68| 3.357042| 3.892871( 2.822107| 2. 1.944199] 1.9597 6.23026

CXVII Pressure Readings and Statistical Data



Standard Pipe Arrangement
Run: 8kgstd30

Volumetric Flow: 1.669 ls
Mass Flow: 1.74 Kg/s
Number of Data Points:1468
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pI p2 p3 pd Py p6 p7 p8
'mean 0.594008| 0.5587331 0.540216| 0.533134] 0.515214  0.140848 0.112211] 0.089493
median - 0.5942 0.55861} 0.5401| 0.53308] 0.51519: 0.14073 O.IIZIJ[ 0.08943
mode 0.5942] 0.55779  0.5401| 0.53185 0.51499 0.14032| 0.11213 0.08943
standard deviation 0.002947] 0.003163] 0.003612| 0.003565 0.003616 0.003144 0.003]53:70.00|645
variance 8.69E-06 ~ 3E-05 1.27E-05 1.31E-05 9.88E-06] IE-05/ 2.7E-06
skew 0.577269] 0.1 i 1.231864 1.275881 1.548345/ 1.650501 1.464665
Kurtosis 0.762776| 6.951634] 8.710702| 8.800725  8.803548 9.44248| 10.27465  11.44972

CXXI Pressure Readings and Statistical Data




Standard Pipe Arrangement

Run: 8kgstd35

Volumetric Flow: 2.14 l/s

Mass Flow: 2.236 Kg/s
Numberﬁorf; ])}tg l:oints:lgS77 B 7 7
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pl p2 p3 p4 pS p6 p7 p8

mean 0.648237( 0.560647( 0.538648] 0.530641| 0.5TT755[ 0.133268] 0.103805[ 0.076668
median 0.64842] 0.36066]| 0.53867] 0.53062| O0.5TT7T] 0.13316] 0.10375] 0.07633
mode 0.64944| 0.55882| 0.33867| 0.53144| 0.5T089] 0.13378 0.10334] 0.07633
standard deviation | 0.002032] 0.002967] 0.0028T1T 0.00262| 0.002606] 0.002222| 0.002194] 0.0012
variance 8.6E-06| 8.81E-06] 7.9E-06| 6.86E-06] 6.79E-06| 4.94F-06| 4.8TE-06| 1.59E-06
skew -0.394T| -0.10988] 0.05684] 0.T6135] 0.283702| T.1T4906| T.285315] 10.2764
kurtosis ~0.08972| 0.TTT637[ 1.033626| 1.714305| 1.842665( 7.936661| 0.5T025T| 125.4925

CXXYV Pressure Readings and Statistical Data




Standard Pipe Arrangement
Run: 8kgstd40

Volumetric Flow: 2.485 l/s
Mass Flow: 2.593 Kg/s
Number of Data Points: 1481
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pl p2 p3 p4 pS pé p7 p8
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variance 6.26E- T6E-05| 8.76E-06| 7.67E-06| 7.48F-06| 4.23F- T3E-06| 2.42E-07
skew 0.056737( 0.008481[ -0.0TTT4| -0.02732[ -0.01196| -0.1136| -0.14887[ 1.7
Kurfosis C0.00812 -0.135[ -0.1966| -0.2031] -0.14317] -0.10 -0. 11288 5.472336

CXXIX Pressure Readings and Statistical Data



Standard Pipe Arrangement

Run: 8kgstd45

Volumetric Flow: 2.874 I/s
Mass Flow: 2.996 Kg/s

Number of Data Points:1047
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pl p2 p3 pd ps poé p7 ps
Mean i 0.59337T[ 0.56532T| 0.555691] 0.535659( 0.149758[ 0.1T9379] 0.084312]
median 0.77935] 0.59339] 0.56526| 0.55558] 0.53565| 0.14973] 0.1195] 0.08331
mode 0.77935 0.59421 0.56608| 0.5566| 0.53422( 0.14871[ 0.1195[ 0.08352
Standard deviation| 0.002992 0.003959] 0.003216| 0.00377[ 0.00312T[ 0.002316[ 0.002313| 0.000838]
variance 893E-06| 1.57E-05[ T.O3E-05| T.OTE-05[ 9.74F-06| 5.36F-06] 5.35E-06] 7.02E-07
skew 0.081642] 0.07567Z| 0.10T36] 0.043674] 0.022118] -0.01534] 0.016898| 0.121401
kurtosis -0.33337| -0.20645] -0.20133] -0.23666] -0.1603T[ -0.0a97T[ -0.09225[ -0.59726

CXXXIII Pressure Readings and Statistical Data



Standard Pipe Arrangement

Run: 8kgstd50

Volumetric Flow: 3.254 I/s
Mass Flow: 3.419 Kg/s
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pl p2 p3 pd psS po p7 p8
mean 0.8577T[ 0.61T766[ 0.579386( 0.3 6| 0.538242( 0.158816] 0.12841T| 0.08856T]
median 0.8581Z[ 0.61T8| 0.57938| 0.56888] 0.54813] 0.15874| 0.1283] 0.0888T]
mode —0.85812] 0.61426 0.57836] 0.56847 0.54833] 0.13894(  0.1283] 0.08943
standard deviation | 0.003904] 0.004963| 0.003883] 5[ 0.003507 0.00266] 0.002623] 0.000967
variance T.32E-05| 2.46E-05| T.5TE-05| I.29E-05] 1.23E-05] 7.08E-06| 6.88E-06] 9.35E-07
skew 0.092114| 0.124626| 0.134522] 0.110239] 0.129865] 0.144989] 0. 3071231
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CXXXVII Pressure Readings and Statistical Data



Numberiqfﬂaitia lﬁ’oints:67ﬁ7i B

|

Standard Pipe Arrangement

Run: 8kgstd55

Volumetric Flow: 3.514 I/s
Mass Flow: 3.648 Kg/s

0.6

0.59
0.58
0.57
0.56

P4/ Bar

Time/ s

400

CXXXVIII P4 variation with time

Time/ s

400

CXXXIX 17’67 variation iviih time

[

0.096
« 0.094
]
E 0.092
-] [
A& 0.09 \
0.088 | ‘
0 200 400 600 800 i
Time/ s
CXL P8 variation with time
pl pl p3 pd p5 p6 7 P8
mean 0.928975] 0.629209] 0.3 4| 0.581576 0.560365] 0.167752] 0.136993| 0.0923
median 0.92819 0.62899 0.39268] 0.58146] 0.5602] 0.16753] 0.13689[ 0.0925
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skew 0.15617Z[ 0.064413[ 0.040T33[ 0.091877 0.08985| 0.162261[ O.15ITT[ 0.38395]
kurtosis -0.71325[ -0.06923| -0.13384| -0.24247] -0.22865| -0.08738| -0. T1.628725

CXLI Pressure Readings and Statistical Data



Standard Pipe Arrangement

Run: 8kgstd60

Volumetric Flow: 3.802 I/s
Mass Flow: 3.975 Kg/s
Number of Data Points:639
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pl pZ p3 pd pS po p7 p8
mean T.0030TT[ 0.647157[ 0.606732Z| 0.594759( 0.572998[ 0.177371[ 0.145997| 0.096574
median T.00337[ 0.64699] 0.60659| 0.59465| 0.57288[ 0.T7735] 0.1461[ 0.09638]
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CXLYV Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 1)
Run: 2kglsf20

Volumetric Flow: 0.841 ls

Mass Flow: 0.867 Kg/s

Number of Data Points:2713
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CXLIX Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 1)
Run: 2kglsf25

Volumetric Flow: 1.23 U/s

Mass Flow: 1.259 Kg/s

Number of Data Points:2414
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pl pZ p3 pd pS pé 7T P8
mean 0.52 523532 0. 6| 0.5TT84T[ 0.3928T9( 0.127239] 0. T0T831| 0.0907
median 0.52 32363 0.5178] 05118 0. 0.T2723 0.10184] 0.09006
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CLIII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 1)

Run: 2kglsf30

Volumetric Flow: 1.667 I/s
Mass Flow: 1.72 Kg/s
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CLVII Pressure Readings and Statistical Data
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Long Swirly-flo Pipe Arrangement (pos 1)

Run: 2kglsf35

Volumetric Flow: 2.048 I/s
Mass Flow: 2.107 Kg/s
N umber of Data Points:3094
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CLXI Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 1)

Run: 2kglsf40

Volumetric Flow: 2.387 l/s
Mass Flow: 2.465 Kg/s
Numble of Datq Point§:33!3
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CLXYV Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 1)

Run: 2kglsf45

Volumetric Flow: 2.762 /s
Mass Flow: 2.817 Kg/s
Numpgr of Data Points:3588 A
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CLXIX Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 1)

Run: 2kglsf50

Volumetric Flow: 3.762 /s

Mass Flow: 3.175 Kg/s
Number of Data Points:4000
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CLXXIII Pressure readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 1)

Run: 2kglsf55

Volumetric Flow: 3.426 I/s
Mass Flow: 3.456 Kg/s

I‘quber of Data Points:2938
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CLXXVII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 1)
Run: 2kglsf60
Volumetric Flow: 3.623 /s
Mass Flow: 3.666 Kg/s
Number of Data Points:2684
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CLXCI Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 1)
Run: 2kglsf65
Volumetric Flow: 3.837 /s

Mass Flow: 3.875 Kg/s
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CLXCV Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 2)
Run: 2kglsf20

Volumetric Flow: 0.896 I/s
Mass Flow: 0.9162 Kg/s
Number of Data Points:3600

) i
| 0.51 , , |
} 0.5 |

0.495 | |

0.505
\ 0 1000 2000 3000 4000

P6/Bar

“ Time /s |

.
_CLXCYI 24 _variiatiiroin _wn_th time -

| 0.13
S [ ‘
§ p ’rﬂhmmmﬁmmwmm il

| & 0115 | | | |

T

‘ \
| 0 1000 2000 3000 4000 ;
Time /s ;

CLXCVII P6 variation time

0.094
0.092
0.09 T
0.088 | SRR L
0.086 {

0 1000 2000 3000 4000

P8/ Bar

|
|
' Time /s

CLXCVIIT PS§ variation with time

pl p2 p3 p4 pS po p7 p8

mean 0.399078 0.513032( 0.500293] 0.50257] 0.487755( 0.123386| 0.095607] 0.090047]
median —0.49907  0.5134] 0.50921 0.502% 0.48778( 0.12334| 0.09536] 0.08984
mode 0.49907[ 0.5136]  0.509| 0.502% 0.48778( 0.12252 0.09515 0.08943]
standard deviation | 9.73FE-053] 0.001377[ 0.001323[ 0.001106| 0.001304] 0.000877[ 0.0009[ 0.0006

variance 9832E-00] I1.9E-06| I.76E-06| I.22E-06| I.7E-06] 7.69E-07] 8.TE-07[ 4.58E-0
skew T4.18048| -0.24167( -0.16808| 0.008025( -0.21494( 0.395756| 0.31762| 0.537622
Kurtosis 2252547 0.012517[ -0.05157[ 0.870103] 0.19857| -0.1585| 0.693843| -0.94385

CLXCIX Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 2)

Run: 2kglsf25

Volumetric Flow: 1.318 I/s
Mass Flow: 1.357 Kg/s
Nu!nbe[ of l}ata Points:3002
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CCIII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 2)
Run: 2kglsf30

Volumetric Flow: 1.756 U/s
Mass Flow: 1.81 Kg/s
Number of Data Points:2469
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CCVII Pressure Readings and Statistical Readings



Long Swirly-flo Pipe Arrangement (pos 2)

Run: 2kglsf35

Volumetric Flow: 2.155 I/s
Mass Flow: 2.207 Kg/s
Number of Data Points:1155 )
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CCXI Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 2)

Run: 2kglsf40

Volumetric Flow: 2.49 l/s
Mass Flow: 2.54 Kg/s
‘Numberiof Data Points: 16827 B
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CCXYV Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 2)

Run: 2kglsf45

Volumetric Flow: 2.864 I/s
Mass Flow: 2.928 Kg/s
Numbgr of Data Ppints:llSS
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CCXVIII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 2)
Run: 2kglsf50

Volumetric Flow: 3.168 Us

Mass Flow: 3.168 Kg/s

Number of Data Points:1188
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CCXXII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 2)

Run: 2kglsf55

Volumetric Flow: 3.446 /s
Mass Flow: 3.518 Kg/s

Number i Data Poiints:40757
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CCXXXI Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 2)

Run: 2kglsf60

Volumetric Flow: 3.696 I/s

Mass Flow: 3.784 Kg/s

N}!mber of Data Points:_3§5
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CCXXXIV PS8 variation with time
pl p2 p3 p4 p5 po p7 p8
mean 0.008T[ 0.654777[ 0.618733] 0.368774] 0.353803] 0.163660[ 0.133363] 0.00173
median 0.00876] 0.65477] 0.61866[ 0.56847] 0.55386| 0.16360] 0.13333] 0.0012
mode T.0003 0.65538 0.616] 0.36929[ 0.53079] 0.16631[ 0.13387[ 0.00106
standard deviation | 0.004463| 0.006881] 0.003313[  0.00499] 0.004842[ 0.003607]0.00345] 0.0000T
variance T99F-05] 4.73E-03] 3.04E-05| 2.49E-05| 2.34C-05 T 3003 T.IOF-05| 8.41T-
skew T0.T8283[ -0.18325| -0.02557] 0.01 1674 -0.01847[ 0.057204| -0.00682| -0.01476
Kurtosis 0.126389[ 0.31T862[ 0.108624| 0.269108( 0.22965T| 0.050593] -0.01967| -0.43433

CCXXXYV Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 3)

Run: 2kglsf20

Volumetric Flow: 0.878 I/s
Mass Flow: 0.893 Kg/s
vNumbeﬁr ‘lf,D,?'tL Po_i_pts:11807 B
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CCXXXVIII P6 variation with time
pl p2 p3 pd pS pé p7 p8
mean 0.499041[ 0.51T353 0.50802T 0.501446| 0.486873] 0.12273[ 0.095098] 0.08978T]
median 0.4 0.3T135] 050798 0.50157 0.48696( 0.12252] 0.09515[ 0.08943]
mode 0.49907( 0.3T033] 0.30778| 0.50259( 0.48778] 0.12252] 0.09515] 0.08943]
standard deviation | 0.000188[ 0.00151T[ 0.007452] 0.00129| 0.001414| 0.000804] 0.000896[ 0.000625]
variance 34E-08 2.28E-06| 2.1TE-06] T.66E-06| 2FE-06[ 6.46E-07] 8.03E-07[ 3.9TE-07]
skew 72679 0.1533777 -0.0385T( -0.01227[ 0.083395[ 0.41362T[ 0.350637 0.647466
Kurfosis 38. -0.22508| 0.443859| 0.428965] 0.193067] 1.693354( 0.9215T7[ 3.350079]

CCXXXIV Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 3)
Run: 2kglsf25

Volumetric Flow: 1.31 Us

Mass Flow: 1.347 Kg/s

Number of Data Points:2493
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CCXXXVII P8 variation with time
pl p2 p3 pd ps p6 p7 P8
mean 0.5336613] 0.526218[ 0.519894 0.50948| 0.494689| 0.127379] 0.099846| 0.090057]
median 0.33692( 0.52608[ 0.51985| 0.50955| 0.49473( 0.12733] 0.09986] 0.09106|
mode 033692 0.52506] 0.52026] 0.51078( 0.49555] 0.12825 0.10006] 0.09106]
standard deviation | 0.002131] 0.001489[ 0.001654| 0.00165 0.001382 0.00T273] 0.00TT8T| 0.000324]
variance 333606 2.22E-06 2.7AE-06] 2.72E-06| 2.5F-06] T.62F-06 T1.39F-06| T.05E-
skew 0.26 0.209261[ -0.00045| -0.02276] -0.0741| -0.1T796[ -0.05412] -2.T7024
Kurtosis S0.67748[ 0.1153867[ -0.35052( -0.36843] -0.27378[ -0.46078] -0.19338| 9.646436

CCXXXVIII Pressure and Statistical Data



Long Swirly-flo Pipe Arrangement
Run: 2kglsf30

Volumetric Flow: 1.735 /s

Mass Flow: 1.794 Kg/s

Number of Data Points:2847

(pos 3)
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CCXXXXI P8 variation with time
pl pi p3 pd pS po p7 p8
mean 0587364 0.54265] 0.533175] 0.5181Z[ 03037 0.133038] 0.T0498| 0.092646|
median 038807 0.54265| 0.5331d] 051814 0.50312[ 0.13296] 0.10497[  0.0927
mode 0.58909|  0.5447] 0.53273] 051814 0.50207 0.13296 0.10559[  0.0927
standard deviation : 0002112 0.001864| 0.00T84Z[ 0.00T87T[ 0.001579] 0.001561[ 0.00076
variance 258F-06] 4.46E-06] 3.48E-06| 3.39F-06 3.5F-06( 2.40F- A4E-06] 2.57E-08]
skew ~0.9T433[ -0.16873[ 0.027T84] 0.004T65( 0.008T2T| 0.02T052 0.050392 -4.T0987]
Kurtosis 0 -0.27239| -0.15374| -0.0485T[ -0.20066| -0.38295 -0.42232[ 23.0868|

CCXXXXII Pressure Readings with Statistical Data



Long Swirly-flo Pipe Arrangement (pos 3)

Run: 2kglsf35
Volumetric Flow: 2.144 I/s
Mass Flow: 2.205 Kg/s

_Numj)er of Data Poﬁints:2735
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CCXXXXV PS8 variation with time

pl p2 p3 pd p5 po6 p7 p8
mean U.637031] 0.54478T( 0.530771| 0.508819] 0.493951( 0.120747] 0. 0.0733424|
median 0.637T7[ 0.5437[ 0.53069] 0.50873| 0.49391| 0.12068] 0.09188[ 0.07327
mode 0.638T910.53309 0.53048( 0.50873] 0.49332 0. 72107 0.00188[ 0.07306|
standard deviation | 0.002148[ 0.003041| 0.002464| 0.002366| 0.002273] 0.001751| 0.001708[ 0.000489
variance 7.62F-06| 9.25E-06| 6.07E-06| 3.6E-06] 5.17E-06] 3.07E-06 2.92E-06] 2.39E-07
skew “0.2779( 0.055923| 0.165944| 0.077122Z 0.001T68] -0.06087[ 0.000356( 1.43770T]
Kurtosis 0.357068| 0.00TT82[ 0.112113] -0.08453] -0.00934( 0.035429 1.504969

CCXXXXVI Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 3)
Run: 2kglsf40

Volumetric Flow: 2.485 ls

Mass Flow: 2.559 Kg/s

Number of Data Points:1607
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pl p2 p3 p4 pS po p7 ps
mean 0.699055 0.564406[ 0.7 i 0.504805( 0. : 510.
median 0.69956 0.56434| 0.54706| 0.51978] 0.50476| 0.12866| 0.09945 0.07674
mode 0.69956] 0.56495| 0.53603| 0.519T6( 0.50435[ 0.12907[ 0.09925] 0.07633]
standard deviation | 0.002505] 0.003466] 0.002968( 0.002678| 0.002618] 0.007934| 0.001877[ 0.000586
variance 6.27E-06] 1.2E-05] 8.8TE-06| 7.T7E-06] 6.85E-06[ 3.74F- BIE-06] 3.43E-07
skew -0.27573| 0.104594| 0.054938] -0.00203| 0.015123] 0.087154| 0.022858| 0.63124T
Kurtosis 0.066934] 0.079185[ 0.078055( 0.1T8375[ 0.132712[ 0.17933] 0.194735] -0.68454

CCL Pressure Readings and Statistical Data



|

Long Swirly-flo Pipe Arrangement (pos 3)

Run: 2kglsf45

Volumetric Flow: 2.854 I/s
Mass Flow: 2.927 Kg/s

Numbeﬁriof: Data Points:1197 7
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CCLIII P8 variation with time
pl p2 p3 pd pS po p7
mean 0775348 0.588246( 0.566323] 0.532393[ 0.51763 ; 0.108386
median 077526 0. 0.56629] 0.53246 0.51764| 0.13807[ 0.10845]
mode T7526] 0.58991( 0.56915] 0.53123] 0.51969] 0.13869 0.10866
standard standard 0.002646] 0.004257( 0.003364 0.003077] 0.00307] 0.002275] 0.0022
variance TE-06] I.8TE-05[ T.13F-05[ 9.47F-06| 9.42F-06| 5.18E-06| 4.92E-0
skew 0.057968| 0.038971] 0.043066] 0.087241[ 0.098075] 0.115222 0.142
Kurfosis -0.0301( -0.02682] 0.145595] 0.217915| 0.085333]

CCLIV Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 3)
Run: 2kglsf50

Volumetric Flow: 3.147 /s

Mass Flow: 3.243 Kg/s

’Number of Data Points:1752
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CCLLVII P8 variation with time

pl pZ p3 pd ) [ p7 P

mean 0.842034| 0.608266( 0.582164| 0.53324| 0.528746| 0.13615[ 0.116259] 0.083563|
median 0.83175| 0.6081Z[ 0.5382Z4 0.543T 0.52869] 0.13605] 0.11623] 0.08320]
mode ~0.83357] 0.60628| 0.38429( 0.33394| 0.52828 0.14%64 X — 0.08288]
standard deviation 0.007625] 0.005708 0.004376] 0.00399] 0.003931 0, 0.002813] 0.000817|
variance 3.8TE-05] 3.26E-05 2E-05| T.59E-05] 1.35F-03] 8.42E-06| 7.9TE-06| 6.67E-

skew 0.245996| 0.1T0975( 0.087335] 0.077585| 0.063183| 0.023585] 0.069246| 0.708440|
Kurtosis ~0.34752[ -0.0387T| -0.00641| 0.095297( 0.16134| 0.083252 0.22828| 0.622948]

CCLVIII Pressure Readings and Statistica Data



Long Swirly-flo Pipe Arrangement (pos 3)
Run: 2kglsf55

Volumetric Flow: 3.334 I/s

Mass Flow: 3.423 Kg/s

Number of Data Points:582
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CCLXI PS8 variation with time

pl p p3 pd pS po p7 p8
mean 0.91674] 0.630999( 0.600035( 0.555704| 0.541227[ 0.1552 125234| 0.087139]
median 0.9T642 0.63093] 0.60004| 0.55578( 0.54117[ 0.153526| 0.12543] 0.08677|
mode 0.0TT3T| 0.63513[ 0.60066| 0.55783] 0.34007] 0.17 12564 0.08613]
standard deviation . 0.006215] 0.00486] 0.004364| 0.004229( 0.003131[ 0.003125] 0.00TT
variance T.ATE-05] 3.86E-05| 2.36E-05| T.9E-05| 1.79F-05] 9.8E-06 9.76E-06| I.28E-
skew 0.223259( 0.035235] 0.029598( 0. 0.021273] 0. -0.01385[ 0.571889|
Kurfosis Z0.8537T[ 0.285269( -0.04649| -0.2TT3T[ -0.24143| -0.30425] -0.30465| -0.64445

CCLXII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 3)

Run: 2kglsf60

Volumetric Flow: 3.696 /s
Mass Flow: 3.784 Kg/s
Number of Data Points:291
|
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CCLXV P8 variation with time
pl p2 p3 pd ps p6 p7 p8

mean 09926 1T] 0.654217] 0.618382] 0.568115| 0.553588( 0.164214] 0.133979[ 0.09053
median 099314 0.65436] 0.61825] 0.2 0.55365 0.16426[ 0.13382] 0.09043
mode 099416 0.65120 0.61733[ 0.5699| 0.55306| 0.16262| 0. 0.00T06|
standard deviation | 0.0053695| 0.007TT7[ 0.005604| 0.005098| 0.004929 0.003 721 0.003566| 0.000958]
varance 3.24E-05| 5.07E-05| 3.TAE-05| 2.6F-05] 2.43F-05| T.38E-05[ T.27E-05| 9.T7TE-07|
skew -0.279225[ 0.109546| 0.1658T8] 0.130966| 0.189088( 0.293933| 0.25T801( 0.260T63
Kurtosis -0.38195| -0.03738( 0.02003| 0.221T094| 0.337864| 0.428445[ 0.405771| -0.43366

CCLXYV Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 4)

Run: 2kglsf20

Volumetric Flow: 0.889 I/s
Mass Flow: 0.907 Kg/s
‘Number of Data Points:1031
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pl p2 p3 pd ps p6 p7 P
mean 0.49905 0.512493[ 0.508435| 0502001 0.48721[ 0.123224| 0.0947| 0.089998]
median 0.49907[ 0.51258| 0.50839( 0.30218[ 0.48737[ 0.12314 0.09475 0.08963]
mode 0. 0.5136] 0.50778] LSU2S 048778 0.12252 0.09515 0.08943
standard deviation | 0.000184] 0.00T64] 0.001635] 0.001329 0.001348[ 0. 0.00TTTa[ 0.000721
variance JAE-08| 2.69E-06| 2.67E-06| 2.04F-06| 2.4F-06| I.02E-06] 1.2dE-06| 5.2TE-07
skew “13.8956 -0.1231( -0. -0.03164| -0.03502 0.434635] -0. 0.742335
kurtosis 2542848 0.037053] 0.301575[ 0.796822| 0.140183] 2.354099( 2.T90959

CCLXIX Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 4)
Run: 2kglsf25
Volumetric Flow: 1.321 I/s

Mass Flow: 1.358 Kg/s
‘Number of Data Points:2226
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pl p2 p3 pd pS p p7 P8
mean 0337718 0.52719( 0.52045 0.510346| 0.495133] 0.127796] 0.099662| 0.09097T]
median 3 0.52731T 0.52046] 0.5T037[ 0.495T4( 0.12783| 0.09966] 0.09T06]
mode 0.53 0.52833] 052087 031078 0.49473 0.12846| 0.09925] 0.09106]
standard deviation | 0.001903] 0.001609] 0.001598[ 0.001578[ 0.001485 0.001T6[ 0.00T08T[ 0.000227
variance 3.62E-06] 2.59E-06| 2.55F-06] 2.49E-06| 2.2F-06] T.35F TTE-06| 5.T6FE-08
skew -0.64585| 0.TT5313] -0.05962 -0.04535[ -0.08457] -0.12015[ -0.07206| -2.86308]
Kurtosis -0.31 016131 -0. T -0257T7[ -0.09113[ -0.22372 10.62032

CCLXXIII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 4)
Run: 2kglsf30

Volumetric Flow: 1.768 Vs

Mass Flow: 1.812 Kg/s

Number of Data Points:1177
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CCLXXVI P8 variation with time
pl p2 p3 pd p3 po p7 Py

mean 0386A32] 0540585 0.530572[ 0.515575] 05000651 0129846 0.T01216] 0.08877]
median 0.58704 0.54061| 0.53048] 0.51569( 0.50005] 0.12989 0.10129] 0.08927]
mode 0.58704( 0.54122Z] 0.5304 05163 030066/ 0.1305] O0.T015[ 0.08943]
standard deviation 0.00T999( 0.002145| 0.001975[ 0.002093] 0.002093[ 0.001862| 0.001808| 0.00T083]
variance JE-06 4.6E-06] 3.9E-06| 4.38E-06| 4.38F-06| 3.47E-06| 3.27E-06| T.TTE-06
skew ~0.61009] 0.004208| 0.057511[ 0.039584( 0.078462( 0.033251[ 0.005093| -T.04308
Kurtosis 0.002107| -0.08019[ -0.05983| -0.30957[ -0.3061[ -0.47848| -0.38299| 0.5608372]

CCLXXVII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 4)
Run: 2kglsf35

Volumetric Flow: 2.15 ls

Mass Flow: 2.206 Kg/s

Number of Data Points: 1312
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pl p2 p3 pd p5 po p7 8

mean 0.637523[ 0. 0531717 0.510307( 0.493733| 0.121326[ 0.09T886| 0.07342T|
median 0.637T7[ 0.53633| 0.5317T[ 0.51016( 0.49473] 0.1213[ 0.09T88[ 0.07327|
mode ; 0.54552[ 033171 0.50975 0.49574[ 0.12089[ 0.09209 0.07306
standard deviation | 0.002046| 0.00307T] 0.002507| 0.00238T] 0002267 0.001775] 0.00170T| 0.000494
variance F.19E-06| 9.43E-06| 6.29E-06| 5.67E-06| 5.13F-06] 3.06F-06] 2.89E-06| 2.44E-07
skew Z0.T5938[ 0.087934| 0.180549| 0.085894| 0.06026] -0.00086| 0.033318[ T.629027]
Kurtosis 0767833 -0.232T8[ -0.10039] -0.06559] 0.0T7095] 0.030896| -0.01403] 24392

CCLXXXI Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 4)
Run: 2kglsf40
Volumetric Flow:2.481 /s

Mass Flow: 2.569 Kg/s

Number of Data Points:916
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CCLXXXIV PS8 variation with time
pl p2 p3 p4 pS po p7 ps
mean 0.6994| 0.566246( 0.548125| 0.52133] 0.505589( 0.129234[ 0. 0.076809]
median 0.56618] 0.54808| 0.52141[ 0.50557] 0.12928( 0.09966| 0.07673
mode 56577 0.549T( 052182 0.50496] 0.12948[ 0.09925] 0.07633]
standard deviation | 0.002576] 0.00368] 0.003T06] 0.002776| 0.00269] 0.001993| 0.001931[ 0.000525]
variance 6.66E-06| I.35E-05[ 9.62E-06] 7.67E-06| 7.2TE-06] 3.96F-06 3.7TE-06] 2.74E-
skew -0.24337[ 0.129201 0.066025| -0.02564| -0.0T728( 0.095163[ 0.019944| 0.890761
Kurtosis P 0.375032] 0.16228] 0.183851 0211635 0.29F 0.12672

CCLXXXV Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 4)
Run: 2kglsf45
Volumetric Flow: 2.892 I/s

Mass Flow: 2.969 Kg/s
Numbelj of Data !’oﬁiintsi:2324
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pl p2 p3 pd p3 p6 p7 Py
mean 0.775234[ 0. [ 0.56799( 0.53423T| 0.520014( 0.139396| 0.T09045[ 0.080174]
median 0777536 0.50175 0.56792 0.5343 K 013951 0.10907] 0.0798T]
mode 0.77526] 0.59216] 0.36895 0.3347T( 0.52002] 0.1391] 0.10968| 0.0796T]
standard deviation | 0.002724| 0.004323| 0.003405| 0.003169] 0.003165[ 0.002353| 0.002302 0.000769]
variance T42E-06| 1.87E-05[ I.T6E-05 TE-03 TE-03] 5.34F-06| 5.3E-06] 5.9TE-07]
skew 0.049809] -0.04635] 0.004428] 0. 0.04713Z 0.07791 0. 1.26427
Kurtosis 0.373133[ 001447 -0.0654| -0.0139T[ -0.02161] 0.051845[ -0.00915| 1.242499

CCLXXXVIII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 4)
Run: 2kglsf50

Volumetric Flow: 3.236 l/s

Mass Flow: 3.324 Kg/s

Number of Data Points:2345
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pl P2 p3 pd p5 p6 p7 P8
mean U.849834| 0.6TI852( 0.585784] U.346002 0.33T93a] 0. 147921[ 0.TT780T] 0.083587]
median 0.83993 0.61385| 0.38593| 0.534617[ 0.53197[ 0.14789( 0.1T766| 0.08349]
mode 0.85096] 0.61303[ 0.38756] 0.53376] 0.53135 0.14871| 0.11664] 0.08288]
standard deviation 0.005963] 0.005753 0.004434| 0.004042[ 0.00396T] R 002844 0.000812
variance I 36E-05] 3.3TE-05| T.98E-05| 1.63F-05] T.57E-05] 8.4TFE-06| 8.09E-06 6.59E-07
skew 0.75 S0.05167] -0.05836] 0.032754| 0.00644| 0. 0.04201T] 0.583325|
Kurtosis 0.07T036[ 0. 0780812 0.851983 0.678978[ 0. 0.3T19558[ 0.291T764

CCLXCII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 4)

Run: 2kglsf55

Volumetric Flow: 3.502 /s
Mass Flow: 3.588 Kg/s
Number qt; Data VPiqinrts:576 )
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pl p2 p3 pd p5 po p7 P8
mean TI06T] 06360971 06033791 0558333 03439831 0156704 0126518 0.086963]
median 0.92256] 0.63394] 0.60342[ 0.55824( 0.54404 8 L 0.12646| 0.08656/
mode 092051 0.63819 0.604T3[ 035926 054304 0.15649] 0.12502] 0.08615
standard deviation 0.007139[ 0.005767] 0.00456( 0.004166| 0.003973[ 0.002973[ 0.002975| 0.001079]
variance 3 13E-05] 3.33E-05| 2.08E-05| I.74E-05| 1.58F-05] 8.84F-06 8.85E-06| I.T6E-06
skew 0.170698] 0.057773] 0.0302 -0.02T62| -0.09134( -0.02476| -0.03723| 0.629526
kurtosis 2073279 -0.0475T( -0.08128] 0.023016] 0.113364] 0.036554| 0.032456] -0.31312

CCLXCVI Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 4)

Run: 2kglsf60

Volumetric Flow: 3.722 /s
Mass Flow: 3.811 Kg/s
Number of Data Points:290
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pl p2 p3 pd ps po p7 ps
mean T.003022] 0.660166| 0.622767] 0.571463| 0.557099| 0.16646| 0.135953| 0.090832]
median T: —0.66008| 0.62255] 0.57133[ 0.55672] 0.16641| 0.13587[ 0.09086
mode 099621 0.65456] 0.61907 057381 0.5602] 0.16446] 0.13668| 0.09106]
standard deviation 0.007T07] 0.007028( 0.005638| 0.004939| 0.004899| 0.003618] 0.00335[ 0.00093T]
variance 5. 05E-05| 4.94E-05 3.18E-05[ 2.44E-05] 2.4E-05] T.3TE-05] T.T9F-05[ 8.67E-07
skew 0323131 0.0TT57T| 0.064283[ 0.TT9304] 0.202148[ 0.225359| 0203183 0.074141
Kurtosis 2046694 -0.405 -0.32T73[ -0.18T66| -0.15T4| 0.18524T| 0. 141414 -0.3201T1

CCC Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 5)

Run: 2kglsf20

Volumetric Flow: 0.905 /s
Mass Flow: 0.929 Kg/s

Number ofVDaita Poipis:1848
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CCCIII P8 variation with time
pl p2 p3 pd pS pé p7 p8
mean 2 0.513286] 0.509136] 0.501001| 0.4877T6] 0.123313| 0.095162] 0.090202|
median 0.49907  0.5136[ 0.5092T| 0.501716| 0.48778[ 0.12333[ 0.09515] 0.09004
mode 0. 0.5136( 0.50778[ 0.50259] 0.48778( 0.12252] 0.00515[ 0.08943]
standard deviation | 0.000483( 0.0018T3[ 0.001682 0.001356[ 0.0016TT] 0.00TT03 0.00TT87] 0.000734
variance 233607 3.29F-06] 2.83E-06 2.42E-06| 2.6E-06| 1.22F-06| I.4TE-06| 3.38E-07]
skew 33355 -0.632TT[ -0.3413| -0.49073| -0.33974] -0.14839 -0.47094| 0.095088
Kurtosis 454.005] 2.336385] 0.696985( 0.530664( 0.558359( 2347311 2.8681T4| T.080226]

CCCIV Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 5)

Run: 2kglsf25

Volumetric Flow: 1.33 I/s
Mass Flow: 1.364 Kg/s
Number of pata Points:1159
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CCCVII P8 variation with time
pl p2 p3 pd pS pé p7 p8
mean 0.539066] 0.527875] 0.520935] 0.508829( 0.49555T] 0.128234( 0.099997[ 0.09T07T|
median 0.53999( 0.52813[ 0.52087( 0.50893] 0.49555| 0.12825] 0.09986| 0.09106
mode 0.5 0.52833| 0.52087| 0.50893[ 0.49555( 0.12846| 0.10006] 0.09106
standard deviation i 0.00154T[ 0.001434[ 0.001409( 0.0013T8| 0.00T035[ 0.000964| 0.000143]
variance [79E-06] 2.37E-06] 2.06E-06| T.98F-06( 1.74E-06] T.07E-06| 9.29E-07[ 2.05E-08|
skew ~1.79835[ -0.0061T| -0.0518Z| 0.094044| 0.004583[ -0.07451| 0.028072| 2.658718
Kurtosis 3.625903] -0.33063| -0.15325[ -0.3133] 0.028115[ -0.19328[ -0.1T032[ 49.49604|

CCCVIII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 5)
Run: 2kglsf30

Volumetric Flow: 1.761 I/s

Mass Flow: 1.811 Kg/s

Number of Data Points:2280
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pl pl p3 p4 pS po6 p7 p8
mean 0.588498( 0.544279| 0.534187| 0.517496( 0.503963[ 0.13385T[ 0.105299] 0.092663|
median 0.58909| 0.54429[ 0.53377] 0.51753] 0.30394| 0.13398] 0.T0538[ 0.0927]
mode 03 0.5437] 0.53396| 037773 0.30332 0.134 T064T[ 0.0027|
standard deviation 0.00099] 0.002063| 0.002033| 0.002078] 0.002083| 0.001813[ 0.00178T| 0.000155|
variance 9.8E-07[ 4.26E-06[ 4.T3E-06| 4.32E-06| 4.34F-06| 3.29E-06| 3.17E-06| 2.4TE-08
skew 1.94309( -0.0684 1| 0.042587| -0.00546| -0.01607| -0.04583| -0.03152[ -6.03635
Kurtosis .26 0.230724( -0.23595] -0.26883| -0.35684| -0.53906| -0.54699] S1.44T16

CCCXII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 5)

Run: 2kglsf35

Volumetric Flow: 2.175 l/s
Mass Flow: 2.23 Kg/s
Number of 7Data7Poirnts:_173l
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CCCXV P8 variation with time
pl p2 p3 pd ps po p7 p8
mean 0.63867T| 0.546788( 0.532073] 0.508625] 0.495153[ 0.121799 0.092307[ 0.073806|
median 0.63 34674 0.53192 0.30852 0.49314| 0.12191[ 0.09239] 0.07367]
mode —0.63819 0.54695]  0.53TT[ 0.300973[ 0.49875[ 0.12252 0.09311[ 0.07306
standard deviation | 0.002079] 0.003169( 0.002392[ 0.002448| 0.002346] 0. 0.00T756] 0.000677]
variance 4.32E-06] TE-05[ 6.72E-06| 5.99E-06| 3.5TE-06| 3.2TE-06| 3.08E-06| 4.58E-07|
skew 0.309391] 0.054296| 0.1T384T| 0.03924T| 0.008856 -0.00253[ 0.070064| 0.877116
Kurfosis ~0.954234] 0.138595| 0.058817| 0.007361[ 0.1T829] 0.119368| 0.084653| 0.279324]

CCCXVI Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 5)

Run: 2kglsf40

Volumetric Flow: 2.517 /s
Mass Flow: 2.584 Kg/s
Number of Data Points:2277

0.54 /
b 053 L - :
8 0.52 il — |
& 051 N |
0.5 | \
; 0 1000 2000 3000
\ 1
“ Time/ s
\
| . . L —
CCCXYII P4 \jari_afipn wit}p Eime
0.14 |
o5 0135 [ . |
B 013 W r §
‘ g 0.125 MV \
| 0.12 | | |
. 0 1000 2000 3000 |
Time/ s
CCCXVIII P6 variation with time
| lation witl
| |
|
ot
| [
= !
*
n_‘ .
0.075 | | | |
| 0 1000 2000 3000 |
; Time/ s }
i - |
CCCXIX PS8 variation with time
pT1 p2 p3 pd p5 po p7 P8
mean 0.700021] 0.566273| 0.548201( 0.519499| 0.505887[ 0.129572| 0.099927] 0.076974
median 070059 0.56618| 0.34828] 0.51957] 0.50598( 0.12948[ 0.09986] 0.07695/
mode 077005910366 18] 039726 031896 0.50639] 0.12968] 0.10027 0.07633]
standard deviation 1 0.002463] 0.003626] 0003039 0.002766] 0.0026531 0.0019°79] 0.001904] 0.000592|
variance 6.07E-06] T.3TE-05] 9.36E-06| 7.65E-06| 7.04E-06] 3.9TE-06] 3.63E-06| 3.5TE-07
skew 20.19164| 0.053639| 0.02473| - 4004375 0.041987 0.012415| 0.458498]
Kurtosis 0.133531] 0.036392| 0.129385] 0. 100133 0.074187[ 0.1876 13| -T.07018

CCCXX Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 5)

Run: 2kglsf45

Volumetric Flow: 2.884 I/s
Mass Flow: 2.961 Kg/s

Nuglper of Data Points:1807
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pl p2 p3 pd pS po p7 p8
mean 07762331 0389997 U.567336] 0.532236( 0.518729] 0.1390T4[ 0.T09032| U.08038Y]
median 077628 0.5899T 05671 0.53205] 0.5T867] 013889 0.T0886] 0.08027]
mode 077526 0.58623] 0.56649 0.53123[ 0.51867( 0.13889( 0.10825 0.0796T]
standard deviation | 0.002668] 0.004424| 0.00344( 0.003204] 0.003161[ 0.002336( 0.00228] 0.00083T]
variance T12E-06] 1.96E-05| T.I8E-05[ 1.03E-05] 9.99F-06[ 5. 5IE-06] 6.
skew B 0213469 0.T9092T| 0.17265T[ 0.162265] 0.139297[ 0.123963| 0.95352T]
Kurtosis 0.T90869| 0.069963( 0.049797[ 0.028157] 0.127014[ 0.08238[ 0.234133]

CCCXXIYV Pressure Readings and Statist

ical Data
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Long Swirly-flo Pipe Arrangement (pos 5)
Run: 2kglsf50
Volumetric Flow: 3.215 Us
Mass Flow: 3.289 Kg/s
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pl p2 p3 pd ps p6 p7 P8

mean 0.836905| 0.613568| 0.5386023] 0.33501 0.533176| 0.148481[ 0.118269] 0.084257|
median 0.85700( 0.61344[ 0.58593| 0.54394| 0.53156| 0.1483] 0.T1807] 0.0831T
mode 0. —0.61308| 72 0.54515] 053053 0.14789] 0.11786[ 0.08452]
standard deviation | 0.0044T7[ 0.003373 0.00413[ 0003795 0. 000272 0002665 0.0000T6]
variance T95E-05| 2.89E-05[ 1.7TE-05| .34F-05| T.38F-08 7.4E-06| 7.TE-06| 8.39F-07|
skew 0.03 0.T43754| 0.129036[ 0.12897] 0.105376] 0.083709] 0.129163| 0.279582]
Kurtosis 0.226765| 0.TTA7T7| 0.27523Z 0.23352 0.229264| 0.226907| 0.240445] -0.7408T|

CCCXXVIII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 5)

Run: 2kglsf55

Volumetric Flow: 3.508 /s

Mass Flow: 3.596 Kg/s
Number qf llaia Points:82ft
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pl p2 p3 pd pS p6 p7 p8
mean 9330971 0.635925] 0.603576] 0.557398( 05430981 0.1573291 0-TZ7T7T| 0.087733
median 093279 0.63553 0.60332 0.5572Z 0.54404 0.15373] 0.12727] 0.08759]
mode 0.93177 0.63533 0.60332 0.35701] 0.54281[ 0.1593% 0.12523| 0.08615]
standard deviation | 0.005194] 0.00588] 0.0045385 0.0042T[ 0.003004] 0.00207T 0.00292T] 0.001T43
variance 2.67E-05] J.4TE-05[ 2.1TE-05| T.77TE-05] T.6TE-05| 8.86E-06| 8.537E-06| I.3TE-06
skew 20.07565( 0.128521( 0.085095] 0.074847 0.024187[ 0.003888] -0.03945| 0.0253718|
Kurtosis -0.36339| -0.03344[ -0.02808| -0.184TT| -0.T0488[ -0.11002| -0.12029] -T.T45372

CCCXXXII Pressure Readings and Statistical Data
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Long Swirly-flo Pipe Arrangement (pos 5)

Run: 2kglsf60

Volumetric Flow: 3.78 /s
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Mass Flow: 3.846 Kg/s
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variance J15E-05| 5.03E-05| 3.34E-05| 2.65E-05| 2.63E-05| I.47E-05| T.32E-05| 7.96E-07!
skew ~0.0TT[ 0200582 02T20T6( 0.19909] 0. T7279]0.084T7| 0.077802 | 0.254383]
Kurtosis —0.09795[ - 0.07544] 0.204548 T0.403052| 0.267925| -0.13503

CCCXXXVI Pressure Readmgs and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 6)
Run: 2kglsf20

Volumetric Flow: 0.952 I/s
Mass Volumetric: 0.935 Kg/s
Number of Data Points:3207
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pl pZ p3 pd pS po p7 p8

mean : —0.51364( 0.509312] 0.501155] 0.487818] 0.123313[ 0.095378( 0.090035
median 0.49907 0.5136] 0.50941 0.50116 048778 0.12333[ 0.09515 0.08984]
mode 039907 0.5136] 0.50778| 0.50259( 0.48778[ 0.12252 0.09515] 0.08947]
standard deviation 0.00033T[ 0.00T648] 0.0015T9| 0.001354| 0.001412Z[ 0.000935| 0.000982| 0.00068T]
variance T.00E-07[ 2.7TE-06( 2.3TE-06| I.83E-06] T.99E-06| 8.74E-07| 9.63E-07] 4.64F-

skew T772326[ -0.12277[ -0.08692] -0.1257T] -0.06512] 0.550807] 0.37T158] 0.584287
Kurtosis J72.7812 0.24574T| 0.033333[ 0.009088| -0.01324| 0.5 0. 71538]

CCCXXXX Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 6)

Run: 2kglsf25

Volumetric Flow: 1.327 l/s

Mass Flow: 1.368 Kg/s

Number of Data Points:2066
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CCCXXXXIII PS8 variation with time

pl p2 p3 pd ] pé p7 [T
mean 0.339515 0.52802[ 0.52T07T| 0.508918] 0.495524( 0.128317[ 0. 100096 0.09T095|
median 033999 0.52813] 0.32T07] 0.50893[ 0.49555 0.12846( 0.10006] 0.09T06]
mode 0.33999( 0.52833] 0.52087] 0.5075] 0.49616[ 0.12907 0.10006] 0.091T06
standard deviation ; 0.001395[ 0.001465[ 0.001443| 0.00133] 0.00T04T] 0.00097T[ 0.00017]
variance 8.62E-07| 2.55E-06[ 2.15E-06| 2.08E-06| I.77E-06| T.08E-06] 9.42E-07| 2.89E-08]
skew ~2.45376| 0.039707( -0.05459( 0.082871| -0.02397( -0.TT70T[ 0.063178[ 4.391384]
Kurtosis T 5T0403[ -0.40025 -0.07932| 025162 U.T2539] 0088558 0201633 3497233

CCCXXXXIV Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 6)

Run: 2kglsf30

Volumetric Flow: 1.762 I/s
Mass Flow: 1.809 Kg/s
N umberioif Data Poingsa 1795
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CCCXXXXVII PS8 variation with time
pl p p3 pd pS po p7 p8
mean 0.58038T( 0.527812 0.516684( 0.498586| 0.484777 0.1T4288] 0.085441[ 0.07172]
median R —0.52751] 0.51657] 0.4983  0.4835] 0.17414| 0.08533] 0.07147]
mode 038091 053271 0.51535] 0.49809( 0.483497( 0.17434] 0.08636] 0.077142]
standard deviation | 0.002499] 0.002689] 0.002739( 0.002869| 0.00294T[ 0.002808] 0.002733[ 0.002177
variance 6.24E-06| 7.23E-06| 7.56E-06 8.23E-06 8.65E-06| 7.88E-06| 7.52E-06] 4.72F-06
skew 0.115855| 1.40892( 1712819 1.976303] T1.935358( 2.529726( 2.766406| 7.08074
Kurtosis 0.303936] 5.294541| 7.381285( 9.180336 8.732416| 12.80945| 14.43072] 50.55687

CCCXXXXVIII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 6)
Run: 2kglsf35

Volumetric Flow:2.155 /s

Mass Flow: 2.197 Kg/s

Number of Data Points:2416

1 0 1000 2000 3000

|
|
Time/ s J
CCCXLIX P4 variation with tlme

|
| 0.13

oy 0125 - {
R 012 )
£ 0.115

0.11

|
|
i |
| 0 1000 2000 3000
| Time/ s

|

CCCL P6 varlatlon w1th tlme

| 0.077
0.076 |
0.075
0.074
0.073
| 0.072

‘ 0 1000 2000 3000

P8/ Bar

|
|
Time/ s [
I
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pl p2 p3 pd pS po p7 p8
mean 0.639128] 0.546744| 0.531968] 0.508848| 0.495184| 0.121844] 0.092454| 0.07394¢6
median 0.63921| 0.54674| 0.5319Z 0.50893| 0.49514| 0.1Z191 0.09239] 0.07385|
mode 0.63819 0.54674 0.53151 0.50893] 0.39373 0.12252 0.0027 0.07306
standard deviation ~0.00204 0.003034( 0.002485[ 0.002363[ 0.00224% 0.00T715] 0. 0.000679
variance 4.16E-06| 9.2E-06] 6.T7E-06| 5.58E-06| 5.03E-06] 2.94F-06| 2.86E-06| 4.6TE-07
skew ~0.242569( 0.02T691[ 0.072306( 0.007339( -0.03602[  -0.0785[ -0.0TT61|  0.5728
Kurtosis 0.658421| -0.00324| 0.0T60T4| -0.01528[ 0.042737| 0.08T78T| 0.004625[ -0.25749]

CCCLII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 6)

Run: 2kglsf40

Volumetric Flow: 2.499 I/s
Mass Flow: 2.58 Kg/s

N umber of Data Ppints:250§

|
\ 1
( 0
|
|

CLIII P4 variation with time

| 0.14

Time/ s

1000

2000

Time/ s

CLIV P6 variation with time

0.079

3000 |
|

= 0.078
R 0.077

B

0.075 |

*
& 0076

-

1000 2000 3000

Time/ s

CLV P8 variation with time

pl p2 p3 pd p3 pé p7 [

mean 0.7012[ 0.565768| 0.547828| 0.519604| 0.505804| 0.129506( 0.09992T| 0.077097
median 070161 0.56577] 0.54787| 0.51957| 0.30578] 0.12948[ 0.00986 0.07695
mode 070161 0.56475 0.54706| 0.51896] 0.30496] 0.12887] 0.09986[ 0.07633]
standard deviation | 0.002424| 0. "0.003166] 0.002853( 0.002753| 0.002049( 0.001972| 0.000608]
variance 3.88E-06| 1.4TE-05] -05| 8.15E-06| 7.38E-06 4.2E-06| 3.89E-06| J.7E-07
skew ~0.23584| 0.063163( 0026389 0077566 -0.0T058] 0.068239] 0.035462| 0259639
Kurtosis 0.226404 -0. -0.09278] -0.03901| -0.10388[ -0.05614 O.WTW
CLVI Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 6)
Run: 2kglsf45
Volumetric Flow:2.892 I/s
Mass Flow: 2.971 Kg/s
Number of Data Points:2844
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pl p2 p3 pd p5 p6 p7 P8
mean 0.776894| 0.589427( 0.566842| 0.532426| 0.518606( 0.138876( 0.108982| 0.080385]
median 07773 0.5893 0.3669| 0.53246| 0.51867[ 0.13889] 0.10907] 0.08022
mode 077731 0.58868| 0.56649( 0.53205] 0.51805( 0.13889] 0.10948[ 0.0796T
standard deviation | 0.002764| 0.004337| 0.003343[ 0.0031777[ 0.003718[ 0.002332( 0.0023] 0.000846
variance 7.64E-06| 1.98E-05[ T.T9E-05| T.0TE-03[ T.0TE-053[ 5.49E-06] 5.29E-06| 7.T6E-07
skew 0.095582( 0.003389( 0.047016] 0.065364| 0.069173[ 0.004831[ 0.070073 | T.000662
Kurtosis -0.09572 -0.12698| -0.07965| -0.1T519] -0.06558| -0.13107] 0.241897]

CCCLX Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 6)
Run: 2kglsf50

Volumetric Flow: 3.211 U/s
Mass Flow: 3.311 Kg/s
Number of Data Points:1115
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CCCLXIII P8 variation with time
pl p2 p3 pd ps p6 p7 p8
mean 0.838637| 0.61391] 0.386173] 0.535851| 0.532187] 0.148755| 0.118564| 0.084446 |
median —0.85812[ 0.61385] 0.38634 0.54% 0.53237] 0.T4871 . I 0.08357]
mode : — 0.61405[ 0.38961 0.53801( 0.53322[ 0.1 0.1T827] 0.08357
standard deviation | 0.003 0.005274 0.004] 0.00373T| 0.00364| 0.002664| 0.00262| 0.000893
variance T.37E-05| 2.78E-05| T1.6E-05] T.39F-05[ T.32E-05] 7.TF-06| 6.86E-06] T.97TE-07|
skew Z0.09309] -0.09064| -0.14294|  -0.0633| -0.10489[ -0.08945| -0.04079| 0.084537
Kurtosis 0.433547] 0.64769T| 0.539972| 0.495267] 0.30036] 0.230194| 0.2416| -0.78771

CCCLXIV Pressure Readings and Statistical Data
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pl pZ p3 pd p3 6 p7 (L
mean 0. 6378731 0.604931[ 0. 30545414 0. 1538301 0.128048] 0.088714T|
median 0.93586| 0.63799| 0.60495| 0.55926| 0.54547] 0.15812] 0.12809| 0.0887]
mode —093586] 0.64T26| 060536 0.55976| 034485013812 0.T2809| 0.08943]
standard deviation 1 0.00394] 0,005828 0.004406 | 0.00407T| 0.00388TH 00028691 0002871 0-00T098]
variance T.35E-05 3.4E-05[ I.94E-05[ T.66E-05| T.3TE-03[ 8.23E-06| 7.93E-06| I.2TE-
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Long Swirly-flo Pipe Arrangement (pos 6)

Run: 2kglsf55

Volumetric Flow: 3.48 I/s
Mass Flow: 3.59 Kg/s
Number of Data Points: 305

CCCLXVIII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (pos 6)

Run: 2kglsf60

Volumetric Flow: 3.805 /s
Mass Flow: 3.894 Kg/s
Number of Data Points:175
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pl p2 p3 p4 pS poé p7 p8
mean T.0T7329] 0.66159] 0.624029| 0.572324( 0.558366| 0.167951( 0.137289 0.091806
median T.OT769] 0.66213] 0.62418| 0.57236 0.53836| 0.16794( 0.13709[ 0.09T8¥]
mode T.0T973] 0.66459] 0.62562| 0.57215] 0.56265| 0.1667T[ 0.13709  0.0927
standard deviation | 0.004842[ 0.006826( 0.005556| 0.0049T( 0.0048T4[ 0.003629] 0.003526] 0.000995]
variance 2.34E-05[ 4.66E-05[ 3.09E-05| Z.4TE-05| 2.32E-05] T.32F-05| T.24F-05 9.9E-07|
skew S0.1T393[ 0.0595T[ -0.00337( 0.0TT928] -0.03029| -0.03463[ -0.07322 -0.0966
Kurtosis —0.01325| -0.401T45] -0.39047| -0.6185] -0.58068| -0.64818] -0.61025[ 0.476369]

CCCLXXII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)

Run: 4kglsf20

Volumetric Flow: 0.861 I/s

Mass Flow: 0.887 Kg/s

Number of Data Points:2975
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pl p2 p3 pd pS po p7 p8
mean 0.499559| 0.515816 [ 0.510353( 0.492419( 0.489663| 0.123963( 0.09786] 0.089471T
median 0.349907| 0.51565| 0.51044| 0.49236| 0.48962[ 0.12398] 0.09802| 0.08935]
mode % —0.5T85T[ 0.5TT05  0.4895 0.49T05]  0.1248[ 0.09843[  0.08843]
standard deviation A 0.0020715[ 0.002431( 0.002333[ 0.002332[ 0.001587[ 0.001586] 0.001037]
variance TI8E-06| 4.06E-06| 5.9TE-06| 5.49E-06] 5.44E-06] 2.52F-06| 2.52E-06| I.O7E-06
skew memmﬂll 0.338322] 0.25338T[ -0.13922] 0.339903]
Kurtosis -0.29548] - -0.26935[ 0. 170105 -0. 16714 -0. 0.880937

CCCLXXVI Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)

Run: 4kglsf25

Volumetric Flow: 1.267 /s

Mass Flow: 1.314 Kg/s

Ngml)er of Data Poipt§:2141
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pl p2 p3 pd p5 pé p7 p8
mean 0.530267| 0.534611| 0.524676| 0.50366] 0.500501 0. 13132 0.105075] 0.090752]
median ~0.53999| 0.53467| 0.52476| 0.50361 0.50046] 0.13133[ 0.10497] 0.09027]
mode 053999 0.53488( 0.52414] 0.50259( 0.50087] 0.13134] 0. [ 0.09006]
standard deviation 0.00068| 0.002133] 0.002397] 0.002552  0.0026] 0. 0.002335] 0.001126%
variance 4.64E-07[ 4.56E-06[ 6.75E-06| 6.5TE-06| 6.7TE-06| 5.49F-06| 5.46E-06| I.2TE-06
skew 7. -0.16493| -0.0555T] 0.039056( 0.033074| 0.132949] 0.150449] 0.932674]
Kurtosis 8 -0.29042( 0.337766| 0.567883] 0.374706] 0.100292] 0.2T7733| 2.682212]

CCCLXXIX Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)

Run: 4kglsf30

Volumetric Flow: 1.711 I/s
Mass Flow: 1.773 kg/s
Number of Data Points:1878
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mean 0.589332( 0.550734] 5[ 0.512578] 0.50883( 0.13644( 0.109778| 0.091726
median 0.58909| 0.55084| 0. 0.5T262Z| 0.50885 0.13646| 0.10988]  0.0017
mode g 0.55125 0.53826| 0.31262Z[ 0.50005 0.13666| O0.T0988] 0.09717]
standard deviation | 0.000645| 0.002033| 0.00199( 0.00205T] 0.001963] 0.001742[ 0.001725 0.000254
variance 7.16E-07| 4.22E-06| 3.96E-06| 4.2TE-06| 3.85E-06 3.03F-06| 2.98E-06| 8.09F-08]
skew 1.626016[ 0.13224T[ -0.00829( -0.0102Z[ 0.045722| 0.015783| 0.002634| 6.180596
Kurtosis 3.801693 0.772081( 0.386542( 0.353489( 0.443535( 0.218961( 0.223975| T15.0685

CCCLXXXIII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)

Run: 4kglsf35

Volumetric Flow: 2.137 /s
Mass Flow: 2.208 Kg/s
Number of Data Points:2734_ B
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pl pZ p3 pa p3 pé p7 P8

mean 0.641169] 0.551835( 0.535343( 0.502981[ 0.499246] 0.123314| 0.09596 1| 0.073374
median 0.64126| 0.55165 0.535 0.503] 049923 0.12337 0.09597[ 0.07339
mode 0.63023] 035163 0.53539] 0.5028] 0.49903] 0.12316| 0.09618  0.0737
standard deviation | 0.002364| 0.00294( 0.00248T[ 0. 0.002237] 0.00T709( 0.001699| 0.000839
variance 3.59E-06] 8.65E-06| 6.I15E-06] 5.TE-06] 5.05E-06] 2.92E-06| 2.89E-06| 7.04E-0
skew 0.284205[ 0.085788[ 0.041417| -0.00023| -0.0TTT7[ -0.04222Z| -0.05227( -0.2216
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CCCLXXXVII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)

Run: 4kglsf40

Volumetric Flow: 2.479 I/s
Mass Flow: 2.58 Kg/s
Num@r of Data Points:2433
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CCCXCI Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)

Run: 4kglsf45

Volumetric Flow: 2.865 I/s
Mass Flow: 2.97 Kg/s
.Number of Data Points:1590
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CCCXCIV Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)
Run: 4kglsfS0

Volumetric Flow:3.196 /s
Mass Flow: 3.326 Kg/s
Number of Data Points:640
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CCCXCVIII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)

Run: 6kglsf20

Volumetric Flow: 0.789 I/s
Mass Flow: 0.816 Kg/s
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CDII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)

Run: 6kglsf25

Volumetric Flow: 1.199 I/s
Mass Flow: 1.236 Kg/s

Number of Data Points:2644
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CDVI Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)
Run: 6kglsf30

Volumetric Flow: 1.685 /s
Mass Flow: 1.755 Kg/s
Number of Data Points:2190
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CDX Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)

Run: 6kglsf35

Volumetric Flow: 2.104 /s
Mass Flow: 2.2 Kg/s
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CDXIV Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)

Run: 6kglsf40

Volumetric Flow: 2.45 /s
Mass Flow: 2.547 Kg/s
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CDXVIII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)
Run: 6kglsf45

Volumetric Flow: 2.857 l/s
Mass Flow: 2.97 Kg/s
Number of Data Points: 1438

0.54
0.535
0.53
0.525
0.52 | |
0 500 1000 1500

\
" 0.545
v

P4/ Bar

Time/ s

L oss |
’ 0.15

0.145
0.14
0.135

P6/ Bar

500 1000 1500

o

I

\ Time/s
L - ]
CDXX P6 !ariatigniwith ﬁlge -

’ _—

0.084

0.082

bl
o}
o8
£ 0.08

0.078
0 500 1000 1500
i
CDXXI PS8 variation with time

pl p2 p3 p4 ps po p7 P
mean 0780118 0.600375] 0.574893[ 0.531435[ 0.527143[ 0.14312] 0.11484[ 0.08T7T]
median 078037 0.60014] 0.57467| 0.53143| 0.52706| 0.13301 0.17379] 0.08188]
mode 078037 0.59932 0.57365| 0.53082[ 0.32603 0.13219] 0.1T582 0.08188|
standard deviation | 0.002946] 0.004184] 0.003353( 0.003124] 0.003 145 0.00236 0.002269] 0.000515
variance B.68E-06[ 1.75E-05| T.TZE-05| 9.76E-06| 9.89E-06] 5.57E-06| 5.15E-06[ 2.66E-0
skew 0.163472| 0.153767| 0.154046| 0.TTT488[ 0.097385( 0.108856| 0.104529 -T1.45739]
Kurtosis ~0.T0873[ 0.14828[ 0.055842] -0.03612[ -0.07786|  -0.049T| 5.585466

CDXXII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)

Run: 6kglsfS0

Volumetric Flow: 3.213 Kg/s
Mass Flow: 3.36 Kg/s
Number of Data Points:877
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CDXXVI Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)
Run: 8kglsf20

Volumetric Flow:0.731 I/s

Mass Flow: 0.759 Kg/s

Number of Data Points:2490
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CDXXX Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)

Run: 8kglsf25

Volumetric Flow: 1.169 I/s
Mass Flow: 1.22 Kg/s
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CDXXXIV Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)

Run: 8kglsf30

Volumetric Flow:1.629 I/s
Mass Flow:1.711 Kg/s
Number of Data Points:3650
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CDXXXVIII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)

Run: 8kglsf35

Volumetric Flow: 2.05 I/s
Mass Flow: 2.159 Kg/s
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standard deviation | 0.001365| 0.002893[0.002517[ 0.00239] 0.002337| 0.002068] 0.002072 0.001386
variance T.86E-06] 8.37E-06| 6.33F-06| 5.7TE-06| 5.94E-06] 4.28F-06] 4.29F-06] 1.92F-06]
skew “T.3672T[ -0.08273] -0.17337[ -0.29963|  -0.2167] -0.54352| -0.50587| -1.72868]
Kurtosis 3.338943| 0.196697 0.439167| 0.862343[ 0.706787| 1.664608| 1.804773| T1.3794%

CDXLII Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)
Run: 8kglsf40
Volumetric Flow:2.428 I/s
Mass Flow: 2.58 Kg/s

Number of Data qupts:3306
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CDXLIII P4 variation with time
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|

pl p2 p3 pd ps p6 p7 p8
mean 0.706978| 0.585763| 0.561807 "0.520632] 0.138T37[ 0.110226] 0.078273]
median 070672 0.58382 036179 0.52369 052071 O.I38T 0. 11029 0.0786T]
mode 070672 0.58602 0.56179( 0.52387[ 0.52051 0.1380T[ 0.1T020[ 0.0786T]
standard deviation ~0.00253] 0.003369] 0.002702| 0.002553| 0.002506 0.001876| 0.001857| 0.000528|
variance 6.4E-06] T.13E- T.3E-06| 6.52E-06] 6.28F-06] 3.52F- ASE-06( 2.78E-07]
skew 0.172331[ 0. -0.03942| 0.000982[ 0.008935[ 0.022733| -0.00738 -T.2TT116
Kurtosis 0.15368[ -0.07218[ 0.013785| -0.02507] 0. 0026865 0.0T0T65| 0.962438]

CDXLVI Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)

Run: 8kglsf45
Volumetric Flow: 2.865 I/s
Mass Flow: 3 Kg/s
Number of Data Points:2907 -
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CDXLIX P8 variation with time

pl p2 p3 pd pS pé p7 p8

mean 0.781986] 0. 70.580244| 0.536689 0.532018] 0. 0. 118246 0.082099
mode 0.78232 0.60771  0.5804] 053777 0.53319] 0.1373 0.11868| 0.08188]

median 0.78232| 0.60792]

[ 0.5802

0.53655

standard deviation 0.003032[ 0.004154| 0.003367| 0.003TTT[ 0.003104[ 0.002327] 0.002293| 0.00057

variance U T9E-06| 1.73E-05| I.13E-05[ U.68E-06| 9.63F-06] 5.42E-06| 5.26E-06] 3.25E-07|
skew 0. ~0.092075| 0.096433( 0.076952( 0.07T988[ 0.019379| 0.074576| 0.980575]
Kurtosis 026372 0.027T1a[ -0. 11274 -0.03262 -0. : 0. 174916 3.870935

CDL Pressure Readings and Statistical Data



Long Swirly-flo Pipe Arrangement (optimum position)
Run: 8kglsf50

Volumetric Flow: 3.213 I/s

Mass Flow: 3.39 Kg/s

Number of Data Points:606
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CDLIII P8 variation with time

pl p2 p3 pd p5 po p7 P8
mean 0.86734] 0.63T88T[ 0.600018] 0.549768| 0.5458T16| 0.135784| 0.127286] 0.086329|
median 0.86732] 0.63175 0.60004| 0.53985 0.54567| 0.15579] 0.12727 0.08618]
mode — 0.8663| 0.63022] 0.59738[ 0.55108 0.54567 0.15692] 0.12789] 0.08513]
standard deviation 0.002908( 0.00464| 0.003705( 0.003587[ 0.003396] 0.002494] 0.002395 0.00T033]
variance 8.46E-06| 2.15E-05| I.37E-05[ 1.29E-05[ I.I5E-05] 6.22E-06| 6.23E-06| I.07E-06
skew -0.06996| 0.364895( 0.226002 o.zzm%mmmm
kurtosis 0729064 1.168906| 1.113476| 0.823139] 0.8318] 0.555963| 0.354805| -0.79937]

CDLIV Pressure Readings and Statistical Data
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