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ABSTRACT

Mt

H

Increasing capital costs, emerging environmental concerns and rising maintenance
expenses of the conventional river training works around the world have led to the
' dcveIOpment of submerged vanes in practice. Submerged vanes are being favoured for
control of sediment movement, scour and deposition. The submerged vane functions
through generation of secondary circulation for bringing about desired sediment
redistribution within the channel cross-section. The strength of secondary circulation is
profoundly influenced by the magnitude of the incident angle of vane to the approach
flow direction. Most of the studies on submerged vanes are restricted to the incident angle
in the range of 152 to 20% [n recent years, researchers have been experimenting with
higher incident angles in their search for an optimal angle of a submerged vane for to
extract optimal level of secondary circulation. However, the major impediment in the usc
of an optimal angle from the standpoint of secondary circulation hinges on occurrence of
destabilizing local scour phenomenon especially around the leading edge of the vanc.
Research forays into the problem of scour reduction around a submerged vanc for
ensuring its stability have not yet been reported by the investigators so far. The main
thrust of the present study is centered around the use of collar as an effective device to
restrict the incidence of destabilizing scour phenomenon around a submerged vane.

In this study. elaborate experimentations have been conducted to investigate the.
problem in depth with different collar and submerged vane configurations to determine
the optimal angle of attack. Most of the earlier investigators experimented with Froude
numbers falling between 0 to 0.25, Therefore, two Froude numbers were selected for the
study, one was 0.25 and other was kept in the middle range of it as 0.13. The local scour

around the different types of submerged vanes such as rectangular, trapezoidal, double



curve type I, double curve type 11, J1 and J2 type were studied without collar for Froude
numbers 0.13 and 0.25.

The maximum scour depth was observed to have taken place in the case of
rectangular vanes. Therefore, scour influencing variables were identified for rectangular
vanes and also the model was developed for scour depth considering the reqtangular vane.
It was observed from the model that flow Froude number is more important than the
densimetric Froude number. Cost analysis was carried out for the conventional method of
riprap with filter and the collar for retardation of scour hole formation at the leading edge

of rectangular vane for two Froude numbers of 0.13 and 0.25. The collar was found to be

better option economically.

The most effective performance of the collar device was found for rectangular and
trapezoidal vanes at the two Froude numbers of 0.13 and 0.25 with two reprecentative
median size sediments considered in the study namely 0.225 mm and 0.405 mm. Field
study in the Solani river near Roorkee was carried out and it was found that the collar is
highly effective in reduction the local scour around the vane, WithO;Jt any material

impairment of its hydraulic function.

Optimal angle of attack for rectangular vane with collar considelring three
different degrees of submergence was investigated and its value lies close to 40° as
reported by other researchers. It could be seen that the optimal angle of attack remains
insensitive to degree of submergence and also remains unaffected by collar. Optimal
angle of attack was also determined in case of curved vanes such as double cur;re type I,
double curve type 11, J1 and J2 type and its value in these cases was found to lie close to
45°.

Fapering of leading edge of rectangular vane with collar (called trapezoidal vane

here) is found to noticeably influence the strength of vane induced secondary circulation

iii



at the same angle of attack and similar hydraulic condition. Also the aspect ratio was seen
to wicld considerable influence on the rectangular vane induced secondary circulation at
the optimal angle of attack, 40° and for the similar hydraulic condition.

A dimensionless moment of momentum (MOM) concept has been introduced in
this work to study the vane induced secondary circulation. Streamwise decay of vane
induced secondary circulation for rectangular and trapezoidal vane is not found to exhibit
definite pattern. Dike formation phenomenon triggered by vane close to bank-line at
relatively higher Froude number of flow such as 0.25 does not seen to follow a straight
alignment but possesses a sort of curvilinear shape bended towards the suction side. Dike

formation process at smaller Froude number of flow such as 0.13 is observed to be not

appreciable.
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Chapter 1
INTRODUCTION

1.1  GENERAL

Sediment control in alluvial channels, in particular the control of sediment
movement, scour, and deposition, is one of the most difficult problems
encountered by river engineers. Bed scour along the outer bank of river bends
frequently causes undermining of the banks and loss of land. Deposition of
sediment in the river bed often reduces flood-conveyance capacity of river and
interferes with navigation. The diversion of flow from one channel to another or
to a water intake or to reduce sediment entrainment at water intakes requires
sediment management. The thalweg in a braided stream often switches from one
side to other. Vertical wall bridge abutment of single span bridge is also affected
by deep scour hole around it. The main difficulty in the treatment of these
problems is the absence of cost-effective, low-maintenance and environmentally
acceptable sediment control structures with a wide range of applications. One of
the principal obstacles to amelioration of the sediment control problem is the
affordable cost and inadequacy of the currently available conventional sediment
control structures. The submerged vanes have been developed to meet the above
problems and these have been successfully employed in other countries.

The submerged vanes (Fig. 1.1) are small and submerged foils aligned at

an angle to the flow to modify the near-bed flow pattern and redistribute flow and

sediment transport within the channel cross section.



Vane induced circulation

Bed sediment movement
direction

—— Angle of attack

Fig. 1.1 Definition sketch of submerged vane



Submerged vanes are frequently used as vortex generating devices that have
several applications, such as protection against bank erosion (Tansen et al. 1979;
Odgaard and Kennedy, 1983; Odgaard and Mosconi, 1987, Qdgaard and Wang,
1991 a,b); maintaining depth in navigation channel (Odgaard and Spoljaric,
1986); maintaining the pump-intake bays sediment free (Nakato et al.,1990),
sediment control at lateral diversions (Barkdoll et al., 1999), sediment control at
water intakes (Wang et al,, 1996) and control of scour at vertical wall abutments
(Johnson et al., 2001).

In the last two decades, there has been an increase in the use of submerged
vanes as sediment management devices as opposed to the traditional sediment
control structures (such as dikes and groins). Smaller vane dimension and the
relatively better alignment with the flow field (compared to dikes and groins etc)
lead to the réquired modification of the flow field at less flow resistance and low
structural as well as low maintenance cost and these are some of the reasons
behind their increased popularity. The vanes can be laid out to make the water
and sediment move through a curve as if it were straight. As per Odgaard and
‘ Spoljaric (1986), significant changes in depth can be achieved without causing
significant changes in cross-sectional area, energy slope, roughness and
downstream sediment transport. As per literature, number, size and layout of the
vanes depend on the channel morphology, velocity and depth at a meander bend.
Vanes stabilizé a channe! reach without inducing changes upstream or
downstream of that reach. Vanes may nét be visible in time as fhey become
buried by depositing sediment, and aid the stream in doing the work by
redistributing the flow energy to produce a more uniform cross-section without

an appreciable increase in the energy loss through the reach.



The submerged vanes function by generating secondary circulation in the
flow, which alters the magnitude, and direction of the bed shear stresses and
causes a change in the distributions of velocity, depth and sediment transport arca
affected by vanes. They are constructed on a river or stream bed and set with an
angle of attack to the direction of flow to create secondary current. The strongest
circulation will give the maximum effects of submerged vanes at optimal angle of
attack and at the same time local scour holes might develop around the
submerged vanes, which may dislodge the submerged vanes.

1.2 LOCAL SCOUR REDUCTIONS WITH COLLAR IN CASE OF
SUBMERGED VANES

Odgaard and Kennedy (1983) proposed that the optimum angle of attack,
for which the vanes are still effective in reducing the secondary current, but do
not produce scour which might endanger their stability, is between 10° and 17°.
For values of angle of attack > =20", flow separation has been found to occur
around a third or mo.re of the vane length and has led to the development of a
persistent scour hole near the upstream end of each vane. Odgaard and Spoljaric
(1986) proposed that when angle of attack is greater than 15°, flow separation
becomes significant and causes excessive unacceptable local scour around the
vane. Odgaard and Mosconi (1987) proposed that the optimum angie of attack, c,
is generally about 20°. Odgaard and Wang (1991 a,b) performed the laboratory
test using vane angle 15° for the curved channel and 20° for straight channel.

Mareliué and Sinha (1998) proposed that the optimum vaﬁe angle lies
between 36° and 45° and for flat plate it is very close to 40°, where the strength of
vortex is maximum. They found that the scour hole which practically undermines

the vane, requires large installation depth.



All the above researchers except Marelius and Sinha (1998) related the
optimum angle of attack to the local scour hole so that significant local scour may
" not develop to dislodge the vanes. But Marelius and Sinha (1998) related the
optimal angle of attack to the maximum strength of vortex, which looks more
acceptable. However, all the researchers are silent as to how the local scour hole
be reduced to install the submerged vanes at optimal angle of attack to get
maximum effect of submerged vz.mes. There is a2 complete lack of studies on
submerged vanes in respect of local scour. It can also be seen from the review of
literature that so far there are hardly any detailed investigations conduced on the
use of different shapes of submerged vanes in the context of reduction of local

scour around the vane.

elx

With the above background, the following objectives are set for the

present study.

1.3 OBJECTIVES OF THE STUDY .
(1) To perform experimental runs on rectangular as well as diffegg;{;t.
shapes of submerged vanes. Based on analysis of data, identification
of key variables influencing the scour phenomena is to be achieved.
Also, suitable relationships are to be evolved for describing the local
scour around the rectangular submerged vanes without collar.

Fan

(2) Study of collar as scour retarder and optimization of collar shape and
size for rectangular and trapezoidal vanes at optimal angle of attack
and at two Froude numbers such as 0.13 and 0.25.

(3) Investigation of optimal angle of attack for rectangular vane with

collar at different degree of submergence. A diricnsional analysis



4

(3)

(6)

(7)

(8)

&)

approach for dimensionless strength of vortex in terms of moment of
momentum is also to be developed.

Investigation of optimal angle of attack for different shapes of
submerged vanes such as double curve type [, double curve type II .
J1 type and J2 type vanes. Details of theses shapes are given later.
Effect of aspect ratio of rectangular submerged vanes on vane
induced secondary circulation.

Effect of taper angle (trapezoidal vane) on the strength of vane
induced secondary circulation.

Decay of strength of vane induced secondary circulation generated by
rectangular and trapezoidal vanes at optimal angle of attack along the
downstream region of the vane.

Investigation of the alignment of dike formation due to the
rectangular and trapezoidal vanes at optimal angle of attack.

Field trials of the optimized shape and size of collar with trapezoidal.

vane (taper angle 3H:2.5V)

1.4 ORGANISATION OF THESIS

To meet the above objectives, the present study is organised as follows:

Chapter 1:

Chapter 2:

Chapter 3:

Chapter 4:

I'.r introduces the topic of investigation, underlying objectives and
the layout of the thesis. |
The literature review relevant to submerged vanes are included

here.

It provides the details of experimental program.

It presents the performance evaluation of submerged vanes of |

different shapes and sizes without collar. It also deals with the



Chapter 5:

Chapter 6:

Chapter 7:

Chapter 8:

development of appropriate relationships for predicting scour
around rectangular vanes. In addition, it also outlines an approach
for the cost analysis of riprap vis a vis a collar.

It includes the optimization of collar shape and size for rectangular
and trapezoidal vanes at different Froude numter. In addition, it
also includes the field verification of the tapering vane with
optimized collar.

It presents the optimal angle of attack at the different degree of
submergence for the rectangular vanes with collar having the
leading edges vertical and tapered. It also includes the optimal
angle of attack for different shapes of submerged vanes. In addition,
it also outlines dimensional analysis approach for dimensionjl;:ss
moment of momentum. It also describes the effect of scour hole on
the strength of vortex.

It includes the decay of vane-induced strength of vortex ;:rith
downstream. It also includes the dike formation due to submerged
vanes.

It includes the general remarks, results of present investigation and

outlines the main findings and provides framework for future work



Chapter 2
REVIEW OF LITERATURE

M .

2.1  GENERAL

Use of submerged vanes is found to be effective in a variety of solutions, as
described in chapter 1. However, it is appropriate to know certain issues related to
submerged vanes. In this Chapter, details of various studies related to other secondary
current generating structures are provided along with submerged vanes. Salient findings
of different investigators with regard to submerged vanes are also covered here. Among
other issues, scour around submerged vanes, shapes of submerged vanes, role of collar

and factors influencing the performance of vanes are also addressed in this chapter.

2.2 SOME SECONDARY CURRENT GENERATING STRUCTURES
Prior to introduction of vanes, a variety of secondary current generating devices

including banclalling, surface panels, bottom panels were used.

2.2.1 Bandalling

In comparison to submerged vanes, bandalling is quire an old technique, which
was successfully uﬁéd as a palliative measure in Assam (India), mainly to improve
navigation conditions (Remillieux, 1970). The bandalling system comprising of a mat
placed oblique to the flow was developed in the Ganga-Brahmaputra river area and is still
-' applied there to a certain extent. Bandals are vertical mats or screens made of bamboo,
supported on bamboo poles driven into the bed. The effect of bandalling is due to the
gencration of secondary currents. They are erected at mid water after the flood, with their
upper edges rising clear of the water and their lower edges penetrating below the surface

for about one third to one half the depth. They are set at an angle to the stream to divert



the surface currents towards the navigation channel, and have the secondary effect of
encouraging deposition of the stream bed load, thereby indirectly decpening the
navigation channel. In order to prevent deviation of the sediment transport from the sand
banks towards the channel, a small opening is left between mat and sand bank gets
diverted away from the sand bank deposits, while the bottom flow deposits. As a
consequence, the surface flow together with bed load passes under the mat. The resulting

helical flow transports the sediment away from the desired channel.

2.2.2 Surface Panels

According to Jansen et al. (1979), the system of surface panels was developed in
the USSR by Potapov and his associates in 1936. According to the unpublished report on
“method of transverse circulation complements relative to the surface pancls” (1962), the
surface panels is composed of an assembly of deflectors linked to four wings connected to
a barge fitted with an anchor. This unit gives rise to a double helical circulation which
extends downstream along the channel to get deeper. This report also concludes that the
size distribution of the deposits, which from the sills and the flowing speeds due to the
surface panels, may affcct the movement of deposits. Surface panels, placed.obliquely in
the current, cause deviation of surface flow and due to acceleration under the panel,
deviation of the bottom flow in the other direction. The result is a helical flow
downstream of the panel. The increased sediment transport follows the bottom flow.
According to Jansen et al. (1979), the principle mentioned above has also been applied by

French engineers for scouring channel. They grouped a number of surface panels together

in a so-called scouring barge.



2.2.3 Bottom Panels

The principle of bottom panels is also based on the generation of helical flow. The
panels are placed at an angle of about 45° to the current at the edge of the channel to be
eroded. According to Jansen et al. (1979), bottom panels have not only been applied for
the creation of navigation channels, but have also been used for the closure of secondary
~ river branches. The bottom panel does not have gap between the river bed and the panel
unlike bandalling, surface panel and scouring barge. The bottom panel is submerged
excepting the first banel of the system of bottom panels. The first panel of the system of
bottom panels is placed in a water depth where the channel does not need to be deepened.
Other panels such as bandalling, surface panel scouring barge are not submerged in
flowing water and projected above it. Bottom panels are temporary regulation structures
only, and their effect is local and much dependent on the stability of river channel (Jansen
et al., 1979). According to Remillieux (1970), bandals have to be renewed each year after
the flood, bottom panels remain in place, and effect, initially even greater than bandals,
increases each year, the asymptotic limit usually being reached after three annual floods.
According to the unpublished report on method of transverse circulation complef;r:hén_gs
relative to the surface panels (1962), bottom panels gives larger and longer deepening in
comparison to surface panels. Jansen et al. (1979) also states th.at “their efficiency 1s
usually low and success can never be guaranteed”. The common objective of all the
above secondary current generating panels is to accentuate the effect of secondary
current. But the strength of secondary current in quantitative terms was not explicitly

_ explored and examined.
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2.3 PRINCIPLE OF SUBMERGED VANES AND GENERAL GUIDE LINES

For a channel bend flow, the idea for submerged vanes was suggested based on
the research findings by Zimmermann and Kennedy (1978) and Falcon (1979), which
examines the torque (including the flux of moment of momentum) exerted on the flow
about a streamwise axis at the channel bed or centroid. According to Zimmerman and
Kennedy (1978), the centrifugal force per unit mass exerted on the fluid as a resuit of
channel and streamline curvature increases upward from the bed, as the square of the
tangential component of the local fluid velocity, and is greatest at or near the water
surface. Consequently, the fluid in the upper portion of the channel is driven outward to
the concave bank, and as a result of continuity requirements, the fluid at the lower levels
moves to the inner bank. Thereby, a spiral motion or secondary flow is imparted to the
fluid as it moves around a channel bed. Near the bed where the concentration of
transported sediment is higher, the secondary current moves sediment inward across the
channel and deposits some of it near the inside of the bend, while the concave bank is
subjected to the erosive attack of sediment deficient fluid from the upper layers of the
stream and thereby the bed near the outside bank is scoured.

The first known attempts to develop a theoretical design basis for submerged
vanes were made by Cdgaard and Kennedy (1983), and Qdgaard and Spoljaric (1986.). '
They proposed through the theoretical and physical model, tﬁat short vertical submerged
vanes, installed at incidence to the channel axis in the outer half of a river-bend channel
significantly reduce the secondary currents and tﬁe attendant undermining and high-
velocity attack of the outer bank.

Odgaard and Kennedy (1983) concluded that submerged vanes a.re very effective
in nullifying thé secondary currents produced in the channel bends, which often lead to

undermining and accelerated erosion of river banks and submerged vanes do not increase
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the local channei roughness as do others, presently used means for reduction of the near-
bank velocity. T;héy also suggested that submerged vanes are attractive alternative to
riprap and other structural types of bank protection in mitigating an intriguing natural
phenomenon.

Odgaard and Spoljaric {1986) concluded that the change in flow depth induced by
vane is proportional to the vane-induced transverse velocity component near the bed,
which is a function of the angle of attack They found 'changes in flow depth by
transporting sediment sideward rather than downstream, while many traditional structures
: for sediment control produce a streamwise redistribution of sediment and a change in the
flow. With the éhange in the energy conditions of the flow (slope, roughness), the vane
system designe.d' redistributes the bed sediment in the transverse direction without
changing overall channel charactéristics. Also they reported that the vanes do not change
the cross-sectional area of the channel and the strength of vane-induced helical motion
varied little, when H/d va.ried within the range 0.2 < H/d £ 0.5, where, H = Vane Height ;
d = flow depth. They also suggested that the vane height, H, should be chosen such that
the ratio H/d remains within the range 0.2 < H/d < 0.5 at all erosion causing ﬂoﬁ‘f’- rates
and the vane length, L, should be of the order of 3-4 times the vane height. They also
suggested that the vanes should form an angle o, with channel centreline such that of
o’ = 10-15% with the mean flow direction at bankfull flow; and the lateral spacin‘g of the
vanes and the distance from the outermost vane to the bank should be less than about
twice the water depth at bankfull flow.

Based on field data, Odgaard and Mosconi (1987) concluded that submerged vane
technique is a feasible and realistic alternative to the traditional techniques, c.g., rock
riprap and spur-dikes. Also, the design produced a reduction of the high flow transverse

bed slope of at least 50% and a reduction of the near bank velocity of, generally 10-20%,
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moving velocity maximum toward the centre of channel. They also concluded that the
technique is notable by its simplicity in both design and construction, and the system did
not cause any measurable change in the longitudinal slope of the water surface nor in the
average depth for a given discharge. In other words, as per them the vane system should
not interfere with the overall sediment balance and stability of channel,

Odgaard and Wang (1991a) carried theoretical studies of the vanes for non-
separated flow and concluded that vanes are applicable to channels with any shape and
plan form and vanes are installed at any angle of attack betweenl 5-25° with the flow, and
their initial height is 0.2 — 0.4 times local water depth at design stage. The circulation
alters magnitude and direction of bed shear stresses and causes a change in the
distributions of velocity, depth, and sediment transport in the area affected by the vanes.
As a result, the river bed aggrades in one portion of the channel cross section and
degrades in anoiher. They also concluded that by introducing relatively small changes in
the bed shear stresses, arrays of vanes could generate local changes in the bed elevation of
the order of the vane height. The major controlling parameters are vane height, vane
aspect ratio, angle of attack, vane density (spacing), channel resistance, and sediment
Froude number. An increase of any of these parameters causes the induced changes in
bed elevation to increase.

Odgaard and Wang (1991b) have prepared a number of graphs showing maximum
changes in flow depth, d,, - dv, as a function of vane flow and sediment parameters,
where, dm equals maximum flow depth, and dy equals vane induced flow depth.

They concluded the following vis a vis design guidelines.

(i) in both the curved and straight flume, the vane induced changes occurred

without causing significant changes of the area of the cross sections and of

the longitudinal slope of the water surface. The changes in slope were less
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(i)

(iii)

than 10%. Thus, vanes will not cause any changes of the streams sediment-
transport capacity upstream and downstream from the vane field and,
therefore, should not alter the overall characteristics of the streams.
Vane-induced redistribution of sediment within a cross section is an
irreversible process in the sense that 2 reduction of discharge does not lead
to recovery of original distributions. A reduction in discharge does not
result in a reduction in the volume of sedirﬁent accurnulated in the vane
field, because at the lower discharge the sediment-transport capacity in the
vane field is too low to remove the lsediment that accumulated at the higher
discharge.

In most applications, the vane height will bg between 0.2 and 0.4 times
local bank-full flow depth, and vane length will be two to three times vance
height. The submergence of the vanes will be as much as 100% of the
average flow depth. The vanes will be placed in arrays along the bank of
tllme river. Each array will contain two or more vanes. The vanes in an array
will be spaced laterally at a distance of two to three times vane height. ’I-‘h_e
streamwise spacing between the arrays will be 15 to 30 times vane height.

The vane-to-bank distance should not exceed four times the vane height.

The first (most upstream) array in the vane system must be located at a distance of

at least three array spacing upstream from the property to be protected or flow area to be

* improved and there must be at least three arrays in the system for it to be effective at and

downstream from third array.

Johnson et al. (2001) performed laboratery experiments to evaluate the

effectiveness of vanes for preventing scour at single-span bridges with vertical wall

abutments. They used the rock vanes, which are single-arm structures angled to the flow

14



with a pitch into the streambed such that the tip of the vane is submerged even during low -

flow. Following conclusions were made by them based on the scaled experiments:

231

(M

(if)

(iii)

(iv)

Vanes appropriately placed in a stream channel upstream of a vertical wall
bridge abutment with setback move the abutment scour away from the
bank and abutment toward the centre of the channel. The vane forces the
flow to separate from the channel bank at the vane, causing reduced
velocities and shear stress at the bank and increased velocities in the centre
of the channel.

If the vane is placed such that the abutment is within the influence of the
vanes, then scour is greatly reduced in the lower velocity area along the
abutment. Although scour is reduced along the abutment wall, scour still
occurs in the channel away from the abutment.

For higher flows, the maximum scour depth dccui'red about one-third the
channel width away from the abutment, or about 20% further away from
the abutment than for the no-vane use,

The vanes do not armour against scour or significantly reduce scour
overall; rather, they use the scouring to occur toward the centre of channel,

away from the abutment,

Case Study on Performance of Submerged Vanes

Wang et al. (1996) demonstrated the utility of the vane technique for sediment

management at water intakes. They used the design basis for the vane technique

developed by Odgaard and Wang (1991a). The design process consists of selecting values

of vane height H, vane length L, angle of incidence o, vane submergence T, vane

spacings &, and &;, and vane—to- bank distance &, using thé following basic flow and

sediment parameters: (i) prevane average flow depth d; (ii) velocity U and resistance °
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8 - .
parameter m; (1 = x ?) where, x = von Karman constant and f = Darcy-Weisbach

friction factor (iii) channel width-depth ratio B/d and radius-width ratio /B ; and (iv) the

sediment Froude number Fp (F, = U f./gd « ). They also described the submerged vane

technique 'ese'd' fer solving sediment problems at the water intake at the Duane Arnold
- Energy Centre (DA-EC) located on the Cedar ﬁiver in Palo, lowa and at the Byron Station
water intake Joeeted on the Rock RiAver in Byron, I1l. The DAEC intake velocity was
about 0. 04 m/s and Byron statmn intake ve]ocnty was 0.08 m/s, and river flow velocities
at the DAEC mtake and Byron Station mtake were 0.5 m/s and 0.4 m/s respectwely
~ Since the start of operatlon in 1972, the DAEC mtake had expenenced recurring
sedlment ploblems, Wthh were partly due to an unexpected shift in the flow pattern in
the river. Considerable amount of sediment were being drawn into the cooling system,
leading to ninintenance p-oblems; szdiment was accumulating within the intake structure,
and the gates ai the entraﬁee to the intake were repeatedly buried and made inoperable. At
‘low flow, a sand bar typically was visibly in front of the downstream portion of the
intake. The sandbar connected with the intake structure blocked the flow into part of the
intake. Sediment deposition at the intake being an much as 1 m above the sill elevation.
The bed was lowered by 0.6 m in front of the intake after one year installation of
submerged vanes. |
The msediment problem at Byron Station water intake was partly due to the intake
being‘on the inne_r bank of a river curve. In 1980, a channel was built into the river bottom
to connect the intake opening Awith the deep portion of the river near the outer bank of the
river across from the intal;:c. Tﬁis channel had to be dredged at very frequent intervals. In
1990, the bed elevation at the intake was about 1.3 m above the sill elevation of intake.

Sediment deposits blocked a considerable portion of the intake opening.
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The solution that was developed consisted of (i) removal of a shatlow spur on the
left bank upstream from the intake structure, (ii) reshaping of the riverbank downstream
from the intake structure; (iii) installation of eight arrays of five vanes each in front of

intake structure; and (iv) construction of two submerged wing-dams (submerged groins)

upstream from the intake structure on the opposite bank.

The vanes were located to intercept the approaching bed load and divert it away

from the face of the intake.
It was reported that the vane system very effectively developed a deep channel in

front of the intake. In both the cases, the ratio of withdrawal velocity to river flow

velocity was less than 0.2.

2.4 LOCAL SCOUR AROUND SUBMERGED VANES

Odgaard and Kennedy (1983) performed laboratory experiments with angle of
attack of 15° sediment mean diameter of 0.30 mm, its geometric standard deviation of
1.45 and H/d ratio as 1/3 in a curved flume at the lowa Institute of Hydraulic Research of
the University of lowa. They also conducted experiinents to determine the optimal angle
of attack (a) for vane, which produces minimum scour hole. fhey suggested that for

values of @ > =20°, flow separation occurred around a third or more vane length and

produced a persistent scour hole near the upstream end of each vane. As a was reduced,

the number of vanes producing objectionable scouring also decreased.

All the investigators agree that local scour depth increases with the increase of
angle of attack. Probably for this reason vanes have not been used practically at the angle

of attack beyond 20°.
Marelius and Sinha (1998) conducted laboratory experiments and found that the

effect of vanes, i.e. strength of secondary flow in terms of moment of momentum induced
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by submerged vanes is maximum at angle of attack very close to 40°. The graphical plot
provided by Marelius and Sinha (1998) shows that there is significant variation of
strength of vortex created by submerged vanes between the angle of attack 20° and 40°.
However, the way to deploy the submerged vane at the optimal angle of 406 to drive its
maximum beneficial effect for given hydraulic conditions remains to be investigated.
Obviously, this will presuppose checking the occurrence of local scour around the

submerged vanes by a suitable local scour retarder method.

2.5 COLLAR AS SCOUR RETARDER

In the last few decades, collars have been frequently used as scour retarder in case
of bridge piers ahd abutments. Chiew (1992) performed laboratory experiments to reduce
the local scour around the Bridge piers using collars. He studied the effect of the size and
position of a collar on the equilibrium scour depth around a cylindrical bridge pier ba;s'ed
on experimental data in clear water condition. Following are his findings.

(1) A collar can reduce the scour depth significantly.

Al

(i) When the collar was placed below the mean bed level, scour development

Lo

was arrested when the base of the scour hole coincided with the surface of
collar.

(i)  In general, the use of collars appears to be effective, especially when the
undisturbed velacity is small enough that there is no lateral sediment
transport or migration of bed forms past the pier. However, when general
sediment transport occurs, the trough of migrating bed form may expose
the pier beneath the collar under such condition, it loses its effectiveness.

(iv)  When a slot placed near the bed is combined with a collar, the combination

is capable of eliminating scouring altogether.
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(v)  There is zero scour for the combination of 0.25D; slot and 3.0D, collar at

bed on a solid pier.

-+ Vittal et al. (1994) performed laboratory experiments in clear water condition to
investigate the clear-water scour around the bridge pier group. The sediments used were
of mean sizes 0.775mm, 1.183mm, 1.543mm and 1.844mm. They reported the collar t0
be very effective for the bridge pier group. The collar was kept at 2 height of 1.50cm
above the bed. They also reported that the 30° orientation of bridge pier group with
approach ﬂou.r as the best orientation.

Kumar et al. (1999) performed laboratory experiments on scour reduction around
bridge piers under clear-water conditions. They used uniform-size sands having median
diameters of 0.78mm, 1.18mm and 1.54mm. They suggested that a collar at any level
above the bed, divides the flow into two regions above and below the collar. For region
‘above the collar, it acts as an obstacle against the downflow duc to which the downflow :
loses its strength on impingement at the bed. For the region below the collar, the
downflow and horseshoe vortex are reduced. They also mentioned that the efficacy of

collar depends on its size and the location on the pier with respect of bed. They presented

the following equations

gs , Eig. Tmp[ DoI"h , Q2.1
ds , D, d

ds —d L612 0.837

3~ _pos7( 22 (h) 2.2)
ds, D, d

forh<d

where,

ds, = equilibrium scour depth in case of pier without appurtenances; ds. =

equilibrium scour depth in case of pier fitted with collar; Dy = diameter of pier without
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appurtenances; D, = diameter of collar;; h = depth of collar below free water surface; and
d = depth of flow.

According to them, an additional parameter, like ratio of collar thickness to flow
depth should also appear in eq. 2.1, but it was not introduced because their study was
restricted to collars of negligible thickness. Kumar et al. (1999) claimed tl\1at performance
of eq. 2.2 falls within + 40% error. Eq. 2.2, nevertheless, provides a means of estimating
" the reduction of scour that can be achieved by the use of a circular collar around the
circular bridge ;ﬁcr. They suggested that eq. 2.2 should be used only forh<d+ dsp. They

also concluded through eq. 2.2 that the larger diameter collars at or below the bed are

more effective.

2.6 . VARIABLES INFLUENCING SUBMERGED VANES PERFORMANCE
2.6.1 Shapes of Submerged Vanes |
Odgaard and Wang (1991) used the shape of submerged vane as double-cur;:ed
foils with slight twist in their experimental study. The curves were like J shape vane with
slight twist curve at the leading edge on its top in horizontal plane. But they did not rcﬁort

the reason behind this shape. b

Barkdoll et al. (1999) used the double vane with the aim to enhance its effects. It
" comprised a upper vane, set at opposite angle of attack, with the same dimensions and
placed just under the water surface. The idea was that the upper vane would cause more
" flow to enter the diversion from the upper region of flow and thereby, decrease the
amount drawn from near the bed. They concluded that the double vane increased the

amount of turbulence at the diversion entrance and thereby increased sediment movement

into the intake over that of a single vane.
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2.62 Optimal Angle of Attack

Initially, optimal angle of attack for submerged vanes was rclate:d by the
rescarchers to the dislodgement of vanes due to scour. Odgaard and Kennedy {1983)
concluded that the optimal angle of attack, for which the vanes are still effective in
reducing the secondary current but do not produce scour which might endanger their
stability, is between 10%and 17°.

Odgaard and Spoljaric (1986) concluded that optimal angle of attack is 15° since

flow separation becomes significant and causes excessive scour around the vane when

angle of attack is greater than 15°

+

Odgaard and Mosconi (1987) proposed that the optimal angle of attack for bend
channel is gcnerlally about 20°.

For the first time, Marelius and Sinha {1998) related the optimal angle of attack to
the vane induced circulation. They concluded that optimal angle of attack is very close to
40°, where the vane produces the strongest circulation. However, in the literature there
has not béen any work reported on the optimal angle of attack for vane with any scour
retarding device like collar. There is also an imperative need to find the effect of local

scour on the vane induced strength of vortex.

2.6.3 Degree of Submergence

According to Odgaard and Spoljaric (1986), the strength of vane induced helicél :
motion varied little when T/d varied within the range 0.5 < T/d < 0.8. They performed

laboratory experiments with vanes for degree of submergence (T/d) as 0.5.

Odgaard and Mosconi (1987) gave the following relationship in terms of T/d:

NLH _2d[d7 H
P EF[E] {(n +1)—(n+2)ﬂ (2.3)
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where, N = Number of vanes; L = vane length; H = vane height; r = radius of curvature;

& = bend angle; b) = vane design section width; d = flow depth; ¢,= lift coefficient;

-1
n = power law exponent and function F = [(n +1)-(n +2)-§—}

They suggested that F is relatively insensitive to 'the variations of H/d over the
large range of H/d values. H/d indirectly refers T/d (T/d = 1-H/d). They also concluded
. that vanes f’ﬁnction optimally if vane height (H) is less than about half the water depth at
flow rates at which bank erosion occurs.

Odgaard and Wang (1991) provided a number of graphs to facilitate design at
different degree of submergence such as 0.5, 0.7 and 1.0.

Wang and Odgaard (1993) performed laboratory cxperimehts on rectangular vane
with degree of submergence as 0.5.

Marelius and Sinha (1998) performed laboratory experiments to investigate the
optimal angle of attack for rectangular vane with degree of submergence as 0.7. |

Barkdoll et al. (1999) conducted laboratory experiments with submerged vanes of
degree of submergence as 0.79 to investigate the effect of flow field and bed-sedir;:ent

movement at a diversion, limit of their effectiveness for sediment control and their

effectiveness by the use of additional devices and intake-entrance modifications.

2.6.4 Streamwise Spacing of Submerged Vanes
Odgaard and Kennedy (1983) suggested the following relationship for the

evaluation of centreline spacing (streamwise spacing) of the vanes by analytical modek:

(2+n)in
% = = (sino) [(n +1)—(n+2) fﬂ[g} (2.9)
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Where, §; = centreline spacing of the vanes; L = vane length; r. = mean channel radius;
o = vane inclination; n = exponent in the power-law velocity profile| n = —\/—F— ; H=vane

height; d = depth of channel (flow depth); B = width of the channel; and f = Darcy-
Weisbach friction factor.

The eq. 2.3 gives centreline spacing of S =95 m for two-row array of vanes as per
th:s: data they used which appears to be sufficiently large to be practical. However, they
used the cent.reline spacing of § = 62m for the prototype model study in Sacramento
River, California for verification of the findings of laboratory madel study carried out in
the curved flume.

For desired change in flow depth and given flow characteristics, Odgaard and
Spoljaric (1986) suggested the following relationship for streamwise spacing between

each lateral vane array and the number of vanes per lateral array:

Ad NK, 2x B '
— I —— b | = 25
N AR i (2.5}
_+......
f x

Where, Ad = maximum change in flow depth = d-d ; d = flow depth; d = cross-sectional

average flow depth; K, = a V—, tan g, ;a= (3a,/2) (J@, 'k ):’\fgd50 (P, —p)ps

a = projected area/volume ratio for particle normalized by that for sphere (ot = 1.27 for
ordinary river sand); 8, = Shields’ factor (= 0.06)(1936); k = ratio of critical near-bed
velocity to critical shear velocity (= 1); dso = grain size; p, ps = fluid and sediment
dénsity; V; = cross-sectional average value of V,; Vy = time-averaged velocity

component in the x direction; B = vane angle of incidence with flow; x = von Karman’s
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" constant 0.4; N = number of vanes in lateral arrays; ;= streamwise spacing of the vanes;

and f = Darcy-Weisbach friction factor.

2.6.5 Tapering of Leading Edge of Submerged Vanes

Submerged vanes with tapered leading edge are installed in.Wapsipinicon river
bend in the U.S.A. and outside a new water intake in Nepal. In a personal communication
with one of the supervisors (Prof. Nayan Sharma), Prof. A. J. Odgaard ascribed the
rationale behind tapering the leading edge of the submerged vanes to deflect floating
debris impinging on the vane. Also, possibly stﬁck up debris etc. at the leading edge in
low to medium flows is more readily removed with the rising stage if the edge is tapered
than vertical. In countries where rivers are ice covered in the winter, the taper facilitates
natural ice removal. The effect of tapering the leading edge of submerged vanes on the
strength of vane-induced secondary currents has not been investigated so far. Thus it is
important to investigate the effect of tapering the leading edge of the vanes on the vane-

induced secondary current.

2.6.6 Aspect Ratio of Submerged Vanes

Table 2.1 gives the summary of aspect ratio used by different investigators.

Table 2.1: Aspect ratio used or recommended by different investigators

Name of investigators Aspect ratio
Odgaard and Spoljaric (1986) 0.4 -
Odgaard and Mosconi (1987) 0.25100.33

Odgaard and Wang (1991a) 0.3
Odgaard and Wang (1991b) 0.5
Wang and Odgaard (1993) 0.5
Wang et al.(1996) 0.33
Marelius and Sinha (1998) 0.5
Barkdoll et al. (1999) 0.32
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2.13 SUMMARY:

From the preceeding review of development of the submerged vane technique, it
has become apparent that the researchers have been experimentiné with the use of
different angle of attack over the years along with other related parameters of design,
Evidently, the main thrust of the research veers primarily around the optimal angle of
attack without &iggering a destabilizing scour, which.would afford the largest vane-
induced circulation of secondary flow to enhance vane performance substantially. While
some signiﬁcént headway has already been made by researchers in narrowing down the
search for the optimal angle of incidence, there still remains the unresolved issue of
preventing dislodgement of the vane due to large attendant scour depths at higher angles
of attack especially around the leading edge of the vane. In this context, there is now an
imperative need to undertake further research endeavour for evolving effective scour
retarding mechanism especially around the vulnerable leading edge region for ensuring
stability of the submerged vane at higher but optimal angle of incidence.

Further from the literature review, it could be discerned that with recently
emerging prospect on the possibility of adopting higher angle of attack for a vane, the
renewed direction of research enterprise may desirably now concentrate on ensuring
stability of a vane against scour by devising a suitable scour retarding mechanism which
should be optimised for realistic flow conditions. In its wake, it will also be pertinent to
investigate the influence of such a scour retarding mechanism on the growth and decay of
vane-induced vortex with respect to stream-wise spacing of a vane. From the above
emerging scené_rio, it aIrso seems imperative that supplementary experimental study is
célled for assessing the flow behaviour of tapering the leading edge of a vane with a scour
retarding device. In the event of possible introduction of the aforesaid scour retarding

mechanism in a vane, experimental analysis on its impact on the vital desigh parameters
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at a vane such as aspect ratio, degree of submergence etc. will be pertinent from the
standpoint of vane performance. It thus, transpires from the lreview that sustained
experimental studies by several researchers have yielded significant development
pertaining to lateral and longitudinal spacings of multi-vane array scenario. However,
absolutely no forays have been made so far in the virgin research area for harnessing the
high optimal angle for a vane with an optimized scour retarding mechanism
encompassing all its related ramifications. A breakthrough in research in this newly-
emerging direction would significantly enhance the utilitarian function of this novel
technique of submerged vane as a significant cost-effective option for tackling

streambank protection and sediment managerment problems.
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Chapter 3
EXPERIMENTAL PROGRAMME

m e

3.1 GENERAL

From the preceding chapter. it is apparent that few types of submerged
vanes have come into existence. It is obvious that ceﬂain preliminary studies on
the performance of submerged vanes are necessary in order to identify the
submerged vanes with minimum scour hole around it wnthout material reductions
in strenzath of vortex. The effect of different shapes and siz‘es of vanes on the
strength of vane induced vortex and on the reduction of local scour around them
~is also to bc‘ gtud'ied. With this in view, the experimental programme was
organized in five phases. In the first phase of experiment, the effect of different
shapes and sizes of submerged vanes in context to local scour was investigated.

[n the second phase, experiments were performed in a 50 cm wide mobile
bed flume using collar as the local scour retarder for the two types of plastic
plates with varying angle of attack, degree of submergence. In this phasc- of
laborat_ory experiments, primarily it was endeavoured to gain an insight into the
optimization cf siue and shape of collar for the assessment of a suitable one for
the intensive i‘ab experiments to be followed subsequently. The vanes were made
of plastic pIate.s. The trapezoidal shape is be.cause of'-tapcring the leading cdge of
the vane, to facilitate the smooth dcflectibn of debris, ice and any other floating

materials.

In the third phase of experiments, different shapes of the submerged vanes

such as doub'e curve type I, double curve type I1, J1 and J2 type were tried.
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The angles of attacks were varied in the third phase of experiments, which

yielded the desired experimental data for undertaking the required analysis of

data.

In the fourth phase of experiments, the study on the formation-of dike due
to rectangular and trapezoidal vane and decay of vane induced vortex with
downstream of vane were carried out.

In the fifth phase of experimental study, the chosen 'co'n_f'lgu;ations of
laboratory model trapezoidal vane were faithfully reconstructed with identical
size and shape of optimized collar configurations at optimum angle of attack in
the Solani river near Roorkee to elicit actual field info-rmatic:ns on their:
behaviour. The main aim of this study is to investigate thé local scour hole and its
retardation by collar in case of vanes with and without collar, which are founded
in non-uniform sediment and subject to clear water live bed. conditions.
Therefore, experiments were conducted to examine the effects in local scour
around the vanes, flow depth, discharge intensity, vane, height and length, their
shape and sediment size, in clear water conditions. With this background, the

details of the experimental programme are presented below.

3.2 LABORATORY FLUME

The flume used was eleven metre long tilting flume, made of mild steel
with side walls made of transparent perspex sheet. Flume has an in-built up
stream tank of 40 cm x 90 cm x 115 cm dimensions. The depth of flume is 50 cm
and the width is 50 cm. Diagrammatic scheme is’ given in Fig. 3.1. The bed of
flume is supported on angle iron sections, the lower ends of which are connected
to a shaft, placed length-wise parallel to the central pdrtion of flume below it,

.

Shaft is movable horizontally backwards and forwards with the help of a gearbox
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* and electric motor such that if the shaft moves towards the direction of flow, the
front portion of flume moves upwards and lower portion moves downward and
vice-versa. This is the mechanism of changing the required slope. The water
flowing in the' flume falls into a sump, which is connected to an underground
tank of 1.5 mx 1.Smx3m dimcnsioné. From the underground, tank water is
lifted with the help of a pump of 10HP capacity. 10 cm dfameler pipes carry
water from the dnderground tank to the upstream tank. The discharge is regulated
with the help of a gate valve placed after the pl;mp. A venturimeter is placed at a
distance of 180 cm from the gate valve and 70 ¢m before the bend pipe leading to

the top of upstream tank. The venturimeter is attached to the mercury manometer.

3.2.1 Scdilﬁ'ents- ﬂsed

Experiments were performed with two types of sediments having median
diameter as 0.225 mm (gcometric standard deviation 1.42)(as shown in the
Table 3.1 and Fig. 3.2) and 0.405. mm (geometric standard deviation 1.37) (as

shown in the Table 3.2 and Fig. 3.3). The relative densities of all sands were

2.65.

3.2.2 Other equipment

‘The depth of flow along the length of flume and the scour pattern around
the submerged vanes were measured with the help of a pointer gauge, which
could be moved along the hand rails fitted at the top of flume. The three-
dimensional (3D) components of velocity were measured by means of an
| Acoustic Doppler Velocimeter (ADV). The velocimeter was capable of
measuring all ofthé three components of the velocity with an accuracy of 0.25%

of the velocity magnitude or 0.0025m/s (whichever was greater).
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The sampling rate used in the experiment was 20Hz. A minimum of 800
values was taken at each measured point, and the mean value of these
measurements was taken as representative velocities. The technique employed in
ADV is superior to the other conventional methods, since the actual sampling

volume is located at a lower depth (0.05m below the probe, in the present case)

than the probe,_ and hence, is less disturbed.

Table 3.1: The sieve analysis of the sediment material of dso =0.225 mm

Size of sieves | Weight retained on | % weight | Cummulative | Cummulative

in mm sieves In gm retained | finer in gm % finer in gm
0.600 7.625 0.7625 062.375 99.2375
0.425 41.525 4,1525 950.85 95.085
0.300 149.825 14.9825 801.025 80.1025
0.225 298.475 29.8475 502.55 50.255
0.150 314.825 31.4825 187.725 18.7725
0.075 149.625 14,9625 38.1 3.81
0.063 31.625 3.1625 6.475 0.6475
0.050 6.475 0.6475 0 0

Table 3.2: The Sieve Analysis of the sediment material of dso = 0.405 mm

Cummulative

Size of sieves | Weight retained on | % weight Cummulative
in mm sieves in gm retained finer in gm % finerin gm
0.600 ' 0 0 1000 100

0.5 2945 26.45 703.5 70.55
0.425 160.2 16.02 5453 54.53
0.400 70.3 7.03 475 47.5
0.355 274 27.4 201 20.1
0.300 201 20.1 0 0
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3.3

EXPERIMENTAL PROCEDURE

Experirents were conducted in the following steps:

(1)

(i)
(iii)

(iv)
v)

(vi)

{vii)

(viii)

The experiments were carried out in the River Engineering
Laboratory, WRDTC of Indian Institute of Technology, Roorkee,
India. . .

First flume was adjasted to required slope,

The depth of sedinient bed layer of the test section was fixed at 15
cm. Uniform flow without sediment mqtion corresponding to a
selected discharge was established with the help of tailgate.

Before placeraent of submerged vanes, the sediment bed of flume
Was levelled.

After placement of submerged vanes, the sediment bed of flume
was again levelled around the submerged vanes.

Flow was introduced in the flume very slowly by closing the tail
gate so that no scouring occurred around the submerged vanes due
to operation.

Temporal variation of scour was measured and the runs were
carried out until such time as the scour bed not change by more than
I'mm over a period of 4 hour. The corresponding scour depth was

taken as equilibrium scour depth.

Different sizes and shapes of collars at bed level were tried to

reduce the local scour around the submerged vanes.
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(ix) After the experiment was over, the scour pattern was measured with
the help of pointer gauge to see the effect of that size and shape of
collar on the local scour around the submerged vanes.

(x)  All three components of velocities were measured by ADV at a
distance of 15 cm from the centre of the vane to calculate the
downstream strength of vortex in terms of moment and momentum.
Near both the vertical walls of the flume, velocity measurements
were not taken to avoid the effects of walls on secondary flow.

(xi) Photographs were taken of the developed profiles, after the

termination of the run.

3.4 PHASE ONE MODEL EXPERIMENTS

It was intended at the first instance to try out the different shapes of
submerged vanes such as rectangular, double curve type I, double curve type 11,
J1 and J2 type in context of local scour at two Froude numbers such as 0.13 and
0.25(Table 3.3). Double curve type [ vane has curve shape at leading edge both in
horizontal and vertical planes (Fig. 3.4a). The double curve type [l has curve
shape at leading edge in horizontal plane and curve shape at its top throughout its
length in vertical plane (Fig. 3.4b). J1 and J2 type vanes are curved only at
leading edge in horizontal plane (Figs. 3.5a and 3.5b). J1 type vane has smaller
radius than that of J2 type vane. All the different shapes of submerged vanes

were made of plastic sheets and having 6 cm height, 18 cm length and 4 mm

thickness. T
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Table 3.3: Phase one experiments

Expt. | Rate of { Flow dso Froude | T/d " Vane Type
No. flow depth Number
(m’!s) {cm) (mm)

Al 0.0154 18 0.225 0.13 0.67 | Rectangular
A2 | 0.0203 14 0.405 .0.25 0.57 | Rectangular
A3 0.0154 18 0.225 0.13 0.67 | Trapezoidal (3H:2.5V)
A4 | 0.0203 | 14 | 0405 | 025 | 0.57 | Trapezoidal (3H:2.5V)
A5 | 0.0154 18 | 0225 .13 0.67 | Double curve type 1
A6 | 0.0203 14 0.405 0.25 0.57 | Double curve type |
A7 | 00154 | 18 | 0225 | 013 | 0.67 |Double curve typeII
A8 | 0.0203 14 0.405 0.25 0.57 | Double curve type II
A9 .| 0.0154 18 0223 0.13 0.67 |J1 type

Al0 | 0.0203 14 0.405 0.25 0.57 |J1 type

All | 00154 | 183 [ 0225 [ 0.13 0.67 |J2type

Al2 | 0.0203 14 0.405 0.25 0.57 | J2type

Al13 | 0.0157 18 0.225 0.13 0.67 | Rectangular

Al4 | 0.0170 18 0.225 0.14 0.67 | Rectangular

Al5 | 0.0179 18 0.225 0.15 0.67 | Rectangular

Al6 | 0.0188 18 0.225 0.16 0.67 | Rectangular

Al7 | 0.0:98 18 0.225 0.17 0.67 | Rectangular

Al8 | 0.0203 4 0.225 0.25 0.57 | Rectangular

Al9 0.0ISO 14 | 0.405 0.18 0.57 | Rectangular

A20 | 0.0168 14 0.405 0.20 0.57 | Rectangular

A21 | 0.0186 14 0.405 0.23 0.57 | Rectangulat

A22 | 0.0200 14 0.405 0.24 0.57 | Rectangular

A23 | 0.0215 14 0.405 0.26 0.57 | Rectangular
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3.5 PHASE TWO MODEL EXPERIMENTS

| It was i'ntended at the first instance to try out the collar as scour retarder
and optimization of shape and size of collar for the rectangular and tralﬁezoidal
vanes at two Froude numbers such as 0.13 and 0.25. At Froude number 0.13,
eight nos. of different shapcs and sizes of collar at 0.05H below the bed level
were tried for rectangular veries (Fig. 3.6(1) to 3.6(8)) and fourteen nos. of
different shapes and sizes of collars at 0.05H below the bed were tried for
trapezdidal submerged vanes (Fig. 3.7(1) to 3.7(14)). At Froude number 0.25,
‘twelvc numbers of different shapes and sizes of collar at 0.05H below bed level
were tried for rectangular (Fig. 3.8(1) to 3.8(12)) and five numbers for
trapezoidal va-nes (Fig. 3.9(1) to 3.9(5)). Plastic sheet’ made rectangular
submerged vanes were of height 6 cm and length of 18 ¢m. The trapezoidal vane
used for optimization of collar had taper angle 3H:2.5V an'd its height and length
were 6 cm and 18 cin respectively. Experiments relating to Phase two have been

summarised in Table 3.4 and related experimental data have been presented in

Appendix B.
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Fig. 3.9(3) Collar size BF2.3

Fig. 3.9(4) Collar size BF2.4
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Fig. 3.9(5) Collar size BF2.5
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Table 3.4: Phase two experiments

Expt. | Rate of | Flow | Fr. | (T/d) dso Vanes Collar
No. flow | depth | No. (mm) type as
(m%s) | (cm) given
in Fig. |
Bl 0.0154 18 0.13 | 0.67 | 0.225 | Rectangular AF1.]
B2 0.0154 18 0.13 | 0.67 | 0.225 | Rectangular AF1.2
B3 0.0154 18 0.13 | 0.67 | 0225 | Rectangular AF1.3
B4 | 0.0154 18 0.13 | 0.67 | 0.225 | Rectangular AF1.4
BS 0.0154 18 0.3 { 0.67 | 0.225 | Rectangular AFl1.5
B6 0.0154 18 0.13 | 0.67 | 0.225 | Rectangular AFl.6
B7 | 0.0154 i8 0.13 | 0.67 | 0.225 | Rectangular AF1.7
B8 0.0154 18 0.13 | 0.67 | 0.225 | Rectangular AF1.8
B9 0.0154 18 0.13 | 0.67 | 0.405 | Rectangular AF1.8
B10 | 0.0154 18 0.13 | 0.67 | 0.225 | Trapezoidal (3H:2.5V) BFI1.1
Bll | 0.0154 18 0.13 | 067 | 0.225 | Trapezoidal (3H:2.5V) BF1.2
B12 | 0.0154 18 0.13 | 0.67 | 0.225 ! Trapezoidal (3H:2.5V) BF1.3
Bl13 | 0.0154 18 0.13 | 0.67 | 0.225 | Trapezoidal (3H:2.5V) BFi.4
B14 | 0.0154 18 0.13 | 0.67 | 0.225 | Trapezoidal (3H:2.5V) BF1.5
B15 | 0.0154 18 0.13 | 0.67 | 0.225 | Trapezoidal (3H:2.5V) BF1.6
Bl6 | 0.0154 18 0.13 | 0.67 0.225 | Trapezoidal (3H:2.5V) BF1.7
B17 | 0.0154 | 18 ] 0.13 | 0.67 | 0.225 | Trapezoidal (3H:2.5V) | BF1.8
BIg§ | 0.0154 18 0.13 | 0.67 | 0225 | Trapezoidal (3H:2.5V) BF1.9
Bi9 | 00154 | 18 | 0.13 | 0.67 | 0.225 | Trapezoidal 3H:2.5V) | BF1.10
B20 | 0.0154 18 0.13 | 0.67 0.225 | Trapezoidal (3H:2.5V) BF1.11
B2i 0.0154 18 .13 | 0.67 0.225 | Trapezoidal (3H:2.5V) BF1.i2
B22 | 0.0154 18 0.13 | 0.67 | 0.225 | Trapezoidal (3H:2.5V) BF1.13
B23 | 0.0154 18 0.13 | 0.67 | 0.225 | Trapezoidal (3H:2.5V) BF1.14
B24 0.0154 18 0.13 | 0.67 | 0.405 | Trapezoidal (3H:2.5V) BF1.14
B25 | 0.0203 14 0.25 | 0.57 | 0.405 | Rectangular AF2.1
B26 | 0.0203 14 0.25 | 0.57 | 0.405 | Rectangular AF2.2
B27 | 0.0203 14 0.25 | 0.57 | 0.405 | Rectangular AF2.3
B28 | 0.0203 14 0.25 | 0.57 | 0.405 | Rectangular AF2.4
B29 | 0.0203 14 025 1f 0.57 | 0.405 | Rectangular ATF2.5
B30 | 0.0203 14 0.25 | 0.57 | 0.405 | Rectangular AF2.6
B3l | 0.0203 14 | 0.25 | 0.57 | 0.405 | Rectangular AF2.7
B3z | 0.0203 14 [ 0251 057 | 0.405 | Rectangular AF2.8
B33 | 0.0203 14 0.25 | 0.57 | 0.405 | Rectangular AF2.9
B34 | 0.0203 14 025 | 0.57 | 0.405 | Rectangular, AF2.10
B35 | 0.0203 14 0.25 | 0.57 | 0.405 | Rectangular AF2.11
B36 | 0.0203 14 025 | 0.57 | 0.405 | Rectangular AF2.12
B37 | 0.0203 14 025 | 0.57 | 0.225 | Rectangular AF2.12
B38 | 0.0203 14 0.25 | 0.57 | 0.405 | Trapezoidal (3H:2.5V) BF2.1
B39 | 0.0203 14 0.25 | 0.57 | 0.405 | Trapezoidal (3H:2.5V) BF2.2
B40¢ | 0.0203 14 0.25 | 0.57 | 0.405 | Trapezoidal (3H:2.5V) BF2,3
B4l 0.0203 14 0.25 | 0.57 | 0.405 | Trapezoidal (3H:2.5V) BF2.4
B42 0.0203 14 0.25 | 0.57 | 0.405 | Trapczoidal (3H:2.5V) BF2.5
B43 0.0203 14 0.25 | 057 | 0.225 | Trapezoidal 3GH:2.5V) BF2.5




3.6 PHASE THREE MODEL EXPERIMENTS

In this phase of experiments, five shapes of submerged vanes such as
rectangular, double curve type I, double curve type II, J1 type and J2 type were
deployed to investigate the optimal angle of attack. The optimal angle of attack
for rectangular vane with collar was investigated. The effect of degree of
submergence on the optimal angle of attack for rectangular vanes with collar was
also investigated. The optimal angle of attack for double curve type [, double
curve type 11, J1 type and J2 vanes were also investigafed. Further, the effect of
aspect ratio and taper angle on the strength qf vane induced vortex were also
studied. All these shapes have the height 6 c¢m and length 18 c¢cm. The
experiments were run for 8 hrs. All the experiments were conducted in clear
water conditions. The flow was adjusted to less thén critical conditions. All the
three components of velocities were measured at a distance of 15 em downstream
from the centre of the vanes. The grid was taken 3 cm x 3 cm. Experiments were
conducted at the angle of attack of 30°, 35°, 40°, 45° and 50° to evaluate optimal
. angle of attack for all shapes. The effect of aspect ratio of rectangular submerged
vanes was investigated'. The effect of taper angle at the Ieadingl edge of
rectangular submerged vanes on the vane-induced vortex was also investigated.
Three types of taﬁer angles were taken for the investigations (Fig. 3.10 and Table
3.5). Table 3.6 describes the summary of phase two experiments. Experimental

data relating to this phase have been presented in Appendix C.
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Fig. 3.10 Trapezoidal vane

Table 3.5: Dimensions of trapezoidal vane

Taper angle Top length Bottom length | Average length (b + by)/2
(b)) in cm (b2) in cm incm
IHV I5 21 18
3H:2.5V 14.4 21.6 18
4H:2V 12 24 18
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Table 3.6: Phase three Experiments

[ Expt. | Rateof | d ¥, | T/ H/L o Vane Type

No. flow | (cm)
. | (m3/s)

Cl1 | 00128 15 1014 0.6 | 033 30° | Rectangular with collar
C2 | 00128 15 014 0.6 | 033 | 35 | Rectangular with collar
C3 0.0128 i5 0.14 0.6 0.33 40° Rectangular with collar
Ca |00128] 15 [0.14] 0.6 | 0.33 45° | Rectangular with collar
C5 0.0128 15 | 0.14 | 0.6 0.33 50° | Rectangular with coliar
Cé6 | 00154 | 18 |[0.13] 067 | 0.33 30° | Rectangular with collar
C7 | 00154 | 18 0.3 ] 0.67 | 033 357 | Rectangular with collar
c8 | 00154 | 18 (013 ] 0.67 | 033 40° | Rectangular with collar
C9 0.0154 18 | 0.13 | 0.67 | 0.33 45" | Rectangular with collar
Clo | 00154 | 18 013 ] 067 | 0.33 50° | Rectangular with collar
C11 [ 0.0205) 24 |01 | 075 | 0.33 30° | Rectangular with collar
C12 ] 002051 24 | 011 ]| 0.75 | 0.33 359 [ Rectangular with collar
c13 100205 24 011 075 | 0.33 40° | Rectangular with collar
Cl4 | 0.0205 24 011 | 0.75 0.33 45° Rectangular with collar
C15 | 00205 | 24 | 0.1t | 075 | 0.33 50° | Rectangular with collar
Clé | 0.0154 18 0.13 | 0.67 0.50 40° Rectanpgular with collar
C17 | 0.0154 | 18 [ 0.13 | 0.67 | 0.25 40° | Rectangular with collar
C18 | 0.0154 | 18 | 0.13 ] 0.67 | 0.33 40" | Rectangular without collar
C19 [ 00154 ] 18 |0.13 [ 067 | 033 40° | Trapezoidal (1H:1V)*
C20 | 00154 ] 18 | 0.13 | 0.67 | 0.33 40° | Trapezoidal (3H:2.5V)*
C21 [0.0154 ] 18 | 0.13 | 067 | 0.33 40° | Trapezoidal (4H:2V)*
c22 | 00154 ] 18 | 013 ] 0.67 | 0.33 30° { Double curve Type I
C23 | 0.0154 | 18 {0.13 [ 0.67 | 033 35° | Double curve Typel
C24 | 0.0154 | 18 | 0.13 | 0.67 | 0.33 40° [ Double curve Type I
C25 | 00154 | 18 [ 0.13 ] 0.67 | 0.33 45" | Double curve Type I
C26 [ 00154 | 18 | 0.13 { 0.67 | 0.33 50" | Double curve Type I
Cc27 | 00154 18 | 013 ] 0.67 | 0.33 30° | Double curve Type II
C28 | 0.0154 18 | 013 [ 0.67 | 0.33 35° | Double curve Type Il
C29 | 0.0154 | 18 | 013 ) 067 | 033 | 40° | Double curve Type Il
C30 | 00154 ] 18 1013 [ 0.67 | 033 45" | Double curve Type 11
C31 [ 0.0154 | 18 [ 013 | 0.67 | 0.33 50° | Double curve Type Il
C32 | 00154 | 18 | 013 ] 0.67 | 0.33 30° {J1 Type
C33 | 00154 | 18 | 613 0.67 | 0.33 35° | J1 Type
C34 | 00154 | 18 | 0.13]| 067 | 0.33 40° | 11 Type
C35 | 0.0154 | 18 [0.13 ] 0.67 | 0.33 45° | J1 Type
C36 | 00154 | 18 [ 043 | 0.67 | 0.33 50° | J1 Type
Cc37 | 0.0154 | 18 | 0.13 | 0.67 | 0.33 30° | J2 Type
C38 [ 00154 | 18 [ 0.13 ] 067 | 0.33 35% [ 12 Type
C39 | 0.0154 | 18 [ 0.13 | 0.67 | 0.33 40" | J2 Type
C40 | 00154 [ 18 [ 0.13 | 0.67 | 0.33 45° | J2 Type
Cal [0.0154 | 18 [0.13] 067 | 033 50° | J2 Type

* with collar
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3.7 PHASE FOUR MODEL EXPERIMENTS

In this phase, the formation of dike due to rectangular and trapezeidal vane

was studied. The streamwise decay of vane induced vortex was also studied. In

this phase all the experiments were conducted at sediment size 0.405mm and

Froude number 0.25. The strength of vortex in terms of moment of momentum

was examined at 10H, 20H, 30H and 40H distance from the vane. All three

" components of velocity were measured using ADV. Table 3.7 describes the

summary of phase four experiments. Experimental data relating to this phase

have been presented in Appendix D.

Table 3.7: Phase four experiments

Expt. | Raté of | d F, T/d H/L a Vane Type
No. flow {(cm)
{m3/s)
DI [ 00106 | 14 | 0.13 | 0.57 | 033 | 40° | Rectangular without collar
D2 0.0106 14 | 0.13 | 0.57 0.33 400_ Recangular with collar
D3 0.0106 14 | 0.13 | 0.57 0.33 40° | Trapezoidal (1H:1V)*
D4 | 0.0106 14 | 0.13 | 6.57 0.33 40" | Trapezoidal (3H:2.5V)*
D5 | 0.0106 | 14 | 0.13{ 057 | 033 | 40° | Trapezoidal (4H:2V)*
D6 | 0.0203 14 1025 | 0.57 0.33 40" | Rectangular without collar
D7 | 0.0203 14 1025 ] 057 0.33 40° | Rectangutar with collar
D8 | 0.0293 14 | 025 ] 0.57 0.33 40° | Trapezoidal (1H:1V)* '
D9 | 00203 | 14 | 025 ] 0.57 | 033 | 40° | Trapezoidal (3H:2.5V)*
D10 | 0.0203 14 | 025 | 057 0.33 40° | Trapezoidal (4H:2V)*

* with collar
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3.8 PHASE FIVE PROTOTYPE FIELD EXPERIMEN TS

In this phase of prototype ﬁeld-experiments, two numbers of steel-made
trapezoidal vanes, one with collar and anothér without collar were constructed in
the Solani river 7 Km away from the place of study. The size and shape of collar
was assembled with the trapezoidal vane at its leading edge. The aim of this
experiment was to verify in actual river the optimal shape and size of collar as
local scour retarder, which was earlier optimized in the laboratory experiment.
The collar was located at 0.05H below bed level of Solani River.

The height and bottom length of both these vanes were 40 cm and 120 cm,
respectively. The thickness of collar and vanes were 4mm. Two numbers of steel
pipes of 5 cm diameters were tightened by nut and bolts with the vane, The gri'p _
length of the pipes was Im to 1.5m depending upon the simple refusal for further
driving. The bottom ends of the pipes were welded with auger so that simple
rotation of the pipe in horizontal plane will penetrate into the river bed.

Bed levels and water levels were measured around the submerged vanes
vis a vis discharge in the river.

Following measurements were also taken:-

1. The‘grain size distribution of the bed material was checked by the

standard methods. Samples taken were dried in electrical oven for
5 days to 6 days. Everywhere around both the bamboo vanes, the river
bed grains were found nonuniform of size dso = 0.200mm with o,
standard deviation 1.4. Table 3.8 and Fig. 3.11 show the sieve analysis

of the bed material of this river at the construction spots.
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Table 3.8: The sicve analysis of the bed material of river Solani at the vane
construction spots

Size of sieves | Weight retained on | % weight | Cummulative | Cummulative
linmm | sieves in gm retained | finer in gm % finer in gm
0.85 0.211 0.021 699,789 99.979
0.425 0.903 0.090 908.886 99.889
0.3 0.091 0.009 998.795 99.880
0.15 733.943 73.395 264.852 26.485
0.75 240.752 24.075 24.100 2.410
Pan 24.10 2.41 0.000 - 0.000
100 E
90
80 -
70
60
50 Rt
40
30
20 -
i0
0 = . ~ : .
0.01 0.1 | 10
Sieve size (mm)

Fig. 3.11 Cummulative frequency curve for sand dso as 0.200 mm
(Ficld trinl in Solani river) .
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2. The initial bed levels of the river and the scour depth after every 24

. hours were measured against a bench mark with the help of dumpy

level around both the trapezoidal submerged vanes.

3. Discharge variations were measured throughout this duration by the
measurement of velocities and depths at every one metre distance
along the river cross sections near the submerged vanes.

4. The slope of the river was calculated with the help of Dumpy level by
rcadl;ng the difference in level of water surface at different sections

over a distance of 500m - which showed the slope of river as in

thausand.
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Chapter 4

PERFORMANCE EVALUATION OF SUBMERGED VANES

WITHOUT COLLAR
e e e ——————————

4.1  GENERAL

Considering the fact that submerged vanes of different shapes are to be used in
field conditions, the objective of these experiments was to identify the submerged vanes
in which the minimum scour occurred at the leading edge of submerged vancé. For
identical conditions of flow, aspect ratio (H/L) as 0.33 and degree of submergence (T/d)
as 0.67, the pattern of local scour around the submerged vanes was used to identify the
submerged vanes correqunding to minimum local scour hole at different Froude
numbers. For modelling of local scour around the submerged vanes at optimal.angle of
attack 40° (Marelius and Sinha, 1998), certain existing models have been considered
relevant. To reduce the local scour, the collar as scour retarder devic‘e can also be tried. [t
is relevant to cémparc the cost of most effective collar to that of the granular or riprap

material along with geo-filter in order to reduce the local scour at the leading edge. of

rectangular submerged vanes.

42  SCOUR AROUNb SUBMERGED VANES WITHOUT COLLAR

To study this, a set of experiments involving different types of v‘anes has been
conducted. To have idea about the extent of scour around spurs, a series of Plates are
included here. It can be seen that local scour around tﬁe leading edges of submerged

vanes are different for rectangular and curved vanes (see Plates 4.1 to 4.12).
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Plate 4.1 Local scour with rectangular vane at Fr 0.13
(dso = 0,225 mm)

Plate 4.2 Local scour with rectangular vane at Fr 0,23
(dso = 0.405 mm)
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Plate 4.3 Local scour with trapezoidal vane (3H:2.5V) at Fr 0.13
(dsp = 0.225 mm)

Plate 4.4 Local scour with trapezoidal vane (3H:2.5V) at Fr 0.25
(dse = 0.405 mm)



Plate 4.5 Local scour with double curve type I vane at Fr 0.13
(dso = 0,225 mm)

Plate 4.6 Local scour with double curve type I vane at Fr 0.25
(dso = 0,405 mm)
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Plate 4.7 Local scour with double carve type H vane at Fr 0.13
(dsp = 0.225 mm)

Plate 4.8 Local scour with double curve type Il vane at Fr 0.25
(dsp = 0.405 mm)
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Plate 4.9 Local scour with J1 type vane at Fr 0.13
{dso = 0.225 mm)

Plate 4.10 Local scour with J1 type vane at Fr 0.25
(dso = 0.405 mm)
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The local scour at the lead ing edges of the vanes is smaller at Froude number 0.13
than that of at Froude number 0.25. With the same installatton depth, the rectangular vane
was dislodged by flow at Froude number 0.25, where as it was stable at Froude number
0.13. The local scour at the leading edges of curved type submerged vanes such as double
curve type [, double curve type I1, J1 and J2 type is smaller than that of rectangular vanes

Vat Froude number 0.13.T1 hﬁs, rectangular vane experiences maximum scour depth under
similar condition of flow. For this reason, only the scour around rectangular vanes has
been monitored for the provision of collar. However, huge local scour around all
submerged vanes are fon"qed at Froude number 0.25. Tapering the leading edge of

rectangular vane is not effective to reduce the local scour around the vanes (Plates 4.1

to 4.4).

43 FUNCTIONAL RELATIONSHIPS FOR SCOUR

The local scour around bridge piers, deal with an obstructed flow situation, it is
logical to assume that the local scour around rectangular submerged vanes will have
similar dependency on variables describing flow, fluid, sediment and geometry.

For describing scour around spurs, Garde (1961} identified the pertinent variables
as follows: mean flow velocity U, average depth of flow d, mass density of water p,
difference in'specific weigﬁts between water and air Ay, dynamic viscosity p, median size
of sediment dflo, standard deviation G, differgnce in épeciﬁc weights beh;/een sediment
and water Ay,, channel width B, width of spur-dike b, settling velocity of sediment .,
shape parameters describing geometry of spur cross section &, and angle of inclination of
spur-dike, B. In terms of these parameters, the followi.ng expression of scour depth, D;
relative to water surface was proposed by Garde (1961) as

D= f(Ur d! P AY? 1, dSU: G, A?S, wo, B!l b’ é’ B) . (41)
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In case of submerged vanes, neglecting B and b and replacing B by a, one can write
= f(U’ d: P AY: | 2 dSU: G, AYS: };, Cl.) (42)

Using dimensional analysis, equation (4.2) can be written as

E [d,oo U 4A~fd) | 3

474’
In equation (4.3), some of the dimensionless terms including (dd )and [d] have been

found to be not very important and for these reasons they have been ignored. A simplified

form of the dimensionless relationship for the scour depth has been proposed as follows.

D
—=kF] 4.4
q : (4:4)
In equation (4.4),
F = ] (4.5)

I

Considering the works of several investigators and eqs. 4.1 to 4.5, it appears logical to
relate observed scour depth, Dsp using a variety of functional relationships, as follows

{ 3

o Y U
=f (4.6)
d50 \Vg(S_ljaso /-
4 ™
B TP @.7)
d \\13(8_1550)
(
Dy, U
=f| —— (4.8)
d-"o \\[g—d]
Dy, [ U
—= =f] = 4.9

The experimental data have been processed using egs. 4.6 to 4.9 and the

representative plots are given in Figs. 4.1 to 4.4. It can be seen from Figs. 4.1 to 4.4 that
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the representation of scour depth is well described by Fig. 4.4. The functional

relationships as per Fig. 4.4, can be expressed as follows

DSC

== 3.5675 E M (4.10)

where, Dsc= computed scour depth

Using eq. 4.10, the agreement between computed and observed scour is shown in

the Fig. 4.5. From Figs. 4.1 to 4.4, it is apparent that despite the importance of

U

densimetric Froude number | ——==
Je(s-1d,,

Kecnnedy (1978), one cannot ignore the importance of flow Froude number in preference

J, as represented by Zimmermann and

to densimetric Froude number (as apparent from Fig. 4.4).

Thus, for the planning of subsequent experiments, flow Froude number has been

given a major consideration.
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Fig. 4.5 Comparison of computed data with observed data

4.4  COST COMPARISON

It has been observed that development of local scour starts from the leading edge
of submerged vane and its development takes place ti‘nree dimensionally with the passage
of time. The local scour at the leading edge of a submerged vane can be reduced either by
using collar or granular material. Chiew (1992) studied the scour protection at bridge -
piers. it is important to compare the cost of granular material or riprap with the cost of
collar as scour retarder device. In recent times, for bridge piers, riprap material is to be
underlain with filters to prevent leaching of soil from the bed material. According to
Chiew (1992), the objective of placing a filter for scour protection was found to be very
effective in model experiments. However, it is difficult to place filters accurately as per
design specifications in under water condition. According to Worman (1989), field

investigations often displayed that riprap protection was generally defective.
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An alternative method for provision of filter is to use synthetic geo-filters on the
channel bed to be overlain bjr riprap. Compared to conventional gravel filters, synthetic
geo-filters can be conveniently laid on the scour bed even in under water condition, Co'st :
is normally insensitive to the size of boulders.

A definition sketch of formation of typical local scour hole around the submerged
vane at Froude numbet 0.25 with median .size of sediment as 0.225 mm has been shown
in the Fig. 4.6. Experimental observations (Fig 4.6) revealed that scour hole could be best
described as a frustum of cone. A typical top portion plan view of scour hole is
schematically given in Fig 4.6. Fig. 4.6 shows that edge of the top portion.of scour hole is
not cquidiétant from the leading edge of submergéd vane. Data relating to scour hole with
rectangular vane have been presented in Table 4.1. Fig. 4;7 depicts the idealization of a
typical scour hole at the leading edge of a rectangular submerged vane for the purpose of
present cost comparison on a rational basis. Tables 4.2 and 4.3 present a comparisen of
cost of riprap along with filter with that of the -cost of collar for the rectangular submerged
vane at Froude numbers 0.13 and 0.25. The cost of mild steel plate to be used for collar is
taken as Rs.20,000 per tonne based on local rates. |

Thus, maximum area of collar as scour retarder is to be provided as per the
following limiting condition given by

Cost of collar = Cost of riprap with filters (4.11)
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Submerged vane

Fig. 4.6 Definition sketch showing plan of local scour hole around rectangular
submerged vane (F,=0.25, dsg =0.225 mm)
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Table 4.1: Data relating to scour hole with rectangular vane (aspect ratio = 0.33)

Fr. | d» | R. | Ry | R R|=[R"+R3'°*R°) D.. | d/ds | T/d
No.

oy | tem) | em) | (om) (cm) (em)

0.03 | 0.225 | 64 | 93 | 7.5 7 3.453 | 800 | 0.67
014 | 0225 | &1 | 104 | 925 925 | 399 | 800 | 067
015 | 0.225 | 85 | 140 | 10.25 10.92 5547 | 800 | 0.67
016 | 0225 | 9.3 | 15.5 | 10.75 11.86 5.438 | 800 | 0.67
017 | 0225 87 [ 154 | 93 112 5575 | 800 |0.67
035 | 0.225 | 11 | 243 | 165 17.26 545 | 6222057
0.18 | 0.405 | 86 |14.85| 9.0 10.82 4936 | 345.7 [ 0.57
820 | 0.405 | 82 |1575| 9.5 TREEE 54 | 345.7 | 0.57
0.23 | 0.405 | 9.55 | 18.4 | 11.25 13.07 6325 | 345.7 | 0.57
0.24 | 0.405 | 9.65 | 186 | 11.5 13.25 6.265 | 345.7 | 0.57
0.25 | 0.405 | 12.55 | 22.4 | 140 16.32 83875 | 345.7 | 0.57
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Scour hole

Fig. 4.7 Idealised typical scour hole at the leading edge
of rectangular submerged vane.

Table 4.2: Estimation of filter area and volume of scour hole
(rectangular vane, ds as 0.225 mm )

Fr. R, R,= h, hy; = I, = l; = | Total Volume of
No. 4R, - “Rhl_Lé J(hl . hz)z . Rlz thz X R§ ;r;;oj Stcour }:ole =
L R 2Rty | 3 TRT (0
;sz{lzz y | R 2hy)
cm) |em) |[m) | (em) {(m) (cm) em?) | (em?)
013 | 77 | 3.1 | 35 | 24 9.7 39 226.9 3422
025 | 17.26 | 69 | 945 | 623 234 9.3 1216.8 45954
Table 4.3: Cost of riprap with filter

Type of Fr. | Volume of | Filter Cost of riprap | Cost of filter | Total

vane No. | riprap area @ Rs.1000/m® | @ Rs.35/m* | cost
(10% m* [ (10*m?) (Rs.)

Rectangular | 0.13 | 342.2 226.9 0.34 0.79 13

Rectangular | 0.25 | 4599.4 12168 | 4.60 426 8.86
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To compute cost of collar, one needs to know its volume (Volc) and cost per unit

weight, which is rate of steel (r;). Volume of collar can be expressed as

Vol, =t A, (4.12)
where, t; = thickness of collar and A. = cross sectional area of collar.
Using eq. 4.12, the cost of collar, C. can be expressed as

Ce=1;v4 Vol; (4.13)
where, v = density of structural steel (7.85 ton/m*)

The local scour, which develops at the leading edge of rectangular vane, can be
idealized in bonical shape. Assuming that riprap is provided in a circular manner, as
shown in F.ig. 4,7. One can compute the cost as follows. With R, as average radius of the
top circular shape of cone; Ry as radius of bottom circular shape of cone (which was
found approximately 0.4R;); hy as depth of idealised scour hole; and h; as depth of the
bottom tip of idealized cone from the bottom of actual scour hole (see Fig. 4.6), the

volume of scour hole, Vol,, can be expressed as

vol, =L {R, (b, +10,) ~R2 n,) (@.14)

L
3

In Table 4.1, R, has been calculated as the average values of R,, Rpand Re
where, R, = top distance o_f extended scour hole in suctton side of vane from its leading
edge, Ry = top distance of extended scour hole in pl.'essure side of vane from its leading
edge and R = top distance of extended scour hole in upstream side of vane from its
leading edge. |

Riprap will be provided to fill the scour hole also. Thus one has to consider the
provision of filter below the riprap. The cost of riprap with filter (C) will consist of cost
of riprap (Cr) and cost of filter (Cy), as given by

Ci =C, +Cs ' (4.15)

Using eq. 4.14 and rate of riprap, r;, one can write the following equation.
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Cr=Volr (4.16)
Similarly, the cost of filter can be obtained in terms of area of filter, Ar and rate of filter
per unit area, rr. For this purpose, one can use the following expression

Cr = Agry ' (4.17)
The expression of A¢ for the scour hole for the Fig. 4.6 is as follows

A;=n (R =Ry 1) +nR3 (4.18)
_wherc, l; = inclined height of the cone and I = inclined height of the bottom cone having

radius Rz. A typical computation related to Fr = 0.13 is given in Appendix A.
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Chapter 5

PERFORMANCE EVALUATION OF SﬁBMERGED YANES
WITH COLLAR '

5.1 GENERAL

Considerinﬁ the fact that in field conditions, submerged vanes of rectangular and
trapezoidal ;hapef; _have been used, a set of 43 experiments were performed in phase II of
this st.u-dly tc; _monitpr. the bchavi_our of local scour around submerged vanes with collars.
As inaicéted ea'rlier,‘the use of collar has be-en investigated in this study as a scour
retarding device for the vane so that destablising local scour could be kept at bay to
enable use of optimal incident angle, for submerged vane orientation. The objective of
these experimcnt§ has been to identify the co[lér in which the occurrence of local scour is
the minimum or negligible at the leading edge oftﬁe vanes. For two Froude numbers and
at two different sediment sizes, the pattern of local scour around the submerged vanes
with collar have been compared to identify the most effective shape and size of collars
-correspondin-g to incidence of minimulﬁ locél scour. It is also apparent from different
plétes, shown in Chapter 4, that huge destablising local scour holes formed in case of
rectangular submerged vanes without any scour retarding device. Based on the review of
literature, it could be found that no research so far has been conducted on the reduction of
local scour around the submerged vanes. However, it is apparent from the literature that
: on the basis of experimentzitions, collar had been recommended by several researchers in
the past as scour retarder in case of bridge piers. Therefore, it has been preassumed here
that the collar can also be gainfully used as scour retarder device in case of submerged
vanes. The efficacy of using collar as local scour retarder has been examined in this

chapter. Later, some of the bed profiles are shown in this chapter to highlight the most
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effective shape and size of collar at different Froude numbers such as 0.13 and 0.25. The
commonly used range of Froude numbers in e'xisting studies {Table 5.1) is between 0 and
0.25. For this reason, only two values of Froude numbers have been considered in this
study. The idea is that one can use the results based on these Froude numbers to plan the

suitable collar shape and size for any intermediate value of Froude number.

Table 5.1: Froude numbers used by different investigators

Name of Investigators Froude number

Odgaard and Spoljaric (1986) | 0.185 t0 0.28

Odagaard and Mosconi (1987) [ 0.27t0 0.31

Odgaard and Wang (1991 b) 0.31 (for curve channel), 0.25 (for straight channel)

Wang and Odgaard (1993) 0.13to 0.27
Wang et al. (1996) 0172
Johnson et al. (2001) 0.17 to 0.24
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52 COLLAR AS SCOUR RETARDER

Local scour around the Vané can be reduced by one of the following ways:

(i) " Introduction of coltar throughout the submerged vane at bed level but it
may prove too costlier.

(i)  Introduction of collar at the trai-lin g edge of subﬁerged vane at bed level. It
was observed that formation of scoﬁr hole starts from the leading edge of
vane and its development takes place vertically, laterally and towards
downstream. From Chapter 4, it has become apparent that huge
,déstablising scout hole can form at the leading edge of submerged vanes.
Therefore, even after the introduction of collar at the trailing edge,
development of scour hole at the leading edge of the submerged vanes and
its development towards downstream can not be arrested which leads
ultimately to failure of collar and hence dislodgement of vanes will occur.

(iii)  Thus, in view of (i) and (ii), introduction of collar at the leading edge of

submerged vane appear to be probably the most reasonable choice.

£ LOCATiON OF COLLAR

Vittal et al. ( 1994) performed laboratory experiments with collar at a height of
1.50 cm above the bed to safeguard the bridge pier from scour in clear wgter conditton.
Kumar et al. {(1999) performed laboratory experiments on t_he reduction of local scour
around bridge piers using collars in clear water condition and concluded that large
diameter collar at or nearer the bed are more_éffective}. Singh et al. (2000) concluded that
the best location of the collar in case of bridge pier is at 0.1 D; below the average bed
tevel where D, is diameter of pier. Since the main thrust of the research was focused on
evolution of an optimal collar configuration for scour retardation around a vane, various

potential locations of the collar were investigated for appraisal of best performance. For
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narrowing down the present search for optimal location of the collar, the experiences
drawn by the past researchers on studies pertaining to a collar around a bridge pier were
carefully collated at the time of planning of the present cléar-water flume
cxp;crimcntations. To cffecti\fely cut off the étrength of scour-producing downflow
phenpmenon, initially, the collar was experimented with locations abovc_ the bed level,
and resulting scour pattern was observed. Subsequent series of experimental runs were
perfo_;med at thé bed level and also below it with alternative potential locations and the
magnitude and extent of the consequent scour in the vicinity of the leading edge was
critically observed. From the aforementioned series of experimentations, it was found thiat _

the collar at a location 0.05H below the initial bed level is the most effective and optimal

as revealed, in the present studies.

54  MOST EFFECTIVE COLLAR

The most effective collar size may be defined as the minimum size of the collar,
which will produce minimum or negligible scour hole at the leading edge of submerged
vanes. Initially, optimization of shape and size of collar was done for two Froude
numbers such as 0.13 and 0.25. Selection of different shapes and sizes of collars tried in
laboratory experiments were based on location of formation of first scour hole, its
development and extension. The initial bed level prior to the experimental run at the
leading edge of submerged vane was taken as the origin for the measurement of scour

pattern developed for all the cases in this chapter.
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5.4.1 Experiments at Froude Number 0.13 and ds as 0.225 mm
5.4.1.1 Rectangular vane

As there was no idea regarding the collar shape, an arbitrary smaller noncircular
" collar size AF1.1 was tried for rectangular vane. It can be seen from Fig. 5.1 that it was
totally ineffective. Therefore, shape and size of the collar was further improved one by
one from AF!1.2 to AFL1.6 (Figs. 5.2 to 5.6). It was observed that first scour hole formed
into just downstream of the collar in low pressure side. After certain hours, this scour hole
was observed to extend to the upstream corner of the collar in low pressure side and then
further extends to the upstream edge of the collar. When the scour hole extends to the
upstream edge of the collar, sediments starts moving below the collar and, it leads to
ultimate failure of the collar, Probably, because of this reason, the dimension of the most
effective collar is more in low pressure side than that of in high pressure side. In Fig. 5.7
and Plate 5.1, the upstream cdge of collar was made perpendicular to the flow direction at
Froude number 0.13 so that upstream corner of the collar in suction side of vane has
- somewhat more distance from the point of formation of first scour hole.

Collar size AF1.7 was found most effective for rectangular vane at Froude number
0.13 (Fig. 5.7 and Piate 5.1). Some of the circular shapes of collar were also tried and
circular collar size AF1.8 (Fig. 5.8 and Plate 5..2) was found most effective for rectangular

vane at Froude number 0.13 with median size of sediment as 0.225mm.
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Fig. 5.1 Scour pattern for rectangular vane with collar AF1.1
(F, = 0.13, dso = 0.225 mm, contour interval in cm)
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Fig. 5.2 Scour pattern for rectangular vane with collar AF1.2
(Fr=0.13, ds¢ = 0.225 mm, contour interval in cm)
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Fig. 5.3 Scour pattern for rectangular vane with collar AF1.3 '
(Fr = 0.13, dsp = 0.225 mm, contour interval in ¢m)
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Fig. 5.4 Scour pattern for rectangular vane with collar AF1.4
(F, = 0.13, d5p = 0.225 mm, contour interval in cm)
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Fig. 5.5 Scour pattern for rectangular vane with collar AFL.5
(Fr = 0.13, dsp = 0.225 mm, contour interval in ¢cm)
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Fig. 5.6 Scour pattern for rectangular vane with collar AF1.6
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Fig. 5.7 Scour pattern for rectangular vane with collar AF1.7
(F; = 0.13, dsp = 0.225 mm, contour interval in cm)
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Plate 5.1 Scour pattern for rectangular vane with collar AF1.7
(F, = 0.13, dgo = 0.225 mm) |
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Fig. 5.8 Scour pattern for rectangular vane with collar AF1.8
(F; =0.13, dsp = 0.225 mm, contour interval in cm)
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Plate 5.2 Scour pattern for rectangular vane with collar AF1.83
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5.4.1.2 Trapezoidal vane (3H:2.5V)

For trapezoidal vane (3H: 2.5V), an arbitrary noncircular smaller size of coilar
BF1.] was tried and it was found totally ineffective (Fig. 5.9). Therefore, size of the
collar was further improved one by one from BF1.2 to BF1.12 (Figs. 5.10 to 5.20).The
formation of first scour hole, its extension and failures in case of trapezoidal vane
(3H:2.5V) were similar to that of the rectangular vane as explained earlier. In Fig. 5.21

and Plate 5.3, the upstream edge of the coliar was made perpendicular to the flow

direction.

The collar size BF1.13 was found most effective. Some of the circular shapes of
collar were also tried and circular collar size BF1.14 (Fig. 5.22 and Plate 5.4) was found

most effective for trapezoidal vane (3H:2.5V).

From presentation point of view, [ will prefer the case of Froude number as .25

and dsp as 0.225 mm to be written here.

96



Distance across the flow(cm)

159

o
1

uh
|

Distance along the flow{cm)

Fig. 5.9 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF1.1
(F, = 0.13, dsp = 0.225 mm, contour interval in cm) :
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Fig. 5.10 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF1.2 |
(F, = 0.13, dsp = 0.225 mm, contour intervalin cm)
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Fig. 5.11 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF1.3
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Fig. 5.12 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF1.4
(Fr = 0.13, ds¢ = 0.225 mm, contour interval in cm)
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Fig. 5.13 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF1.3
(F, = 0.13, dsp = 0.225 mm, contour interval in cm)
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Fig. 5.14 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF1.6
(F, = 0.13, d5o = 0.225 mm, contour interval in ¢m)
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Fig. 5.15 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF1.7
(F, = 0.13, dsp = 0.225 mm, contour interval in cm)

103



Distance across the flow(cm)

2549

20+

—
wn
[ .

<

whn
|

-10-

| I | ] I I

0 5 10 15 20 25

" Distance along the flow(cm)

Fig. 5.16 Scour pattern for trapezoidal vane (3H:_2.5V) with collar BF1.8
(Fr = 0.13, dso = 0.225 mm, contour interval in cm) :
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Fig. 5.17 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF1.9
(F, = 0.13, ds¢ = 0.225 mm, contour interval in cm)
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Fig. 5.18 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF1.10
(F. = 0.13, dsp = 0.225 mm, contour interval in cm)
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Fig. 5.19 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF1.11
(F = 0,13, dgp = 0.225 mm, contour interval in cm) '
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Fig. 5.20 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF1.12
(F; = 0.13, dsp = 0.225 mm, contour interval in cm)
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Fig. 5.21 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF1.13
(Fy = 0.13, dso = 0.225 mm, contour interval in ¢m)
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Plate 5.3 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF1.13
(F,=0.13, dsp = 0.225 mm)
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Fig. 5.22 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF1.14
(F: = 0.13, dsp = 0.225 mm, contour interval in ¢cm)
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Plate 5.4 Scour pattern for trapezoidal vane (3H:2,5V) with collar BF1.14
(Fr=0.13, dg = 0.225 mm)
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5.4.2 Experiments at Froude Number 0.25 and dsp as 0.225 mm

5.4.2.1 Rectangular vane

This most effective collar size AF2.12 was further tested for rectangular vane at
Froude number 0.25 with median size of sediment as 0.225mm and was found to be
equally effective (Fig. 5.23 Plate 5.5). Afterwards no attempts were made for further

' refining of the collar shape since satisfactory performance has been provided by the use

of above collar.

5.4.2.2 Trapezoidal vane (3H:2.5V)

The most cffective collar size BF2.5 was further tested for trapezoidal vane
(3H:2.5V) at Froude number 0.25 and median size of sediment 0.225mm and it was again
found to be equally effective (Fig. 5.24 and Plate 5.6). Thus, no further attempts were

warranted for further fine tuning of the above collar shape due to satisfactory

performance.
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Fig. 5.23 Scour pattern for rectangular vane with collar AF2.12
(Fr = 0.25, dsp = 0.225 mm, contour interval in ¢m)
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Plate 5.5 Scour pattern for rectangular vane with coliar AF2.12
(F: = 0.25, dsp = 90.225 mm)
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Fig. 5.24 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF2.5
{F,=0.25, dgp = 0.225 mm, contour interval in ¢m) '
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Plate 5.6 Scour pattern for Trapmiﬂal vane (3H:2.5V) with coliar BF2.5
(F.=10.25, dsp = 0.225 mm)
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5.4.3 Experiments at Froude Number 0.25 and dso as 0.405 mm
5.4.3.1 Rectangular vane

It was observed that the most effective collar size found for rectangular vane at
Froude number 0.13 was not suitable at Froude number 0.25. Therefore, size of collar had
to be again improv-f.:d as AF2.1 and AF2.2 (Figs. 5.25 to 5.26 and Plates 5.7 to 5.8) and
again it was found ineffective. It can be noted that shape of the noncircular collar size
AF2.1 and AF2.2 are similar to that obtained most effective at Froude number 0.13 in
case of rectangular vane. Initially, the major scour hole developed in the suction side near
the collar, which further extended to the upstream edge of collar and sediment below the
collar, was removed. In order to stop the scour below the edges of collar in suction side,
the small vertical wall of height as 0.2H and thickness 3mm was provided at that edges in
suction side (Collar size AF2.3, Fig. 5.27 and Plate 5.9) and this attempt was again in
vain. Further, dimensions of collar in suction side were improved (Collar sizes AF2.4 to
AF2.5, Figs. 5.28 to 529 and Plates 5.10 to 5.11), but still the collar was found to be
ineffective. Now, collar was given diffcrent shapes (Collar size AF2.6, Fig. 5.30 and Plate
5.12) in which one of the edges of collars was méde parallel to the direction of flow and
again the_collar was ipeffective. This‘ shape was further improved (Collar size AF2.7, Fig.
5.31 and Plate 5.13-) and scour hole developed was still not acceptable. Circular shape of
collar of arbitrary size AF2.8 (Fig. 5.32 an_d Plate 5.14) based on past experimental
experience was tried and it was found to be better option in the context of shape than the
carlier shapes experimented. However, there was still some scour below the collar. Once
more its diimension was iinprov_cd to AF2.9 (Fig. 5.33 and Plate 5.15) as per the location,

. development and extension of scour hole and again it was not seen to be acceptable as the

most effective coliar.
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In this way, some more 'circular shapes of different sizes (Collar sizes AF2.10 to
AF2.12, Figs. 5.34 to 36 and Plates 5.16 to 5.18) were experimented.

It was found that collar size AF2.12 (Fig. 5.36 and Plate 5.18) was the most
effective size of collar. This finding also suggests that circular shape of collar is a better

option than noncircular shapes.
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Fig. 5.25 Scour pattern for rectangular vane with collar AF2.1
(F; = 0.25, dsp = 0.405 mm, contour interval in cm)
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Plate 5.7 Scour pattern for rectangular vane with collar AF2.1
(F, = 0.25, dsp = 0.405 mm)
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Fig. 5.26 Scour pattern for rectangular vane with collar AF2.2
(F, = 0.25, dsp = 0.405 mm, contour interval in cm)
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Plate 5.8 Scour pattern for rectanguiar vane with collar AF2.2
(Fr = 0.25, dso = 0-405 mm)
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Fig. 5.27 Scour pattern for rectangular vane with collar AF2.3
(F. = 0.25, dsp = 0.405 mm, contour interval in cm)
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Plate 5.9 Scour pattern for rectangular vane with collar AF2.3
(F, = 0.25, d<y = 0.405 mm)
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Fig. 5.28 Scour pattern for rectangular vane with collar AF2.4
(F, = 0.13, dsp = 0.405 mm, contour interval in cm)
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Plate 5.10 Scour pattern for rectangular vane with collar AF2.4
(F;=0.25, ds = 0.405 mm)
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Fig. 5.29 Scour pattern for rectangular vane with collar AF2.5
(F, =0.25, dsg = 0.405 mm, contour interval in cm)
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Plate 5.11 Scour pattern for rectangular vane with collar AF2.5
(Fr = 0.259 djﬂ = 0-405 mm)
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Fig. 5.30 Scour pattern for rectangular vane with collar AF2.6
(F, =0.25, dsp = 0.403 mm, contour interval in cm)

130



Plate 5.12 Scour pattern for rectangular vane with collar AF2.6
(F; =025, ds = 0.405 mm)
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Fig. 5.31 Scour pattern for rectangular vane with collar AF2.7
(F, = 0.25, dsg = 0.405 mm, contour interval in ¢cm)
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Plate 5.13 Scour pattern for rectangular vane with collar AF2.7
(F.=0.25, dsy = 0.405 mm)
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Fig. 5.32 Scour pattern for rectanguiar vanc with collar AF2.8
(F; = 0.25, dsy = 0,405 mm, contour interval in cm)
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Plate 5.14 Scour pattern for rectangular vane with collar AF2.8
(Fe=0.25, dsy = 0.405 mm)
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Fig. 5.33 Scour pattern for rectangular vane with collar AF2.9
(F, = 0.25, dsp = 0.405 mm, contour interval in cm)

136



th collar AF2.9

=0.25, dso = 0.405 mm)

15 Scour pattern for rectangular vane w
(F, 0,

Plate 5.

137



Distance across the flow(cm) '

201

15

10+

wn
1

-10-

-15

Distance along the flow(cm)

Fig. 5.34 Scour pattern for rectangular vane with collar AF2.10
(F, = 0.25, dso = 0.405 mm, contour interval in cm)
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Plate 5.16 Scour pattern for rectangular vane with collar AF2.10
(F, = 0.25, dgg = 0.405 mm)
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Fig. 5.35 Scour pattern for rectangular vane with collar AF2.11
(Fe = 0.25, dgg = 0.405 mm, contour interval in cm)
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Plate 5.17 Scour pattern for rectangular vane with collar AF2.11
(Fr = 0.25, dﬂ] = 0-405 ﬂlﬂl)
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Fig. 5.36 Scour pattern for rectangular vane with collar AF2.12
(F, = 0.25, dso = 0.405 mm, contour interval in cm)
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Plate 5.18 Scour pattern for rectangular vane with collar AF2.12
(Fr = 0-25, dsl] =5 0-405 ll'lm)
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5.4.3.2 Trapezoidal vane (3H:2.5V)

Based on the above findings, only circular shapes of collars (Collar sizes BF2.1 to
BF2.3, Figs. 5.37 to 5.39 and Plates 5.19 to 5.21) were tried for trapezoidal vane
(3H:2.5V). From the Figs. 5.37 to 5.39 and Plates 5.19 to 5.21, it c;,an be seen that any of
the collar sizes from BF2.1 to BF2.3 was not found fit to be accepted as the most
effective. The dimensions of the collar were again improved as the collar size BF2.4 (Fig.
5.40) and it was found more effective to some extent. It was found that collar size BF2.5

(Fig. 5.41 and Plate 5.22) is the most effective. It can be noted that AF2.12 and BF2.5

have the similar shapes and dimensions.
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Fig. 5.37 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF2.1
' (F,=0.25, dsp = 0.405 mm, contour interval in cm)
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Plate 5.19 Scour pattern for Trapezoidal vane (3H:2.5V) with collar BF2.1
(-Fr = 0-25, dﬂ = 0.405 llll'l'I)
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Fig. 5.38 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF2.2
(F, = 0.25, dso = 0.405 mm, contour interval in ¢em)
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Piate 5.2¢ Scour pattern for Trapezoidal vane (3H:2.5V) with collar BF2.2
(F, = 0.25, dsp = 0,405 mm)
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Fig. 5.39 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF2.3
(F, = 0.25, dsp = 0.405 mm, contour interval in cm)
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Plate 5.21 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF2.3
(F; = 025, ds; = 0.405 mm)
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Fig. 5.40 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF2.4
(F, = 0.25, dsp = 0.405 mm, contour interval in cm)
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Fig. 5.41 Scour pattern for {rapezoidal vane (3H:2.5V) with collar BF2.5
(F, = 0.25, d5p = 0.405 mm, contour interval in ¢cm)
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Plate 5.22 Scour pattern for trapezoidal vane (3H:2,5V) with collar BF2.5
(Fr = 0.25, dsp = 0,405 mm)
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5.4.4 Experiments at Froude Number 0.13 and dsp as 0.405 mm

5.4.4.1 Rectangular vane

The most effective collar size AF1.8 was also tested for rectangular vane at

| Froude number 0.13 with median size of sediment 0.405mm and was found most

effective (Fig. 5.42 and Plate 5.23).

5.4.4.2 Traperoidal vane (3H:2.5V)

From the Fig. 5.43 and Plate 5.24, it can be seen that collar size AF1.8 was most
effective for trapezoidal vane (3H:2.5V) at Froude number 0.13 with median size of

sediment 0,405 mm,
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Fig. 5.42 Scour pattern for rectangular vane with collar AF1.8
(F, =0.13, dsp = 0.405 mm, contour interval in em) -
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Fig. 5.43 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF1.14
(F. = 0.13, dsy = 0.405 mm, contour interval in cm)
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Plate 5,24 Scour pattern for trapezoidal vane (3H:2.5V) with collar BF1.14
(F,=0.13, dsp = 0.405 mm)
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55 RESULTS

Noncircular collar size AF1.7 (Fig. 5.7 and Plate 5.1) and collar size BF1.13
(Fig. =.21 and Plate 5.3) was found most effective for rectangular vane and trapezoidal
vane (3H:2.5V) respectively at Froude number 0.13 with median size of sediment
0.225mm. The circular shape of collar was found most effective for rectangular vane and
trapezoidal vane (3H:2.5V) at Froude number 0.25 with median size of sediment
0.405mm. Therefore, circular shape of collar was again tried for rectangular and
trapezoidal vane (3H:2.5V) at Froude number 0.13 with median size of sediment
0.22.5mm and it was found that circular collar size AF1.8 and BF1.14 are most effective
for rectangular and trapezoidal vane (3H:2.5V) respectively at Froude number 0.13 with
: median size of sediment either 0.225mm or 0.405mm. It can be noted that AF1.8 and
BFi.14 have same dimensions. Collar size AF2.12 and BF2.5 are most effective for
rectangular and trapezoidal vane (3H:2.5V) respectively at Froude number 0.25 with
median size of sediment either 0.225mm or 0.405mm.Collar size AF2.12 and BF2.5 have
the similar dimensions. Collar size BF1.8 and BF2.5 are also most effective for
trapezoidal vanes with taper angles 1H:1V and 4H:2V at Froude numbers 0.13 and 0.25
respectively with both types of sediment 0.225mm and 0.405mm. Summary of the most

effective collars for different cases considered has been presented in Table 5.2.
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Table 5.2: Summary of most effective collars

Case Fr. Vane type Collar dsg(mm) | Collar
shape size
1 0.13 Rectangular Noncircular 0.225 AF1.7
2 0.13 Rectangular Circular 0.225 AF1.8
3 0.13 Rectangular Circular 0.405 AF1.8
4 0.13 Trapezoidal (3H:2.5V) Noncircular 0.225 BF1.13
5 0.13 Trapezoidal (3H:2.5 V) Circular 0.225 BF1.14
6 0.13 Trapezoida! (3H:2.5V) Circular 0.405 BF1.14
7 0.25 Rectangular Circular 0.225 AF2.12
8 0.25 Rectangular Circular 0.405 AF2.12
9 0.25 Trapezoidal (3H:2.5V) Circular 0.225 BF2.5
10 0.25 Trapezoidal (3H;2.5V) Circular 0.405 BF2.5
11 0.25 Trapezoidal (1H:1V) Circular 0.225 BF2.5
12 0.25 Trapezoidal (1H;1V) Circular 0.405 BF2.5
13 0.25 Trapezoidal (4H:2V) Circular 0.225 BF2.5
14 0.25 Trapezoidal (4H;2V) Circular 0.405 BF2.5

160




5.6 PROTOTYPE FIELD STUDY

It was observed that the variation of Froude number in the prototype field test area
of the Solari river near Roorkee was in the range of 0.05 to 0.1 and the median size of
sediment in the river was 0.200 mm (Chapter 3). Therefore, it was decided to conduct test
on the coliar size that was found to be the most effective amongst ali at the Froude
number 0.12 and sediment size 0.225 mm in the laboratory flume. The dimensions of the
most effective size of collar-can be represented in terms of either H or d where H is the
vane height and d is the flow depth. First the dimensions of collar have been provided in
terms of H. Thé location of collar was fixed at 0.05H below the bed level of river. The
variation of water depth was found between 80cm and 120cm. Therefore, the height of
the trapezoidal vane (3H:2.5V) was taken as 40cm to get minimum degree of
submergence of 0.50 at minimum depth of flow of 80 cm. Two numbers of trapezoidal
vanes, one with most effective colla.lr size BF1.13 and the other without collar was
installed in the prototype test area of Solani river. The aspect ratio of the prototype
] trapezoi&al vane was 0.33, which is similar to that of the models used in laboratory
experiments. The installation depth of vane was provided as 40cm and two pipes were
driven into the river bed to support the submerged vane as already described earlier in
Chapter 3. Before and after the flood, the magnitude of scour depth near the leading edge
of both the vanes was measured by using dumpy level. The measurements of discharge
and scour were made in the Solani river as already described in Chapter 3. Plates 5.25 to
5.34 show the different photographs relating to field trials. From the prototype field study,
it was found that the performance of collar size BF1.13 was very effective compared to

that of the vane without collar.
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Plate 5.26 Trapezoidal vane without collar before installation in Solani river
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Plate 5.28 Pipe is being driven in Solani river to support the vanes
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Plate 5.29 Trapezoidal vane with collar in the process of installation in Solani river

Plate 5.30 Bed profile in the vicinity of vane is being measured by dumpy
level in Solani River
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Plate 5.31 Trapezoidal vanes with and without collar installed in Solani river
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Plate 5.32 Availability of water in Solani river on the day vanes installed
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Plate 5.33 Vanes are fully submerged during the floed in Solani river

Plate 5.34 Sediment deposited on vanes after flood in Solani river
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Therefore, it becomes apparent that height of the vane works out as an important
parameter in fixing the collar size. The prevailing flows in the Sclani river during the.
floods of 2002 provided permit study practicaily for one Froude number only, therefore;

the dimensions of only one collar could possibly be tested in the prototype.

57 SUMMARY

In this chapter, the results obtained from laboratory and field experiments in
respect of submerged vanes with coliar have been presented for two conditions of Froude
numbers, two sediment sizes and two types of vanes, viz rectangular and trapezoidal. In
addition, two types of collar shapes namely circular and noncircular have been also
explored to obtain the most effective size and shape of collar. Considering the fact that to
date no information is available on shape and size of collars for submerged vanes, the -

present results provide positively certain basis for further improvements in the collar

shape and its dimensions.
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Chapter 6

VARIATION OF STRENGTH OF VORTEX

T E——

6.1 GENERAL

Reduction of local scour a-t the leading edge of submerged vanes also
depends upon the shape of submerged vanes, Thus, it was intended to identify the
| optimal angle of attack for different shapes of vane in respect of reduction of
local scour. For identical hydraulic conditions, all these vanes were tested for
different angles of attack such as 30°, 35°, 40° 45° and 50°, Strength of vortex
was measured as per Marelius and Sinha’s (1998) approach. Strength of vortices

has been calculated in terms of moment of mementum.

6.2 ASSESSMENT OF STRENGTH OF VORTEX

For this purpose, 3¢cm x 3cm grids across the flume have been taken at the
distance of 15 cm downstream from the centre of the vanes. At each grid points
all the components of velocity were measured using ADV (Acoustic Doppler
Velocimeter). The velocity at cach grid point is the representative velocity of the
grid area 3cm = Jcm, Fig. 6.1 shows the layout of grids in flow area cross-
section, Velocity near the wall of the flume was not considered for the calculation
of strength of vortex in order to neglect the wall effect on the generation of
secondary flow due to the submerged vanes. Centre of vortex was observed at
z=0.9H. The origin was taken at the mid of the average vane length at initial bed
level in this chapter. For a mass m concentrated at point A (Fig. 6.2), on¢ can write the

following expression for moment of momentum, MOMa.
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MOM, = (mass) (R X V) {6.1)
In eq. (6.1), R represents the location vector of point A with respect to centre of vortex
C and is given as CA
The location vector of point A with respect to origin O is given as OA,
where,

OA = yj + 2k (6.2)
[n eq. 6.2, y and z are coordinates of grid points and 7 and k are unit vectors along Y and
Z directions, respectively. With the centre of vertex at C One can write

0C=09H k - (6.3)
where , H = Héight of vane and C = Centre of vortex

From eqs. {6.2) and (6.3), location vector of point A with respect to point C, can be

written as
R = 0A-0C
¥ y]+zl—<-0.9HE
=y j+{z~0.9H) k (6.4)

Thus, MOM of mass m at point A with respect to centre of vortex C, can be expressed as
MOM, = m[{y] +(z-0.9H) E}x (Vy ] +Vz E)]
=mily Vz - (z-0.9H) Vy]
=mify Vz#{-(z-09H)}Vy] (6.5)
In eq. (6.5), 1 indicates the direction of MOM along the direction of flow of fluid (here
water). In eq. 6.5, (m y V) is MOM due to vertical velocity and {-m (Z-0.9H) Vy} is

MOM due to transverse velocity.

For grid area of 3 cm x 3cm and | cm length of flume with p as 1 gm/cm3, mass m can

be computed as
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m=1x3x3x1=9gm {(6.6)
Using eqs. (6.5) and (6.6), one can write
MOMa as = 91 [y Vz+{-(z - 0.9H)}Vy] (6.7)

Thus, total MOM can be expressed as

44
Total MOM = 5" MOMi (6.8)

In Table 6.1, MOM at different grid points has been presented.

63 OPTIMAL ANGLE OF ATTACK

6.3.1 Rectangular Vanes

T/d ratios used by different inv;:stigators have been presented in Chapter 2. While
planning the experiments on rectangular vanes there were two main considerations. The
first one was the influence of angle of attack and the second consideration was related to
T/d ratio and its likely influence on variability of MOM.

For this reason, a set of fifteen experiments covering five values of angle of attack
ranging from 30° to 50° and three values of T/ ratio ranging from 0.6 to 0.75 were

considered.

For each value of T/d ratio, the variation of MOM with respect to angle of attack
is shown in the Figs. 6.3 to 6.6. It can be seen from these Figs. that MOM initiaily
increases with angle of attack, reaches a certain maximum value and after that it declines.

Although the angle of attack at which the MOM is close to the optimum can be
very well judged from these Figs. and happens to be close to 40°%, it is considered
desirable to obtain the value of optimum angle of attack using calibrated best fit curve
within the range of angle of attack between 35° to 45% With reference to Fig. 6.3, the
equation of calibrated curve is obtained as

MOM = -0.074c? +5.8619a. —109.89, R*= 1.0 (6.9)
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Table 6.1: Moment of momentum at different nodes

Moment-of Momentum

Grid Coordinates Velocity
points | Symbols Values Vy Vz

1 Y.z 2.5H, 0.5H Vy, Vz, 9H[2.5Vz, + 0.4Vy,
2 Yo 22 JHO0SH | Vys Va, OH[2Vz, + 0.4Vy,]
3 Yy, 2, T.5H,05H | Vy; Vz, OH[1.5V2, + 0.4Vys]
4 Ya, Zs 1H, 0.5H Vy, Vi 9H[1Vz, + 0.4Vy,]
3 Y5 % 0.5H, 0.5H Vys Vzs 9H[0.5Vzs + 0.4Vys]
6 Ys, Zo OH, 0.5H Vs Vg 9H[0VZs + 0.4Vye]
7 Y3, 27 -0.5H, 0.5H Vy; Vz, 9H[-0.5Vz; + 0.4Vy4]
8 Ya, Z3 -1H, 0.5H Vys Vg OH[-1Vz; + 0.4Vys]
9 Yor 2 T1.5H, 05H | Vys Vz, SHF-1.5V2, + 0.4Vys]
10 Yios Zig -2H, 0.5H Vym Vzm 9H [-2VZ|0 -+ 0.4Vym]
11 Y Zn -Z.SH, 0.5H Vy” VZ“ 9H[—2.5V21] + 0.4\{)’{1
12 Vi3, Zi3 2.5H, IH V_YIZ Viiz 9H[2.5VZ|2 + (-0.l)vy|zl
13 Y13, 213 2H, IH!  Vyp Vi 9H[2Vz; + (-0.1)Vy13)
14 Y13y Z14 ISH, 1H VyH Vi, 9H[] SVz + (-0 I)Y}'H
i5 Yiss Z15 |H, lH Vy,s VZ” gH[]VZu +(-O.])V}’15}
16 Yias 216 0.5H, 1H VYI\S VZ|6 9H[0.SVZ|6 + ('O.I)Vyiﬁl
17 Yi7: 217 0H, 1H Vys Vzy 9H[OVz); + (-0.1)Vy11]
18 Yi3. 213 -0.5H, IH Vyis Vs OH[-0.5Vz)5 + (-Ol)Vy,s
19 Yio, Zig -lH, 1H Vylg Vzlg 9H[-1Vz,9 + (-_OI)Vy,g}_
20 Y10, 220 -1.5H, 1H vyzg Yz 9H[-| SVzg + (-0 l)Vyzo]
21 Yau 22 2H, 1H| Vv Vzu OH[-2Vz; + {(-0.1)Vya]
22 V), Zn -2.5H, IH Vv Viy 9H[-2.5Vzy + (-Ol)Vyzz]
23 Y23, %23 2.5H, 1.5H V)’n VZ;; 9H[25V223 + (‘06)VY23L
24 Y4y L34 2H, 1.5H VYN VZa 9HE2V224 + (-O6)Vy24
25 Vas, 235 ISH, 1.5H VyH Vz.zs gH[l .SVZ15 + (-0.6)!}'25
26 Y6, 226 1H, 1.5H Vyzs VZzé 9H[1 Vi + (-Oﬁ)vygi
27 Y17, 217 0.5H, 1.5H Vy;_;r VZ;‘,! gH[OSVZn +4(L-0.6)V}f27]
28 Yoz, a8 OH, L.5H V)ﬁg VZR 9H[0VZ¢3 + (-OG)Vyzs]
29 Y9 229 -0.5H, [.5H Vv Vi 9H[—0.5VZ:9 + ('06)V}’39]
30 ¥, Z30 -1H, 1.5H Vym VZy QH[-IVZm + (-06)Vy30
3] Vau, Z TSH, 1.5H | Vs Vzy, | OH[-1.5Vzy, + (:0.6)Vys
32 Y2, I3z -2H, 1.5H Vyn VZH QH[-ZVZ;;; + L—O.6)V)’311
33 Y13, Z33 -2.5H, 1.5H Vs Vzs OH[-2.5VzZy + (-0.6)Vysy
34 Vet Zne 2.5H,2H | Vyw Vzy | OH[2.5Vzs * (-L1)Vysl
35 Y15, Z35 2H, 2H Vyis Vs 9H[2Vzy5 + (-1.1)Vyss]
36 Y36, 436 lSH, 2H V)"Js VZ;;5 9H{ | .sz.jﬁ + (-l l)VyMl
37 Y13, 237 1H, 2H Vy;-p V237 9H[le37 + (-ll)Vy;;
38 Y. £33 O.SH, 2H VY33 VZ;S 9H[05V233 + (-] . ])Vy3s]
39 Y1z, Z19 OH, 2H V)’JQ Ve : 9H[OVZ39 + (-IQV}‘”]
40 Yao, Zso -05H,2H | Vyw Vg QH[-0.5Vzup + (-1.1)Vyn)
a Yen 241 8, 2H | Ve vz | OH[ Vg + (1.1)Vya,
42 Yaz, Zyz -1.5H, ZH V¥ \ 9H[-1.5Vzy + (-1.1)Vyy]
43 Y3, Z43 -2H, 2H _V)"43 Vg 9H[-2V143 + (-l 1)V)(43]
44 Yass Zas -2.5H, 2H Vyas Vzy, OH[-2.5Vzy + (-1.1)Vya4]
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Similar equations have been obtained in case of Fig. 6.4 and 6.5. For Fig. 5.4, the
calibrated equation is

| MOM = ~0.043a’ +3.53 10 ~67.166, R’= 1.0 (6.10)
Similarly, for Fig 6.5, the calibrated cquation is

MOM = —0.0562c? + 4.46320 - 83.936, R?= 1.0 (6.11)

Using equation 6.9, the optimum angte of attack can be obtained by using the following

conditton
______a(MOM) =0 6.12)
do
and
2
TMMLL () ve (6.13)
ca

Using eqs. (6.12) and (6.13) in case of eqgs. (6.9), (6.10) and (6.11), yields the
* optimum angle of attack for different values of T/d, as given in Table 6.2. It. can be seen
from this Tabl that optimum angle does not appear sensitive to T/d values.

Table 6.2: Computation of optimal o for rectangular vane

| Figs. MOM d(MOM) da?Mom)| a | TA
] do da’

63| 00740’ +5.86190—109.89 | —0.1480+5.8613 -0.148 [ 39.6 | 0.60

64 | _ (04302 +3.531—67.166 | —0.086c+3.531 -0.086 | 41.06 [ 0.67

6.5 i 005620‘.2 +4.46320-83.936[ ~ 0.1124a +4.4632 '0.1124 3971 | 0.75

6.3.1.1 Dimensional Considerations

One can see from Figs. 6.3 to 6.5 that MOM is a dimensional quantity whereas &
and T/d are dimensionless quantities. Thus, it was considered desirable to maintain

consistency in terms of representing variations of dimensionless MOM with angle of
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attack. MOM can be considered to depend on a wide range of variables, such as a, H, L,
d, Pw, & W, ¢, vane shape etc. Thus, in a functional form, the dependence of MOM in
terms of these variables can be written as follows.

MOM = f (o, H, L, d, pw, g I, t, vane shape) (6.14)
Using eq. 6.14 and Buckingham = theorem, a large number of dimensionless m terms can

be evolved.
Basically, the devclopment of secondary flows is also related to the linear
momentum (LM). Thus, it was considered desirable to use this parameter as the basis for

making MOM dimensionless. The following dimensionless groups were attempted as

follows.
m = N;/?Ni = MOM* (6.15)
x
n, = L“:AON:{ = MOM** (6.16)
*

where, LM is given as LM = p AlU

The variation of these dimensionless terms has been shown in the Figs. 6.7 and
6.8. An attempt was made to consider the variation of dimensionless moment of
momentum as given by MOM* vs angle of attack for different T/d ratio. Fig. 6.7 is one
such typical plot, which further supports the view that optimum angle of attack is 40° and
T/d also has a role to play in the magnitude of MOM. Of course, this influence does not
seem to be proportional as the curves corresponding to T/d vaiue of 0.67 and 0.75 are
very close to each other.

For example, for a change in T/d values from 0.6 to 0.75 (nearly 25% variation.), '
the optimum angle changes from 39.6° to 41.06° (< 5% variation). It must be noted at this
point that the MOM can be sensitive to a variety of factors, such as the variations in the

Froude numbers. In case of Figs. 6.3 to 6.5, every possible attempt was made to maintain
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other experimental conditions same. However, ihe interesting fact is that in each of these
figures, the variation of MOM follows nearly the similar trend of variability with angle of
attack. It is pertinent to note that the optimum angle of attack with and without collars
remains very close to each other. Thus introduction of collar, in no way reduces the
strength of vortex and this is very important for advocating the use of submerged vanes

with collar.

6.3.2 Vanes With Alternative Shapes

In Chapter 4, it has already been observed that vanes with alternative shapes, i.e.
double curve type 1, double curve type I, J1 and J2 a-re effective in reducing the scour
around the submerged vanes to some extent. With this in view, experiments were
undertaken to study the following two issues: the first was variability of MOM with angle
of attack and the second was to assess how the MOM in case of diffcrént types of vanes
varies with respect to MOM in case of rectangular vane. To meet these objectives, the
results in respect of experiments having T/d as 0.67 are analysed and presented. From the
Figs. 6.9 to 6.12, it can be scen that the optimum angle of attack for double curve type |,
double curve type T1, J1 and J2 type vanes is very close to 45, In case of Figs. 6.3 and 6.9
t0 6.12, every possible attempt was made to maintain the other experimental conditions
same. However, it can be noted that the maximum strength of vane-induced vortex in
‘ termis of MOM s greater in case of rectangular vane than that of the double curve type I,

double curve type 11, JT and J2. The possible reason behind it has been explained in later

part of this chepter.

Although the angle of attack at which the MOM is close to the optimum can be
very well judged from these figures and happens to be close to 45°, it is considered

desirable to obtain the value of optimum angle of attack using calibrated best fit curve
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within the range of angle of attack between 40° to 50° With reference to Fig. 6.9, the
. equation of calibrated curve is obtained as

MOM = -0.0372a% +3.31440. - 68.45, R?= 1.0 (6.17)
Similar equations have been obtained in case of Figs. 6.10, 6.11 and 6.12. For Fig. 6.10,
the calibrated equation is

MOM = -0.027a® +2.4279c ~49.805, R?= 1.0 (6.18)
Similarly, for Fig. 6,11, the calibrated equation is

MOM = —0.023c.* + 2.1288c: —44.209, R*= 1.0 (6.19)
éimi[arly, for Fig. 6.12, the caiibrated equation is

MOM = ~0.02660.% + 2.36490 — 46.558, R?= 1.0 (6.20)

Using eqs. (6.12) and (6.13) in case of equations (6.17), (6.18). (6.19) and (6.20),
yields thé optimum angle of attack for same values of T/d, as given in Table 6.3. It. can
be seen from th‘is Table that optimum angle changes from 44.45% t0 46.28%< 5 %
variation).

Tabtle 6.3: Computation of optimal c for curved vanes

Figs. MOM d(MOM) d’(MO a | T/Md
da da?
6.9 | —0.0372c® +3.31440 - 6845 —0.0744c +3.3144 | -0.0744 | 4455 0.67

610 | —0.05707 2942790 40,805 | —0-0540+2.4279 | 0.054 | 44.56 | 0.67

6.11 | —00230? +2.1288c -44.209 | —0.0460c +2.1288 -0.046 | 46.28 | 0.67

6.12 | —0.02660 +2.36490 —46.558] —0.0532a + 2.3649 -0.0532 | 44.45| 0.67
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6.4  EFFECT OF ASPECT RATIO

It can be secen from the Fig. 6.13 that rectangular vanes are most effective in
producing higher value of dimensionless MOM®*. For this reason, the effect of aspect
ratio, defined as H/L has been studied for rectangular vanes only. It is apparent from the
Fig. 6.14 that aspect ratio of a submerged vane also plays a vital role for the generation of
strength of vane induced secondary circulation and it increases with decrease of aspect
ratio. Generation of vortex starts right from the leading edge and it is amplified till it
reaches the trailing edge. After passing over the trailing edge, the strength of vortex goes
on reducing. It was found that the strength of vortex of rectangular vanes of aspect ratio
0.33 is about 7 times that of aspect ratio 0.5 and vane of aspect ratio 0.25 is about 10

times that of aspect ratio 0.5 (Fig. 6.14).

6.5 EFFECT OF TAPER ANGLE

In the preceding section, ghc use of rectangular vanes has been advocated and for the
similar reasons the influence of taper angle has been studied with respect to rectangular
vanes only. In Chapter 3, tapered rectangular vane (called trapezoidal vang) has been
desciibed. Here, three tapered angles such as 1H:1V, 3H:2.5V and 4H:2V have been
considered. When the taper angle is 90° it becomes rectangular vane. The Fig. 6.15

shows the variation of dimensionless MOM* with respect to taper angle at the optimal

angle of attack, 40°,
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Fig. 6.14 Effect of aspect ratio of rectangular vane on MOM* (T/d = 0.67)
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6.6 CHANGE OF PRESSURE SIDES IN CURVED VANES

The experiments were performed on non-uniform sand of size 0.225 mm. For
describing strength of vortex in terms of moment of momentum (MOM), Marelius and
Sinha (1998), have identified the optimal angle of attack for rectangular vanes to be very
close to 40°. In this research, optimal angle of attack for rectangular vane with collar is
found to be stil] 40° (Figs. 6.3 to 6.5). At optimal angle of attack, it was observed that
local scour hole increases the strength of rectangular vane .induced secondary circulation
by about 4% in the same flow conditions. Thus, introduction of collar at the leading edge
of rectangular vane reduces the maximum strength of rectangular vane induced vortex by
only small percentages; however, the maximum strength of vortex is still significantly
high. Optimal angle of attack for curved veres is close to 45°.

Behaviour of flow changes, when it enters from zone | to zone 11, in case of
curved vanes (Fig. 6.16). High and low pressure sides of a zone are replaced by low and

high pressure sides respectively when the flow enters zone II to from zone L.

Line of separation of zone [ and zone I

Zone | \ Zone II

Flow LP, HP,
S e,

HP, ’ P,

Fig. 6.16 Change of pressure sides in curved vanes
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Therefore, the strength of vortex of flow is reduced by the generation of secondary
flow in zone I which acts in opposite direction to that of zone II.

The vortices produced in zone I and zone II will be of opposite directiori to each
other, therefore strength of vortex generated in zone [1 will be reduced by the amount that
produced in zone I and probably due to this reason, the efficiency of curved vanes will
have a lesser value than that of rcctangular vane if they have the same size and fluvial

parameters.

6.7 SUMMARY

In this chapter, the results in respect of angle of attack and likely influence of
variability of MOM in case of rectangular vane have been presented. In addition,
dimensional considerations in respect of dependence of MOM have been explored. The
optimal angle of attack of different curved shapes of submerged vane viz double curve
type 1, double curve type 11, J1 and J2 types have been explored. The effects of aspect
ratio and taper angle on MOM with respect to rcctan.gu]ar vanes have also been explored.

Change of pressure sides in curved vanes is also identified.
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Chapter 7

DIKE FORMATION AND DECAY OF STRENGTH OF
VORTEX WITH DOWNSTREAM

e S S YOS

7.1  GENERAL

With the use of submerged vanes in straight channels, dikes (heaps of sediment)
may form in the downstream of .vanes. Knowing the layout of dikes may be helpful in
deciding the magnitude of protected area. For this reason, a study on dike formation is
also aimed and presented here. Similarly, another parameter of interest is the variation of
strength of vortex. It is well established that vane induced strength of vortex reduces with
downstream region of submerged vane. However, there is not enough information
available regarding the trend of variation of MOM in the downstream of submerged vanesi‘
of different types. With this in view, the streamwise reduction of strength of vortex has
been studied at an angle of attack of 40°. For identical hydraulic conditions, strength of
vortex was measured for rectangular submerged vane with and without collar.

In addition, this was also identified in case of trapezoidal vanes with collar for
three taper angles such as 1H:1V, 3H:2.5V and 4H:2V. Strength of vortex was measured
as per the previous Chapter 6. This Chapter dwells upon primarily on the physical process
of dike formatioh, which may give some indications for deciding upon the location of

' submerged vanes with respect to the river bank. In addition, it presents the trend of

variation of strength of vertex in different conditions.
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7.2 FORMATION OF DIKES

7.2.1 TFormation of Dikes Downstream of Vane

Dike formation process was observed invariably in all the experiments performed
in this study: However, the magnitude of it varied widely. Commonly, it was observed to
be more pronounced at higher value of Froude number, ie. 0.25. At the lower Froude
number value of 0.13, the dike formation was negligible. The probable cause for this may
be ascribed to the generation of lower strength of vortex which might have led to the
lesser scour as well as reduced deposition of sediments needed for formation of dike.

At higher Froude number of 0.23, it was observed that there is also considerable
development of local scour hole at the trailing edge of the submerged vanes (Plate 7.1).
Based on these observations, Table 7.1 is developed. Table 7.1 gives an idea about t};e '
distance from the trailing edge of the submerged vanes for the area to be protected. The
origin was taken at the trailing edge of vane at initial bed level (Fig. 7.1). It is also
apparent from Figs. 7.2 to 7.7 that the formation of dike is curvilinear in case of both
rectangular and trapezoidal vanes and follows a nonlinear equation. (Table 7.2). Plate 7.2

shows a typical formation of dike downstream of vane.

Table 7.1: Distance of protected area from the trailing edge of vanes

Types of vanes with collar Distance in terms of H
Vertical leading edge (Rectangular) 2.75
Trapezoidal (1H:1V) | 3
Trapezoidal (3H:2.5V) 4
Trapezoidal (4H:2V) 3
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Table 7.2: Modelled cquations for dike formations for different taper angles

Figs. | Taper angles Modelled equations

7.3 | vertical leading edge | - 0.001x” - 0.0557x + 0.7104, R*=10.7651

74 | 1H:1V 0.0003xC - 0.1704x + 1.6095, RZ=0.9766
7.5 | 3H:2.5V 0.0024x° - 0.1579x + 1.5292, R*=10.9475
76 | 4H:2V _0.0018x°- 0.0516x + 0.579, R*=0.8744
y (1)
&
Vane
» X (1)
FI()W—“‘——_" (0503)
Angle of attack

Fig. 7.1 Definition sketch of origin for measurement of dike formation
downstream of vane
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Scour hole at
trailing edge

Suction
Dike formation v side
along the vane __3#%
in suction side

-]

~

Plate 7.1 Scour hole at trailing edge of rectangular vane and dike formation
along it in suction side (F, = 0.25, dsp = 0,405 mm)

D

fgs gk g

Plate 7.2 Dike formation in downstream of vane (F, = 0.25, dg = 0.405 mm)
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7.2.2 Formation of Dike along the Vane in Suction Side

From the experimental observations, it was found that there was not significant
scour along the vane in its suction side even at higher Froude number 0.25 (Plate 7.1).
The origin was taken at the leading edge of vane at initial bed level (F ig. 7.8). At Froude
number 0.25, the scour profile along the vane looked like some sort of normal distribution
with all the taper angles. Fig. 7.9 shows a typica! plot of the naturelof dike formation
along the rectangular vane in suction side across the fiow. The formation of dike along
. the vane in suction side takes the shape as per the following equation

2 =0.0368x" - 0.4008x> + 0.9387x% + 0.0207x - 0.8639, R*=0.9751 (7.1)

Vane

X ()

z(+)

Floww ——»

(0,0,)
Angle of attack

Fig. 7.8 Definition sketch of origin for formation of dike formation
along the vane
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0.6 7= 0.0368%" - 0.4008x° + 0.9387x" + 0.0207x - 0.8639
R =0.9751

Actual profile

Height of Dike in terms of H along vz

i ——

0 0.5 1 1.5 2 2.5 3
Distance from keading edge of vane in terms of H along it

3.5

Fig. 7.9 Dike alignment along the rectangular vane in suction side
(in vertical plane)
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73  STREAMWISE DECAY OF STRENGTH OF VORTEX

For this purpose, 5 cm x 5 c¢m grids across the flume have been taken at the
downstream distances of 10H, 20H, 30H and 40H from the centre of vane. At every grid
point, all the three components of velocity were measured using ADV. Strength of vortex
was evaluated at two Froude numbers, namely 0.13 and 0.25.

Streamwise decay of strength of vortex due to rectangular vane with and without
collar, and the trapezoidal vanes with collar considering different taper angles have been
experimentally investigated at Froude numbers of 0.13 and 0.25. The experimental
programme has been explained in Chapter 3. It is apparent from Figs. 7.10 to 7.19 that
there is great deal of uncertainty regarding decay of vane induced secondary circulation
with downstream from the vane. It was observed that the centre of vortex goes up with
downstream distance from the vane. Due to the constraint of available discharge in the
laboratory, the possible water depth at Froude number of 0.25 was maintained at 14 cm,
" All the three components of velocity can possibly be measured by using the down looking
probe of ADV only at a vertical elevation of 5 cm depth below the water ;urface. It was
observed from the experimental data that all the transverse velocity components below 5
em water depth from water surface and near the streamwise centre line of the vanes are
directed towards the high pressure side of the vanes. Therefore, it was relevant to consider
the centre of vortex in the zone of 5 cm water depth from the water surface. As exact
centre of vortc:{ was not known, three arbitrary centre of vortices were considered at the
heights of 10 ¢m (i.e. 1.67H), 11 ¢m (i.e. 1.83H), and 12 cm (i.e. 2H) from the initial bed

level of sediment along the streamwise centre line of vanes,
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Fig. 7.10 Streamwise variation of MOM?* for rectangular vane without collar
at Fr 0.13
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Fig. 7.11 Streamwise variation of MOM™* for rectangular vane with collar at
Fr (.13
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Fig. 7.12 Streamwise variation of MOM* for trapezoidal (IH:1V) vane with
collar at Fr 0.13
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Fig. 7.13 Streamwise variation of MOM* for trapezoidal (3H:2.5V) vane with
collar at Fr 0.13

198



03
—ea— Centre of vortex z 1.67H
—a— Centre of vortex z= 1.83H
0.25 1 —a— Centre of vortex z= 2H
0.2 -
S
o0.15
=
0.1 A
0.05 -
0 . : . ;
0 10 20 30 40 50
Streamwise distance ffom vane in terms of H

Fig. 7.14 Streamwise variation of MOM* for trapezoidal (4H:2V) vane with
collar at Fr 6.13
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Fig. 7.15 Streamwise variation of MOM?* for rectangular vane without collar
at Fr 0.25
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Fig. 7.17 Streamywisc variation of MOM* for trapezoidal vane (1H:1V) wit
collar at Fr 0.25 .

200




0.3
—eo— Centre of vortex z= 1.67H

, —a— Centre of vortex z= 1.83H
025 - —a— Centre of vortex z=2H

0 10 j 20 30 40 50
Streamwise distance from vane in terms of H

Fig. 7.18 Streamwise variation of MOM?* for trapezoidal vane (3H:2.5V) with
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Fig. 7.19 Streamwise variation of MOM* for trapezoidal vane (4H:2V) with
collar at Fr 0.25
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Therefore, variation of vane induced secondary circulation in terms of dimensionless
MOM* at center of vortex 1.67H, 1.83H and 2H have been shown in Figs. 7.10 10 7.19. It
can be seen that all the plots are parallei at centre of vortex 1.67H, 1.83H and 2H. This is
due to the constant value of dimensionless MOM* as a result of vertical velocity
components. As the variation of strength of vortex with downstream distance is not
consistent, any attempt to mode] the variation of MOM with distance was considercd to
be not prudent. Nevertheless, Figs. 7.10 to 7.19 indicate that the path of horse shoe vortex
is not parallel to channel bed. It can be seen from Fig. 7.10 that the value of MOM*
display an abrupt rising trend again from 30H to 40H. Similarly, in Figs. 7.11,7.12 &
7.14. MOM?* increases from 10H to 20H. Such deviations simplify the fact that centre of
vortex does not remain constant. In fact, Figs 7.10 to 7.19 indicate very clearly that
MOM™* computations are highly sensitive to the centre of vortex. Unfortunately, literature
is sileni about this important aspect and the earlier investigators including Odgaard and
Wang (1991) and Marelius and Sinha (1998) have assumed the centre of vortex to be
fixed at a certain height from the bed and this fact is not supported from the present work.

Nevertheless, it is appropriate to mention here that strength of vortex does decrease with

the increase in the downstream distance.

7.4 SUMMARY

in this Chapter, results in respect of dike formation in downstream of rectanguiar and
trapezoidal vane with coilar have been presented for Froude number of 0.25 with median
size of sediment as 0.405 mm. In addition, a typical dike formation along the rectangular
vane in suction side is also presented, Considering the fact that to date no information is
available on location of centre of vortex with downstrcam of vane, the present results

provide certain informations on the decay of strength of vortex with downstream of vanc.
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Chapter 8

GENERAL REMARKS, CONCLUSIONS & FUTURE
WORK

8.1 GENERAL REMARKS

The present work is primarily concerned with the evolution of suitable
configuration of collars so that local scour around submerged vanes is restricted to a
benign level at a given angle of attack. For vanes to be highly effective, the angle of
attack is to be kept around 40° to 45°. However, at such angle of attack the scour at the
leading edge of the vane may be sizable enough to cause dislodgement of the vanes.
Thus, estimation of scour is equally important. For these rcasoris, there were three aspects
for planning of the present work have been envisaged, viz, (i} observations of scour
around submerged vanes and based on it, identification of maximum scour;(ii)
identification of suitable shapes of collars so that destablising scour does not occur
around the vanes and no threat is posed to stability of vanes; and (iii) variation of strength
of vortices measured in terms of moment of momentum.

To achieve these objectives of the study, vanes of different shapes including
rectangu[ar,lnonrectangular and curvilinear portions have been considered. Experiments
have been conducted only for the values of Froude numbers 0.13 and 0.25, so that user
can have some basis for interpolating coliar size at an intermediate value of Froude
number within the range from 0.3 to 0.25. in fea!ity, the flow conditions may not
correspond to a fixed value of Froude number. Thus, depending on the range of Froude
numbers likely to be encountered at a specific site, user can interpolate the collar

dimensions. Although, it is agreed at this point that it may be necessary to narrow down
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the range of Froude number values for planning of future experiments in order to achieve
economy in providing collars.

The sediment size may play an important role in identification of effective collar
shapé. In the present study, only two sediment sizes of 0.225 mm and 0.405 mm have .
been studied. However, it has not been possible to further refine the collar shapes in terms
of these sediment sizes. For example, whc;,n the configured collar shape corresponding to
Froude number 0.13 and sediment size 0.405 mm was used in case of sediment size of
0.225 mm, it was found to be equally effective. Thus, as a part of future investigations,
the influence of sediment size on collar shape needs to be explored. 1t may be possible
that because of the variation of sediment size in the narrow range from 0.225 mm to 0.405
mm, the same coilar shape has been efficacious. However, considering the fact that scour
phenomenon is dependent on sediment size also, as apparent from the literature, this
aspect needs to be studied in detail at a later stage.

Strength of vane induced vortices has been studied in terms of moment of
momentum. For this purpose, moment of momentum is made dimensionless .The study
has considered influence of a variety of parameters. However, the effect of incidence
angle or angle of attack in line with the findings of earlier investigators.

Based on the present work, the following obser'vations can be put forth in the form

of conclusions.
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8.2

2

CONCLUSIONS

Based on experiments with different types of submerged vanes, it has been
observed that maximum scour occurs at the leading edge of rectangular vancs
under identical flow conditions. Relatively, lesser scour has been observed at the
leading edge of curved and trapezoidal vanes.

For rectangular vanes, the following relationship holds good

| %‘*E- = 3.5675 """

In this‘ expression, Dgc represents computed scour depth, d = flow depth and
Frbude number

Trials with collar shape indicate that for Fr = 0.13, the collar shape can be circular
or noncircular, However, at Fr : 0.25, the effectivé collar shape is interestingly
observed to be circular. The dimensions of collar for these two values of Froude
numbers and different types of submerged vanes are summarized in Chapter 3.

In Solani river, the Froude number varied between 0.05 to 0.1 in field trial test

area. Therefore, the most effective size of collar obtained at Froude number 0.13

- was tested and scour was observed to be considerably reduced. This indicates that

collar shape obtained from laboratory experiments can be used in field conditions
to achieve stability of vanes.

A dimensionless moment of momentum (MOM]} concept has been introduced to
study the vane induced secondary circulation. Using this concept, variations of
dimensionless moment of momentum with respect to a variety of parameters have
been studied. It has been observed that the optimal angle of attack for rectangular
vane with collar is very close to 40°,lwhich is notably the same for the rectangular

vane without collar (Marelius and Sinha, 1998). In case of rectangular vane,
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optimal angle of attack does not appear to be sensitive to degree of submergengc
(T/Ad).

Strength of vane induced secondary circulation is also influenced by tapering of
the leading edge of rectangular vane and its aspect ratio. Dimensionless MOM*
decreases with decrease of angle and it considerably increases with decrease of
aspect ratio (H/L).

Decay of vane induced secondary circulation with downstream distance from vane
does not display definite pattern. However, the vane induced residual circulation
has normally considerable value even at 40H distance from the rectangular and
trapezoidal vanes at optimal angle of attack.

Centre of vane induced vortex does not appear to be at a fixed height from the
bed. This fact is suppor’te_d from the variation of MOM* with downstream
distance. Also, centre of vortex is found to influence MOM* computations.

At Froude number 0.13, the vane induced process of dike formation is
insignificant where as at Froude number 0.25, it has consi;z:lerable formation.
Formation of dike does not follow the linear shape but is has somewhat
curvilinear shape bended towards suction side.

Based on economic analysis, it was found that collar is a better option as scour

retarding device than that of riprap with filter.
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8.3

FUTURE SCOPE OF WORK

The most effective collar obtained at Froude number 0.25 and circular shape of
coilar at Froude number 0.13 has to be tested in field.

Detailed economic analysis is required for collar size at different higher Froude
numbers and at different particle sizes.

Vanes with collar in arrays should be investigated to get important design
parameters. Collar for vane should be also optimized in _ciurvilinear channels.

A methodology for evaluation of centre of vortex needs to be developed.

Sediment concentration may influence the density of fluid to be used in MOM
computations. This aspect needs further considerations.

Collar dimensions in relation to bed material size needs to be quantified.

Range of Froude numbers can be further narrowed down for obtaining collar size.
Further detailed investigation is required on the streamwise decay of vane induced
voriex at the optimal angle of attack for both straight and curved channels, for
clear water and sediment-laden flows.

In-depth experimental studies on the dike formation process with sediment-laden

flow are suggested.
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APPENDIX - A

COST COMPARISON OF RIPRAP WITH FILTER
VIS A VIS COLLAR

This Appendix contains the cost comparison riprap with filter vis a vis collar
at F, = 0.13 and 0.25 with median size of sediment 0.225mm.A sample of
computation of maximum collar area corresponding to the cost of riprap with filter is

presented for rectangular vane at Fr=0.13 and median size of sediment as 0.225 mm.

Al COMPUTATIONS RELATED TO FROUDE NUMBER 0.13
Using Tables 4.2 and 4.3 of Chapter 4,
For F.= 0:13 and dsg = 0.225 mm,
R, =7.7cm,R;=04R;=3.1cm, h; =35 cﬁ and

h,R
h, = ——2-=24cm.
R, -R,

|, =+f(h, +h,)? +R,} =97cm

I, =Jh,” +R,’ =3.9cm

From eq. 4.14,

Vol =X {R, (n, +h,) ~R? h,}=3422cm’

os- 3
Fromeq. 4.18

A, =7(R, 1, =R, 1,) +aR} =2269 cm’

From eq. 4.16 and prevailing rate r, Rs.1,000/m’ at Roorkee

C,= Vol r,=Rs.0.34
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From eq. 4.17 and prevailing rate g, Rs.35/m? at Roorkee
Cr=Actr =Rs. 0.79

From eq. 4.15
Ct=C;+C; =Rs. 1.13

From eq. 4.13 and prevailing rate ry Rs.20,000/m’ at Roorkee

Ce=reys Vol;
. C
or, Vol = —% = 7.197x107% m?
rs T'

From eq. 4.12 and t, 0.4 mm

Vole =t A
A= v‘:l° = 180 cm’

The net area (excluding the area of groove for vane) of most effective collar
size AF1.8 or BF1.14 is 25.76 cm®, whereas the maximum permissible area from the
above computations is 180 ¢m?; hence the application of collar as scour retarder for

submerged vane is more economicai than riprap with filter.
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APPENDIX - B

EXPERIMENTAL DATA RELATING TO
PERFORMANCE EVALUATION OF SUBMERGED
VANES WITH COLLAR

This Appendix contains the experimental data collected in River Engineering
Laboratory, Water Resources Development Training Centre, Indian Institute of
Technology Roorkee, India. The data presented here have been used in Chapter 5 of

this thesis. The Fig. B.1 indicates the sign convention and axes.

+
- Ek ) Vane
z{+) Angle of attack
Flow
————ee—— 1
(0,0,0) X (+)

Fig. B.1 Definition sketch of origin for measurement of
scour pattern

Origin = leading eclge of vane at initial bed level
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Table B.1: Experimental data for rectngular vane
(F, = 0.13, dsp = 0.225 mm, Collar size AF1.1)

I i 11
X l Y YA X Y Z X hi z
em) | (cm) | (em) | (em) | (em) | (cm) | (cm) | (cm) | (em)
-4 -3 -0.05 4 -2 -0.55 14 -4 -0.1
-4 -1 -0.7 4 0 -(.2 14 -2 -0.05
-4 1 -1.15 4 2 0.6 14 0 -0.2
. -4 3 0 4 2.5 0.65 14 2 -0.35
-2 -5 -0.2 4 4] 0.15 14 4 .0.2
-2 -3 -1.15 6 -6 -0.1 14 6 04
-2 -1 2.1 6 -4 0.7 14 8 1.2
-2 bl -B.i5 6 B 0.5 14 11 0.4
-2 3 -1.1 6 0 0.5 14 12 -0.2
-2 . 5] 0.05 6 2 1.4 14 14 0.1
=1 -6 -0.1 6 4 1.7 16 -8 0.1
-1 -4 -1 6 6 0.15 16 -6 0.35
Ry L ) 8 -6.5 0.1 16 -4l 0.25
-1 - -1l - -2.55 8 -5 -0.4 16 -2 -0.1
-]- K 0.1 8 -3 0.25 16 0 -0.85
-1 1.5] =885 8 = 0.5 16 1 0, |
] 3 -1.2 8 1 0.75 16 4] -0.85
e 5 0 8 3 1.6 16 6 0.1
0 -6 -0.1 8 5.5 1.8 16 8l  -0.55
0 -4 -0.8 8 7 0.1 16 10 0.8
0 =225 10 751 -0.15 16 12 -0.4
0 -1 -2.3 10 -6 -0.9 16 141 0.05
0 0 -2.1 10 4 -1.15 18 -9 0.1
0 | -2.4 10 -2 -0.6 18 -6 -0.1
0 2 -1.65 10 0 0.05 18 -3 -0.1}
0 - 4] 0.05 i0 2 0.5 18 -1 -0.2
I -5.5]  0.05 10 4 1.15 18 1 -0.3
I -5 -0.5 10 6 1.7 18 3 (.05
1 -3 -1.3 10 7.5 1.3 18 5 0.1
1 2 -1.9 10 g 0.14 18} 7 0.1
| -1 -1.8 12 -8.5 -0.2 18 9 0.15
1 0 -1.5 12 -7 -0.8 18 10.5 0.45
I ] -1.7 12 o -1.5 18 12 -0.4
1 2 -1.1 12 -4 -1.5 18 14] -0.85
1 4 0.1 12 -2 | 18 16| -0.05
2 -6.5 0.1 12 0 -0.4 18 18 -2.9
2 -5 -0.25 12 2 0.4 21 8 0.1
2 -3 -1 12 4] 0.95 21 10 015
.2 -0.5 -1 12 "6 1.4 21 12 0.3
2 1 -0.5 12 8 1.45 21 14|  0.05
2 3 -0.1 12 9 0.7 21 16 0.3
2 5 0. 12 il 0.15 21 18 0.5
4 -6 0.1 14 -8 -0.1 21 20 0.1
4 -4 0.4 14 -6 -0.5
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Table B.2: Experimental data for rectngular vane

(F,=0.13, dso = 0.225 mm, Collar size AF1.2)

1 11 1
¥ X Y Z X ¥ zZ
{cm) {cm) {cm) {cm) {cm) {cm) {cm)} {cr) {cm)

-2 =3 0 [ 2 1.5% 18 - 0.55
-2 -2 -0.2 (i) 4 0.5 18 -2 0.4
-2 -1 -0.55 6 5 0.25 18 0 -0.2
-2 0 0 6 7 0.15 18 2 -1
-2 0.5 =004 8 -6.5 [1] 18 4 -0.9
-2 1 -0.2 ] -5 -0.1 8 [ 0.4
=2 2 0.1 3 -3 0 8 3 1.25
= -3 «(.2 8 -1 0.0 2 9 1.45
- -2 -0.635 8 ] 0.55 B 11 0.1
- -1.5 -0.7 8 3.5 .45 20 =3 0.1
-1 - -0.7 8 5 0.7 20 -3 0.15
-1 -0.5 -0.43 8 7 0.25 20 -] -0.4
-1 0 0.2 8 9 0.15 20 ) -1.05
- 0.5 -0.23 10 -7 -0.1 20 3 -(.9
-1 -{}.4 10 -5 -0.4 20 5 (.2
-1 2 -0.35 i0 -3 -0.1 20 7 0.5
-1 3 0.1 10 -1 0.3 20 £.5 1.1
0 -4 -0.15 10 1 0.7 20 10 (.4
0 -3 (.7 10 3 0.9 20 12 1R ]
0 -2.5 -0,75 10 8 0.9 22 -3 0.1
0 -2 ~(0.8 10 7 0.7 22 - | -0.1
0 -1.5 -0.65 10 9 0.35% 22 1 -0.2
4] -l -0.35 i0 11 0.15 22 3 -0.05
0 0 0,05 12 -8 -0.1 22 5 0.2
0 1 1] 12 -H =12 22 7 0.5
1] 2 -1.15 12 -4 1.1 22 8.5 0.75
0 2.5 -3 12 -2 -0,5 22 9 0.4
0 3 -0.2 2 0 0 22 N 0.2
0 3.5 0.1 2 p] 0.3 2 13 (.15
0 4 0.1 2 4 0.6 24 -2 0.15
1 -5 -0.2 2 [ 0.8 24 4] 0.2
1 -4 -0.7 2 8 1.1 24 2 0.3
1 -3 -0.8 2 9 0.6 24 4 (.4
I -2 -0.55% 12 4] 0.3 24 [ 0.1
I 0 0. 12 13 0.2 24 g 0.21
1 ] 0. 14 -85 0 24 10 0.2
2.5 0.1 14 =7 -0.9 24 12 0.]
3 0.1 14 -5 -1.45 26 -2 0.2
1 4 0.1 14 -4 -1.55 26 Q 0.2
2 -5.5 -0.2 14 -2 -0.9 26 2 (.15
2 -3 -0.6 14 0 -0.5 26 4 -0.4
2 -4 -1.1 4 2 0.3 26 5 -0.35
2 -3 -0,7 4 4 0.35 26 8 0.15
2 -2 -0.3 4 [ 0.55 26 9 0.25
2 -1 -0.2 4 8 ].1 26 1] 0.4
2 0 0.13 4 10 0.7 26 I3 0.13
2 1 0.6 4 12 0.25 2 -2 0.1
2 2 0.15 4 14 0.1 2 0 -0.75%
2 3 0.2 6 -8 0 28 2 -0.1
4 -6.5 -0, & -6 0.1 28 4 0.1
4 -5 -1.05 6 -4 -0.2 28 6 0.15
4 -3.5 -1.5 b -2 0 28 8 0,25
4 =2 -0.7 [+ 0 -0.3 2 10 (.6
4 0 0.2 6 2 -0.4 2 12 0.1
4 1.5 1.1 [ 4 0 30 -2 0.1
4 2,5 0.65 [ 6 0.6 30 0 0.2
4 4 0.23 16 8 0.85 30 2 0.2
4 6 0.15 16 10 30 4 0.2
[ -7 -0.1 16 2 0.2 30 6 0.2
) -5 =0.6 16 4 0.2 30 8 0.2
6 -3 -1.15 18 -0.5 0 30 14} 0.15
6 -2 -1.2 18 -8 0.4 30 12 0.15

[ 0 0.05 18 -5 0.5
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Table B.3: Experimental data for rectngular vane
(F,=0.13, dgp = 0.225 mm, Collar size AF1.3)

| 1l I
X y z X y z X y z
(cm) {cm) (em) (cm) (cm) ~{cm) (em) (cm) (cm)
-3 -3 0.05 2 2.5 .35 13 1] 0.35
-] .l 0.2 2 3.5 0.1 13 2 0
-3 0 0.1 2 4.5 0.25 13 4 0.t
-3 | 1] 2 55 0.25 13 6 0.6
-3 2 0.1 3 -7 0 13 3 1.3
-3 3 0.1 3 -6 -0.35 13 10 0.35
=3 4 0.15 3 -3 -1 13 12 0.3
-2 -3 1] 3 -4 -0.9 13 14 0.3
-2 -] 0,43 3 -3 =12 15 -8 i}
-2 0 0.4 3 -2 08 15 -6 0.35
-2 i 0.3 3 .1 02 15 -4 0.5
-2 2 0.1 3 0 (.35 15 -2 0.2
-2 4 0.2 3 ] 1 15 0 -0.3
-1 -3.5 0 3 2 0.95 15 2 .1
-1 -3 A3 3 3 0.15 15 L] (.35
-1 -2 .5 3 4 (.25 15 6 0.35
=1 .5 -0.5 3 5 0.2 15 ] 0.85
-1 -1 0.6 5 -7 0.05 15 9 1.1
-1 4 (.8 5 -5 -0.9 15 10 0.7
-1 0.5 .95 5 -3 -1.4 [5 12 -0.05
-1 0,75 0.9 5 -1 0.1 - 15 i4 0.2
-] 1.5 0.8 5 1 1.2 17 -8 0.1
-1 2.5 .35 5 2 1.6 17 -5 0.1
-1 3.5 0.1 5 3.5 0.5 17 -4 0.1
-1 4.5 0.25 5] 5 0.3 17 22 0,3
0 -5 1] 5 7 0.3 17 [} 045
1] -4 .65 7 -7 0.05 17 2 0.1
{ 215 -0.55 7 -5 0 17 4 045
0 -2 -1.35 7 -3 0.7 17 6 0.6
0 -1.5 -0.3 7 -1 .35 17 3 0.8
1] =1 0.} 7 1 [ 17 10 065
0 -0.5 4.2 7 2.5 14 17 12 0.2
] 0 -0.35 7 4 0.8 17 t4 0.2
{ 0.5 0.6 7 5 02 19 .3 0.1
0 ] 0.7 7 6 0.3 19 | 0
0 1.5 (.9 7 3 0.3 19 1 0.1
0 1.5 -0.95 9 -7 0 19 3 0.1
] 2.5 -0.7 9 =5 0,15 ] 5 -0.4
0 3.5 0.1 9 -3 0.5 19 7 0
0 4.5 0.3 9 -1 025 19 9 0.7
[ -6 0 9 ] 0.25 19 9,75 0.9
1 -5 {1 9 3 0.8 19 11 0.35
1 -4 -1,15 9 4.5 1.l 19 i3 0.2
1 -3 -0.9 9 & 0.15 21 -2.5 0.2
1 -2.5 0.6 9 R 0.35 21 -1 .05
1 0 0.1 9 10 .35 2t 1 -0.15
1 0.5 0.3 11 -8 1 21 3 -0.5
I -2 0.7 i1 -6 0.9 21 4 .5
1 3 -3 3! -4 -5 21 5 0.2
] ] 0,35 1l -2 0.1 21 7 0.2
| 5 0.3 11 0 0.45 21 9 0.6
[ 1] 0.2 1§ 2 0.55 21 11 0.2
2 -5 0.05 11 4 0.6 21 -2 0.2
2 -5 .45 1l 6.5 1.2 23 0 0.2
2 od (.95 11 8 0.9 23 2 .1
2 -3 -1.25 11 10 0,35 23 4 0.2
2 -2 0.5 11 12 0.3 23 6 (.28
2 -1.5 (45 13 -8 0,08 23 -3 0.4
2 .5 0.2 13 +H -0.8 23 ("] 0.2
2 0.5 0.55 3 -4 -0.75%
2 1 0.95 13 -2 0.3
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Table B.4: Experimental data for rectngular vane
(F, = 0.13, dsy = 0.225 mm, Collar size AF1.4)
I I a1
X y z X y z X y 4
(em) | (em) | (cm) | (em) | (em) | (em) | (em) | (cm) [ (em)
-1.5 -6.3 0 5.5 -7.8 0.3 13.5 . 1.2 -0.45
-1.5 4.8 -1 5.5 -5.8 0.35 13.5 32 -0.2
-1.5 2.8 -0.95 55 T 38 0] 13.5 5.2 0.35
-1.5 -1.3 0.1 5.5 -1.8 -0.45 13.5 72 ]
-1.5 0.2 0.4 5.5 0.2 0.7 13.5 92 1.25
-1.5 2.2 0.2 5.5 2.2 1.35 13.5 10.2 1
0 -6.8 0 55 4.2 1.12 "13.5 12.2 0:2
0] -4.8 -1.45 5.5 5.2 0.3 13.5 13.7 -0.3
0 3.8 -1.7 5.5 7.2 0.25 13.5 14,7 6.3
0 -1.8 -0.75 7.5 -7.8 Q.1 13.5 ia.2 0.3
0 -1.3 -0.2 7.5 -5.8 0.05 15.5 -1.8 0.15
0 0.2 0.2 7.5 -3.8 0.2 15.5 -1.8 -0.1
0 2.2 0.15 7.5 -1.8 0.1 15.5 02 0.35
0 4.2 0.2 1.5 0.2 0.3 15.5 2.2 0.3
1 -7.3 0.1 /) 2.2 1.3 15.5 4.2 0.4
| -5.8 -1.1 1.5 3.7 1.55 15.5 6.2 0.5
1 -3.8 -1.65 7.5 5.7 1.1 15.5 8.2 0.9
1 2.8 -1.65 1.5 7.2 0.4 15.5 10.2 0.85§
i -1.8 -0.8 7.5 9.2 0.3 15.5 12.2 -0.4
1 -1.3 -0.45 9.5 -8.3 0.1 15.5 14.2 -0.65
| -0.8 -0.05 9.5 -6.3 -0.7 15.5 16.2 0.3
1 1.2 0.3 9.5 -4.8 -0.4 17.3 -2.8 0.35
1 3.2 02 9.5 -2.8 -0.05 17.5 -0.8 0.35
! 52 0.2 85 -0.8 Q.1 17.5 1.2 0.6
2 -7.8 0 9.5 1.2 0.5 17.5 3.2 0.3
2 -5.8 -0.8 9.5 3.2 0.8 17.5 5.2 0.3
2 -3.8 -13 9.5 5.7 1.65 17.5 7.2 03
2 2.3 -1.1 9.5 6.7 1.55 17.5 9.2 0.35
2 -1.8 0.7 9.5 9.2 0.4 17.5 11.2 0.35
2 -1.3 -0.4 11.5 -3.3 0.1 17.5 13.2 0.6
2 -0.8 -0.5 11.5 -6.8 0.3 17.5 15.2 0.3
2 -0.3 -0.35 11.5 4.8 0.2 17.5 17.2 0.3
2 2.2 0.2 i1.5 -2.8 -0.05 - 19.5 -2.8 0.2
2 4.2 0.2 11.5 -0.8 -0.2 19.5 -0.8 -0.05
2 6.2 0.3 11.5 1.2 -0.55 18.5 1.2 0.2
3.5 -7.8 0.2 11.5 3.2 -0.3 19.5 3.2 0.3
3.5 -5.8 0 1.5 5.2 0.5 19.5 5.2 3
3.5 -3.8 -0.65 11.5 7.2 1.6 19.5 7.2 0.3
3.5 -1.8 -0.5 11.5 8.7 1.1 19.5 g2 03
3.5 0.2 0.39 i1.5 10.2 0.35 19.5 11.2 0.6
35 2.2 0.9 11.5 12.2 0.15 19.5 13.2 0.3
3.5 3.2 03 13.5 -3.8 0.25 19.5 15.2 0.55
3.5 5.2 0.25 13.5 -1.8 -0.7 19.5 17.2 03
3.5 7.2 0.3 13.5 -0.8 -0.8
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Table B.5: Experimental data for rectngular vane
(F, = 0.13, ds = 0.225 mm, Collar size AFL.5)

| II Il
X y Z X y z X y z
(cm) (crn) fcm) {cm) {cm) (cm) {cm) (cm) (cm)
-35 -5.7 0 3.5 «10.7 -{0.1 13.5 6.3 0.3
-3.5 <37 0 3.5 9.7 -0.15 13.5 9.3 1.35
-3.5 -1.7 0 3.5 -7.7 -1.3 13.5 10.9 0.75
3.5 0.3 0.05 3.5 -5.7 -1.8 13.5 11.8 -0.05
-3.5 0.3 0.1 3.5 -3.7 -1.2 13.5 14.3 0
2.5 «5.7 -0.05 3.5 -1.7 0 13.5 17.3 0.1
-2.5 -4.7 0 3.5 0.3 0.75 17.5 -12.7 0.15
-2.5 -3.7 0 3.5 1.3 1.25 17.5 -11.7 .1
-2.5 2.7 -0.2 35 2.6 0.9 17.5 -10.7 -0.8
2.5 -1.7 -0.45 3.5 3.8 0 17.5 9.7 -1.25
-2.5 -0.7 0.6 3.5 5.3 0.05 17.5 -8.7 -1.4
2.5 0.3 -0.65 15 7.3 0.1 - 17.5 1.7 «1.6
-2.5 13 -0.5 55 -10.7 0,1 17.5 «H,7 -1.3
2.5 2.3 0.1 3.5 -8.7 -1.25 17.5 -5.7 «]
2.5 T 33 0.1 5.5 «6.7 -1.8 17.5 .7 -0.4
-1.5 -6.7[ -0.05 5.5 -4.7 -2.3 17.5 -2.7 -0.25
-1.5 -517 -0.05 5.5 -2.7 -0.95 17.5 0.3 -0.5
-1.5 -4.7 -0.05 5.5 -0.7 0.15 17.5 3.3 -0.7
-1.5 <37 0.7 5.5 1.8 1.6 17.5 6.3 -0.4
-1.5 2.7 -0.8 5.5 4.1 0.4 17.5 10.3 0.9
-1.5 -1.7 -9 5.5 5.3 0.1 17.5 12.3 -0.2
-1.5 -1 -0.9 5.5 1.3 0 17.5 14.3 -1.1
-1.5 0.9 -0.85 3.5 9.3 8.1 17.5 15.3 -1.35
-1.5 1.8 -0.75 8.5 -11.7 0.1 17.5 16.3 -1
-1.5 2.8 0.1 8.5 =97 -0.4 17.5 17.3 1]
-1.5 38 0.1 8.5 -7.7 -1 17.5 19.3 0.1
0 -1.7 -1 8BS -5.7 -1.35 21.5 -12.7 (.2
0 -6.7 -0.15 8.5 -3.7 -1.5 21.5 -10.7 0.2
ol 57 -0.75 RS 7. .13 215 7 035
[ -4.7 -0.8 8.5 0.3 -0.45 21.5 «4.7 O
0 -3.7 -1.4 8.5 2.3 0.6 21.5 -1.7 0.1
0 -2.9 -1.3 8.5 3.8 1.15 21.5 1.3 -(.2
1] -2.2 -0.35 8.5 6.3 0.35 21.5 4.3 -0.2
] -1.2 -2.5 8.5 8.3 0.1 215 7.3 -0.2
0 0 0.05 8.5 10.3 0 21.5 10.3 0.65
0 0.3 0.05 8.5 12.3 0.1 21.5 12.8 1
0 1.3 0.05 11.5 -11.7 -0.15 21.5 14.3 0.15
- 0 2.1 - 0.3 11.5 -8.7 0.1 21.5 16.3 (.2
4] 3.3 0.1 11.5 -5.1 0. 215 18.3 ¢4
0 4.3 0.1 11.5 '-2.7 -0.1 21.5 19.3 0.3
1.5 -8.7 0.1 11.5 0.3 -0.35 21.5 213 0.1
1.5 1.7 -0.6 11.5 33 -0.25 26.5 -12.7 -0.1
1.5 -6.7 -1 11.5 6.3 0.7 26.5 9.7 -0.1
1.5 57 -1.15 11.5 8.5 1.7 26.5 -6.7 -(.1
1.5 -4.7 -0.9 11.5 103 0.15 26.5 3.7 -0.2
1.5 -37 -13 11.5 13.3 0 26.5 -0.7 0.2
1.5 -3 -1.55 11.5 16,3 0.1 26.5 2.3 .15
1.5 222 -1.1 13.5 -11.7 -0.1 26.5 5.3 -0.2
1.5 -1.7 -0.8 13.5 -8.7 0.2 26.5 8.3 -0.13
1.5 -0.95 =(.4 13.5 =57 0.2 26.5 11.3 Q.15
1.5 1.9 =0.1 13.5 -2.7 0.3 26.5 14.8 1.25
1.5 33 -0.1 13.5] 0.3 -0.05 26.5 18.3 0.1
1.5 5.3 0.1 13.5 33 -0.55 26.5 213 0.1
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Table B.6: Experimental data for rectngular vane
(F, = 0.13, dg = 0.225 mm, Collar size AF1.6)

1

H

1

X ¥ z X Y z X ¥ z
(cm) (cm) (cm) (cm) {cm) (cm) {cm) {em) {cm}
-4 -6 Q 2 -5 1.8 14 4 0.1%
-4 4 0.05 P -4 -2.05 14 7 0.55
=4 -2 0.1 2 -3 -1,3 14 10 0.95
-4 0 0.05 2 -2 -0 55 14 i2 £.15
- 2 0.15 2 -1 0 14 13 -0.25
=3 -5 0.05 P Q 0.3 14 14 0.05
-3 -4 0.05 2 ] 0.75 14 15 0,15
-3 -3 0.05 2 2 0.15 14 16 -0.05
-3 -2 0.1 2 3 0.1 14 7 -0.05
-3 -1 0 2 4 0.15 14 18 0.15
-3 0 0.3 2 5 0.2% 17 -11 0,05
-3 i 0.05 2 6 0.15 17 -3 -1.3
-3 2 0.15 4 -9 -0.05 17 -5 -1.05
-2 -§ (.05 4 -7 -1.05 17 -4 0.4
-2 -4 0 4 -5 +|.65 V7 -1 0.3
-2 -3 -0.05 4 -3 -1.35 47 2 .65
-2 -2 .45 L] -1 0,05 17 5 -]
-2 -1 -0.75 4 1 1.3 17 8 0 45
-2 Q .55 4 2.8 0.35 17 11 0.3
-2 1.4 0.05 4 4 0.2 17 13 -1.15
-2 2 0.25 4 6 0.2 17 15 -1.2
-2 3 0.15 4 8 0.2 17 17 -0.45
-1 -5 [#] 6 -10 { i7 19 0.15
-1 -5 -0.2 6 -8 0.5 17 21 015
-1 -4 0.8 & -6 -0.95 22 11 0.05
-1 -3 -0.85 6 -4 -1.23 22 -8 0.43
-1 -2 -0.95 [ -2 -0.95 22 -5 0.5
-1 -1 -0.75 6 0 0,25 22 -2 (11
-1 0 0.15 6 2 1.4 22 1 0.6
-1 I 0,15 6 4 0.95 22 4 -0.1
«1 22 0.15 6 6 0.25 22 7 0.05
-1 3 0.25 3 8 0.25 22 10 1.05
-1 4 0.2 6 10 0.15 22 1 1.4
0 -7 -0.05 3 -10 0.05 22 13 075
0 -5 06 8 -8 212 22 15 .2
0 -5 -1.35 ] -6 -0.85 22 17 G.5
0 -4 -1.2 3 -4 0.45 22 i 0.55
0 -3 -1.15 2 -2 -0.35 22 21 0.1
1} -2 (.85 8 Q 0.15 22 23 015
0 -1 0.15 8 2 1.05 26 -7 -0.03
0 0 0.15 8 4 E.3 26 4 0.1
0 3 0.3 3 6 1,05 26 -2 -0.75
¢ 4 0.25 8 7 0.2 26 a 083
0 5 0.25 2 9 0.25 26 2 0.05
0 [ 0.15 8 11 0.15 26 4 Q.15
1 -8 -0.05 10 -10 0.15 26 7 0.1
1 -7 -0.2 10 -8 -1.05 26 10 Q.25
1 -6 -1,05 i0 -6 .17 26 12 0.4
1 -5 -1.7 10 -4 -0.85 26 14 0.65
1 -4 -1,55 10 -2 -0.45 26 16 0,15
1 -3.4 -1.3 10 0 0,25 26 18 0.15
i -3 -1 15 10 2 .35 26 20 0.15
i -2 .75 10 4 1.25 kLY -7 -0.05
1 0 0.15 i0 6 1.8 30 -4 0.35
1 2 0,05 10 8 2,25 0 -1 0.2
1 3 0.15 10 9 0.35 30 2 0.05
1 4 0.3 10 11 0.25 30 6 0.1
1 5 0,25 10 13 Q.15 30 10 0.05
i [} 0.2 14 -11 0.05 30 12 023
2 9 0 14 -8 0.1 30 14 0,23
2 -8 -0.05 14 -5 0.2 0 16 0.4
2 -7 -0.7 14 -2 0,25 et 18 0.35
2 -5 -1.25 14 I 0,13 30 20 013
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Table B.7: Experimental data for rectngular vane
(¥, =0.13, dsp = 0.225 mm, Collar size AF1.7)

1 1i I
X y z X y z X ¥ z
em) | ©m) | em) | (em) | (em) | (em) | (em) | em) | (cm)

3 39 0 4.5 0.1 1.0s| 165 31 -1.35
3 19 -0 4.5 1.1 14| 16.5 6.1 -1.1
3 0.1 0.2 45 2.8 07 163 9.7 04
-3 2.1 0 4.5 4.1 0.1 1651 11 -0.4
2] 48] -0 4.5 6.1 0.1 165  13.1 1.7
) 3.9 0 45 81| 005] 165  14.1]  -1.85
2] 29 01 7.5 -109] 02|  165]  151] -1.75
2 719 0 75|  -89] -1.15| 165 16.1 1.1
2] 09 0 7.5 69 L7 165 17.1 0.6
-2 0.1 0 75 -49 2 165 18.1] _ -0.05
2 1.1 -0.4 750 =290 -7 163 191 0
2 2.1 0.1 750 09 0.6 1950 -11.9 -0.2
-2 3] 0.5 15 1.1 05] 195 -0.4 -0.9
il -5.9 0 1.5 4.1 1.5 19.5 -6.9 0.6
-1 a9 -0 7.5 5.1 1.5 19.5 3.9 -0.8
N 39 -0.05 7.5 7.1 0.1 19.5 -0.9 1.2
N 19 0 7.5 9.1 o 195 21| -145
- 0.1 o 105 -109 02 195 51 -LIs
-1 .75 -0.28] 105 -89] -065] 195 8.1 -0.1
-1 26/ <005 105] 69 -1.05] 193 93 0.4
-1 3.6 o 105} -a9] -1z2f 193] 1n1 -0.2
0.5 65|  -00s] 105  -29]  -t4]  195] 131 1.1
0.5 59l 005 105 09 13 19.5 15.1 0.5
0.5 0 Y 10.5 L1 -095] 1950 17 0.4
0.5 -4 020 105 3 -0.1 195] 191] 0325
0.5 0.5 02 105 S 085 195 21.1 0
0.5 0.1 o 105 8.1 L6l 255 99 02
0.5 11 o 105 9.6 0.1} 255 -6.9 0.1
0.5 2.1 04 105 Hd o 255 39 0
0.5 3.4 005 10.5] 131 o 255 0.9 0
0.5 4.1 0.1 13.5]  -119 02| 255 2.1 0.1
0.5 61/ 005 135 -9.9 ol 255] 51 -0.2
2.5 -89 -0.2[10 13.5 690 -0.1] 255 8.1 0.3
2.5 79 02| 135 3.9 02| 255 112 1.8
2.5 69 08 135 09 03] 255 131 09
2.5 -5.9 -1 13.5 2.1 07 255 154 025
25 49 -125] 135 5.1 0.5 255 191 0
2.5 39 07 135 8.1 0.6] 305 -109] -0
2.5 29 045] 135 9.1 1| 305 69 -0
25 0.9 0.1 135 ILI 01 305 290 -03
2.5 0.1 0.6 135 121 -0.85 305 1.1 -1
2.5 T 075 (351 131 12| 305 5.1 -1.2
25 21  -0as] 135 4.1 A 305 9.1 -0.4
2.5 34 -0.1 135 151 08 305 122 0.9
2.5 41 005 135 16.1 041 305 131 04s
2.5 54] 03] 13.5] 171|005 305 141 0.3
2.5 61 005 135 191 o305 151 0.1
4.5 95 -0.05] 165 119 -0.2| 305  16.1 0.2
4.5 29 12l 165 3.9 04 305 170 o
4.5 590 <175 165 59 -06] 305] 18 -0.1
4.5 39 -la5] 165 2.9 06 305 201 0
45 a9 -04] 165 0.1 -1
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Table B.8: Experimental data for rectngular vane
(F,= 0.13, dg; = 0.225 mm, Collar size AF1.8)

[

I

it

X y z X ¥ z X Y z
em) | (em) | (m) | (em) | (em) | (@m) | (em) | (cm) | (cm)

4.5 -7.5]  -0.05 4.5 1.5 0.53 11.5 13.5]  -0.19
4.5 -4.5 0.03 4.5 3.5 0.11] 115 16.5|  -0.17
4.5 -1.5 0.04 4.5 4.5 0.11 i5.5 7.5 -0.16
-4.5 1.5 0.03 4.5 7.5 0.11 15.5 45| -0.39
4.5 4.5 0.11 4.5 10.5 0.02 15.5 -1.5)  -0.69
4.5 7.5 0.04 4.5 13.5{  -0.05 15.5 I.5| _-0.65
-4.5 10.5 0.04 7.5 -7.5]  -0.09 15.5 4.5 0.1
-1.5 75| 009 75 -4.50  -0.04 15.5 7.5 0.11
-1.5 -4.5 -0.04 7.5 -1.5 -0.45 15.5 9.5 0.61
-1.5 3.5 -0.06 7.5 1.5 0.32 15.5 12.5 -0.5
5 6.5 0.05 7.5 3 0.86 15.5 13.5{  -0.89
-L5 9.5 0.03 7.5 6| -0.04 15.5 16.5]  -0.26
-1.5 12.5 Q.11 7.5 7.2 0.31 19.5 7.5 -0.17
1.5 7.5 -0.14 7.5 9.5 0.03 19.5 4.5 -0.29
1.5 4.5 -0.29 7.5 12.5  -0.06 19.5 -1.5]  -0.39
.5 0.9/ -0.04 7.5 15.5]  -0.09 19.5 .50 -0.29
1.5 2.1] _ -0.15 11.5 7.5  -0.38 19.5 4.5 -0.79
1.5 4.5 0.11 11.5 4.5 -037 19.5 750 -0.39
1.5 7.5 0.11 11.5 -1.5| 029 19.5 10.5 0.51
1.5 10.5 0.02 11.5 1.5 -1.18 19.5 13.5]  -0.45
1.5 13.5 0.03 1.5 4.5  -0.39 19.5 14.5]  -0.89
4.5 7.5 -0.16 1.5 7.5 0.86 19.5 17.5)  -0.25
4.5 4.5 -0.26 11.5 9.5 0.41

4.5 -1.5] _ -0.35 11.5 10.5]  -0.19
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Table B.9: Experimental data for trapezoidal vane (3H:2.5V)
(F, = 0.13, dgp = 0.225 mm, Collar size BF1.1)

1 Il I
X y z x y z x 'y z
{cm) (cm) {cm) (em} (em) (cm) (em) {cm) (cm)

-2.5 -3.6 0 7.5 0.6 -0.7 16.5 19.4 0.2
-2.5 -1.6 0.05 7.5 1.4 -0.6 17.5 2.6 0.2
-2.5 -0.6 -0.5 7.5 34 0 17.5 -0.6 0.3
-2.5 0.4 -0.45 7.3 5.8 1.5 17.5 1.4 0.05
-2, 1.4 -0.2 7.5 6.9 0.45 17.5 34 -0.6
2.5 2.4 0.1 7.3 9.4 0.45 17.5 5.4 -0.3
-Z.5 4.4 0.2 7.5 11.4 0.3 17.5 7.4 0.45
0 -4.6 0 10.5 -7.1 0 17.5 9.4 1.55

0 -3.6 0 10.5 -3.6 0.2 17.5 11.4 0.6

0 -2.6 -0.65 10.5 -3.6 0.1 17.5 13.4 0.8

0 -1.95 -0.85 10.5 -1.6 0 17.5 15.6 0.3

0 -1.6 -1.25 10.5 0.4 -0.2 17.5 17.4 0.2

0 -1.1 -1.6 10.5 2.4 -0.4 17.5 19.4 0.1

0 -0.6 -1.6 10.5 4.4 -0.25 19.5 0.4 0.2
0] 0.6 -1.9 10.5 6.4 1 19.5 24 0.25
0] 0.9 -1.75 10.5 8.4 1.6 19.5 4.4 0.35

0 1.6 -1.3 10.5 9.4 0.45 19.5 6.4 0.6

0 2.4 -0.75 10.5 11.4 0.45 19.5 8.4 1.05

0 3.4 0.05 10.5 13.4 0.3 19.5 104 0.6

0 4.4 0.2 13.5 -6.6 0 19.5 12.4 0.6

0 5.4 0.25 13.5 4.6 -1 19.5 14.4 0.85
1.5 5.6 0 13.5 -2.6 -0.5 19.5 16.4 -0.05
1.5 -4.4 0 13.5 -0.6 -0.1 19.5 7.2 -0.45
1.5 -1.6 -0.7 13.5 1.4 0.05 19.5 18.4 0.2
1.5 -2.6 -0.7 13.5 3.4 0.1 21.5 0.4 0.15
1.5 -1.6 -0.75 13.5 5.4 0.75 21.5 2.4 -0.55
1.5 -0.6 -0.9 13.5 7.4 1.65 21.5 4.4 -0.45
1.5 0.9 -0.3 13.5 9.7 26 21.5 6.4 0.1
1.5 1.8 -0.6 13.5 - 10.7 2.2 21.5 8.4 0.4
1.5 2.9 -0.2 13.5 12.4{ 045 21.5 10.4 0.7
1.5 3.9 0.3 13.5 16.4 0.2 21.5 12.4 0.2
1.5 5.4 0.2 16.5 6.6 0.1 215 14.4 0.55
4.5 -6.1 0 16.5 4.6 0.3 215 16.4 0.15
4.5 -4.6 -1.2 16.5 -2.6 0.35 21.5 18.4 0.2
4.5 -2 -1.95 16.5 -0.6 0.2 23.5 0.4 0.2
4.5 -0.6 -1.7 16.5 t.4 0.2 23.5 2.4 0.35
4.5 b4 -0.6 16.5 3.4 -0.4 23.5 4.4 0.3
4.5 3.1 0.4 16.5 5.4 0 23.5 6.4 0.25
4.5 4.25 0.4 16.5 7.4 0.8 235 8.4 0.2
4.5 6.4 0.3 16.5 9.8 1.7 235 10.4 0.4
4.5 3.4 0.3 16.5 11.4 0.85 235 12.4 0.2
7.5 -6.6 ol 165 134 1 23.5 14.4 0.35
I 7.5 -4.6 -0.35 16.5 15.4 0.4 23.5 16.4 0.15
7.5 -2.6 -0.55 16.5 17.4 0.1 235 18.4 0.2
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Table B.10: Experimental data for trapezoidal vane(3H:2.5V)
(F,= 0.13, dsp = 0.225 mm,Collar size BF1.2)

II

I

X y z X M z X y z
(cm) {cm) (cm) {cm) {cm) {cm) {fcm) {cm) (cm)

-1.25 -6.7 0 4.75 3 0.4 18.75 -4.7 0.1

-1.25 -4.7 0 4.75 4.3 0.2 18.75 2.7 -0.1

-1.25 -2.7 0 4.75 © 6.3 0.1 18.75 -0.7 -0.7

-1.25 -0.7 0.05 4.75 8.3 0.2 18.75 1.3 -0.35

-1.25 1.3 0 7751 . 3.7 0 18.75 3.3 -0.3

0 -8.7 -0.15 7.75 -1.7 0 18.75 5.3 0.1

0 -1.7 0 7.75 0.3 -0.7 18.75 7.3 0.7

0 -0.7 0 7.75 2.3 -0.65 18.75 9.3 0.85

0 -5.7 -0.9 1.75 4.3 0.45 18.75 11.3 0.35

0 -4.7 -1.2 7.75 5.3 1 18.75 13.3 0.4

0 -3.7 -0.8 7.75 7.3 0.2 18.75 15.3 0.35

0 -2.7 -0.8 7.75 9.3 0.1 18.75 17.3 0.2

0 -2.1 0.5 7.75 11.3 0.2 18.75 19.3 0.1

0 -1.9 -0.55 10.75 -2.7 0 19.75 -3.7 0.1

0 0 0 10.75 -0.7 -0.7 19.75 -1.7 -0.75

0 1.3 0.1 10.75 1.3 -0.4 19.75 -0.5 -0.9

0 2.3 0.1 10.75 3.3 -0.05 19.75 1.3 -0.6

0 4.3} 0.1 10.75 5.3 0.65 19.75 4,3 -0.4

Il -7.7 -0.1 10.75 7.3 1.6 19.75 7.3 0.6

1 -6.7 -0.05 10.75 9.3 0.2 19.75 9.1 0.95

1 -5.7 -1.1 10.75 11.3 0.2 19.75 11.3 (.45

1 -4.7 -1.45 13.75 -3.7 0 19.75 14.3 0.6

1 -3.7 -1.25 13.75 -0.7 -0.65 19.75 16.3 0.2

| -2.7 -1 13.75 0.8 -1.45 19.75 18.3 0.2

1 -2.1 -0.95 13.75 2.3 -1.1 23.75 -3.7 0.6

1 -1.7 -0.8 13.75 4.3 -0.55 23.75 -1.7 -0.4

1 -1 -0.5 13.75 6.3 0.6 23.75 0.3 0.2

1 -0.7 0.1 13.75 8.3 i.8 23.75 3.3 0.35

1 1.3 -0.25 13.75 10.3 1.3 23.75 6.3 0.4

1 2.3 -0.05 13.75 12.3 0.2 23.75 9.3 0.8

] 4.3 0.1 13.75 14.3 0.2 23.75 10.1 0.85

2.75 -6.7 -0.05 16.75 -3.7 0 23.75 13.3 0.2

2.75 -4.7 -0.9 16.75 -1.7 -0.25 23.75 16.3 0.2

2.75 -2.7 -1.2 16.75 0.3 -0.4 23.75 19.3 0.2

2.75 -0.7 -1.2 16.75 2.3 -0.05 25.75 -2.7 0.1

2.75 1.3 -0.2 16.75 4.3 0.2 25.75 0.3 0.2

2.75 3.3 0.1 16.75 6.3 0.6 25.75 3.3 -0.15

2.75 5.3 0.1 16.75 8.7 1.8 25.75 6.3 0.05

4.75 -5.7 0.05 16.75 10.3 0.7 25.75 9.3 0.4

4,75 -3.7 0 16,75 12.3 0.5 25.75 12.3 0.2

4.75 -1.7 -1.1 16.75 14.8 0.2 25.75 15.3 0.2

4.75 0.3 -1 16.75 16.3 0.1 25.75 18.3 0.15

4.75 2.3 0.2 16.75 18.3 0.2
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Table B.11: Experimental data for trapezoidal vane (3H:2.5V)
(F,. = 0.13, dgg = 0.225 mm, Collar size BFL.3)

1]

X y z X ¥ z X y z
(cm) (cm) {cm) (cm) {cm) {cm) {cm) {cm) {cm)
-2.5 -9.7 0l 35 -4.7 -1.4 15.5 -12.7 0.03
2.5 -7.7 0 3.5 -2.7 -0.4 15.5 -10.7 -0.65
-2.5 -5.7 0.05 3.5 -1.7 0.1 15.5 9.7 -0.85
-2.5 -3.7 0.5 33 0.7 0.25 15.5 -1.7 -0.25
-2.5 «1.7 0.15 3.5 1.3 0.25 15.5 5.7 (.45
-1.5 -7.7 -0.05 5.5 -11.7 -0.05 15.5 -3.7 -0.45
-1.5 -6.7 0.05 5.5 9.7 -1.45 15.5 -i.7 -0.15
-1.5 -5.7 -0.1 5.5 -1.7 -1.95 15.5 0.3 -0.25
-1.5 -4.7 -0.3 5.5 -5.7 2215 15.5 2.3 0.3
-1.5 -3.7 0.15 5.5 -3.7 -1.85 15.5 4.3 1.25
-1.5 -2.7 0.15 5.5 -1.7 -0.65 15.5 6. 2.15
-1.5 -1.7 0.15 5.5 0.2 -0.1 15.5 8.3 1.5
-1.5 -0.7 0.15 5.5 1.3 0.25 15.5 10.3 0.35
-0.5 -8.7(  -0.05 5.5 33 0.25 15.5 12.3 0.35
-0.5 2300 -0.05 7.5 -12.7 -0.05 15.5 i4.3[ 025
-0.5 -6.7] . -0.13 7.5 -10.7 -0.9 17.5 -12.7 0.15
-0.5 5.7 0.5 7.5 -8.7 -1.45 17.5 9.7 0.25
-(.5 -4.7 0.2 7.5 -6.7 -1.6 17.5 -6.7 -0.3
-0.5 -3.7 0.2 7.5 -4.7 -1.75 17.5 -3.7 -0.65
-0.5 -2.7 0.15 7.5 -2.7 -1.45 17.5 -0.7 -0.25
-0.5 -1.7 0.2 7.5 -0.7 -0.6 17.5 2.3 0.05
-0.5 -0.7 0.15 7.5 1.5 0.65 17.5 5.3 0.75
0.5 0.3 0.15 7.5 3.3 0.3 17.5 7.3 1.7
0 -8.7 -0.05 1.5 5.3 0.25 17.5 10.3 0.95
0 -1.7 -0.1 10.5 -12.7 0 17.5 12.3 (.25
] -6.4 -0.6 10.5 -10.7 -0.25 17.5 14,3 0.15
O -5.7 -0.65 10.5 -8.7 -0.3 17.5 16.3 0.25
0 -4.85 -0.45 10.5 -6.7 0.05 21.5 -10.7 0.15
0 -3.7 0.15 10.5 -4.7 0 21.5 -1.7 0.35
0 -2.7 0.15 10.5 2.7 0.05 21.5 -4.7 0.8
0 -2.2 0.2 10.5 -0.7 0.2 21.5 -1.5 0.55
0 -1.2 0.2 10.5 1.3 0.8 21.5 1.3 0.35
0 -0.2 0.15 10.5 3.7 2.3 21.5 4.3 0.55
0 0.8 0.15 10.5 6.3 0.45 21.5 7.3 0.85
1.5 -9.7 -0.05 10.5 8.3 0.25 21.5 10.3 0.75
1.5 -8.7 -0.65 10.5 10.3 0.25 21.5 13.3 -0.35
1.5 -7.7 -0.95 12.5 -13.2 0.05 21.5 14.3 0.25
1.5 -6.7 -1.25 12.5 -11.7 -0.53 21.5 16.3 0.25
1.5 -5.8 -1.08 12.5 -9.7 0.1 23.5 -10.7{  0.15
1.5 -5.2 -0.75 12.5 -7.7 0.4 23.5 -1.7 0.135
1.5 «1.7 -0.5 §2.5 -5.7 0.5 23.5 -4.7 0.25
1.5 -3.7 0.15 12.5 -3.7 0.2 23.5 -1,7 0.2
1.5 -2.4 0 12.5 -1.7 0.35 23.5 1.3 0.2
1.5 -1.2 0.15 12.5 0.3 0.8 23.5 431 025
1.5 -0.2 1.15 12.5 2.3 1.4 23.5 1.3 0.3
1.5 0.8 1.15 12.5 4.3 2.35 23.5 10.8 0.65
3.5 -11.7 -0.05 12.5 5.8 2,15 23.5 13.3 0.15
35 -10.7 -0.05 12.5 7.3 0.2 23.5 15.3 0.25
15 -8.7 -1.45 12.5 9.3 0.3 23.5 17.3 0.235
13 6.7 -2.05 12.5 11.3 0.3
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Table B.12: Experimental data for trapezoidal vane (3H:2.5V)
(F, = 0.13, dgo = 0.225 mm, Collar size BF1.4)

1 ! 11
X ¥ Z X ¥ z X ¥ z
{cm} {cm) (cm) (em) {cm) {cm) {cm) {cm) {cm)
-0.75 -8.5 0 8.25 -2.5 -1.9 19.25 6.5 0.3
-0.75 -6.5] 0 3.23 -0.5 -1.8 19.25 10.54 - 23
-0.75 -4.5 0.1 8.25 1.5 -1.2 19.25 13.5 1.2
-0.75 -2.5 0.1 8.25 33 -0.3 19.25 16.5 -0.05
-0.75 -0.5 0.3 8.25 53 1 19.25 17.5 <01
-0.75 1.5 0.15 8.25 6.5 I.4 £9.25 18.5 0.2
-0.75 3.5 0.25 8.25 g5 0.4 19.25 20.5 0.2
-0.75 5.5 0.3 8.25 10.5 0.33 19.25 22.5 0.3
0 -6.5 0.02 3.25 12.5 0.35 21.25 <l 0.2
o] -5.5 0.1 11.25 -10.5 (.) 21.25 -8.5 0.5
0 -4.5 -0.15 11.25 -2.5 0] 2125 5.5 0.6
0 -3.5 (.1 11.25 6.5 02| 21.25 -2.5 0.15
o] -2.5 0.1 i1.25 -4.5 -0.05 21.25 ~1 -0.05
0 -1.5 0.3 11.25 2.5 031 21.23 0.5 0.45
0 ] 0.3 11.28 0.5 -0.4 21.25 3.5 -0.05
0 2.5 0.2 11.25 1.5 -0.45 2125 6.5 0.4
0 4,5 0.2 11.25 35 .2 21.251 . 2.5 1.3
0 6.5 0.35 11.25 3.3 04] 2125 11 2.2
1.25 -8.5 0.05 11.25 1.5 1.7 21.23) 125 1.2
1.25 -71.5 .78 11.25 9 24 21.25 15.5 0.4
1.25 -6.5 -0.8 11.23 10.5 0.35 21.23 18 -1.05
1.25 -5.5 -0.9 11.25 12.5 0.35 21.25 20.5 0.2
1.25 -4.5 -1.05 1425 -11 0.2 21.23 22.5 (.2
1.25 -3.5 -0.9 14.25 -10 -0.85 21.25 24.5 0.3
1.25 -2.5 -0.6 14.25 -9 -1.5 23.25 -1 - 03
1.25 -1.7 -0.4 14.25 -1.5 -1.3 23.25 3.5 0.2
1.25 -1 -0.2 14.25 -5.5 .55 23.25 4.3 0.1
1.25 -0.5 0.25 14.25 -1.5 0.13 23.25 0 -0.4
.25 1.5 0.1 14.25 -1.5 0.8 2325 2.5 0.4
1.25 135 03 14,25 0.5 0.7 2323 5.5 0.3
1.25 5.5 03 14.25 2.5 0.5 23.25 8.5 0.8
325 -10.5 0.1 14.25 4.5 0451 2325 10.75 1.7
3.25 -8.5 -1 i4.25 6.5 0.95 23.25 12.5 I.1
3.25 -6.5 -1.5 14.25 8.5 23 2325 15.5 0.4
3.25 -4.5 -1.95 14.235 9.9 2.95 23.25 18.3 -0.5
3.25 -1.5 «|.55 14.25 Il 2.4 2325 20 -0.9
3.25 0.5 =075 14.25 12.5 0.45 2325 217 0.25
3.25 1 0.3 14.25 14,5 0.3 23.25 233 0.3
3.25 2.1 0.2 14.25 16.5 0.3 27.25 -7.5 0.2
3.25 3.5 0.33 16.25 -11.5 0.t5 27.25 -3.3 0.45
3125 5.5 0.35 16.25 -8.5 .65 27.25 0.5 0.3
325 15 0,35 16.25 -6.5 1.3 2725 2.5 0.02
5.25 -11.5 0.05 16.25 -15 -0.35 21.25 6.5 0.35
§5.25 -10.2 -1.05 16.25 0.5 0.4 27.25 10.5 0.43
5.25 8.5 1.2 16.25 2.5 0.7] 2725 13.5 0.8
5.25 5.5 -1.55 16.25 5.5 0.5 27.25 17.5 0.25
525 4.5 «2.1 16.25 8.5 1.9 2725 21.5 0.9
5.25 -2.5 <208 16.25 9.3 23 27.25 24.5 0.3
5.25 (.5 -1.4 16,25 11.5 1.4 27.25 215 0.35
5.25 1.5 -0.35 16.25 13.3 1.2 29.25 -6.5 02
5.25 3.5 0.05 16.25 15.5 0.3 29.25 -2.5 0.4
5.25 5.5 0.4 16.25 17,5 02 29.25 1.5 0.35
5.25 1.5 03 16.25 19.5 0.3 29.25 5.5 0.35
5.25 9.5 0.35 19.25 -11 0.2 2925 9.5 0.45
5.25 11.5 (.35 19.25 -8.5 0.4 29.25 13.5 0.8
8.25 -10.5 0.05 19.25 -5.5 0.4 26.25 17.5 0.3
8.25 -8.5 -0.05 19.25 -2.5 -0.4 29.25 21.5 0.3
8.25 -6,% -0.85 19.25 0.3 0.7 29.25 26.5 0.3
8.25 4.5 -1.4 19.25 35 0.1
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Table B.13: Experimental data for trapezoidal vane (3H:2.5V)
(F,=0.13, dgp =0.225 mm, Collar size BF1.5)

[ 1 Il 11l
X ¥ I X Y Z X ¥ 4
em) | em | (em) | (co) | (em) | (em) | (cm) (cm) | (cm)
2.5 95 - 0 9.5 15 0.9 4.5 -8.5 0.2
2.5 75 005 9.5 -1.3 0.8 245 .5 0.4
.25 -5.5 0.1 9.5 0.5] 005 24.5 45] 015
-2.5 -5.35 0.2 9.5 2.5 115 24.5 FX] -0,
.15 -1.5 0.2 9.5 3.5 L7l 245 0. 0.3
1.5 -10.5 0 9,5 45 0.3 24.5 1.5] 035
-1.8 9.3 0 5.3 6.8 0.25 24.5 35| 025
15 8.3 0 9.5 [X] 023 24.3 $3 0.1
-1.3 7.5 0.1 125 -123 0.1 24.5 7.5 0.7
-1.3 6.5 5.2 125]  -105 0.2 24.5 9.5 1.8
-1.5 58] 005 12.5 8.5 o 245 1.5 0.8
-1.5 45 005 12.5 6.5 0.2 24.5 13.5 0
-1.5 -3.5 0.2 12.5 45 -0.3 24.5 155 018
.15 25 0.1 12.5 2.5 09 245 17.5 0.3
-1.5 -1.5 0.2 12.5 05| 085 24.5 19.5 0.2
of _-1Ls| 0 125 1.5 0.1 27.8 6.5 0.3
o -I05[. 03 12.5 15 3 215 4.5 0
g 9.3 -0.8 12.5 5.5 2.1 175 2.5 0.4
0 8.5 -0.6 125 75| 033 275 0.5 015
0 75 055 125 9.5 0.3 213 25 0,1
o] 6% 09 12.5 11§ 0.2 27.5 55 025
0 5.5 .13 155 -l15 02| 275 7.5 0.6
0 4.5 0.8 155 93 0.2] 275 9.5 1
0 3.5 0.1 15.5 -1.5 0 22.5 11 145
0 -2.3 0.2 15.3 55 .02 7.5 13.5 0.45
0 -1.5 0.2 155 3.3 0.7 21.5 1551 035
0 0.5 0.2 15.3 -1.5 -0.7 273 17.5 0.2
1.5] 135 0 155 05| -0.25 275 19.5 0.2
1.5]  -115 0.9 15.5 25 0.7 30.5 6.5 0,2
L5 9.5 -1.5 15.5 4,5 2.1 30.5 45 0.4
LS 75| -L.15 15.5 6.5 295 30.5 -1.5 0.1
1.5 6.4 -1.6 15.5 8 2.3 30.5 1.5 .1
1.4 -55 -1.4 15.5 105] 033 30.5 45] 045
1.5 45 -0.8 15.5 123 025 30.5 135 -0.6
1.3 -3.3 0.3 15.5 145 025 0.5 9 04
1.5 ) -0.1 185!  -10.5 0.2 305 10.5 0.6
15 0.5 0.3 18.5 -8.5 0,23 30.5 114 1.15
L5 1.5 0.2 8.5 630 025 30.5 13.5 0.6
1.5 3.3 0.2 18.5 4.5 005 30.5] 155 0.2
35 145 0 18.5 25 .18 30.5 175 0.2
351 -12.5 14 18,5 035 015 33,5 45 0.3
3.5 -10.3 1.7 18.5 1.5 02| 315 4.5 0.2
3.5 85 -1.95 18.5 35 1,15 333 -2.5 0.35
15 6.5 -1.8 18.5 5.5 1.5 335 .0.5 0.15
15 4.5 -1.3 18,5 735 19 335 15 008
35 2.5 0.2 i8.5 g5 225 335 38 0.15
3.5 -1.5 0.15 18.5 1 135|335 5.5 0.25
35 0.5 0.2 185 12,74 03[ 335 13 07
3.8 2.5 0.2 185 14.5 0.3 33.5 9.5 1.4
65|  -135 0.1 18.5 i6s] 028 335 11.5 1.55
65| -1L.5] -0.1s 215 9.5 0.1 335 13.3 0.5
5.5 9.5 -1.5 21.5 -1.5 0.1 335 15.5 0.38
6.5 -1.5 22 215 .55 028 3335 17.5 0.25
6.5 5.5 -1.9s 214 35 .06] 365 6.5 0.25
6.5 3.5 12 215 5] -0.75] 365 -3.5 0.3
6.5 -1.5 04 215 0.5 09] 363 05 0.3
6.5 0.5 4.3 215 2.3 .05 365 25 0.3
6.5 2.5 0.3 218 45] 035 365 5.5 04
5.5 4.5 0.15 21.5 6.3 0.6 36.5 7.5 0.7
5.5 6.5 0,25 21.5 8.5 1.55 36.5 9.5 0.3
95l -133f 04 1.8 Y 36.5 12.5] 045
95 - -] 035 21.5 115 0.75 36.3 5.5 0.33
35 .95 04 205 - 135 0.1 36.5 1.5 0.2
2.5 KX R 255 155 034 365 215 0.2
95 5.8 0.3 21.5 17.5 0,2
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Table B.14 Experimental data for trapezoidal vane (3H:2.3V)
(F, = 0.13, ds; = 0.225 mm, Collar size BF1.6)

I

Il

Il

X y z X y z X y z
{cm) (cm) (cm) (cm) (cm) (em) (cm) (cm) {cm)
-1.75 7.1 0 3.25 7.9 0.1 15.25 4.9 -0.1
-1,75 -5.1 0 6.25 -10.1 0 15.25 6.9 0
-1.75 -3.1 -0.05 6.25 -8.1 -0.05 15.25 8.9 1.15
-1.75 -1.1 0 6.25 " 6.1 -0.75 15.25 11.5 2.8
-1.75 -0.1 0 6.25 -4.1 -1.6 15.25 12.9 2.55
-1.75 0.9] 0 6.25 -2.1 -1.9 15.25 14.1 0.05
-1.75 2.9 0 6.25 -0.1 -2 15.25 15.9 0.05
-1.75 4.9 0.1 6.25 1.9 -1 15.25 17.9 0.1
0 -8.1 0 6.25 3.9 -0.25 18.25 -6.1 0
0 -7.1 0 6.25 4.7 -0.25 18.25 -4.1 0.3
0 -6.1 -1.05 6.25 6.1 0 18.25 -2.1 -0.95
0 -5.1 -1.1 6.25 7.9 0.05 18.25 -0.5 -1.29
0 4,1 -1.25 6.25 9.9 0.05 18.25 0.9 -0.8
0 -3.1 -1.5 9,25 -9.1 0.05 18.25 2.9 -0.1
0 -2.1 -1.3 9.25 -7.1 0.05 18.25 49 -0.4
0 -1.1 -0.5 9.25 -5.1 0.25 18.25 7.4 -0.7
0 0 -0.05 9.25 -3.1 0.6 18.235 6.9 -0.1
0 0.9 -0.1 9.25 -1.1 -13 18.25 8.9 0.65
0 1.9 -0.1 9.25 0.9 -1.75 18.25 10.9 2.25
0 3.9 0.1 9.25 2.9 -1.05 18.25 12.9 1.15
0 5.9 0.1 9.25 4.9 0.3 18.25 14.9 1
1.25 -8.1 0 9.25 7.4 1.1 18.25 16.9 0.1
1.25 -7.1 -1 9.25 8.9 0.1 18.25 18.9 0.05
1.25 -6.1 -1.6 9.25 10.9 0 18.25 209 0.1
1.25 -5.1 -1.9 9.25 i2.9 0 21.25 -7.1 0.1
1.25 -4.1 -1.9 12.25 -7.1 0 21.25 -4.1 0.48
1.25 -3.1 -1.9 12.25 -5.9 -0.15 21.25 -1.1 0.15
1.25 -2.1 -1.78 12.25 -4.1 -0.2 21.25 1.9 -0.45
1.25 -1.1 -(.95 12.25 -2.1 -0.85 21.25 4.9 0.1
1.25 -0.1 -0.75 12.25 -0.1 -0.73 21.25 7.9 0.7
1.25 1.4 -0.4 12.25 1.9 -0.1 21.25 10.8 1.95
1.25 2.4 -0.3 LS 39 0.1 21.25 13.9 -0.1
1.25 3.4 0 12.25 5.9 031 21.25 16.9 -0.05
1.25 4.9 0 12.25 7.9 1.05 21.25 19.9 0
1.25 6.9 0.1 12,25 9.9 1.8 24.25 -4.1 0.15
3.25 -9.1 0 12.25 11.4 0.1 24.25 -1.1 0.1
3.25 -7.1 -1.5 12.25 12.9 0.05 24.25 1.9 0.1
3.25 -5.1 -2.15 12.25 149 0 24.25 4.9 0.15
3.25 -3.1 -2.35 15.25 -7.1 0.05 24.25 7.9 0.15
3.25 -1 -1.71 15.25 -4.6 -0.7 24.25 10.6 1.1
3.25 0.4 -1.2 15.25 -3.1 -0.55 24.25 12.9 0.7
3.25 1.9 -0.65 15.25 -1.1 -0.25 24.25 15.9 0.2
325 3.9 -0.05 15.25 0.9 0.45 24.25 18.9 0.1
3.25 5.9 0.05 15.25 29 0.25
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Table B.13: Experimental data for trapezoidal vane (3H:2.5V)
(F, =0.13, d5p = 0.225 mm, Collar size BF1.7)

11

111

X y |z X y z X y z
(cm) {cm) {cm) {cm) {cm) (cm) (cm) {cm) (cm)

-4.75 -4 0.1 5.25 -2 -1.85 17.25 2 -1
-4.75§ -2 0.1 5.25 0 -1.1 17.25 4 -0.9
-4,75 {0 0.1 5.25 2 -0.75 17.235 6 -0.45
-4.75 2 0.1 5,25 3.7 0.15 17.25 8 0.5
-4.78 4 0.1 5.25 5 0.25 17.25 10 1.85
-4.75 6 0.1 5.25 7 0.35 17.25 12.3 3.1
-2.75 -5 0.05 5.25 9 0.25 17.25 14 2.1
275 -4 0.1 5.25 11 0.15 17.25 15.5 0.15
275 -3 {.1 8.25 -10 0.25 17.25 17 0.15
-2.75 -2 0.4 8.25 -8 0.2 17.25 19 0.1
-2.75 -1 -0.85 8.23 -6 0l  20.25 -7 0.2
-2.75 0 -0.95 8.25 -4 -1 20.25 -3 0.2
-2.75 ] -0.8 8.25 -2 -1.5] 2025 -3 -0.25
-2.75) 2 -0.6 8.25 0 -1.8] 2025 -1 -0.95
-2.75]° 3l -0.3 8.25 2 -1.5]  20.25 1 -1.1
-2.75 4 0.1 R.25 4 -0.5] 2025 3 -0.9
-2.75 5 0.1 B.25 6 04| 2025 3 -0.75

0 -7 0.05 8.25 7.5 0.3 20.25 7 -0.2

0 -6 0 8.25 9 0.25)  20.23 9 0.5

0 -5 -0.75 8.25 11 02] 2025 11 1.5

0 -4 -0.8 8.25 13 0.151 2025 13 2.8

0 -3 -1 11.23 -9 0.25 20.25 15 2

0 -2 -2 11.25 -7 06| 2023 17 0.7

0 -1 -2.1 11.25 -5 0.5 20.25 19 0.1

0 0.5 -2.35 11.25 -3 -0.1 20.25 21 0.1

0 3 -1 11.25 -1 -0.75] 2325 -5 0.2

0 1.75 -1.6 11.25 1 -1.1 23.25 -3 0.23

0 3 -0.9 L1.25 3 -0.9 23.25 - 0.29

0 4 -0.35 11.25 b] -0.4 23.25 1 -0.65

0 5 0.15 11.25 7 0.55 23.25 3 -1.15

{0 6 0.15 11.25 9 1.5} 2325 5 -0.6

0 7 0.1 11.25 10.5 025] 23125 7 0

0 9 0.2 11.23 12 0.25] 2325 9 0.1
2.25 -8 0.1 11.25 14 0.1 23.25 11 ]
225 -7 0.5 14.25 -9 0.25 23.25 13 2.25
2.28 -6 -0.9 14.25 -7 0.1 23.25 15 1.6
228 -5 -1.1 14.25 -5 040 2325 17 0.7
2.25 -4 -0.85 14.25 -3 -0.6]  23.23 19 0.2
2.25 -3 -0.85 14.25 -1 -1.3 23.25 21 0.1
2.25 -2 -1.2 i4.25 1 -1.7 26.25 -4 0.2
2.25 -1 -0.95 14.25 3 0.8 26.25 -2 0.25
2.25 0 -0.75 14.25 5 -12]  26.25 0 0.45
1.25 1 -0.3 14.25 7 -0.2]  26.23 2 0.5
2.25 22 -0.8 14.25 9 1.25] 2625 4 (.45
2735 3 -0.45 14.25 11 2 26.25 6 0.35
2.25 4 0 14.25 13 0.2 26.25 8 0.25
2.25 5 0.3 14,25 15 0.25] 2625 10 0.2
225 6 0.2 14.25 17 2.1 26.25 12 1.15
2.25 7 0.15 17.25 -7 0.2 26.25 14 1.7
5.25 -10 0.1 17.25 -5.5 -0.5]  2625] - 16 1.1
5.25 -8 -0.83 17.25 -4 -0.4 26.25 18 0.4
5.25 -6 -1.35 17.25 -2 -0.55 26.25 20 0.2
5.23 -4 -1.9 17.25 0 -0.85 26.25 22 0.1
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Table B.16: Experimental data for trapezoidal vane(3H:2.5V)
(F,= 0.13, d5,= 0.225 mm, Collar size BF1.8)

I

11

li

X ¥ z x y z X y y4
(cm) {cm) {cm) {cm) {cm} {cm) {cm} {cm) {cm)

-3.75 -8.3 -0.1 3.25 -11.5 0 15.25 14 0.1
-3.75 -6.5 0 3.25 -9.5 -1.1 15.25 16.5 0.05
-3.75 -4.5 0 3.25 -7.5 -1.9 15.25 1.5 0
-3.75 2.5 0 3.25 -5.5 -2.45 18.25 -5.5 0.1
-3.75 -0.5 0 3.25 .-3.5 -2.7 18.25 -2.5 0.15
-3.75 1.5 0.05 3.25 -1.5 -1.5 18.25 -0.5 -0.85
-2.75 -8.5 0 3.25 2.5 -1 18.25 2.5 -0.71
-2.75 -7.5 o 325 3.5 0.1 18.25 5.5 005
-2.75 -6.5 -0.4 3128 5.5 0.15 18.25 g5 0.8
-2.75 -5.5 -0.6 3.25 7.5 0.05 18.25 11.5 1.95
-2.75 -4.5 -0.8 6.25 -11.5 0.1 18.25 13.5 2.5
-2.75 3.5 -0.3 6.25 3.5 -0.1 18.25 16.5 0.75
-2.75 -2.5 0 6.25 -7.5 -0.8 18.25 19.5 0
-2.75 -1.5 0 6.25 -5.% -1.15 18.25 225 0
-2.75 (.5 0 6.25 -3.5 -1.65 21.25 -3.5 0
-2.75 0.5 0.05 6.25 -1.5 -1.4 21.25 -0.5 -0.43
-2.75 1.5 0.05 6.25 0.5 -1.15 21.25 2.5 -0.85
-2.75 2.5 0.05 6.25 2.5 -0.3 21.25 5.5 -1.05
-1.75 -8.5 0 6.25 4.5 -0.5 21.25 8.5 -0.3
-1.75 -7.5 -0.0% 6.25 6.5 0.1 21.25 11.5 1.35
-1.75 6.5 -0.75 0.25 2.5 .05 21.25 14.2 2.6
-1.75 -5.5 -1.1 6.25 10.5 6.05 21.25 16.3 1.25
-1.75 -4.5 -1.2 9.25 -11.5 0.05 21.25 19.5 0.5
-1.75 -3.5 -0.85 9.25 -8.5 0.2 21.25 22.5 0
»1.75 3 -0.5 9.25 -5.5 0.2 24.25 -4.5 0.05
-1.78 -2.5 0 9.25 -2.5 0.3 24.25 -1.5 0.05
-1.75 1.5 0 9.25 0.5 -1.2 24.25 1.5 -{.95
-1.75 2.5 0.05 9.25 2 -1.8 24.25 4.5 -1
-1.75 3.5 0 9.25 4.5 -1 24.25 7.5 .13
] 9.5 -0.05 9.25 7.5 0.55 24.25 10.5 1.25
0 -8.5 -0.05 9.25 9 0.25 24.25 12.8 2.3
0 -1.5 -1.05 9.25 11.5 0.05 24.25 15.5 1.35
0 -6.5 -1.15 9.23 14.5 0.05 2425 18.5 0.1
0 -5.5 -1.5 12.25 -12 0.15 24.25 21.5 -0.85
0 «4.5 1.6 12.25 9.5 0.1 24,25 22.5 0
0 -3.8 -1.25 12.25 -6.5 -0.1 24.25 24.5 0
0 -3.5 -1.15 12.25 -3.5 -0.45 2525 -2.5 0.1
0 -2.5 -1.2 12.25 -0.5 -0.85 2525 25 -0.9
{ -1.5 (.93 12.25 2.5 -1 25.25 7.5 -0.3
0 -1 0.9 12.25 4 -2 25.25 i35 1.85
0 0.5 -0.05 12.25 6.5 -0.2 25.25 13.5 1.75
0 2 -0.035 12.25 9.5 1.9 25.25 16.5 0.4
0 3.5 0.1 £2.25 11.5 0.15 25.25 18.5 -(0.25
Y 5.5 0 12.25 14,5 0.1 25.25 21 -1.1
2.25 -11.5 0 12.25 17.5 0 25.25 22.5 0.13
2.25 -10.5 0 15.25 -11.5 0.15 25.25 24.5 0
2.25 -8.5 -1.55 15.25 -3.5 0.15 29.25 -1.5 0
2.25 -6.5 -2.35 15.25 -5.5 0.15 29.25 3.5 -0.3
2.25 4.5 -2.635 15.25 -2.5 -0.3 29.25 8.5 -0.2
2.25 -2.5 «1.85 E5.25 0.5 -0.35 29.25 12.5 1.1
2.25 -1.8 -1.5 15.25 3.5 -1.1 29.25 14 0.75
2.25 2.5 -0.1 15.25 6.5 0.03 2525 15 .13
2,25 4.5 0.2 15.25 9.5 1.55 29.25 18.5 0.25
2.25 6.5 0.1 15.25 11.15 2.5 2925 235! . 035
2.25 8.5 0 15.25 13 2.2 29.25 27.5 0
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Table B.17: Experimental data for trapezoidal vane(3H:2.5V)
(F, = 0.13, dgp = 0.225 mm, Collar size BF1.9)

[

11

H1

X y z X h z X Y z
(cm) {cm) {(cm) (cm) (cm) | (cm) (em) (cm) (cm)

0 -5 0.1 6 1.5 -0.85 18 5 -0.25
0 -4 0.1 6 3 0.4 18 7 0.55
0 -3 0.05 6 4 -0.05 18 9.5 1.3
0 -2 0 6 5.5 0.1 18 11 1
0 -1 0 6 7 0.2 18 13 0.5
0 0 0 6 9 0.1 18 14.5 0.4
0 l 0 8 -3 0.05 18 15.5 0.05
0 2 0 8 -1 0.55 18 17 0.1
0 3 0.2 8 1.5 -1.45 18 19 0.1
0 4 0.2 8 3 -1.1 20 1 0
0 5 0.15 8 5 0.3 20 3] -0l
2 -4 0 8 6 0.25 20 4.5 0.6
2 -3 0.05 8 7 0.15 20 6 -0.2|

g2 -2 0 8 9 0.05 20 8 0.25
2 -1 0 8 11 0.1 20 10 1.1
2 0 0 11 -3 0.1 20 12 0.3
2 I 0 11 i 0 20 14 0.9
2 2 -0.1 11 1 0.3 20 16 0.15
2 3 0 i1 3 .02 20 17 -0.55
2 4 0.2 11 5 0.1 20 18 0
2 5 0.2 i1 7 0.3 20 20 0:1
2 6 0.15 11 8.5 0.5 22 2 0
4 -4 0.05 11 10 0.2 22 4 0.15
4 3 0.05 11 12 0.1 22 6 0.25
4 52 0.1 14 A" sl 22 3 0.35
4 -1 -0.15 14 1 -0.5 22 10 0.35
4 0 0 14 3 0.6 22 12 0.4
4 I 0 14 5 -0.65 22 14 0.5
4 2.65 0 14 7 0.1 22 16 0.2
4 4 0.15 14] . 9 1.2 22 18 -1.05
4 5 0.2 14 11 1.8 22 20 0.05
4 6 0.15 14 12 0.1 22 22 0.1
5 % 0.1 14 14 0.1 25 8 0
5 -1 0.1 15 -1 0.1 25 10 0.1
5 0 0.3 15 1.65 -0.85 25 12 0.15
5 I -0.5 E 55 -0.85 25 14 -0.1
5 2 -0.45 15 8] 075 25 16 0
5 3.8 0 15 10.75 1.85 25 18 0
5 5 0.15 15 12 1 25 20 0.4
5 7 0.1 15 13 0.1 25 22 0.15
6 -3 0.05 15 15 0.1 25 24 0.1
6 -1 -0.15 18 1 0.1
6 0.5 -0.9 18 3 0.1
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Table B.18: Experimental data for trapezoidal vane(3H:2.5V) -
(F. = 0.13, ds; = 0.225 mm, Collar size BF1.10)

I

i1l

X y z X ¥ z X ¥ z
{cm) {cm) {cm) {cm) {cm) (cm) (cm) {cm) {cm)
-2.75 -3.5 ] 6.25 -8.5 -0.8 18.25 6.5 0.6
-2.75 -1.5 -0.1 6.25 -6.5 -1.55 18.25 9.5 £.7
275 -0.5 -0.4 6.25 -4.5 -1.7 18.25 10.8 2.4
-2.75 0.5 -0.3 625 .-3.5 -1.8 18.25 12.5 2.2
-2.75 2.5 0 6.25 -1.5 -1 18.25 15.5 0.5
-1.75 -4.5 0 6.25 0.5 -0.8 18.25 16.5 -0.4
-1.75 -3.5 0 6.25 2.5 -0.1 18.25 19.5 0
-1.75 -2.5 -0.3 6.25 4.5 0.6 21.25 -11.5 0.5
-1.75 -1.5 -0.7 6.25 6 0.15 21.25 -8.5 0.1
-1.75 -0.5 -1.1 6.25 7.5 0.05 21.25 5.5 0
-1.75 0.5 -0.9 6.25 9.5 0 21.25 -2.5 -0.4
-1.75 1.5 -0.55 9.25 -11.5 0.05 21.25 0.5 -0.3
-1.75 2.5 0.05 9.25 -8.5 -1.25 21.25 3.5 -0.5
-1.75 4.5 0 9.25 -5.5 -2.15 21.25 6.5 -0.3
0 -5.5 0 925 -2.5 -2.25 21.25 9.5 0.6
0 -4.5 -0.05 8.25 0.5 -1.95 21.25 12.5 1.95
0 -3.5 -0.6 825 3.5 -0.75 21.25 15.3 0.3
0 -2.5 -1.15 9.25 7.5 1.4 21.25 18.5 -1.15
0 -1.5 -1.45 9.25 8.5 (.15 21.25 19.5 -0.%
0 -0.5 -1.2 9,25 1.5 0.05 21.25 20.5 0
0 0.5 -0.9 12.25 -10.5 0.05 21.25 23.3 0
0 1 -1 12.25 -7.5 -0.5 24.25 -12.3 0
0 2 -0.8 12.25 -4.5 0,82 24.25 -8.3 0.4
0 3.5 0 12.25 -1.5 -1.3 24,25 -4.5 0.2
0 5.5 0.05 12.25 1.5 -1.4 24.25 -0.5 -0.3
1.25 -8.5 0 12.25 4.5 -0.8 24.25 2.5 -0.85
1.25 -6.5 0 12.25 7.5 0.6 24.25 5.5 -0.85
1.25 -5.5 -0.45 12.25 10 2.2 24.25 8.5 -0.5
1.25 -4.5 -0.5 12.25 11.5 0.1 24.25 11.5 0.7
1.25 -3.5 -0.8 12.25 14.5 { 24.25 13.5 1.7
1.25 -2.7 -1.25 15.25 -11.5 0.05 24.25 16.3 0
1.25 -2.3 -1.4 15.25 -8.5 0 24.25 19.5 -1
1.25 -1.5 -0.9 15.25 -5.5 0.1 24.25 20.5 -0.73
1.25 -0.5 -0.4 15.25 -2.5 0.2 24.25 21.5 0
1.25 1.5 0.7 15.25 0.5 0 24.25 22.5 0
1.25 2.5 -0.2 15.25 3.5 0.1 24.25 23.5 0.05
1.25 3.5 0.1 15.25 6.5 0.2 29.25 -2.5 0
1.25 5.5 0 15.25 0.5 1.85 29.25 1.5 0.1
3.25 -9.5 0 15.25 11.5 3.1 29.25 5.5 0
3.25 -7.5 -0.5 15.25 12.7 2.7 29.25 9.5 0
3.25 -5.5 -1.4 15.25 13.5 0 29.25 12.5 0.7
3.25 -3.5 -0.9 15.25 16.5 0 29.25 14 t.3
3.25 -1.5 -0.25 18.25 -12 0.1 29.25 16.5 0.25
3.25 -0.5 -0.35 18.25 -10.5 -1.1 29.25 19.5 0.3
3.25 0.5 0 18.25 -8.5 -1.4 20.25 21.7 0.8
3.25 1.5 0 18.25 -5.5 -0.7 29.25 23.5 0.3
3.25 3.1 0.1 18.25 -2.5 0.3 29.25 24.5 0.05
325 5.5 0 18.25 0.5 0.6
6.25 -10.3 0 18.25 3.5 0.4
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Table B.19: Experimental data for trapezoidal vane(3H:2,5V)

(F, =0.13, dgy = 0.225 mm, Coliar size BF1.11)

I

1il

X ¥ z X y z X Y z
{cm) {cm) {cm) {cm} {cm}) {cm) (cm} {cm) {cm)

-3 -5.5 0 6 1.5 -1.15 21 0.5 0
-3 -3.5 0 & 4.3 0.4 21 3.5 «0.35
-3 -1.5 -0.1 6 5.5 -0.05 21 6.5 -0.65
-1 0.5 -0.15 6 7.5 0 21 9.5 0.1
-3 2.5 0 9 -8.5 -0.1 21 12.5 1.55
-3 4.5 0 b 6.5 -0.75 21 14.9 2.4
-1 -6.5 0.1 9 -4.5 -0.85 21 17.5 1.1
-1 -5.5 -0.05 9 -2.5 -1 21 20.5 0.6
-1 43 -0.27 9 -0.5 0.5 Zl 27.5 0
-1 -3.5 0.7 9 1.5 -2 25 -12.5 0
-1 -2.5 -0.95 9 3.5 -1.1 25 9.5 0.3
-1 -1.5 -1.6 9 5.5 -0.1 25 -6.5 0.3
-1 -{).5 -1.95 0 7 0.1 25 -3.5 0.25
-1 0.5 -1.8 Ed 8.5 -0.1 25 -0.5 -0.95
-1 1.5 -1.5 g 10.3 0 25 2.5 -0.9
-1 2.5 -1 12 -9.5 0 23 w35 -1.65
-1 3.5 -0.05 12 -6.5] ~ -0.7 25 7 -1.7
- 4.5 -0.05 12 -3.5 -1.9 25 9.5 -1
! 55 0 12 -0.5 -2.1 25 12.5 03
0.75 -6.5 0.1 12 2.5 -2.3 25 15.5 1.3
0.75 -5.5 -0.45 12 5.5 -1.4 25 18.5 0.7
0.75] -4.5 -1.05 12 8.5 0.6 25 215 -0.8
0.75 -3.5 -0.75 12 11 -0.3 25 22.5 -0.85
0.75 -2.5 -1.3 12 13.5 ] 25 23.5 0
(.75 -1.5 -2.2 16 -9.5 0 25 24.5 0
0.75 -0.5 -2.25 16 6.5 -0.2 28 -8.5 0
0.75 0.5 -2.35 16 -3.5 -0.25 28 -5.5 0.3
0.75) 1.5 -1.9 16 -0.5 -0.85 28 -2.5 0.05
0.75 2 -1.55 16 2.5 -1 28 0.5 0
0.75 L] -0.9 16 5.5 -0.6 28 2.5 0
0,75 4 0.3 16 8.5 0.35 28 55 -0.9
0.75 5 0 16 1.5 1.7 28 8.5 -0.85
.75 6 0 16 13.5 [.1 28 11.5 -0.05
3 7.5 -0.1 16 14.5 0 28 14.5 0.5
3 -6.5 -0.4 L6 17.5 0 28 16.5 i
3 -5.5 -1.35 19 -10.5 0.05 28 19.5 -0.35
| 3 -1.5 -1.565 19 -1.5 -0.4 28 22.5 -0.85
3 -3.5 -1.45 19 4.5 -0.5 28 24.5 0.1
3 -2.5 -1.2 19 -1.5 0.25 33 -8.5 0
3 -1.6 -1.1 19 1.5 0.] 33 -4.5 0.25
3 0.5 -0.9 19 4.5 -0.1 33 -0.5 0
3 0.5 -0.7 19 7.5 0.3 33 3.5 0.05
3 1.5] -0.6 19 -10.5 1.5 33 4.5 -0.85
3 2.5 -0.6 19 13.5 2.45 33 6.5 -0.9
3 3.5 -0.3 19 16.5 0.85 33 B.5 0
3 4.5 0.1 19 19.5 0.3 33 12.5 0.5
1 5.5 0 19 22.5 0 33 16.5 1.4
6 -7.5 -0.1 2zl ~11.5 0.1 33 19.5 0.7
6 -6.5 -0.1 2l -8.5 -0.9 33 23.5 0.5
6 -4.5 -1 21 -6.5 -0.85 33 25 0

6 -2.5 -2.15 21 -4.5 -0.9

6 -5 -2.2 2] -2.5 -0.4
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Table B.20; Experimental data for trapezoidal vane (3H:2.5V)

(F, = 0.13, dgp = 0.225 mm, Collar size BF1.12)

1l

11

x Y z X ¥ z A Y L]
{cm) {em) (em) (cm) (em}) (em) {em} (em) (em)

-3.3 6.5 .2 35 0.5 -1.63 8.5 22.5 -0.1
-3.5 =15 .1 k] 0.3 =13 1.5 -13.5 0.1
=15 =25 0.05 3.5 1.5 -1,15 115 -12 -0.75
-3.5 0.3 0.05 35 2.3 -1.5 225 10 D15
-3.5 1.5 Q.1 3.5 3.5 £.95 22.5 % -1.6
-5 3.5 0.1 3.5 5.5 0.35 2.5 «3.5 -0.4
-2.5 5.5 -0.2 3.5 1.5 0.25 22.% 0.3 -0.4
«2.5 -5.5 0.1 3.5 - 9.5 2.2 215 33 0.6
-2.5 4.3 0.6 3.5 1.5 0.03 225 1.5 D13
-2.5 «3.5 0.7 6.5 -12.5 -0.1 225 11.5 1.35
<25 2.3 -0.6 6.5 -10.% -0.9% 215 15.13 3.2
=25 -1.5 -0.55 6.8 -8.5 -2.1 2215 18.5 i.8
-2.5 {.5 0.7 6.5 5.3 =2.7 2.5 2.3 0.05
-2.5 0.5 £.5 6.5 4.5 =34 22.5 25 -0.03
-2.5 1.3 0.4 6.3 -3 =3.33 2715 -14.5 0
-2.5 2.5 o 6.5 1.5 -3.33 27.5 -8.5 -0.25
-2.5 35 0.13 5.5 0.3 -2,15 27.5 -2.5 1.1%
*2.5 4.5 0.1 6.3 2.5 +1.2% 275 0.5 0.75
-1.3 6.5 Q.15 5.3 4 -0.8 275 4.5 -0.01
-1.5 3.3 0.3 6.5 4.9 -1 27.5 8.5 -0.35
1.5 4.3 -1.25 6.5 & 0.15 215 12.5 .15
-1.5 -3.5 -1.45 5.5 7.5 [ 215 16.5 1.9
1.5 -1.5 =1.1 6.5 2.3 0.05 215 20.5 0.4
-1.5 -1.% -0.7 6.5 11.5 0 273 23 -0.]
-1.5 -0,5 0.7 9.5 -11.5 0.1 21.5 2§ 0.2
-1.5 0.5 1.1 9.5 -8.5 0.8 31.5 -14.% 0.15
=1.5 0.7 -1 9.5 -5.5 2.2 3.5 -1z 0.5
1.5 2 -0.4 9.5 =25 -2.75 3.5 -§ -1.4
-1.5 3 - 0.3 9.5 0.5 -2.9 3.5 ) 0.2
-1.8 4 <015 9.5 35 2.1 33 =235 3.3
1.5 5 .15 9.5 6.5 0.4 3.5 0.3 D63
-1.5 6.5 0.05 9.5 7.7 0.05 3.5 0.5 A1
0 -1.5 0.2 9.3 9 0 3.3 1.3 -1.28

0 6.5 -0.3 9.5 11.5 0.03 315 7.5 -1.33

0 -5.5 0.5 9.5 14,5 0 35 1.3 A6

0 -4.5 -0.8 12.5 -12.3 0.1 3.5 16,5 1.25

0 =33 0.85 2.5 .3 -0.85 35 20.5 0.8

0 2.3 .6 12,5 4.5 0.8 3.5 25 .01

[t} 1.5 -0.1 12.5 =35 -1 35.5 -14.5 -0.1

1 0.3 0.1 123 0.5 -1.6 335.5 +10.5 0.3

[ 2 -0,7 12.5 2 -1.9 33.5 5.5 0.1

0 3 0.55 12.5 5.3 ~1.55 355 -2.% -0.05

[ 4 0.4 12.5 g5 -0.3 35.3 -1.7 =0.65

9 5 0.1 12.5 (a3 0.l5 353 -0.5 «).2

i} 6 015 12.5 1.5 0.1 35.5 33 -L.6

] 1.5 05 12.5 14.3 0 355 7.3 -2,
1.5 +£0.5 0.2 12.5 17.5 -0.03 353 11.5 -1.2
1.5 -9.5 .28 13.% -12.3 D.1 358 17,5 i.7
1.5 -8.5 -0.35 15.5 -9.5 -1.7 353 115 0.3
1.5 <15 -0.7 15.% -6.5 -5 35.5 15 0
1.5 -6.5 -1.2 15.5 18 -1.6 1.5 =135 0
1.5 5.5 -1.3 15.5 0.5 =1 415 9.5 0.03
1.5 4.3 -14 15.5 z.3 2.3 $1.3 3.5 0,15
1.5 -3.8 -1.1 135.5 5.5 -1.35 11.5 -5 0.05
1.5 =2.5 =09 15.5 B.5 =123 41,5 2.5 ~0.25
1.5 -1.5 -1.1 15.5 1.7 4,9 d1.5 6.5 0.15
1.5 .5 -1 15.5 13 0.55 41.5 10.5 (k5
1.5 0.5 -1 15.5 14.5 0.2 41.5 14.5 1.7
1.5 1.5 -1.1 13.5 17.5 0.05 41.5 17 2.7
1.5 1.5 -1.25 13.5 20.5 0 41.5 20.5 1
1.5 3.5 -0.95 18,5 -13.5 -0.1 41.5 25 0.25
1.5 4.5 -0.3 18.5 -10.5 0.15 47.5 -1.5 .15
1.5 5.5 -0,1 18.5 =7 -1.8% 4735 -2.5 0,05
1.5 6.5 0.1 18.5 4.5 -1.7 47.5 1.5 -0.15
3.5 -13.5 -0.1 18.5 -1.5 -1.8% 47,5 6.5 018
3.5 =115 0.9 1B.5 3.5 -2.2 47.5 11.5 -0.15
3.5 -9.5 -1.1 18.5 1.5 1.8 47.5 14.5 04
35 -5 -1.8 13.5 1] 0.04 41.5 16.3 148
35 5.5 -2.05 8.5 14.5 1.8 47.3 19.5 0.45
35 -3.5 -2.2 185 17.5 0.8 415 2.5 0.1%
3.5 -5 -2 13.5 0.5 0 413 15 0.1
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Table B.21: Experimental data for trapezoidal vane (3H:2.5V)
(F, = 0.13, ds; = 0.225 mm, Collar size BF1.13)

I 1 1]
X Yy z X Y z X y . Z
(cm) {cm) (cm) {cm) (cm) {cm) {cm) | {cm) {cm)
-1.25 -7.9 0.05 3.75 -5.9 -0.6 20.75 -10.9 -(.4
-1.25 -5.9 0 3.75 -3.9 -14] 2075 -7.9 0.3
-1.25 4.4  -0.35 3.75 -1.9 -1.3]  20.75 -4.9 0.5
-1.25 -7.9 0 3.75 1.6 -0.35] 20.75 -1.9 0
-1.25 -0.9 -0.1 3.75 3.1 -0.2]  20.75 1.1 0.1
-1.25) 1.1 -0.3 3.75 5.1 0.1  20.75 4.1 -0.1
-1.25 3.1 0 3.75 7.1 0.1]  20.7% 7.1 0.2
-1.25 5.1 0.} 575  -12.9 -0.1]  20.75 10.1 1.2
0 -1.9 0 5.75 -10.9 -1.25 20.75 13.5 2.7
0 -6.9 0 5.75 -8.9 -1.1 20.75 16.1 1.15
ol = -59 -0.4 5.75 -6.9 -1.25 20.75 19.1 0.7
0 4.9 095 5.75 -4.9 -1.8] 2075 2.1 0.1
0 -3.9 -1.1 5.75 -2.9 1.8 2475 -139 0
o] 32 -1.1 5.75 -0.9 -1.8] 2475 9.9 -1.4
0 -2.9 -0.9 5.75 1.1 -0.5] 2475 790 -1.25
0 2.4 -0.5 5,75 3.6 0.35]  24.75 4.9 0
of -09 -0.3 5.75 gkl 0.1] 2475 -1.9 02
0 0.1 0.3 5.75 7.1 02] 2475 i1 -0.55
ol 21 -0.25 5.75 9.1 0.1] 2475 4.1 -0.95
0 3.1 -0.1 875  -12.9 0.1 2475 7.1 -075
0 4.1 0.1 8.75 -9.9]  -0.05F 2475 10.1 0.3
0.75 -7.9 0 8.75 6.9  -1.27] 2475 14.1 2.7
0.75 -6.9 0 8.75 -390 -1.95) 2475 17.1 1.2
0.75 -5.9 06 875 -0.9 2.4 2475 21.1 0.3
0.75 49 -115 8.75 2.1 -1.3] 30750 -13.9 0.1
0.75 -3.9 -1.4 8.75 5.1 03] 3075 -104]  -0.05
0.75 31 -1.25 8.75 6.1]  -0.55]  30.75 -5.9 0.3
0.75 -2.4 0.9 8.75 7.6 03] 3075 -2.9 0.7
0.75 1.9 -0.65 8.75 11.1 02 30.75 0.1 0.2
0.75 -0.9 0.3 375 14.1 0.1 30.75 3.1 -0.05
0.75 0.1 03] 175 -10.9 o] 3075 6.1 0
0.75 1.1 03] 1L75 -1.9 -0.2] 3075 9.1 0.3
0.75 2.6 03] IL75 -4.9 -] 3075 12.1 1.4
0.73 3.6 0] 1175 -1.9 -1.5] 30.75 14.4 1
0.75 4.6 0.1 1175 1.1 -2.05]  30.75 17.1 0.85
1.75 -7.9 0.05] 11.75 3.1 22| 30.75 20.1 0.2
1.75 -6.9 0] 1175 6.1 1.3 30.75 24.1 0.1
1.75 -59{  -0.75] 1175 9.1 0.6 3575  -13.9 0.1
1.75 490 -109] 1175 10.1 0.25] 3575 -109] -0.25
1.75 -39 -1.55] 1175 13.1 0.25] 3575 -6.9 0.2
1.75 -2.9 -15] 1178 17.1 0.1 3575 -4.4 -0.2
1.75 -1.9 -0.9 15.75 -10.9 0 35.75 -1.9 03
1.75 -0.9 0.7 1575 29 -0.75] 3575 1.1 0.05
1.75 0.4 -03] 1575 -4.9 -1.4| 3575 4.1 -0.55
1.75 1.1 03] 15.75 -0.9 -16| 3575 7.6 -0.9
175 2.1 03] 15.75 3.1 -1.3] 3575 11.1 -0.1
i.75 31 03] 1575 7.1  -0.15 3575 13.1 0.7
1.75 3.6 01| 15.75 10.6 b4 3575 15.1 0.1
1.75 4.6 0.1 1575 12.5 0.6] 3575 18.1 0.5
1.75 5.6 01| 1575 13.6 0.3] 3575 22.1 0.2
.95 -119 0.1 15.75 17.1 0151 3575 24.6 0.1]
ENE 9.9 08 1575 21.1 0.1
3.75 79 -0.65] 2073  -129 0
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‘Table B.22: Experimental data for trapezoidal vane (3H:2.5V)

(F, =0.13, dgy = 0.225 mm, Collar size BF1.14)

I

Il

111

X Yy Z X y z X Y Z
(em) | (em) | (em) | (em) | (em) [ (em) | (em) [ (em) | {cm)

-5.5 -8.6 -0.1 5.5 -0.6 -1.05 15.5 5.4 -0.2
-5.5 -4.6 0 5.5 2.4 -0.95 15.5 8.4 1.4
-5.5 0.6 -0.05 5.5 4.2 -0.2 15.5 114 1.9
-5.5 34 0 5.5 5.4 0.3 15.5 12.8 1.6
-5.5 7.4 0 5.5 34 0.2 15.5 14.4 -0.25
-5.5 11.4 0 5.5 11.4 0.05 i5.5 16.4 0.15
-5.5 15.4 0 5.5 14.4 0 15.5 19.4 -0.1
2.5 -6.6 -0.1 8.5 -9.6 -0.1 15.5 22.4 -0.1
2.5 -3.6 0 8.5 -6.6 0 19.5 -10.6 0
-2.5 -0.6 -0.05 8.5 -3.6 -0.75 19.5 -7.6 0.2
-2.5 2.4 0 8.5 -0.6 -1.55 19.5 -4.6 -(.2
2.5 54 0.1 8.5 2.4 -1.7 19.5 -1.6 -0.2
-2.5 8.4 0.05 8.5 5.4 -0.1 18.5 1.4 -0.35
2.5 114 0.1 8.5 6.4 0.3 19.5 4.4 -0.8
2.5 14.4 0.1 8.5 7.9 0.2 19.5 7.4 03
0 -10.6 -0.1 8.5 10.4 0.1 19.5 10.4 0.95

0 7.6 -0.1 8.5 13.4 0.1 19.5 12.2 1.35

0 -4.6 0 8.5 16.4 0 19.5 154 -0.2

0 34 0 11.5 -10.6 0 19.5 18.4 -1

0 6.4 0.2 11.5 7.6 -0.1 19.5 21.4 -0.1

0 9.4 0.15 11.5 -4.6 -0.9 24.5 -11.6 0

0 12.4 0.05 11.5 -1.6 -1.15 24.5 -8.6 -0.05

0 15.4 0.1 11.5 1.4 -1.2 24.5 -5.6 -0.7

0 18.4 0.1 11.5 4.4 -0.8 24.5 -2.6 -0.3
2.5 -9.6 -0.15 11.5 7.4 0.8 245 0.4 -0.55
2.5 -6.6 -0.15 11.5 9.2 1.5 24.5 14 -0.7
2.5 -3.6 -1 11.5 104 0.05 24.5 6.4 -0.9
2.5 5.4 0.25 11.5 13.4 0 24.5 9.4 -(0.65

2.5 8.4 0.15 11.5 16.4 0 24.5 12.4 0.7|
2.5 11.4 0.1 15.5 9.6 -0.1 245 5.4 0.2
2.5 14.4 0 15.5 -6.6 -0.15 24.5 17.9 -0.8
5.5 0.6 -0.1 15.5 -3.6 -0.55 24.5 21.4 -0.1
5.5 -6.6 -0.15 15.5 0.6 -0.9
5.5 -3.6 -0.2 15.5 2.4 0.1
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Table B.23 Experimental data for rectangular vane
(F,= 0.25, dgo= 0225 mm, Collar size AF2.12)

I 1 111
X Yy A X y z X Y 4
(cm) (cm) {cm) (cm) {cm)} (cm) {cm} (cm) {cm)

45 92 0 75| -102 0.1 145 223 RN
4.5 6.2 0 7.5 1.2 0.1 18.5 -10.2 -0.02
4.5 3.2 0 7.5 -4.2 02 18.5 6.2 0
4.5 -0.2 0 7.5 1.8 0.3 8.5 22 -2
4.5 28] 0 25 4.8 12 185 1.8 -2.08
45 58 0.15 7.5 6.2 0.6 18.5 58 -2.7
4.5 8.8 -0.8 75 74 -1.9 18.5 8.8 -3.75
-4.5 t1.8 0.05 7.5 9.8 265 - 185 1.8 -5.3
4500 148 ol . 715 12.8 33 18.5 14.3 .5.2
-1.5 020 - -0 7.5 15.8 -2.95 18.5 17.8 37
-1.5 12 0.1 75 18.8 .16 18.5 20.3 2.4
-1.5 -4.2 0.4 7.5 223 02 18.5 223 2
-1.5 .12 040 - 105 -10.2 0.1 23.5 -12.2 0
-1.5 6.3 -0.15 10.5 T 0.2 23.5 9.2 0
-5 10.3 1.4 10.5 4.2 0,13 23.5 7.2 0.8
-15 12.8 0 10.5 1.8 -0.6 23.5 32 24
15 15.8 0.05 10.5 44 -0.15 235 0.8 i
1.5 102 -0.15 10.5 6.8 -1.5 23.5 48 -3.35
1.5 .12 0.1 105 8.6 -2.55 23.5 7.8 3.6
1.5 -4.2 -0.35 10.5 10.3 .42 23.5 10.8 -4,05
1.5 1.3 0 10.5 12.8 -4.65 23.5 13.8 3.8
1.5 7.8 .0.15 10.5 15.8 -4 23.5 16.8 -3.25
1.5 1.3 -1.6 10.5 18.8 2.6 23.5 19.8 3.15
1.5 13.8 .53 10.5 22.3 1.1 23.5 223 2.2
1.5 16.8 0.45 14.5 -10.2 0.1 28.5 -12.2 0
45 -10.2 -0.1 14.5 _7.2 0 28.5 -8.2 0.6
4.5 3.2 02 14.5 -4.2 0 28.5 -4,2 -1.9
45 -4.2 0.3 14.5 | =t -1 28.5 02 -2.47
4.5 0.8 -0.04 14.5 1.8 -1.7 28.5 3.8 -32
45 43 2.3 14.5 4.8 -1.4 28.5 18 2.6
4.5 73] 065 14.5 7.8 33 285 108 .235
4.5 9.8 2 14.5 10.8 -5.05 285 13.8 2.6
4.5 12.8 2.7 14.5 12.6 6.4 28.5 16.8 -2.8
4.5 15.8 «1.8 14.5 14.8 -5.7 28.5 19.8 -2.3
4.5 18.8 -0.64 14.5 17.8 37 285 22.3 0.8
4.5 22.3 0 14.5 20.8 -1.8 :
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Table B.24: Experimental data for trapezoidal vane (3H:2.5V)

(Fr = 0.25, d50 = 0.225 mm, Collar size BF2.5)

1

i

X ¥ z X y 2 X y z
{cm) {cm) {cm) {cm) (cm) (cm) (cm) (cm) (cm)
-4 8.6 -0.15 7 5.6 0.07 E 7.6 1.9
-4 .56 0.15 7 5.8 .0.7 I8 -4.6 2.6
4 2.6 0 7 7.1 -2.93 18 1.6 27
-4 0.4 0.1 7 10.4 -3.75 18 1.4 3
-4 3.4 0.25 7 13.4 3.2 8 4.4 .2.35
4 6.4 0.35 7 16.4 Sol 18 5.9 -1.97
-4 9.4 0.3 7 19.4 -0.85 18 8.4 2.8
4 12.4 0.2 7 22.4 0.2 8 114 -4.35
-4 15.4 0.1 10 -10.6 0 18 14.4 -6.4
2 -8.6 -0.15 10 1.6 -0.1 18 15.9 -7.05
2 5.6 0.1 10 4.6 0.1 18 18.4 .5.75
2 2.6 0.1 10 1.9 .1.25 18 21.4 .3.75
2 0.4 0.3 10 4.4 -1.8 18 229 2.6
2 44 -0.13 10 74 0.1 23 16,6 - .03
-2 7.4 0.28 10 8.4 0.3 23 136 -1.95
2 10.4 0.23 10 10.7 5.7 23 9.6 .3.35
2 13.4 0.15 10 13.4 5.1 23 5.6 -4.05
{ -10.6 0 10 16.4 .3.75 23 .16 -3.95
1 76 0.07 10 19.4 .2.45 23 - 2.4 3.7
I 4.6 0.1 10 22.9 0 23 7.4 3
1 0.8 -0.3 14 -10.6 -0.2 23 10.4 327
I 10 -0.1 14 16 -0.25 23 13.4 4.9
1 1.4 -0.71 14 46 0.6 23 16.4 .5.37
I 13.4 0.5 14 16 .13 23 19.4 4
I 16.4 0.1 14 L4 -2.47 23 3.9 22
1 19.4 0.1 14 4.4 -2.08 28 166 | -L7
4 -10.6 0.2 14 6.4 i 28 116 3.9
3 1.6 0.05 14 9.4 2.7 28 6.6 4.6
4 -4.6 -0.1 14 11.7 -3.95 28 -1.6 -4.63
4 3.3 -0.15 14 14,1 6.8 28 3.4 4,24
¢ 8.6 -0.63 14 16.4 5.7 28 8.4 2,75
4 11.4 -1.97 14 19.4 -4.02 28 10.4 2.1
4 14.4 .14 14 22.4 225 28 13.4 3.0
4 17.4 0.05 14 22.9 -1.9 28 16.4 -3,3
4 20.4 0.2 18 -16.6 0.15 28 19.4 .3.03
7 -10.6 0.1 18 -13.6 0.3 28 22.9 -7
7 .16 0 18 -10.6 -2
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Table B.25: Experimental data for rectngular vane

(F, = 0.25, dg; = 0.405 m

m, Collar size AF2.1)

[ X I 1
X Y z X Y z X Y k4
(cm) {cm) (cm) {cm) (cm) (cm) {cm) {cm) {cm)
9.75 -183 0.04 -0.75 12.7 -1.83] 11.25 9.8 -0.28
9.75 -15.3 0.1 -0.75 15.7 -2.39 11.25 10.9 -3.22
-9.75 -12.3 0.04 -0.75 18.7 -0.29 15.25 13.7 -3.24
-9.75 -3.3 0.05 2.25 -18.3 -1.79 11.25 16.7 -1.64
-9.75 -6.3 012 2258 -15.3 -2.99 i1.25 19.7 -0.29
-9.75 -3.3 (.28 2.25 -12.3 -3.58 11.25 212 -0.5
-9.75 0.3 .01 2.25 -9.3 -2.76 14.25 -183 -2.88
-9.75 27 0.16 2.25 -6.3 -1.39 14.25 -15.3 -3.47
-9.75 5.7 011 2.25 -3.5 -1.75 14.25 -12.3 429
-9.75 8.7 0.16 2.25 -2.3 -1.95 14.25 -93 .89
-9.75 11.7 0.08 225 -1.3 -2.1 14.25 -6.3 -5.39
-9.75 14.7 0.11 2.25 -0.3 -2.42 14.25 -3.3 -5.59
-9.73 17.7 0.11 2.25 0.7 2 b. 1425 -0.3 -4.48
~5.75 -18.3 -0.06 2.25 1.7 0.1l 14.25 2.7 -3.29
-6.75 153 -0.06 2.25 35 -5.99 14,25 5.7 -1.89
-6.75 -12.3 -0.25 2,25 6.7 -5.49 14.25 8.7 -0.37
-6.73 -9.3 -1.37 225 9.7 -3.99 14.28 11.7]. 2.5
-6.75 -5.3 -1.63 2.25 12.7 -2.18 14.25 14.7 -3.49
-6.75 -3.3 -2.53 2.25 15.7 -0.79 14.25 17.7 -2.06
-6.75 -0.3 -1.87 2.25 18.7 -0.49 14,25 20.7 -0.49
-6.75 2.7 -1.0% 5.25 -18.3 -2.58 18.25 -18.3 -1.76
-6.75 5.7 -0.27 .25 -15.3 -3.87 18.25 -14.3 -2.76
-6.75 8.7 0.01 5.25 -12.3 -4.38 18.25 -10.3 -3.55
-6.75 11.7 -0.04 535 9.3 -3.95 18.25 -6.3 -4.65
-6.75 14.7 -0.09 5.25 63 -2.96 18.25 2.3 -5.5
-6.75 17.7 -0.11 525 3.3 -1.79 13.25 1.7 -5.25
-3.75 -18.3 .0.22 525 -0.3 -0.69 13.25 5.7 -4
-3.75 -153] -033 5.25 2.7 0.44 18.25 9.7 -2.2
-3.75 -12.3 -1.24 525 4.7 0,78 18.25 9.8 -1.15
-3.75 9.3 -2.52 5.25 6.3 -5 18.25 11.7 -2.4
+3.75 -8.3 +2.65 5.25 9.7 -4.15 18.25 14.7 -3.6
-3.35 -6.3 24 5.25 12.7 -2.49 18.25 15.7 -3.8
-3.75 - -4.3 -2.5 5.25 15.7 -1.14 18.25 17.7 -2.88
-3.15 -2.3 -2.53 5.25 18.7 -0.49 18.25 19.7 -1.4
-3.75 0.3 -3.15 825 -183 -2.99 18.25 212 -0.7
-3.78 13 -3.09 8.25 -15.3 -4.04 23.75 -18.3 0.7
-3.78 4.7 -2.63 825 -12.3 -4.86 23.25 -14.3 -0.9
-3.78 7.7 -1.94 8.25 -9.3 -5.19 23.25 -10.3 -1.45
-3:75 10.7 -1.05 8.25 6.3 -4.43 23.25 -6.3 -3
+3.75 13.7 -0.19 8.25 -3.3 -4.33 23.25 -2.3 -4.25
-3.75 16.7 -0.23 §.25 -0.3 -2.15 23.25 1.7 -4.7
-3.75 19.7 -0.29 8.25 2.7 -1.06 23.25 47 -4.4
-0.75 -18.3 -0.49 8.25 57 0.35 23.25 7.7 -3
-0.75 -15.3 -1.96 825 7.2 0.11 23.25 11.2 2135
-0.75 -12.3 -2.04 825 8.9 -4.07 23.25 13.7 2.5
-0.75 -2.3 -1.85 8.25 12.7 -2.98 23,25 16.2 -3.3
-0.75 -1.9 -2.09 8.25 15.7 -1.25 23.25 18.7 -2.1
0.75 6.3] «1.59 815 18.7 -0.33 23.25 21.2 -0.95
-0.75 -4.3 -6 11.25 -18.3 -3.04 28.25 -18.3 -0.05
-0.75 -2.3 -2.75 11.25 -15.3 -3.83 28.25 -133 0.4
-0.75 -1.3 -3.3 11,25 -12.3 -3.78 28.25 -8.3 -0.48
-0.75 -0.3 -3.75 11.25 -9.3 -5.33 28.25 .33 -0.47
-0.75 0.7 -4.15 11.25 6.3 -5.16 28.25 1.7 -3.6
.0.75 1.7 -4.4 11.25 33 -4.36 28.25 6.7 ~3.46
-0.75 2.7 47 11325 -0.3 -3.33 28.25| 12.2 -0.65
-0.75 37 -4.13 11.25 2.7 -2.2 28.25 14.7 -6
-0.75 6.7 -3.99 i1.25 5.7 -0.67 28.25 17.7 -5.9
-0.75 9.7 -2.79 11.25 8.7 -0.07 28.25 21.2 0.2
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Table B.26: Experimental data for rectngular vane
(F, = 0.25, d;, = 0.405 mm, Collar size AF2.2)

I 11 Il
X y z X Y z X y z
(cm) {cm) {cm) (cm) (cm) {cm) {cm) (cm) (cm)

9.5 -15.4 0.1 2.5 -15.4 -1.8 11.5 -8.4 -4.7
9.5 -12.4 -0.15 2.5 -12.4 -1.85 11.5 -5.4 -3.9
0.5 -94 -0.25 2.5 94 -2 11,5 -2.4 -3.05
-9.5 -6.4 -0.5 2.5 | 6.4 -1.1 11.5 0.6 -1.8
-9.5 -3.4 -0.7 2.5 -3.9 -1.9 11.5 3.6 -0.8
-9.5 -0.4 -0.05 2.5 -2.4 -2.48 11.5 6.6 1
9.5 2.6 0.25 2.5 -0.4 -2.31 11.5 7.7 1.35
-0.5 5.6 0.25 2.5 1.5 09 11.5 9.4 0.8
-6.5 -17.4 0.2 2.5 3.6 -2.56 115 10.8 «1.5
-6.5 -14.4 -0.5 2.5 4.6 -2 11.5 12.6 -1.34
-6.5 -11.4 -2.2 2.5 7.6 -0.75 11.5 15.6 -0.3
0.5 -9.4 -2.39 2.5 10.6 0.03 1.5 18.6 -0.23
-6.5 -7.4 -2.64 2.5 13.6 0.1 15.5 -18.4 -1.7
-6.5 -5.4 -2.73 55 -18.4 -2.4 15.5 -14.4 -3.35
-6.5 -3.4 -2.23 55 -15.4 -3.2 15.5 -10.4 -5.05
-6.5 . -0.9 -1,95 5.5 -12.4 -3.45 15.5 -6.4 -5.45
-6.5 1.6 . =0.85 5.5 -84 -3.1 15.5 -2.4 -4.2
-6.5 4.6 -0.1 55 -6.4 -1.9 15.5 1.6 -2.8
-6.5 7.6 0.1 5.5 -3.4 -1.1 15.5 5.6 -0.9
6.5 10.6 0.1 5.5 -1.1 -0.86 15.5 9.4 0.8
-3.5 -18.4 0.15 5.5 1.3 -0.5 15.3 12.6 -1.5
-3.5 -154 0.8 55 4.1 0.5 15.5 14.1 -1.63
-3.5 -12.4 -1.3 5.5 5.6 -1.7 15.5 16.6 -0.8
-3.5 -8.9 -1 5.5 8.6 -1.33 15.5 196 -0.35
=3.5 -7.4 -1.09 5.5 11.6 0.1 20.5 -18.4 -1.2
-3.5 -5.4 =1.11 5.5 14.6 -0.1 20.5 -13.4 2.1
-3.5 -3.4 -1.86 5.5 17.6 -0.1 20.5 -§.4 -3.45
-3.3 -1.4 -2.79 8.5 -18.4 2.3 20.5 -3.4 -4.2
-3.5 1.6 -2.63 8.5 -15.4 4,1 20.5 1.6 -4
-3.5 4.6 -1.5 8.5 -12.9 -4.8 20.5 6.6 -1.95
-3.5 7.6 0.05 8.5 -10.4 -4.1 20.5 10.9 -0.2
-3.5 10.6 0.1 8.5 -7.4 -3.55 20.5 14.6 -1.45
-0.5 -18.4 0.05 8.5 -4.4 2.5 20.5 17.6 -0.75
0.5 -15.4 -0,95 8.5 -1.4 -14 20.5 21.1 -0.5
-0.5 =124 =1.3 8.5 1.6 0 25.5 -1§.4 -2.39
-0.5 -0.4 -0.75 8.5 56 1.6 255 -13.4 -0.76
-0.5 -6.4 -1.4 8.5 7.1 1.3 253 -8.4 (.39
-0.5 -4.4 2.2 8.5 8.1 -1.7 25.5 -3.4 -1.69
0.5 -2.4 -3.29 8.5 10.6 -1.25 25.5 1.6 -3.2
-(0.5 -0.4 -4.67 8.5 13.6 0.1 25.5 6.6 -3.04
-0.5 1.6 -427 8.5 16.6 -0.2 25.5 12.2 0.07
-0.5 4.1 2.6 8.5 19.6 -0.1 25.5 15.9 -0.54
-0.5 6.6 -0.8 11.5 -18.4 -2.35 25.5 19.6 (.44
-0.8 9.6 0.05 11.5 -15.4 -4 25.5 21.1 (.01
-0.5 12.6 0.1 11.5 -12.4 -5.4

2.5 -18.4 -1.05 11.5 -10.9 5.3
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Table B.27: Experimental data for rectngular vane
(F,= 0.25, dsg = 0.405 mm, Collar size AF2.3)

| I 111
X y Z X y z X y z
(cm) (cm) (cm) (cm) {cm) {cm) (cm) (cm) (cm)

-12 -19 0.3 -3 13 0 11 -7 -3
-12 -15 0.2 0 -19 -2.8 11 -3 -3
=12 ~12 0.1 0 -16 -3.8 11 1 -1.35
-12 -9 0.05 0 -12 -4.5 11 4 ~ -0.5
-12 -6 -0.05 0 -9 -3.2 11 7.5 1.05
-12 -3 0 0 -4 -2.07 11 9.5}  -0.05
-12 0 0.1 0 -2 -3.62 11 10.5 -2.85
-12 3 0.05 0 0 -4.47 11 11 -2.85
-12}. 6 0.05 0 2 4,135 11 15 -1.75
-9 -19 0.3 0 4.7 -3.15 11 18 -0.4
-9 -16 0.1 0 6.5 -2.3 il 20.5 -0.35
-9 -13 0.7 0 9 -0.45 15 -19 -3.1
-9 -10 -1.7 0 12 -0.1 15 -15 -4.5
-9 -7 -1.9 0 15 -0.1 15 -11 -5.4
=G -4 -2 3 -19 -3.65 15 -7 -5.6
-9 -1 -1.1 3 -16 -4.5 15 -3 -4,5
9 2 -0.05 3 -13 -5 15 1 -2.6
-9 5 0 3 -10 -4.4 15 5 -1
-9 8 0 3 -7 -2.6 15 8 0.05
-6 -19 -0.35 3 -5 -1.88 15 11 -1.7
-6 -16 -14 3 -3 -1.57 15 13.5 -3.25
-G =13 =2.2 3 -1 -1.79 15 16 -2.3
-6 -10.5 -1.35 3 I 0.4 15 19 -0.55
-6 -9 -1.08 3 2.4 0 15 20.5 -0.5
-6 -7 -0.89 3 4 -3.4 20 -19 -1.3
-6 -5 -0.83 3 7 -1.8 20 -14 -3.2
-6 -3 -2.06 3 10 -0.7 20 -9 -4.5
-6 -1.5 -2.59 3 13 -0.2 20 -4 -5
-6 -(.2 2.4 3 16 0.2 20 1 -4.3
-6 3 -12 3 19 -0.3 20 6 2.2
-6 6 -0.4 7 -19 -4.3 20 9.5 =0.3
-6 9 -0.1 7 -16 -5.1 20 12 -1.5
-6 12 0.05 7 -1l -5,1 20 14.5 -2.3
-3 -19 -1.75 7 -9 -4.9 20 17 -1.7
-3 -16 -2.8 7 -6 -3.2 20 19.5 -0,1
-1 -13 -1.7 7 -3 -1.95 20 20.5 =0.4
-3 -10 -2,55|° 7 0 -0.3 25 -19 0.34
-3 -8.2 -2 7 3 0.65 25 -14 -0.47
-3 -7 -1.06 7 6 0.7 25 -9 -1.8
-3 -5 -1.57 7 - B -2.8 25 -4 -3.18
-3 -3 -2.57 7 10 -2.3 25 ] -4.17
-3 -1 -3.39 7 13 -0.95 25 6 -2.89
-3 I -3.69 7 16 0.4 25 1 -0.16
-3 2.3 -3.3 7 20,5 -0.3 25 16 -1.15
-3 4] 275 11 -19 -3.95 25 20.5 0.21
-3 7 -1.25 11 -15 -5.25

-3 10 -0.1 11 -11 -5.5
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Table B.28: Experimental data for rectngular vane
(F, = 0.25, dsy = 0.405 mm, Collar size AF2.4)

I I 111
X Y z X Y z X Y z
(cm) (cm) (cm) (cm) (cm) (cm) (em) (cm) (em)
-11.5 -18.4 0.14 -2.5 5.6 -0.24 9.5 -18.4 -4.62
-11.5 -15.4 0.13 2.5 8.6 0 9.5 -154 -5.57
-11.5 -12.4 0 2.5 11.6 0.01 9.5 124 -6.44
-11.5 9.4 -0.09 -2.5 14.6 -0.05 9.5 -9.4 -6.45
115 6.4 0 2.5 17.6 .0.19 9.5 -6.4 -4.86
-11.5 -3.4 0 0.5 -18.4 -1.09 2.5 =34 -3.16
-11.5 -0.4 -0.12 -0.5 -15.4 -4.09 25 -0.4 -1.59
-11.5 2.6 0 -0.5 -12.4 -4.49 95 2.6 -0.69
-11.5 5.6 0 0.5 94 315 0.5 5.6 1.55
-11.5 8.6 0 0.5 -6.4 -2.76 9.5 3.6 2
-11.5 11.6 -0.09 -0.5 -4.4 2,15 95 9.6 -1.46
-11.5 14.6 -0.19 -0.5 2.4 -1.84 9.5 1.6 -1.08
-8.5 -18.4 0.14 -0.5 -0.4 -2.79 9.5 14.6 0
.8.5 -15.4 .0.73 0.5 1.6 -2.47 9.5 17.6 -0.19
-8.5 -12.4 -1.67 0.5 3.6 .1.42 9.5 21.1 -0.14
.8.5 9.4 -2.39 -0.5 5 -1.26 13.5 -18.4 -3.56
.8.5 6.4 -2 0.5 7.6 -0.19 13.5 -14.4 -3.29
-8.5 -3.4 -2.23 0.5 10.6 0.01 13.5 -10.4 -6.69
8.5 0.4 -0.99 -0.5 13.6 0.0t 13.5 -6.4 -6.02
-8.5 2.6 0.01 0.5 16.6 -0.07 13.5 .2.4 -3.56
-8.5 5.6 0.01 0.5 21.1 -0.09 13.5 1.6 -1.57
-8.5 8.6 0.01 3.5 -18.4 -4.16 135 5.6 |
-8.5 11.6 0.01 3.5 -15.4 -4.79 13.5 8.1 221
-8.5 14.6 «0.07 3.5 -12.4 -5.55 13.5 12.1 -0.56
5.5 -18.4 -1 3.5 -9.4 -4.79 13.5 15.1 -1.36
-3.5 -15.4 -2.49 35 6.4 -2.86 13.5 19.1 -0,23
-5.5 -12.4 -1.68 3.5 -3.4 249 13.5 21.1 -0.27
-55 -11 -2.09 3.5 -14 -1.87 18.5 -18.4 -1.16
5.5 -0.4 -1.72 3.5 0.6 -1 18.5 -13.4 .3.76
5.5 7.4 -1.17 35 2.1 -0.59 18.5 -8.4 -5.39
-5.5 -5.4 -1.27 3.5 3.8 -1.25 18.5 -34 -5.08
3.5 3.4 .2.53 3.5 6.1 -1.69 18.5 1.6 2.29
-5.5 -1.4 -2.74 35 8.6 127 18.5 6.6 0.73
5.5 -0.4 -2.27 15 11.6 0.01 18:5 9.1 1.8l
5.5 2.6 -0.62 3.5 14.6 -0.09 18.5 1.6 0.44
-5.5 5.6 0.01 3.5 17.6 -0.17 18.5 14.6 -1.47
-5.5 8.6 0.01 6.5 -18.4 -4.56 18.5 . 15.6 -1.74
-5.5 11.6 -0.05 6.5 -15.4 -5.47 18.5 17.6 -0.77
55 14.6 -0.04 6.5 124 -6.15 18.5 19.6 -0.06
-5.5 176 -0.09] - 6.5 -9.4 -5.59 18.5 21.1 -1.17
25 -18.4 2.29 6.5 -6.4 -3.78 23.5 -18.4 0.86
2.5 -15.4 -3.18 6.5 3.4 ) 235 -13.4 -1.29
2.5 -12.4 -3.34 6.5 0.4 -1.69 235 8.4 .3.36
2.5 9.4 -2.26 6.5 2,6 -0.27 235 .3.4 -4.34
2.5 -8.4 .2.49 6.5 5.6 0.26 23.5 1.6 -3.35
.2.5 --6.4 -1.65 6.5 6.8 -2.55 23.5 6.6 -0.07
.25 4.4 -1.57 6.5 7.7 -2.49 23.5 10.4 1.72
2.8 2.4 2 6.5 10.6 -1 23.5 12.6 0.42
2.5 .0.4 2.15 6.5 13.6 0.01 23.5 15.6 -0.99
-2.5 1.6 -2.13 6.5 16.6 -0.19 23.5] . 18.6 1.01
2.5 26 -1.69 6.5 21.1 -0.25 23.5 211 0.41
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Table B.29 Experimental data for rectngular vane
(F, = 0.25, dgp = 0.405 mm, Collar size AF2.5)

I I1 I11
X y z X Y z X Y z
(cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm) (cm)
-12.5 220.3 0.2 35 9.7 20.25 6.5 14.7 0
2.5 173 0.1 35 12.7 0.05 6.5 17.7 .0.2
125 -14.3 -0.3 3.5 15.7 0.05 6.5 19.2 .0.1
12,5 -11.3 -0.35 3.5 19.2 -0.1 10.5 -20.3 -5.6
-12.5 -8.3 -0.3 0 -20.3 -0.4 10.5 -16.3 6.5
125 -5.3 0.6 0 17.3] 3.5 10.5 -12.3 54
12.5 2.3 0.1 0 .14.3 -3.15 10.5 -8.3 3.2
125 0.7 - 0.2 0 113 18 10.5 43 _1.45
95 203 0.1 0 7.8 26 10.5 .23 -0.95
9.5 -17.3 1.2 0 -6.3 25 10.5 0.7 -0.95
9.5 -14.3 2.5 0 .43 3.5 10.5 4.7 1.4
-9.5 -11.3 29 0 2.3 -4.95 10.5 7.7 1
9.5 823 .2.65 0 -0.3 -5.43 10.5 92 ]
9.5 53 24| 0 1.7 -5 10.5 10.2 -1.5
9.5 K 175 0 3.7 3.6 10.5 12.7 0.8
9.5 0.7 -0.45 0 4.7 27 10.5 15.7 0.5
9.5 17 0.1 0 7.7 0.2 10.5 177]  -0.25
95 6.7 0.15 0 10.7 0.15 10.5 19.2 0.1
9.5 9.7 0.05 0 13.7 0 15.5 -20.3 -5.8
9.5 12.7 0.1 0 16.7 0 15.5 -15.3 6.9
9.5 15.7 .0.05 0 19.2 0.05 15.5 -10.3 -6.4
9.5 19.2 0.1 3.5 -20.3| a4 15.5 53 -4.3
6.5 203 -0.35 3.5 17.3 .4.95 15.5 0.3 2.4
6.5 173 1.5 3.5 -14.3 435 15.5 4.7 0.35
6.5 133 2.55 35 113 235 15.5 8.2 1.8
6.5 113 24 35 8.3 2195 155 10.7 0.5
-6.5 9.3 -1.9 3.5 6.3 2.3 15.5 37 1.3
6.5 1.3 11 3.5 4.3 3.1 15.5 16.7 2.6
6.5 .5.3 .1.55 35 23 -3 15.5 19.2 285
6.5 3.3 5.8 3.5 0.3 2.9 20.5 -20.3 4.8
6.5 1.3 2,45 3.5 1.7 1.8 20.5 -15.3 6.6
6.5 17 -1.45 35 b7 25 20.5 -10.3 7.5
6.5 4.7 0.5 3.5 6.2 0.8 20.5 53 6.88
6.5 7.1 0.1 3.5 8.7 0.5 20.5 03] 47
-6.5 10.7 0.1 35 11.7 0.4 20.5 4.7 1.7
6.5 13.7 -0.05 33 14.7 0.1 20.5 9.7 0.8
-6.5 16.7 0.05 35 17.7 0 20.5 12.7 .0.7
6.5 19.2 0.1 35 192] 0.05 20.5 15.7 1.8
3.5 203 2 6.5 20.3 505 20.5 19.2 3
3.5 -17.3 225 6.5 173 5.75 25.5 203] 33
-3.5 -14,3 -2.35 6.5 -1431° -5.1 25.5 -15.3 -4.35
3.5 113 2.55 6.5 113 3.3 25.5 -10.3 -6.5
3.5 .93 2.1 6.5 83 22 25.5 53 6.65
-3.5 73 21,45 6.5 6.3 17 25.5 0.3 54
35 5.3 -1.65 6.5 .23 2.3 25.5 47 .2.65
35 33 29 6.5 2.7 0.75 25.5 10.7 0.8
3.5 1.3 3.7 65 52 0.65 25.5 13.7 0.6
3.5 12 3.5 5.5 6.2 14 25.5 16.7 18
[~ 3.5 3.7 -1.95 55 8.7 1.5 25.5 17.7 2.15
-3.5 6.7 -1.5 6.5 1.7 0.1 25.5 19.2 1.8
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Table B.30 Experimental data for rectngular vane
(F, = 0.25, dgy= 0.405 mm, Collar size AF2.6)

I I 111
X Y z X hd z X y Z
o) | em) | (em) | (em | em | (m) | m | m | (m)
-11.75 -12 0 0.25 -19 -0.15 9.25 -1 -0.7
-11.75 -9 0 0.25 -16.5 -0.15 9.25 2 0.75
-11.75 -6 -0.15 0.25 13 -2.03 0.25 4 1.35
1175 -3 0 0.25 -10 -2.25 9.25 7 0.05
-§1.75 0 0.1 0.25 -8/ -} 9.25 8.5 -0.75
=-11.75 3 0.05 0,25 1.5 -1.3 Q.25 9.5 -4.45
-8.75 -19 0 0.25 3 -2.15 + 0325 10.7 -4.35
«3.75 -15 ] 0.25 5.5 -2.95 9.25 13 -4.05
-8.75 =11 -0.05 025 8 -2.2 9.25 16 -2.8
-8.75 -8 =0.95 .25 11 -0.65 9.25 19 -1,15
-8.75 -5 -2 0.25 14 -0.35 9.25 20,5 -0.45
-8.75 -2.5 -1.5 025 17 -0.45 13.25 -19 -1.35
-8.75 0 -0.25 0.25 20.5 -0.35 13.25 -16 -3.15
-8.75 3 0.1 3.25 -19 -0.15 13.25 -i2 -3.2
-8.75 6 0.1 3.25 -16 -0.55 13.25 9.5 -5.85
-8.75 9 -0.05 3.25 -13 -2.45 13.25 -7 =505
-8.75 12 -0.1 3.25 -3.85 -1.95 13.25 -3 -2.75
-8.75 15 -0.25 3.25 -8 -1.25 13.25 1 -0.9
-8.75 18 -0.25 3.25 -6.% -(.95 13.25 5.5 0.35
-8.75 20.5 -0.35 3.25 1 0.05 13.25 8 -1.1
-5.75 -19 -0.05 3.25 3 0.85 13.25 11 -3.15
=5.75 -16 -0.05 3.25 4.2 -1.75 13.25 12 -4.05
-5.75 -13 -0.1 3.25 5.9 -2.08 13.25 14.1 -4.85
-3.75 -10 -1.23 3.25 9 -2.65 13.25 17 -3.7
-5.75 -8 -2.45 3.25 12 -1.3 13.25 20 -1.9
-5.75 -6 -2.53 3.25 15 -0.45 13.25 20.5 -1.45
-5.75 -4 -1.2 3.25 i8 -0.45 18.25 -10 -0.55
-3.75 -2 -2.15 3.23 20.5 -0.45 18.25 -14 -2.83
-3.75 0 -1.9 6.25 -19 -0.25 18.25 -9 -5.2
-5.75 3 -0.15 6.25 -16 -1.85 18.25 -6 =543
-5.75 6 =0.05 6.25 -13 -2.95 18.25 -1 -2.95
-5.75 9 -0.05 6.25 -0.7 -2.25 18.25 7 0.05
-5.75 12 -0.15 6.25 -9 2.2 18.25 10 -1.15
-5.75 15 -0.25 6.25 -7 -2.05 18.25 13 -3.05
-5.75 18 -0.35 6.25 -5 -1.25 18.25 16 =36
«5.75 -20.5 -0.35 6.25 0.5 -0.05 18,25 19 -2.85
-2.75 -19 -0.1 6.25 5 1.45 18.25 20.5 -1.65
2,75 -16 =0.15 6.25 5.7 1.8 23.25 -19 -0.9
-2.75 -13 -0.65 6.25 6.5 -2.7 23.25 -14 -1.25
-2.75 -10 -2.351 - 6.25 9 =2.95 23.25 ) -3.45
-2.75 -8 -2.45 6.25 12 -2.75 23.25 -4 -4.5
-2.75 -6 -1.45 6.25 15 -1.75 23.25 -2 -4.35
-2.75 1 -1.35 6.25 i8 -0.43 23.25 2 -3.15
-2.75 2.5 -2.2 6.25 20.5 -0.45 23.25 8.3 0.5
=2.75 5 -1.6 9.25 -19 T2 23.25 il -0.1
=275 8 -0.35 9.25 -16 -2.8 23.25 14 -2.05
=275 INE -0.15 9.25 -13 -1.95 23.25 17 -2.85
-2.75 12 -0.25 9.25 -10 -4.25 2325 20.5 -1.45
-2.75 15 -(.38 9.25 -7 -3.3
-2.75 20.5 -0.15 2,25 -4 -1.75
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Table B.31 Experimental data for rectngular vane

(F,= 0.25, dsq = 0.405 mm, Collar size AF2_.7)
1 - i 111
X y z X Y z X Y 4
(cm) (cm) (cm) (em) (cm) (em) (cm) (cm) (cm)
-5 -18.6 0.3 4 -8.9 -0.79 13 3.6 -1.7
-5 14,6 0.1 4 1.4 0.25 13 -0.6 2.15
.5 -10.6 0.1 4 3.3 i.4 13 2.4 -1.1
-5 6.6 -0.) 4 53 -1.65 13 54 -1.9
.5 2.6 0.1 4 8.4 -2.65 13 8.4 -3.8
-5 1.4, -0.3 4 11.4. 215 13 10.2 -5.05
-5 2.9 -1.1 4 14.4 -0.7 13 12.9 -6.1
-5 4.4 -0.85 4 174 -0.2 13 14.4 -5.35
-5 5.9 0.2 4 20.9 -0.15 13 17.4 3.7
.5 7.4 -0.1 7 -18.6 0.1 13 20.9 0.8
-5 1.4 -0.15 7 .15.6 -0.35 17 -13.6 .1.62
-5 15.4 0 7 -12.6 -2.15 17 -14.6 -2.69
-5 19.4 0 7 -10.3 2.7 17 -10.6 276
2 -18.6 0.1 s 9.6 -2.07 17 -6.6 -1.95
-2 -15.6 0.1 7 .7.8 -1.03 17 2.6 -2.09
2 -12.6 0 7 14 0.4 17 L4 .12
2 9.6 0.1 7 44 1 17 5.4 2.75
2 -6.6 -0.1 7 5.9 0.35 17 9.4 -3.9
2 3.4 -1.39 7 6.9 .1.65 17 13.4 -5.65
-2 5.4 2.1 7 9.4 -3.8 17 17.4 -4.19
k) 7.4 -1.35 7 12.4 2.9 17 20.9 -1.26
2 9.4 -0.15 7 15.4 -2 21 -18.6 -1,95
-2 124 0.1 7 18.4 0.8 21 136 -3.49
2 15.4 -0.1 7 20.9 -0.2 21 -8.6 -3.39
-2 18.4 0 10 -18.6 -0.1 21 3.6 -3.76 .
-2 20.9 0 10 .15.6 -0.5 21 1.4 -3.89
t -18.6 0.1 10 -12.6 -1.95 21 6.4 3.57
I -15.6 0.05 10 .9.6 2.5 21 9.4 -2.69
l -12.6 .15 10 -5.6 -0.85 21 13.4 -4.04
! -101 -0.4 10 26 -1 21 16.4 -3.99
1 4 -1.23 10 0.4 -1.65 21 20.9 -0.59
} 5.4 -1.9 10 3.4 -0.25 26 -18.6 -1.89
1 7.9 2.6 10 6.4 -1.5 26 -13.6 -3.36
] 10.4 -1.45 10 8.2 -2.55 26 8.6 4.19
] 13.4 20,15 10 103 -5.3 26 -3.6 -4.26
] 16.4 0.1 10 13.4 4.5 26 1.4 -4.36
I 19.4 -0.1 10 16.4 3.0 26 6.4 -3.39
I 20.9 -0.1 10 20.9 -0.3 26 9.6 -1.58
4 -18.6 0.15 13 -18.6 -.2 26 14.4 -2.15
4 -15.6 0.05 13 -15.6 -0.65 26 17.9 -1.09
4 -12.6 -1.4 13 126 -1.8 26 20,9 -0.27
4 .10.6 -1.95 13 06 2.3
4 -9.6 .1.42 13 -6.6 1.6
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Table B.32: Experimental data for rectngular vane
(F.=0.25, d<y = 0.405 mm, Collar size AF2.8)

I [1 [
X y z X y z X y z
(cm) (cm) (cm) (cm) (cm) (cm) (em) (em) (em)
-8 -13.4 0 4 -13.4 0.14 14 2.6 -1.44
-8 -10.4 0.16 4 -10.4 0,07 14 6.6 -3.35
-8 .7.4 0.21 4 0.1 -0.06 14 10.6 -5.86
-8 -4.4 0.23 4 3.8 1.92 14 12.6 -6.89
-8 -1.4 0.24 4 5.1 -1.25 14 14.6 -6.26
-8 1.6 -0.33 4 2.6 2.49 14 16.6 -4.87
-3 4.6 -0.47 4 10.6 237 14 19.6 2.84 -
-8 7.6 0.01 4 13.6 .2.29 14 2.1 -0.87
-8 10.6 0 4 16.6 -0.79 19 174 -1.24
-8 13.6 0.01 4 19.6 -0.18 9 -12.4 2.79
-5 -13.4 0.11 4 22.1 .0.09 19 7.4 -2.86
.5 -10.4 0.11 7 -13.4 0.01 19 2.4 -3.09
-5 7.4 0.15 7 -10.4 -0.15 19 2.6 -3.09
Ki -4.4 0.17 7 1.6 0.01 19 7.6 -3.09
.5 -1.4 -0.05 7 1.6 1 19 12.6 -5.76
-5 2.6 -1 7 6.2 .48 19 4.6 -5.59
-5 4.6 -2.09 7 6.7 .3.49 19 16.6 -4.59
-5 5.6 -1.99 7 9.6 -4.48 19 18.6 .3.38
-5 8.6 -1 7 12.6 -4 19 20.6 -1.84
.5 116 -0.14 7 15.6 .2.77 19 2.1 .1.49
-5 14.6 -0.09 7 18.6 -1.34 24 -17.4 .2.59
-5 17.6 -0.09 7 22.1 -0.09 24 -12.4 -4
> -13.4 0.14 10 -13.4 -0.19 24 74 -4.25
2 -10.4 0 10 -10.4 .29 24 24 -4
2 6.4 -0.09 10 9.3 -0.07 24 2. -3.99
2 56 4129 10 -7.4 -0.59 24 7.6 219
-2 7.6 -2.28 10 -5.4 -0.58 24 10.6 -3.36
-2 9.1 -2.19 10 2.4 -0.65 24 13.6 -3.46
2 12.6 -0.47 10 0.6 -1.33 24 16.6 -2.56
-2 15.6 -0.09 10 16 .0.46 24 19.6 113
-2 18.6 -0.09 10 6.6 -2.49 24 22.1 -0.19
| -13.4 0.11 10 9.1 -3.73 29 -17.4 22,55
1 -10.4 0.01 10 10.4 -5.77 29 -12.4 423
1 7.9 -0.17 10 13.6 -5.35 29 74 -4.74
1 0.8 0.21 10 16.6 -3.85 29 24 -4.27
1 7.6 -1 10 19.6 -2.29 29 2.6 -4.36
1 g8 -1.73 10 22.1 -0.54 29 7.6 -1.79
1 10.6 -2.45 14 -17.4 0.01 29 10,6 -0.99
1 13.6 -1.07 14 -13.4 0.46 29 13.6 117
| 16.6 -0.15 14 -9.4 -0.79 29 16.6 -0.38
1 19.6 0.01 14 .54 -1.04 29 19.6 0.24
I 22.1 -0.09 14 14 -1.75 29 22,1 0
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Table B.33 Expérimenta] data for rectngular vane
(F,=0.25, dg; = 0.405 mm, Collar size AF2.9)

1 It I
X ¥ Z X hd z X Y z
em) | (em) | Cm) | (em) | (em) | (em) | (em) | (em) | (em)
-9.5 -15.1 0.11 2.5 2.3 0.9 14.5 -i15.1 -1.89
-93.5 -11.1 0.11 2.5 7.1 -0.99 14.5 -12.1 -3.19
-0.5 =74 0.05 2.5 9.9 -2.39 14.5 -9.1 -3.85
9.5 -3.1 0.01 2.5 12.9 -2.66 14.5 -6.1 -2.59
-9.5 0.9 0.04 2.5 15.9 -0.85 14.5 -3.1 -2.1
-9.5 4.9 0.04 2.5 18.9 -0.1 14.5 -0.1 -1,99
-9.5 8.9 0.01 2.5 21.9 -0.09 14.5 2.9 -1.59
-9.5 12.9 -0.09 2.5 24.4 -0.19 14.5 5.9 -2.34
-5.5 16.9 -0.1 5.5 -15.1 0 14.5 8.9 -4,29
-0.5 20.9 -0.27 5.5 -12.1 0.03 14.5 11,9 -6.14
-6.5 -15.1 0.21 3.5 -10.1 -0.39 14.5 149 -6.17
-6.3 ~12.1 0.12 5.5 -§.1 -0.39 14.5 17.9 -4.38
-5.5 9.1 0.11 5.5 0.4 -0.09 14.5 20.9 -2.55
-6.5 -6.1 0.04 535 2.9 1.34 14.5 24.4 -0.09
-6.5 -3.1 0.02 55 4.5 1.91 18.5 -15.1 -3.09
-6.5 . -1 -0.36 55 5.7 22,26 185 -11.1 -4.27
. -6.3 2.4 . -0.93 5.5 8.9 -3.39 18.5 -7.1 -4.09
-6.5 3.9 -1.76 5.5 11.9 -3.46 18.5 -3.1 -2,69
-6.5 5.7 -2.19 .5 14.9 -2.64 18.5 0.9 -2.89
-6.5 8.9 -0.95 5.3 17.9 -1.1 18.5 4.9 -2.89
-6.5 1.9 -0.1 5.5 20.9 =(.09 I8.5 8.9 -3.48
-6.5 14.9 -0.09 5.5 24.4 .17 18.5 11.9 -5.19
-6.5 17.9 -0.1 85 -15.1 0.04 18.5 14.9 -5.69
-6.5 20.9 -0.29 8.3 -12.1 -0.39 18.5 17.9 -4.56
-3.5 =15.1 0.11 8.5 -9.1 -0.96 18.5 20.9 -1.49
-3.5 -12.1 0.12 8.5 -6.3 -0.35 18.5 244 -0,49
-1.5 -0.1 0.14 8.5 -5.1 -0.57 23.5 -15.1 -4.1
-1.5 -6.1 0.01 8.5 0.9 (3,39 23.5 -10.1 -4.85
C-3.5 -3.1 -0.27 85 3.9 0.71 235 -5.1 -4.89
-3.5 5.9 -1.57 8.5 6.9 -1.17 23.5 -0.1 -3.86
-3.5 6.9 -2.18 8.5 8.9 -5.09 23.5 4.9 -3.49
-3.5 8.5 -2.49 8.5 11.9 -5.87 23.5 7.9 -2,19
-1.5 10.4 -1.69 8.5 14.9 -4.29 23.5 10.9 -3.29
-1.5 13.9 0.01 85 17.9 -2.24 23.5 13.9 -3.59
-3.5 16.9 -0.1 8.5 20.9 -t.64 215 15.9 3.16
-3.5 19.9 -0.19 8.5 244 -0.19 23.5 17.9 -2.59
-3.5 229 -0.16 f1.5 -15.1 -0.69 23,5 20.9 -1.09
-0.5 -15.1 0.13 11.5 -12.1 -1.79 23.5 2319 0.41
-0.5 -12.1 0.11 11.5 +9.1 -2.68 28.5 -15.1 -3.95
-0.5 -9.1 0.01 11.5 -6.1 -1.49 28.5 ~10.1 -4.54
-0.5 7.9 -1.39 11.5 -3.1 -0.79 28.5 -5.1 =5.53
-0.5 9.9 -2.65 11.5 -0.1 -1.34 28.5 -0.1 -4.59
-0.5 12.9 -1.59 1.5 2.9 -0.59 28.5 49 -3.49
-0.5 15.9 0.01 11.5 5.9. -1.93 28.5 929 -0.86
-0.5 18.9 -0.09 11.5 8.9 -3.95 28.5 12.9 -1.37
0.5 21.9 -0.15 1.5 11.9 =662 28.5 15,9 -1.56
2.5 -15.1 0.11 11.5 14.9 -5.59 28.5 18.9 -0.96
2.5 -12.1 0.11 11.5 17.9 -3.49 28.5 - 219 0.31
2.5 -0.1 -0.15 11.5 20.9 -1.76 28.5 244 -0.19
2.5 0.4 0.0] 11.5 244 -0.09
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Table B.34: Experimental data for rectngular vane
(F, = 0.25, dso = 0.405 mm, Collar size AF2.10)

I I If]
X ¥ z X y Z X vy z
(cm) {cm) {cm) (cm) (cm) (cm) (cm} (cm) (cm)
-12 -17.7 . 0.4 0 -17.7 0.35 9 5.3 -0.65
-12 -13.7 0.25 0 -13.7 0.15 9 1.6 -1.8
-12 -9.7 0.1 0 -i0.7 -1.3 g 9.2 -5.65
-12 -5.7 0 0 -7.85 -3 9 12.3 -5.3
-12 -1.7 -Q.1 0 -4.7 -1.47 9 15.3 -3.8
-12 2.3 -0.45 0 -3.7 -1 9 18.3 -2.2
-12 6.3 -0.1 0 7.8 -0.85 9 21.8 -0.2
-12 10.3 -0.36 0 9.3 -1.36 13 -17.7 0.2
-12 14.3 -0.2 0 10.6 -2.035 13 -13.7 -1.17
+12 18.3 0.2 0 13.3 -0.95 13 -9.7 -2.96
-12 21.8 -0.2 0 16.3 0.05 13 -5.7 -3
-9 -17.7 0.35 0 19.3 0.1 13 -1.7 -1.7
-9 -13.7 0.2 0 21.8 0,15 13 2.3 -0.9
-9 -9.7 0.1 3 -17.7 0.3 13 53 -2.2
-0 -6.7 0 3 -13.7 0.25 13 -£.7 4.2
-9 -3.7 -1.3 3 -10.7 -1.4 13 0 -5.2
-9 -0.7 -2.3 3 3.1 -3 13 12.6 -6.9
-9 2.3 -245 3 -6.7 -2.75 13 15.3 -5.55
-9 5.3 -2.1 3 -4.7 -1.1 13 18.3 -3.35
-9 8.3 -3.85 3 -4.2 -0.8 13 21.8 -0.65
-9 11.3 -0.95 3 2.05 1.3 17 -17.7 -0.8
-9 14.3 -0.15 3 5.8 -0.85 17 -13.7 -1.25
-9 18.3 -0.15 3 7.3 -1.2 17 -9.7 -2.75
-9 21.8 -0.15 3 10.3 -1.7 17 -5.7 -3.3
-6 -17.7 0.3 3 13.3 -1.55 17 -1.7 -1.85
-6 -13.7 0.2 3 16.3 -0.45 17 2.3 -2.45
-6 -5.7 -0.05 3 19.3 0.15 17 6.3 -3.3
-6 -6.7 -1.53 3 21.8 0.1 17 9.3 -4.7
-& -4.2 2.7 6 -17.7 0.3 17 12.3 -6.85
-6 =2.7 -2.94 o -14.7 0.1 17 13.3 -6.7
-0 0.3 -2.8 6 -11.7 -2 17 15.3 -5.89
-5 3.3 -3 6 -8.7 -3.1 17 18.3 -3.45
-5 53 -3.25 6 -7.2 -2.76 17 21.8 -0.85
-6 7.3 -2.3 6 -5.7 -1.8 22 -17.7 -2
-6 10.3 -1.35 6 -4.2 -0.75 22 -12.7 -2.53
-6 13.3 0 6 1.3 0.6 22 ~7.7 -3.45
-6 17.3 0 6 4,6 1.7 22 -2.7 275
-6 21.8 -0.1 ] 5.8 -2.9 22 2.3 =31
-3 -17.7 0.3 6 8.3 -3.7 22 7.3 -3.75
-3 -13.7 . 0.15 5] 11.3 -3.6 22 10.3 -4.2
-3 -10.7 -0.4 6 14.3 -2.5 22 13.3 -5.3
-3 -1.7 -2.45 6 17.3 -1.6 22 16.3 -3.6
-3 -6,7 -2.8 6 20.3 -0.03 22 19.3 -2.15
=3 -3.7 -2 (33 21.8 0.2 22 21.8 -0.9
-3 -0.7 -0.88 9 -17.7 0.3 238 -17.7 -0.9
-3 1.3 -0.85 9 -14.7 -0.65 28 -12.7 -2.85
-3 4.3 -1.35 9 -11.7 -2.1 28 -7.7 -4
-3 7.3 -2.2 9 -8.7 -3.35 28 -2.7 -3.9
-3 10 -2.5 9 -5.2 -1.8 28 2.3 -3.25
-3 12.3 -1 9 -4.2 -1.2 28 1.3 -2
-3 15.3 0 9 -2.7 -0.4 28 12.3 -1.87
-3 18.3 0.05 9 -0.2 -0.4 28 17.3 -1.1
-3 21.8 0.03 9 23 0.2 28 21.8 0.3
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Table B.35: Experimental data for rectngular vane
(F,. = 0.25, dgy = 0.405 mm, Collar size AF2.11)

I Il I1!
X y T X y z X y zZ
(cm) (cm) {cm) {cm) (cm) (cm) (cm) (cm) (cm)

-10.5 -18.3 0.21 0 16.7 -0.15 12.5 -15.3 -0.19
-10.5 -15.3 0.1t .0 18.7 -0.19 12.5 -12.3 -1.89
-10.5 -123 0.1] 0 21.2 -0.15 12.5 -9.3 -2.92
-10.5 9.3 0.11 3.5 -18.3 0.1} 12.5 -6.3 -2.66
-10.5 -5.3 (.03 3.5 -15.3 (.01 12.5 -3.3 (.89
-]10.5 =3.3 0.01 3.5 -12.3 -1,19 12.5 =0.3 -1.7%
-10.5 -0.3 -0.25 3.5 -9.3 -2.69 12.5 2.7 -1.29
-10.5 2.7 =019 3.5 . =713 -2.16 - 12,5 5.7 -1.43
-10.5] - 570 . 0.1 3.5 -5.9 -1.18 12.5 8.7 -3.54
-10.5 .7 . 0.01 3.5 0.3 -0.15 12.5 10,7 -4.26
-10.5/ 11,7 0.01 A5 2.7 1.03 - 12.5 12.3 -6.66
-10.5 . 14.7 0.0i 1.5 6.2 -0.98 12.5] - 14.7 =5.49
-10.5 17.7] . 0.01 3.5 8.7 -2.19 12.5 17.7 -3.37
~-10.5 21.2 0.01 3.5 11.7 -2.98 12.5 212 -0.09
1.5 -18.3] 0.21 3.5 14.7] - -2.69 16.5 -18.3 0.11
-7.5 -15:3] - 0.11 3.5 17.7 -0.54 16.5 -14.3 -0.39
-7.5 -12.31 . 0.0t 3.5 21.2¢ =(.19 16.5 -10.3 -2.54
-1.5 -0.3 -0.09 6.5 -18.3 0.11 16.5 -6.3 «3.75
-7.5 -6.3 -0.68 6.5 .15.3 -0.03 16.5 23| -1.89
.75 =33 2.19 6.5 -12.3 -1.59 16.5 1.7 -2.89
-1.5 C-03 -2.27 6.5 -9.3 -3.19 16.5 5.7 C 267
-7.5 2.7 -2.17 6.5 -19 -3.16 16.5 9.7 -4.35
-71.5 4.7 -2.05 6.5 -6.3 -1.69 16.5 13.7 -5,19
-7.5 7.7 . (.89 6.5 0.9 -0.5 16.5 17.7 -3.66
-7.3 10.7 .01 6.5 ui 1.31 16.5 21.2 «0.45
-7.5 13.7 G.0! 0.5 5.7 t.81 21.5 -18.3 -4.04
-1.5 16.7 -0.19 68,5 6.7 -3.59 21.5 -13.3 -0.99
7.5 21.2 -0.07 4.5 9.7 -4.26 21.5 -8.3 -2.75
25 -18.3 011 6.5 12.7 424 21.5 3.3 -3.29
-4.5 -15.3 0.04 6.5 15.7 -2.69| . 21.5 1.7 -2.79
-4.5 -12.3 0.0 6.5 18.7 -0.67 21.5 6.7 -3.29
4.5 9.3 -0.65 6.5 21.2]  -0.14 21.5 11.7 -4.17
4.5 -6.3 -2.44 9.5 -18.3 0.11 21.3 14.7 -4.39
4.5 3.3 -1.99 9.5 -15.3 -0.09 21.5 17.7 -2.57
-4.5 1.3 -1.36 95 -12.3 -1.74 21.5 21.2 0.01
-4.5 a.1 -(.89 9.5 -0.3 -2.89 26.5 -18.3 -1.18
-4.5 11.7 0.01 DS -6.3 -2.49 26.5 -13.3 -2.48
-4.5 14.7 -0.09 9.5 -4.3 -1.02 - 26.5 -8.3 -3.37
-4.5 17.7 -0.06 9.5 -0.7 -0.58 26.5 -3.3 -4.36
-4.5 21.2 -0.14 9.5 1.7 -0.79 26.5 1.7 -3.15
0 -18.3 0.11 9.5 4.7 0.52 26.5 6.7 -2.55
0 -15.3 0.03 9.5 8.1 -1.39) 26.5 9.7 -2.74
) -12.3 -0.36 9.5 9.7 -5.79 26.5 12,7 -2.53
0 -9.3| . -2.14 9.5 12.7 -5.49 26.5 14.7 -2.26
¢ -3.3 -2.53 9.5 15.7 -3.77 - 26,5 17.7 -0.99
0 6.3 -1.95 9.5 187 -1.67 26.5 212] 0.82

0 111 -C.37 9.5 21.2 =(0.15

0 13.7 -0.16 12.5 ~18.3 0.04
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Table B.36: Experimental data for rectngular vane

(F. = 0.25, dsp = 0.405 mm, Collar size AF2.12)
| 1 111
X y z X y z X y z
(cm) {cm} {cm) (cm) {¢cm) (cm) (em) (cm) (cm)
-3.75 -14.1 0.35 6.25 14.9 -0.9 15.25 13.3 5.4
-3.75 -10.1 0.3 6.25 17.9 -0.4 15.25 15.9 -3.6
-3.75 -6.1 0.3 6.25 - 209 0 15.25 18.9 .1.35
-3.75 -2.1 0.35 6.25 23.9 -0.15 15.25 21.9 -0.03
-3.75 1.9 0.2 6.25 25.4 0.1 15.25 25.4 0
-3.75 59 0.3 9.25 -14.1 -0.1 19.25 -14.1 -0.15
-3.75 9.9 0.2 9.25 -10.1 -0.2 19.25 -10.1 0.75
-3.75 13.9 0.15 9.25 7.1 0 19.25 .6.1 -2.33
0 -14.1 0.3 925 -4.1 0 19.25 2.1 -2.65
0 -10.1 0.2 9.25 -1 0 19.25 1.9 233
0 -6.1 0.3 9.25 0.9 -0.15 19.25 5.9 2.2
0 -3 0.3 9.25 3.9 0.7 19.25 8.9 -1.85
0 0.1 0.3 9.25 7.4 0.3 19.25 1.9 3.6
0 2.9 0.3 9.25 8.6 -1.5 19.25 14.9 -2.95
0 4,9 0 9.25 10.9 2.1 19.25 17.9 -0.95
0 7.9 0.35 9.25 13.9 -5.7 19.25 20.9 -0.3
0 11.9 0.13 9.25 16.9 -1.23 19.25 23.9 0.1
0 15.9 0.15 9.25 19.9 0.2 19.25 25.4 0.2
3.25 -14.1 0.1 9.25 22.9 0.2 24,25 -14.1 0.15
3.25 -10.1 0.1 9.25 25.4 0.1 24.25 9.1 -1
325 1.6 03 12.25 -14.1 0.1 24.25 -3.1 2.3
3.25 0.4 0.2 12.25 -10.1 -0.55 24,25 0.9 -3.05
3.25 2.4 1.4 12.25 6.1 0.3 24.25 5.9 2.1
3.25 4.9 1.4 12.25 2.1 -0.5 24,25 8.9 0,15
3.25 5.9 1.4 12.25 1.9 -1 24.25 11.9 -0.7
3.25 6.9 0 12.25 5.4 -0.15 24,25 14.9 -0.3
3.25 8.9 0.15 12.25 7.9 -1.4 24,25 17.9 0.6
3.25 11.9 0.15 12.25 9.9 2.8 24.25 209 0.45
3.25 14.9 0.1 12.25 11.4 -4.1 24.25 23.9 0.25
3.25 17.9 0.1 12.25 13.9 -4.4 24,25 24.9 0.3
6.25 141 0 12.25 16.9 -2.4 30.25 -14.1 0.5
6.25 -10.1 0.05 12.25 19.9 -0.3 30,25 -9.1 -0.6
6.25 -7.1 0.05 12.25 22.9 0.1 30.25 -4.] 1.3
6.25 -4.1 0.05 12.25 25.4 -0, 30,25 0.9 -3.15
6.25 -1.1 0.05 15.25 -14.1 -0.15 30.25 5.9 220
6.25 0.9 0.2 15.25 -10.1 -0.7 30.25 14.7 2.1}
6.25 29 1.3 15.25 -6.1 -1.9 30,25 17.9 1.5
6.25 5.05 2 15.25 2.1 -1.5 30.25 21.9 1.2
6.25 5.9 -0.25 15.25 19 -16 30.25 25.4 0.3
6.25 8.9 0.6 15.25 59 -1.35 30.25 14.7 2.1
6.25 11.9 -1.3 15.25 9.9 -2.05
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Table B.37: Experimental data for trapezoidal vane (3H:2.5V)

(Fr = 0.25, d50 = 0.405 mm, Collar size BF2.1)
] T _ 1l
X y z X y z x y z
(cm) (cm) {cm) (cm) {cm) {cm) {cm) {cm) _ fem)

-5 -15.6 0.41 7 23.9 0.14 20 7.6 .5.2
-5 -11.6 0.4} 10 " .15.6 -0.2 20 -3.6 -3.87
-5 7.8 0.33 10 -11.6 -1.14 20 0.4 -3.6
-5 3.6 0.4 10 7.6 -1.2 20 4.4 2317
-5 0.4 0.37 10 -5.6 -0.5 20 7.4 2.1
-5 4.4 0.4 10 -1.6 0.7 20 10.4 -1.24
-5 9,4 0.12 10 2.4 -1.08 20 12.4 2.5
-5 13.4 0.2 10 6.4 0.73 20 15.4 -4,23
-5 17.4 0.06 e 9.2 0.84 20 17.4 -5.06
-5 214 0.14 10 114 -4.68 20 20.4 3.2
22 156 0.5 10 15.4 -3.5 20 239 05
] -11.6 0.4 10 17.6 -1.9 25 -15% -3.98
-2 1.6 0.26 10 19.4 -1.94 25 -10.6 -4.97
2 5.6 0.23 10 21.4 -0.96 25 -5.6 -5.86
& 5.4 0.2 10 23.9] 0.12 25 0.6 -5
22 0.4 0.3 13 -15.6 -1.58 25 2.4 -3.95
o 13.4 0.06 13 -11.6 2.8 25 6.4 -3.69
T -3 17.4]" 0.01 13 .7.6 .2.37 25 9.4 -2.78
) 2] .4 0.1 13 -4.6 -1.17 25 12.4 -1.8
] -15.4 0.32 12 0.6 -1.8 25 154 2.7
= -6.6 0.35 13 2.4 -1.6 25 18.4 -3.6
T 0.16 13 5.4 0.2 25 21.4 2
! g -0.4 13 7.4 0.9 25 23.9 -0.39
1 124 0.2 13 10.9 0.36 30 -15.6 -3
] 16.4]- 0.1 13 13.4 -4.57 30 -10.6 3.8
1 20.4 0 13 15.4 4.2 30 -5.6 -5.3
1 219 0.06 13 18.4 -2.67 30 0.6 -6.17
4 -15.6 0.3 13 21.4 -1.5 30 4.4 .5.27
4 -11.6 0.1 13 23.9 0.1 30 7.4 -3 .66
4 1.6 0.1 16 -15.6 2.8 30 10.4 -2.17
4 44 -1.66 16 116 -3.7 30 13.4 0.6
4 5.8 -1.86 16 1.6 -3.7 30 16.4 -1.66
4 9.4 22,16 16 -3.6 -2.35 30 19.4 -1.58
4 13.4 -0.76 16 0.4 -2.9 30 21.4 -0.5
4 17.4 0.4 16 4.4 -1.76 30 23.9 0.7
4 214 .13 16 6.4 -0.57 35 -15.6 -1.71
4 239 0.1 16 8.4 0.2 35 -10.6 -2.36
7 -15.6 0.1 16 1.4 -1.54 35 -5.6 -3.81
7 -11.6 -0.28 16 13.8 28 35 -0.6 -5.61
7 -3.2 0 16 16.2 -5.17 5 29 -6.11
7 2.4 .03 16 17.4 4.4 35 4.4 -5.61
7 5.9 0 16 19.4 -3.08 35 9.4 2311
7 8.4 -4.4 16 21.4 -1.75 35 14.9 0.54
7 12.4 .2.34 16 23.9 -0.19 35 19.4 0.19
7 16.4 2 20 -15.6 -3.8 35 239 224

7 20.4 -0.4 20 -11.6 -4.83
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Table B.38: Experimental data for trapezoidal vane (3H:2.5V)
(F, = 0.25, ds; = 0.405 mm, Collar size BF2.2)

I I 11
X Yy z X ¥ z X y z
(em) {cm) {cm) (em) (cm) (cm) {em) (cm) {cm)
-8.5 -13.7 0.2 7.5 1.3 -0.95 19.5 9.7 4.06
-8.5 -8 0.1 7.5 43 -1.1 19.5 :5.7 -4.15
3.5 3.7 0.25 7.5 6.05 0.7 19.5 -17 -3.55
-85 1.3 0.3 7.5 7.3 -4.4 19.5 2.3 .39
.8.5 6.3 0.2 7.5 10.3 -4.25 19.5 6.3 -2.65
-8.5 11.3 0.2 7.5 13.3 2.6 19.5 10 -2.03
3.5 -13.7 0.3 7.5 16.3 1.2 19.5 7.3 -3.1
-3.5 -8.7 0.1 7.5 19.3 0.2 19.5 15.3 -4.8
-3.5 3.7 0.1 7.5 22.3 0.1 19.5 18.3 .38
-3.5 1.3 0 11.5 -13.7 -0.9 19.5 213 - -1.4
3.5 6.8 0.1 115 -9.7 2.3 19.5 24.3 -0.1
.3.5 1.3 0.2 11.5 5.7 22 19.5 25.8 -0.1
3.5 16.3 0.2 1.5 B7 -1.9 23.5 -13.7 2.1
0.5 -13.7 0.35 11.5 2.3 22 23.5 9.7 3.4
0.5 8.7 0.2 11.5 6.3 -0.2 23.5 5.7 45
0.5 -3.7 -0.05 11.5 9.3 0.45 23.5 -1.7 -5
0.5 3.8 -1.5 11.5 10.3 -4.,6 23.5 2.3 -5.05
0.5 53 -2.1 11.5 13.3 4.2 23.5 6.3 2.2
0.5 6.8 -0.1 115 17.3 -2.75 23.5 11.3 -9
0.5 9.3 0.2 1.5 19.3 -1.35 23.5 14.3 3.2
0.5 11.3 0.35 11.5 22.3 0 23.5 15.4 -3.65
0.5 16.3| 0.3 11.5 25.8 0 23.5 18.3 -2.85
3.5 -13.7 0.35 15.5 -13.7 -1.95 23.5 21.8 -0.35
3.5 -8.7 0.25 15.5 9.7 3.6 23.5 24.8 -1.7
3.5 -5.7 0.1 15.5 -5.7 -3.6 23.5 258 -1.4
3.5 3.7 0.1 15.5 W1 -3.05 28.5 137 0.5
3.5 4.3 -1.7 15.5 2.3 -3.04 28.5 -8.7 -2.4
3.5 5.8 2.3 15.5 6.3 -1.05 28.5 =T 42
3.5 8.3 2.02 15.5 103 E 28.5). 1.3 .5.55
3.5 113 1.1 15.5 12.8 -3.8 28.5 6.3 -4.6
3.5 15.3 -0.85 15.5 13,8 -5.1 28.5 12,3 -0.65
3.5 19.3 0.2 15.5 16.3 -4.65 28.5 16.3 -1.75{ -
7.5 -13.7 0.2 15.5 19.3 2.8 28.5 19.3 -1
7.5 -10.7 -0.2 15.5 22.3 -0.2 28.5 22.3 0.75
7.5 1.7 -0.15 15.5 25.3 -0.15 28.5 25.8 0
7.5 -4.7 0.2 19.5 -13.7 2.7
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Table B.39: Experimental data for trapezoidal vane (3H:2.5V)
(F, = 0.25, dgy = 0.405 mm, Collar size BF2.3)

| _ T 11l
X y 2 X Y z X y Z
{cm) (em) {cm) (eny) (cm) (cm) (cm) {cm) (cm)
-9 -15,75 0.1 0 19.25 0.1 13 -7.75 -2.3
-9 -14.75 0 3 -15.75 -0.55 13 -3.75 -2.85
.G -1.75 0.1 3 -12.75 -t 13 0.25 -2.65
-9 -3.75 0 3 -9.75 -1.4 i3 4,25 -1.75
-9 0.25 0.1 3 -6.75 -2.05 13 8.25 0.6
-9 4.25 0.05 3 -6,05 -2.3 13 10.65 -0.23
-9 R.25 0.1 3 -3.75 -1.65 13 11.75 -3.95
-9 12.25 0.2 3 -2.05 -2 i3 14.25 -3.5
-9 16.25 0.2 3 T 475 -0.95 13 17.25] 215
-6 -15.75 0.25 3 6.25 1.2 13 20,25 -0.55
-6 -12.750 0 3 6,75 -1.3 13 23.75 0
-6 -9.75 0.2 3 9.25 -2.05 17 -15.75 -3.4
-6 6.75 -0.15 3 12.25 -1 17 -11.75 -2.6
-6 -3.75 -0.85 3 15.25 0 17 -1.75 -4
-6 0.75 -1.4 3 18.25 0.1 17 -3.75 -4.7
-6 2.25 -1.8 3 -15.75 -0.2 17] 025 3.6
] 6 525  -155 6 1275 -0.6 17 4.25 -2.6
-6 8.25 -0.55 6 -9.75 -1.35 17 8.45 -0.5
-6 11.25 0.2 6 -6.75 -2.05 17 11.25 -2.4
-6 14,25 0.2 6 -5.75 -2.05 17 14,25 © 4.3
-6 _B7¥ 0.2 6 -1.75 -1.4 17 17.25 -3.5
e O T e -1.4 6 -2.95 -0.95 17 20.25 _-1.45
-3 -12.75 -0.95 6 315 -0.6 17 23.75 - 0.2
-3 075 -1.4 6 . 495 -0.4 22 -15.75 2.3
3 6.75 -1.4 6 5.75 -3.05 22 -10.75 -2.6
3 -3.75 2.4 6 7.25 -3.2 22 -5.75 4.25
-3 -1.75 2,1 6 10.25 -2.15 22 -0.75 -5
3 25 -1.65 6 13.25 -0.7 22 4,25 -3.2
-3 4.25 -2.25 6 16,25 0.1 22 9.25 -1.85
-3 6,25 -2.65 6 19.25 0.t 22 10.45 -1.5
-3 725, © -25 9 -15.75 -0.15 22 14.25 -3.2
-3] 10.25 -1 9 -12.75 -0.4 22 17.25 -3.25
-3| 13.25 0.2 9 -9.75 -1.4 22 20.25 -1.3
-3 16.25 0.2 9 -6.75 2l 22 22.25 0.2
-3 19.25 0.1 9 -3.75 -1.65 22 23.75 -0.2
0 -15.75 -1.3 9 -0.45 -1.05 27 -15,75 -1.65
0 -12.78 -1.3 9 2.25 -1.5 27 -10.75 -2.3
0 -9.75 -1.7 9 525 " -0.4 27 -5,75 -4.2
0 -6.75 .1.75 9 7.55 0.45 2710 075 -64
0 -5.05 BE 9 8.25 -3.7 27 4,25 -5.5
0 -3,75 ' 23 9 9.75 3.7 27 9.25 -2.35
0 -1.75) -1.9 9 1225]  -2.65 27 12.55 -0.45
0 -0.35 -1.2 9 15.25 -1.05 27 16.25 -1.8
0 5.75 -1.02 9 18.25 0 27 19.25 -0.9
0 725 -1.5 9 21.25 0 21 21.75 0.6
0 0.75 2.1 9 23.75 0.1 271 2375 -0.05
' 0 13.25 -0.65 13 -15.75 -1.7]
! o] 1625 0.1 13 -11.75 -1.9

258




Table B.40: Experimental data for trapezoidal vane (3H:2.5V)
(F, = 0.25, dgg = 0.405 mm,Collar size BF2.4)

I 11 1]l
x -y z X y 2 X - ¥ z
(cm) (cm) {cm) ~ (cm) {em} {cm) {cm) {cm) {cm)
8.5 -14.4 0.6 3.5 -11.4 04 9.5 21.6 0.2
8.5 -10.4 0.35 3.5 1.9 .24 13.5 -14.4 -12
-8.5 -6.4 0.25 3.5 -7.4 -2.3 13.5 -10.4 315
8.5 24 0.15 3.5 -6.4 -1.6 13.5 6.4 3.8
.8.5 1.6 0.05 3.5 -5.4 -0.9 13.5 2.4 -1.65
-8.5 56 0 3.5 6. -0.9 13.5 16 2.9
.8.5 9.6 0.05 3.5 8.6 -0.65 13.5 5.6 .16
8.5 13.6 0.05 3.5 1.6 0 13.5 99 0.8
.5.5 -14.4 0.3 3.5 14.6 -0.05 13.5 1.9 2.6
5.5 -10.4 0.3 3.5 17.6 -0.1 13.5 14.6 -2.45
-5.5 -6.4 -0.35 6.5 -14.4 -0.05 115 17.6 -0.85
5.5 -3.4 18 6.5 -11.4 -1.65 13.5 20.6 0.3
.5.5 -1.4 -1.6 6.5 7.9 2.6 13.5 23.6 -0.25
-5.5 0.6 .2 6.5 -7.3 2.5 13.5 25.1 -0.2
5.5 2.6 -1 6.5 6.4 -2.03 17.5 -14.4 -0.85
-5.5 3.6 115 6.5 -5.4 -1.45 17.5 -10.4 2
55 46 -1.25 6.5 -4.4 -0.85 17.5 -6.4 -3.1
5.5 7.6 0 6.5 3.1 0.4 17.5 2.4 2,75
-5.5 10.6 0 6.5 5.1 -0.1 17.5 -0.4 -1.§
-5.3 13.6 0.1 6.5 6.1 238 17.5 16 -3
25 -14.4 0.3 6.5 7.6 -2.75 i7.5 7.6 -1.45
2.5 -10.4 0.2 6.5 10.6 -1.15 17.3 10.6 0.1
2.5 74 -1.3 6.5 13.6 -0.1 17.5 12,6 -3
2.5 -6.2 -1.8 6.5 16.6 0.1 17.5 15.6 2.1
2.5 4.4 12 6.5 21.6 -0.25 17.5 18.6 -1.1
25 -3.4 -0.85 9.5 -14.4 -1.1 17.5 21.6 0.35
2.5 4.6 0.2 9.5 -11.4 -2.5 1.5 25,1 -0.4
2.5 7.6 0.1 9.5 -8.4 -3.1 21.5 -14.4 1.9
2.5 10.6 0.1 9.5 5.4 2.1 215 -10.4 -2.3
-2.5 13.6 0 9.5 -4.4 -1.6 21.5 -6.4 -3.4
0.5 -14.4 0.2 9.5 34 0.9 21.5 24 -3.45
0.5 .10.4 -0.15 9.5 -2.4 0.7 21.5 1.6 .2.75
0.5 7.9 -2 9.5 -0.9 -0.6 21.5 5.6 .2.6
0.5 6.4 .1.8 9.5 1.6 -1.4 21.5 9.6 -0.55
0.5 -5.4 -1.2 9.5 4.6 0.8 215 1.1 0.3
0.5 6.1 -0.15 9.5 7.6 0.6 21.5 12.6 0.05
0.5 8.6 0 9.5 8.6 2.5 21.5 15.6 -1.75
0.5 11.6 0 9.5 9.6 -2.55 215 18.6 -0.9
0.5 14.6 0.05 9.5 12.6 -1.6 21,5 216 0.3
0.5 17.6 0 9.5 15.6 -0.5 215 25.1 -0.5
3.5 -14.4 0.1 9.5 18.6 -0.1
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Table B.41: Experimental datﬁ for trapezoidal vane (3H:2.5V)
(F, =0.25, dgy = 0.405 mm, Collar size BF2.5)

I Il I
X y z x y z X ¥ z

fcm) {cm) {cm) {cm) {cm) {cm) {cm) {cm) {cm)
-5 13,5 0.01 7 9.5 0.22 14 215 -0.99
-5 9.5 0.01 7 5.5 0.01 .14 26 -0.26
5 .5.5 0.01 7 4.5 -0.79 18 -13.5 -1.76
-5 -1.5 0.01 7 5.5 -0.99 18 -9.5 -2.55
-5 2.5 0.01 7 6.8 -3.24 18 5.5 -3.26
-5 6.5 0.17 7 .1 -3.39 18 -1.5 -2.79
-5 10.5 0.01 7 10.5 -3.84 18 2.5 -3.56
-5 4.5 -0.09 7 13.5 -2.69 18 6.5 -2.89
-5 18.5 -0.09 7 16.5 -1.99 18 10.5 -3.77
-5 22.5 -0.17 7 18.5 -1.69 18 13.5 -5.28
o -13.5 0.01 7 21.5 -0.09 8 16.5 -5.39
2 -9.5 -0.08 7 24.5 -0.19 18 19.5 -3.35
2 .5.5 0.01 7 26 -0.19 18 22.5 -1.33
2 6.5 -0.15 10 -13.5 0.24 18 26 -0.29
& 10.5 0.13 10 9.5 0.15 23 -13.5 -2.89
-2 14.5 0.01 10 .5.5 -0.09 23 -8.5 -3.99
2 8.5 -0.09 (0 0.6 0.9 23 3.5 -4.56
4 22.5 -0.17 10 4.5 157 23 L5 -4.09
I -13.5 0.14 10 8.5 001 23 6.5 -3.79
| 0.5 0.01 10 10.7 525 23 1.5 -3.09
| .45 0.01 10 13.5 -4.59 23 14.5 -4.25
i 11 -0.13 10 16.5 2.73 23 17.5] -3.78
1 14.5 0.01 10 19.5 -2.19 23 20.5 -1.99
! 18.5 -0.06 10 22.5 0.25 23 23.5 117
I 22.5 -0.15 10 26 -0.19 23 26 -2.09
4 -13.5 0.15 14 -13.5 -0.15 28 -13.5 -3.09
4 9.5 0.11 14 95 -0.99 28 8.5 426
4 5.5 0.0] 14 .55 -1.89 28 3.5 5.17
4 7.5 -1.19 14 .15 -1.57 28 1.5 -4.55
4 7.9 -1.29 14 2.5 -2.65 28 6.5 -3.85
4 10.5 -2.09 14 6.5 -1.89 28 1.5 77
4 13.5 -1.25 14 9.5 .2.25 28 14.5 -2.29
4 16.5 -0.19 14 12,1 3.79 28 17.5 -2.18
4 19.5 -0.19 14 14.5 -5.87 28 20.5 -0.76
4 22.5 -0.24 14 6.5 -4.56 28 23.5 -0.39
7 -13.5 0.21 14 19.5 -2.99 28 2% -039
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Table B.42: Experimental data for rectangular vane
(F, = 0.13, ds) = 0.405 mm,Collar size AF1.8)

1 il i
X ¥ 'z X ¥y z X ¥ z
e | em | em | em | em | em | em | em) | (em)
3.5 8.4 0 3.5 12.6 0.04 12.5 10.4 0.41
3.5 5.4 0.1 65 -84 0.29 125 12 -0.89
3.5 2.4 0 6.5 5.4 0.55 12.5 14.6 0.57
35 0.6 0 6.5 2.4 -1.69 12,5 17.6 -0.34
35 36 0.1 6.5 0.6 0.53 15.5 5.4 0,44
35 6.6 0.2 6.5 2.6 0.51 15.5 24 0.38
3.5 9.6 031 6.5 4.6 0.91 15.5 0.6 119
3.5 12.6 0.31 6.5 5.4 0.55 15.5 36 -0.99
LS 8.4 0.06 6.5 6.2 0.18 15.5 6.6 -0.13
LS 5.4 -0.03 6.5 7.6 -0.19 i5.5 9.6 0.82
1S 3.4 -0.29 6.5 10.6 .0.08 15.5 12.6 -0.69
Y .04 0 6.5 13.6 -0.15 15.5 15.6 -0.89
15 46 0.06 6.5 16.6 .0.08 15.5 18.6 -0.36
L5 76 0.15 9.5 8.4 .0.24 18.5 5.4 0.39
1.5 10.6 0.31 9.5 -5.4 0.46 18.5 2.4 0,14
1.5 13.6 0.21 9.5 2.4 0.76 18.5 0.6 0.1t
0.5 84 0.17 9.5 0.6 -1.02 18.5 3.6 0.08
0.5 5.4 0.2 9.5 3.6 0.01 18.5 6.6 0.05
0.5 3.9 0.2 9.5 5.6 1.21 18.5 9.6 0.13
0.5 39 -0.26 9.5 7.6 -0.09 18.5 12.6 -0.99
0.8 6.6 0.13 9.5 9.3 .0.48 18.5 156 -0.87
0.5 9.6 0.27 9.5 1.6 029 18.5 186 -0.56
0.5 12.6 0.24 9.5 14.6 037 21.5 54 002
3.5 8.4 -0.26 9.5 17.6 0.19 215 24 0.3
35 5.4 -0.46 12.5 8.4 0.45 215 0.6 -0.19
35 3 0.42 12.5 -5.4 036 21.5 3.6 123
3.5 03 .0.45 12,5 2.4 0.16 215 6.6 0.49
35 26 0.43 12.5 0.6 0.39 21.5 9.6 0.04
3.5 42 -0.27 12.5 36 -0.39 21.5 12,6 0.01
3.5 66 0.01 12.5 6.6 0.13 215 15.6 0.42
3.5 9.6 -0.03 2.5 9.6 0.82 215 8.6 0,69
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Table B.43: Experimental data for trapezoidal vane (3H:2.5V)
(Fr =0.13, d50 = 0.405 mm, Collar size BF1.14)

I

111

x y z y Z X y z
{em) {cm) {cm} {cm) {cm) (cm) (¢cmn) {cm) (cm)
-2.00 -7.10 0.03 6.00 14.90 0.0 18.00 -1.19 -0.79
-2.00 -4,10 0.08 9.00 -7.10 -0.16 18.00 1.90 -0.62
-2.00 -1.10 0.07 5.00 -4.10 -0.49 18.00 4.90 -0.42
-2.00 1.90 0.05 9.00 110 -1.65 18.00 7.90 0.31
-2.00 4.90 0.12 $.00 1.90 -1.89 18.00 10.40 1.88
-2.00 7.90 0.01 9.00 4.90 -0.29 18.00 12.90 0.51
-2.00 10.90 0.08 9.00 7.80 1.24 18.00 15.90 -1.05
-2.00 13.90 -0.05 9.00 9.30 -0.14 18.00 18.90 -0.57
.00 -7.10 -0.05 9.00 11,90 -0.05 18.00 21.90 -0.37
0.00 -4.10 -0.09 9.00 14.50 -0.03 21.00 -7.10 -0.2%
0.00 -2.60 -0.14 12.00 -7.10 .19 21.00 -4.10 -1.12
0.00 -1.10 -0.39 12.00 -4.10 -0.49 21.00 -1.10 -1.29
4.00 3.00 «0.29 12.00 -1.10 -0.62 21.00 1.90 -0.34
0.00 5.90 0.12 12.00 .90 -1.04 21.00 4.90 -0.65
(.00 8.90 0.07 12.00 4.90 -0.59 21.00 7.90 -0.29
0.00 11.50 0.08 12.00 7.90 1.31 21.00 10.90 i.51
3.00 -7.10 0.8 12.00 10.40 2.45 21.00 13.90 -0.13
3.00 -4.10 -0.05 12.00 11.50 -0.08 21,00 16.90 -1.15
3.00 -2.80 -0.29 12.00 14.90 -0.09 21.00 19.90 -0.39
3.00 2.60 -0.45 12.00 17.90 -0.17 21.00 22.90 -0.45)
3.00 3.50 -0.16 15.00 -7.10 -0.29]. 24.00 -7.10 -0.29
3.00 5.90 0.04 15.00 -4.10 -0.05 24.00 -4.10 0.17
3.00 8.90 0.01 15.00 -1.10 0.11 24,00 -1.10 -0.29
3.00 11.90 -0.03 15.00 1.90 0.02 24.00 1.90 -0.65
3.00 14.90]- 0.02 15.00 4.90 0.17 24.00 4.90 -0.54
- 6.00 <710 -0.14 15.00 7.90 0.97 24,00 7.90 -0.39
6.00 -4.10 -0.19 15.00 9.50 2,11 24.00 14.90 0.71
6.00 «1.10 -1.16 15.00 12.90 0.15 24.00 13.90 0.26
6.00 1.90 -1.39 15.00 14.00 =035 24.00 16.90 -0.29
6.00 4.90 -0.04 15.00 16.90 -0.29 24.00 19.90 =0.17
6.00 6.30 0.01 15.00 19.90 -0.39 24.00 22.90 -0.37
6.00 3.90 0.04 18.00 -7.10 -0.29
6.00 11.90 n.07 18.00 -4.10 -0.79
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APPENDIX - C

EXPERIMENTAL DATA RELATING TO VARIATION
OF STRENGTH OF VORTEX

This Appendix contains the experimental data cellected in River Engineering
Laboratory, Water Resources Development Training Centre, Indian Institute of
Technology Roorkee, India. The data presented here have been used in Chapter 6 of

this thesis. The Fig. C.| indicates the sign convention and axes.

¥ (1)
1 Vane
z{+)
Flow
(0,0,0) — X (+)
Angle of attack

Fig. C.1 Definition sketch of origin for three dimensional
velocity measurements

Origin = middle bottom edge of vane at initial bed level
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Table C.1: 3D velocity components for rectangular vane ( T/d = 0.60)

Angle of attack = 30° Angle of attack = 35°
coord. v, v, v, coord. v, v, VA

(cm) (cm/s) (cm/s) {cm/s) (cm) {cm/s) (cm/s) {cm/s)
15123 15.24 T 214 -0.59 15,-12,3 13.8 2.75 -0.72
15-12.6 15.55 1.63 -0.9 15,-12,6 13.87 2.73 -0.68
15-12.9 15.54 1.35 -0.81 15,-12,9 15.61 2.29 -1.13
15.-9.3 15.36 2.78 -0.78 15.-9.3 13.58 3.75 -1.22
15.-9.6 1534 2.12 -1.39 15.-9,6 13.71 2.85 -1.04
15.-9.9 14.63 0.87 -1.16 15,-9.9 14.92 211 -1.68
15,-6.3 14.67 1.96 -1.35 15,-6,3 12.23 4.6 -2.75
15,-6,6 14.38 2.26 -2.27 15,-6,6 13.47 2.56 -3.07
15,-6,9 14.53 0.57 -1.47 i5,-6.9 15.06 1.51 -2.1
15.-3,3 13.73 531 -2.9 15,-3.3 6.91 5.16 -4.65
15.-3,6 14.06 2.14 -3.71 15,-3.6 105 0.47 -5.45
15,-3,9 13.47 -0.44 -2.46 15,-3.% 14.05 -0.35 -2.52
15,03 11.31 8.25 -4.65 15,0,3 2.28 5.58 -1.53
15,0.6 12.9 -1.27 -5.99 15,0,6 5.97 -4.4 -3.04
15.0.9 14.7 -2.23 -1.74 15,09 14.41 -2.93 -1.19
15.3,3 9.74 9.94 3.64 15,3,3 4.11 7.66 4.67
15,36 12.01 -4.63 4.69 15,3,6 6.72 -3.44 2.98
15,3.9 14.89 -3.25 0.81 15,39 14.26 -2.37 1.5
15.6,3 8.98 1.92 2.89 15,6, 6.34 5.34 3.05
15,6.6 12.06 1.76 3.69 15,6.6 8.3 0.84 3.6
15,69 13.28 -0.86 227 15,6,9 12.5 -0.17 2.71
15.9,3 11.71 1.95 1.2% 1593 11.21 1.31 1.5
15.9.6 12.78 1.4 1.94 15,9.6 12.07 1.32 1.96
15.9.9 12.81 0.19 .73 15,9.9 11.96 1.69 1.41
15,123 11.38 1.05 ] 15,123 12.19 1.17 0.87
15,12,6 12.21 0.87 1.43 15,12,6 12.05 1.79 0.92
15.12.9 12.47 0.83 1.32 15,12,9 11.42 2.43 0.9}

Angle of attack = 40" Angle of attack = 45°
coord. Y, v, v, coord V., Y, i

(em) (em/s) {cm/s) (cm/s} {em) {cm/s) (cm/s) {cm/s)
15,-12.3 15.17 3.31 -1.57 15,-12.3 13.36] 2.89 -0.7
15,-12,6 14.84 2.73 -1.7 15,-12,6 16.4 2.58 -1.03
15.-12.9 14.83 1.93 -1.45 15.-12.9 17.01 1.97 -1.24
15.-9.3 15.13 4.52 -1.94 15,-9.3 14.6 3.41 -1.73
15.-9.6 15.09 3.19 -2.17 15,-9.6 14,92 2.29 -1.7
15.-9.9 14.02 1.7 -1.72 15,-9.9 16.42 1.79 -1.28
15,-6.3 14.03 5.5 -2.69 15,-6,3 11.93 4.08 -3.87
15,-6.6 14.19 3.04 -3.23 15,-6.6 13.84 1.64 -3.47
15,-6.9 14.81 1.18 -2.17 [5.-6,9 15.83 0.76 -1.84
15.-3.3 1241 7.13 -4.73 15,-3,3 5.43 2.92 -4.65
15.-3.6 13.69 2.91 -5.08 15,-3,6 9.81 -0.88 -3.75
i5.-3.9 14.41 0.26 -3.27 15,-3,9 15.02 -0.26 -2.1
15.0.3 9.1 8.58 -6.991 - 15.0.3 1.34 2 -2.45
15.0.6 12.21 -0.71 -6.51 [5,0,6 3.39 -4.17 -3.18
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Contd...Table C.1: 3D velocity com ponents for rectangular vane ( T/d = 0.60)

Angle of attack = 40° Angle of attack = 45°
coord. vV, v, v, coord. v, v, v,
(em). {cm/s} {cm/s) {em/s) (cm) {cm/s) {cm/s} {cm/s)
15,0.9 15.88 -1.42 -2.81 15,0,9 14.41 -2.32 -1.91
15,33 1.03 5.72 1.08 15.3.3 0.41 2.58 1.6
15,3,6 8.84 -4.84 -0.92 15.3,6 3.04 -3.78 1.43
15,3,9 16.83 -3.42 0.08 15,3.9 12.69 -2.54 0.6
15.6,3 7.43 9.21 2.03 15,63 (.85 1.63 3.93
15,6,6 11.18 -1.54 7.21 15,6,6 4.11 -1.58 3.7
15.6,9 15.3 -1.03 3.14 15.6.9 12.88 -0.5 1.61
1593 10.87 5.86 0.68 15,9.3 10.9 0.14 1.21
15,9.6 13.23 2.44 3.19 15,9.6 12.51 0.43 1.93
15,99 - 13.96 0.66 23 15.9,9 12.46 .68 1.38
15,12,3 11.63 2.61 1.03 15,123 11.36 -0.06 1.47
15,12,6 12.32 2.38 1.83 15,12,6 12.17 0.83 1.04
15,12,% 13 1.38 1.58 15,129 11.98 .48 0.83
Angle of attack = 50° i
coord. Vx Yy Yz
(cm) {cm/s) {cm/s) {cm/s)
15,-12,3 14.97 2.96 -0.8
i15,-12.6 15.62 2.42 -1.19
15,-12,9 15.95 1.8 -1.07
15,-9.3 14.45 3.85 -1.47
15,-9,6 15.51 3.1 -2.08
'15,-9.9 15.29 1.76 -1.71
15,-6,3 13.35 5.55 -3.78
15,-6,6 14.31 2.98 -3.8
15,-6,9 15.14 0.86 -2.58
15,-3,3 10.61 5.21 -4.84
15,-3.6 12,72 0.17 -5.87
15,-3.9 15.42 -0.59 -3.4
15,0.3 -0.11 2.43 -1.67
15,0,6 7.95 -3.01 -3.91
15,0,9 15.93 -1.72 -2.28
1533 0.31 5.13 2.04
15,3,6 5.46 -4.09 -0.76
15,3.9 10.21 -4.09 =(.86
15,6,3 2.93 1.07 5.23
15.6,6 4.76 -4.16 2.85
15,6,9 14.98 -1.55 1.62
15,2,3 2.62 4.84 1.39
15,9,6 2.19 0.21 3.38
15,99 13.61 0.02 [.93
15,123 11.94 2.49 0.28
15,12,6 12.39 2 1.59
15,12.9 12.69 (.88 1.36
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Table C.2: 3D velocity components for rectangular vane

( T/d = 0.67)
Angle of xttack = 30° Angle of attack = 35"
cootd. v, ¥, LA coord. Y. v, Y,

{cm) {cm/s) Jemis) {em/s) {cm) {emfs) {cm/s) {cm/s)
15.-15.3 15.53 1.42 041 15,153 16.16 2.56 -0.41
15,-15,6 16.19 024 051 15.-15.6 16.58 1.96 -0.72
15,-15,9 16.42 0.48 .55 15:159 16.67 §.44 _ .57

15-15,12 I .66 Ql4 0521 . 13-1512 16,82 , 1.05| 0,26
15.-123 16.15 199 0.46 15-123 15.82 3,33 0.44
15-12.6 1669 1.01 Q.71 15-12.6 15.93 2.12 0,69

15-129 158 Q.51 -0.56, 15-129 16.23 1.33 0,56

15.-12.12 16C9 0.06 -0.54 15-12,12 16,68 |.08 £.27

15,93 1314 2.37 <048 15,-9.3 15,27 3.64 .91
15,26 1516 1,28 0,88 | 5,96 15.27 2.05 -].1
1599 15,14 0.8 .0.79 13,99 15.34 ] 0.72
15,-9,k2 1547 -0.32 041 15912 15.1 (k] -0.39
15,-6,3 13.52 30 1,45 |5,-6.3 13.69 4.49 -1.92
15,-6.6 13.67 0.89 2,09 15,-6,6 14.41 2.16 -2.37
15,69 14.63 031 .13 13,60 13.05 0.36 LS
156,12 14,92 0.6 0.47 15,46,12 15.33 012 -0.35%
15-1,3 13,0 5.21 48 15,-3,3 12.65 7,04 582
1516 13.04 0.11 -6.03 15-36 13.78 0,76 .43
15.-1.9 14.61 -1.77 =249 1539 15,38 -1.23 -2.86
153,12 14.75 1.34 L0467 15.3.12 15.51 .0.95 .0.46
15.0.2 6.92 6.63 301 1503 411 5.72 -4 }3
15,06/ 6,71 «4,8% <377 15,0.6 5.24 -3.9 4.4
15.0.9 14,67 -5.18 -1.68 15.0,9 14.22 -4 B2 -1.B4
15.0,12 14.56 -1.99 041 150,12 14,59 -1.37 0.5
153,3 $.06 7.13 4.32 15.3.3 596 5.95 4,84
15,3,6 B.6&7 -3.67 349 15,36 7.83 -3.82 6.17
1519 12.95 -4 36 223 15,39 11.46 -4.47 2.44
133,12 1513 21 a9l 153,12 14.85 .74 117
15,63 384 2179 2.54 15,6,3 6.74 324 441
13,66 1239 065 3.48 1566 9,46 0.02 4.62
1569 14,66 .01 2.77 1369 15.09 0,72 33
15,612 15 071 [2 156,12 13,72 -0.16 1.48
1593 12.96 0.14 1.28) 1593 §3.54 1.0%8 1.31
1596 14.5% 0.03 2.07 1596 15.64 0.26 2.9
1599 14.39 -0.12 1.81 1599 15,45 0.25 1.85
159,12 14.61 0.18 091 159,12 15.25 . 0.92 1.03
15,12,3 13.77 -0.07 092 15,12,3 14,86 1,02 1.29
15,126 14.93 (53 .97 15126 15.47 0.95 1.2
15.12.9 14.97 0.26 .77 15,12.%9 15.22 0.82 (.84
15,1282 15 - 043 052 15,1212 15.3% 1.46 0.58
13,153 14.07 0.02 032 15,15,3 15.37 091 Q.42
15,15.6 1519 Q.09 34 15,136 13,44 104 0,33
15,15.9 15329 0.41 .09 15.15.% 15.39 t.31 0,27
15,1562 15.4 0.54 0.1 15,15,12 15.33 1.52 0.15

Angle of attack = 40" Angle of attack = 45°
coord. Yy \ Y, coord. v, v, v,

{cm) {em1) (cmis) (cm/s) {cm} {cms)} {cm/s) {em/s)
15153 14.06 1.69 .19 15,-15.3 16.45 3.52 .41
15,-15.6 1507 1,23 -0.34 15156 16.48 2.7 -0.53
15-15.% 1478 1.04 -0.45 15,-159 16.68 2,26 -0.37

15,415,012 15.04 0.33 -0.21 15,-15,12 16,71 1,91 .43
15,123 14,47 1.79 .(0.84 15-12,3 14.71 1.66 -0.33
15-12.6 15.22 1.4 -1 15,-12.,6 15.66 2.68 .69
15,-12.9 15.42 0,94 L -0.T) 15129 16.71 244 .81

15,-12,12 1529 0.8 {.62 i5-12,12 16.23 1.87 .24
15,-9.3 14,67 2.25 -1.55 15,-9,3 14,1 391 -1.45
15,-9.6 15.27 . 136 -1.87 15.-9,6 14.81 2.53 -1.44
15.-9.9 15,83 0.91 =147 15,89 15.58 1.84 -1.06
159,12 15.54 0.73 -1 159,12 15.98 ].56 -0.47

15,-6,3 14.65 3.75 -2.93 15,63 13.33 496 =3.52
15,66 15.64 1.79 -3.56] - 15,66 14,91 2.32 -3,64
15-6.9 18,79 0.36 .2.43 1559 16.09 1.23 -2.23
15612 15.98 -0.04 «|.44 15,612 15.81 1.22 .63
15,-3,3 12.46 5,79 671 15-13 5.84 4.9 -5.43
15.-3.6 14.98 0.49 5.94 15-3.6 10.67 -0.91 -5.86
15,-39 16.92 -1.39 -3.51 15-3.9 16.12) -1,28 -3.17
15-312 16.29 0,99 1,62 15,-3,12 16.27 0.2 .95
15,03 27 3.2 -4.15 1503 0.97 3.02 -2.93
15,06 9 -4.93 -5.07 1506 5.5 -1.55 -5.15
15,05 17.41 .54 -2.89 1509 15,8 =2.85 -2.86
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Contd...Table C.2: 3D velocity components for rectangular vane

(T/d = 0.67)
Angte of attack = 40° Angle of aftsck = 45"
coord, v, Yy Y, coord, v, vy v,
(em) {cm/s) {em/s) (cm/s) {cm) {em/s) {cmfa) {cm/i)
15,0,12 ,11.07 2212 .95 150,12 16.33 -0.84 =084
15,3, 343 64| 395 15,33 0438 4.31 1.9
153.8 7.84 -8.65 0.43 15,156 3181 -4.67 0.43
1539 15.94 «H.41 011 15,39 12.05 -5.3 -0 55
153,12 17.16 -2.7 .34 153,12 16 58, -1.01 043
1563 5.98 6,12 8.78 1563 3147 4.62 6
15,66 5.63 2 5.68 15,6,6 499 297 551
15,69 16,13 -3.27 3.3 15,69 13.93 -2.45 2.46
15,612 17.11 -1.56 .46 156,12 16,73 -0.3 1.2
1593 Ia&f 5.03 -1.1 §593 10.62 2.35 0384
159.6 15.04 2.33 3.31 13.9.6 142 1.48 281
15,99 1698 -0.14 3.65 13.9.9 1582 0.7% 2.2
159,12 16.87 -0.36 1.5 15,982 13.91 1.16 1.03
15,123 15.48 £.71 0.7 15.t2,3 1so2 166 09
15,12,6 16,61 1.67 1.42 15,126 15.71 1.75 .31
15,129 | 6,88 0.99 | & 15,12.9 135.89 1.54 1 08
1502,12 16.7 0.63 497 15,12,12 15.85 1.93 0.66
15,153 15.91 1.5 0 86 15.15,3 15.36 1.74 05
15,156 16.59) 1.25 094 15,156 16.25 1.79 a2
15,159 1672 0.93 0 81 15,15.9 16 21 1.72 038
15,1512 16,52 (.84 0.63 15,1512 1577 235 006
Angle ol attack = s
coord. v, v, v,
{em) {em/s} (cm/s) (cm/s)
15,-15,3 16,14 2.58 -0.19
15,-15.6 1719 .34 0.52
15.-159] . 16.56 .82 40,49
15,-15.12 17.56 I.B -0.5
15-12.3 15.46 3.25 =0.54
15-12.6 17 2.6 -1.23
15,-129 1741 216 .0.85
15,352,121 17.78 | 64 -0.28
15,-9.3 £5.07 422 -|.64
15,-9.6 16,43 .66 -2.01
15,29 17.2 1.9 163
15,-9,12 18.09 1.58 .0.64
15.-6,3 11.29 4 48| ~4,43
15,6,6 15.27 194 466
15.-6.9 16.1 1.02 -2.38
156,12 169 1.21 -1.13
15,33 6,49 4.18 348
15,:3.6 11.21 =1.01 =473
15,39 17.26 -0.83 319
15.-3.12 .54 44} 2213
1303 0.46/ 317 =272
15,06 334 +3.24 -4.31
15.0.9 16.37 -2.98 =281
15,0,12 17.65 -0.54 0.8t
15,33 -117 2.52 .36
15,3.6 1,35 «5.83 -1,16
1539 13.97 -3.85 -1,38
15,312 17.32 -0.99 -0.17
1563 .0.17 378 197
1566 2.83 ~4.03 342
15,69 1395 -2.83 0.63
15,6,02 17.18 .31 0.65
1593 5.55 1.22 2.86
159.6 12,85 1,33 13
1599 16,85 0. 6 1.53
159,12 17.05 Q.37 0,38
15,123 15.16 0.83 062
15,12,6 16.16 0.87 1.6/
15,129 17.12 0.75 105
15.12,12 16.85, 1.92 0.65
15.15.3 15.86/ 1.1] i
15.15.6 16,77 .92 0.71
15,159 16.93 1.36 0.29
13.15,12 16.58 1.66 028
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Table C.3: 3D velocity components for rectangular vane (‘T/d = 0.75)

Angle of attack = 30° Angle of attack = 35°
coord. v, v, V, coord. V. Y, Y,

{cem) {cm/s} {cm/s) {cm/s) (cm) {cm/s) (em/s) (em/s)
15,-12,2 12.05 2.67 -0.28 15,-12,2 10.86 1.82 -0.43
15,-12,4 12.55 2.64 -0.42 15,-12,4 10.89 1.67 -0.59
15,-12,6 13.01 2.59 -0.69 15,-12,6 11.39 1.56 -0.84
£5,-12,8 13.21 2.38 -0.77 15,-12,8 12.21 0.93 -1.08
15,-12,10 12.95 1.94 -0.71 15,-12,10 11.49 0.37 (.24
15,-12,12 13.06 1.63 -0.72 15,-12,12 i1.92 0.78 -0.24
15,46,2 L8 4.49 -0.83 15,-6,2 9.24 3.99 -1.86
15.-6,4 12.22 3.79 -1.59 15,6,4 10.74 3.09 -2.25
15,-6,6 12.04 3.24 -1.82 15,-6,6 11.15 1.89 -2.44
15,-6,8 12.14 2.35 -1.55 15,-6,8 208 0.14 -0.33
15,-6.10 12.22 1.86 ~1.42 15,-6,10 11.29 0.57 -0.79
15,-6,12 12.44 1.T1 -1.41 15,-6,12 12.05 0.39 -0.51
15,0,2 9.68 8.21 -2.56 15,0,2 4.21 6.49 -1.44
15,04 9.93 6.41 -4,98 15,04 2.77 1.48 -1.82
15,0,6 11.28 0.96 -5.16 15,0,6 4.61 -3.44 -f.86
15,0.8 12,38 0.32 -2.49 15,0,8 8.79 -4.41 -1.51
15,0.10 2.2 -0.25 -1.21 15,0,10 11.6 -1.82 -1.23
15,0,12 12.47 0.21 (.95 15,0,12 11.79 -0.89 -0.39
15,6.2 7.18 3.89 0.99 15,6,2 3.98 2.43 0.91
15,6,4 8.66 3.81 2.54 15,6,4 6.53 1.31 3.03
15,6,6 9.49 2.79 3.27 15,6,6 8.71 -0.39 3.62
1568 12.01 1.35 3.08 15,6,8 10.03 -0.77 3.02
15,610 11,66 0.38 1.98 156,10 11.38 -1.7 16
156,12 11.9] 0.19 1.16 15,6,12 11.36 -0.79 1.11
15,12,2 8.99 1.86( . 0.72 15,12,2 9.71 0.3 0.6
15,12.4 10.15 1.71 1.12 15124 0.62 0.49 0.85
15,12,6 11.1] 1.68 1.24 15,12,6 10.47 0.58 0.69
15,12,8 11.43 .57 1.26 15,12.8 10.3¢ 0.54 (.95
15,12,10 11.33 1.27 1.48 15,12,10 £1.21 0.17 0.81
15,12,12 11.98 1.05 0.87 15,12,12 11.49 0.2 0.5

Angle of attack = 40° Angle of attack = 45°
coord. v, v, Vv, coord. v, v, v,

(em) (ern/s) (cm/s) {cr/s) {cm} {cm/s) {cm/s) (cm/s)
15,-12,2 11.68 2.11 046)  (15,-12,3) 11.05 2 -0.64
15,-12,4 12.03 .32 -0.85]  (15,-12,6) 1115 1.26 -1.09
15,-12,6 12.12 1.67 -092] (15,-12,9) 1231 1.24 -1.09
15,-12,8 12.66 1.35 -1.09] (15,-12,12) 12.53 £.06 -0.58
C15,-12,10 12.89 [.16 -0.92 (15,-6,3) 8.87 4.03 -3.73
15.-12,12 12.75 0.98 -0.92 (15,-6,6) 13.55 -0.48 -4.09
15.-6.2 10.95 4.05 -1.7 {15,-6.9) 11.99 0.12 -1.9
15.-6,4 11.33 3.02 <233 (15,-6,12) 12.48 0.22 -0.85
15,-6,6 12.1 2.06 -2.58 (15,0.3) -0.44 1.86 -1.23
15.-6,8 11.96 1.27 209 (15,0,6) 2.26 -4.02 -2.17
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Contd...Table C.3: 3D velocity components for rectangular vane ('T/d = 0.75)

Angle of attack = 40°

Angle of attack = 45’

269

coord. v, ¥, v, coord, v, ¥, v,
{cm) (cm/s) (cm/s) (cm/s) (cm) {cm/s) (cm/s) (cm/s)
15,-6,10 12.21 0.47 -1.67 (15,0,9) 11.79 -3.5 -1.02
15,-6,12 12.77 0.14 141 (15,0,12) 12.56 -1.25 -0.01
15,0,2 5.99 8.46 «4.14 (15,6, 0.5 2.94 4.3
15,0,4 3.7 1.1 -5.04 (15.6,6) 3.28 -2.13 4.25
15.0,6 9.5 -2.41 -5.23 (15,6,9) 11.82 -(.85 247
15,0,8 12.935 -1.66 30 €15,6,12) 12.25 -0.28 0.95
15,0,10 12.3 «1.53 -1.68] (15,12,3) 11.52 0.5 0.97
15,0,12 12.73 -1.02 -1.19] (15,12,6) 12.03 0.33 1.17
15,6,2 6.94 7.96 2.93] (15,129 12.02 0.67 0.76
15,6,4 1.7 4.66 6.03| (15,12,12) 12.35 0.62 0.59
15,6,6 8.15 0.33 5.32
15,6,8 11.49 -0.71 3.09
15,6,10 11.62 -0.99 1.63
15,6,12 11.6 -1 0.81
15,12,2 9.1 1.56 0.83
15,12,4 10.04 1.74 1,11
15,12,6 10.46 1.13 1.54
15,12,8 10.63 0.58 1.45
15,12,10 11.54 0.35 Q.76
15,12,12 11.45 -0.06 0.76
Angle of attack = 50°
coord. v, Y, v,
(cm) {em/fs) {cm/s) (cm/s)
(15,-12,3) 11.62 2.25 -0.71
(15,-12,6) 12.12 1.87 -0.96
(15,-12,9) 13.12 1.55 -1.08
(15,-12,12) 12.48 1.24 +0.86
(15,-6,3) 11.37 429 -3.28
{15,-6,6) 12.35 2 -3.14
(15,-6,9) 13.15 1.12 -2.2
(15,-6,12) 13.21 0.52 -1.26
(15,0,3) -0.56 1.69 -1.81
{15,0,6) 4.59 -3.76 -24
(15,0,9) 13.86 -1.43 -1.54
(15,0,12) 13.9 -0.48 -0.86
{15.6,3) 2.96 2.93 4.01
(15,6,6) 4.95 -2.72 2.89
{15,6,9) 13.29 -0.64 1.15
{15.6,12) 12.78 -0.6 0.37
(15,12,3) 10.42 1.4 0.77
(15,12,6) 11.07 1.24 1.35
(15,12,9) 11.71 0.78 1.17
(15,12,12) 11.82 0.37 0.71




Table C.4: 3D velocity components for double curve type I vane

(T/d =0.67)
Angle of attack = 30 Angle of attack = 31
coord. LA v, v, reord, ¥, ¥, ¥,
{em) (cm/s) (em/s) {cim/s) {cm) {emA) {em/s) [cm/s)
15,-15.3 16.25 211 0.15] 15.153 16.89 2.56 .18
15-15.6 17.32 1.73 0.01 15-156 18.04 207 0.3}
15-15.9 17,88 .53 .21 15159 18.29 1.89 0,33
15.-15.12 13,13 1.31 -0.26] 15-15.12 18.22 .44 -0.12
15-i12,3 16.87 2,33 0.16]  15,-123 16.7 2.42 0.1
15-12.6 17.87 F88 0.06] 15126 18.05 2.29 -0.29
15-129 17.99 1.63 006 15-129 18.52 1.84 0.4
15,-12,12 18 1.27 009 15-12.12 18.44 144 -0,04
15,-9.3 16.55 2,65 0,03 15,93 17 1.9 ¢.35
15,-9.6 17.55 1.91 .19 15,96 17.82 2,35 .61
15-5.9 18,1 1,66 .19 1599 18.41 2.04 -0.84
159,12 18.14 1.i9 0.03 15,-9 12 1849 1.23 .43
1563 15.98 3.06 -0.53 I5.63 i5.75 4.36 -0.56
15-66 17.53 2.18 0,74 15,66 16.35 2.B7 -2.114
1569 18.31 1.7 0.57 15,-69 17.38 1.68 1.7
15,-6,12 18,57 1.2 .28 15.-6,12 18,56 0,39 -0.87
1533 156 .86 -2, 15,-33 13.82 132 -2.94
13-3.6 i7 2.41 -2.85 i5-36 16.27 2.52 -5.86
15.3.9 18.7 0.37 -1.73 1539 16.63 0.22 -3.05
15,-3,12 18.52 0.77 -0.63)  15.313 19,03 0.02 5.83
£5,0,3 6.87 6.34 «2.96 15,0.3 1028 10.53 -1,44
1506 1.46 -1.46 -4.65 1506 7.94 -7 -1.2¢
1509 16.98 -1.09 -1.66 15.0.9 15.37 -3.73 =115
150,12 19.09 -0.13 -3.42 15012 1942 -1.41 0
1533 7.13 6.52 1.81 15,33 92.09 8.63 1.21
1536 7.17 «2.37 2.12 1536 8.84 -0.58 1.99
1530 12.9t =235 0.77 1539 13.55 =217 1.82
15,312 18.3 0.09 -0.05 153,12 20.05 -1.05 1.31
1563 1.67 1.7% 2.93 15,6,3 3.38 4.53 4.76
1566 9.56 1.4 242 1566 5.56 -1.4 341
1569 13,19 D23 1.64 15,69 16.27 0.58 2.68
156,12 13.32 0.44 0.79 156,12 19.58 0.44 1.9
15.9.3 4.8 1.7 (.94 15,03 11.63 3.3t 0,51
15.9.6 10.3% 1.43 1.33 15,9.6 16.99 2.84 2.1
1599 17.18 Bl 1.15 1599 18.81 1.97 1.89
15912 i8.12 1 0.55 15912 19.12 1.26 1.46
15,123 14,11 219 0.87 15,12,3 14.75 3.85 1.31
15.12.6 1645 1.64 [ 15,126 18.27 2.82 t.4
15129 17.36 1.53 0.78 1512,9 18.46 23 1.35
15,12,12 17.65 118 0351 15,1212 19.17 i.83 I.15
15,15.3 13.98 19 0,55 15.15,3 15.23 2.89 0.74
15,156 16.79 1.67 0.7 15156 17.16 2.55 .12
15,E59 17.52 1.52 0.51 15,159 18,14 227 11
15,1512 17,78 1.49 0.35] 151512 18.53 212 1.06
Angle of attack = 40° Angle of attack = 45"
coard, v, ¥, Y. coord. LA V, = v,
(em) {om/s) {cmis) {emi) {cm) {em/s) {em/s) {cm/s}
15-153 1569 0.62 -0.24 15153 16.25 2.52 Q.15
15-15.6 16.81 0.54 036 15-1546 17.32 2.00 0.26
15155 17.04 0.28 0.2 15-15.9 17.88 1.63 0.36
15-15.12 16.85 0.01 0.08] 15.-1512 813 1.32 0.13
15-12.3 16.15 | 0% -0.11 15-12.3 6.87 3.21 -0.48
15,-12,6 16.56 0.77 -0.26 15,-12.6 17.87 2.52 066
I5.129 16.97 041 -0.42 15-12.9 17.99 1.84 -0.71
15-12.12 16.97 0.01 0187 15.-12.12 i3 1.25 <0.23
15-91 15.62 1.45 -0.34 15,49.3 16.55 3.61 -0.8¢
15-9.6 16.42 0.9 -0.51 15,-9.6 17.55 .3 1.18
15-99 16.31 0.3 .54 t$-09 18.1 2.1% -1.09
15,-9.12 16.74 0.02 036] 15912 18.14 0.95 0.6%
15-6,3 15.27 26 +1.05 15,.-6.1 15,98 5.13 -1.08
15,66 15,84 1,67 -1.49 156,65 17.53 .39 -3.06
156.9 16.84 0.36 <101 15.-6.9 18.31 1.52 -2.21
15,-6,12 17.5 -0.27 -0.57 15-6,12 18.57 .56 -1.26
15,-3,3 14.01 4.5 -3.08 15.33 15.6 7,18 -5.05
15.-3.6 1647 1.27 .25 15-3.6 17 3.08 -6.13
15-39 17.65 -0.07 -2.52 15-39 18.7 0.29 -3.63
15,-3,12 i7.57 <147 AI7]  15-3 12 18.52 -0.47 -6
150,3 12.62 817 -2.72 1563 6.87 7.72 -3.38
15,06 8.66 «3.43 -4.39 1506 7.46, -2.61 -5.33
15.0.9 18.41 -3.79 -1.97 1509 16.98 -3.93 -3.21
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Contd... Table C.4: 3D velocity components for double curve type I vane

(T/d = 0.67)
Angle of attack = 40° Angle of sttack = 45"
coord. V. v, Y. coord, v, v, v,
(em) {cmfa) (cm/3) (cmfs) {cm}) {cm/1} {em/s) fem/f)
150,12 17.84 -2.24 -0.17 15012 19.09 -1.69 -1.06
1533 11.77 3,19 3.54 1533 7.13 917 4.16
15.3,6 11,18 217 4.82 15,3.6 1.17 -3.98 1.52
1539 16.48 4.71 | .64 1539 12.91 -4.86 (.57
153,12 17.68 -2.42 0.96 153.12 18.3 -2.03 0.52
15,63 7.31 431 3.28 15,63 7.67 9.22 6.19
15.6,6 8.67 1.48 116 1566 9.56 1.46 5.54
1569 17.78 087 2.76 15,69 13.19 -1.91 235
156,12 17.83 -1,39 1.38 156,12 18.32 =0.7! 137
1593 14.44 1.21 0.9 15,9.3 4.8 8 0.58
1596 709 1.35 1.38 159.6 10.39 1.93 2.96
1599 1.07 0.11 1.67 159.9 17.18 1.23 2.37
159.12 7.36 0.39 1.23 15,012 18.12 0.16 }.59
15,12,3 14.53 1.32 0.9 15,12.3 1411 2.73 -0.2
15,126 16.4 0.79 1.16 15,126 16.45 3.01 1.58
15,129 17.19 0.53 1.13 15,129 17.36 1.95 1.92
15.12,12 17.49 -0.32 1.03] 15,1252 17.65 1.12 j.33
15,153 15.09 0.97 0.77 15.15.3 13 58 2.88 1.25
15,15,6 16.7 0.92 1.11 15,15.6 16.79 2.16 1.25
15,159 17.15 0.55 0.9 15,15.2 17.59 2.11 1.22
15.15,12 17.02 0.29 0.82) 15,1512 17.78 1.4 091
Angleof aiiack = 50
coord. v, v, v,
(cm} {cm/s) {em/s) {em/s
18.-153 - 45.05 2.56 0.02
15-15.6 17,22 238 -0.26
15159 17.62 2.06 <0.3
15.-15,12 17.51 1.86 -0.33
15,-12.3 15.11 295 -0.07
15.-12.6 17.1 2.82 047
15-129 17,63 2.2 -0.56
15.-12,12 17.98 1.67 .52
15,-9.3 15.76 3.63 -0.34
15,.9,6 17.18 329 #0.9
15,-9.9 17.75 2.45 -1.09
15,-9,12 17.91 1.65 -0.81
15.-6,3 i4.21 4.88 -1.19
15,+6,6 16.78 4.01 -2.53
15.-6.9 17.77 2.3 -2.03
156,12 18.11 1.09 -1.2
15.-3.3 13.81 7.41 -3.38
15,-3.6 16,33 4,03 -6.25
15,-3.9 18.12 .82 -3.61
15-3.12 18.33 0.16 -1.48
1503 10.5 11.83 -1.29
1506 T.58 +0.34 -5.3
1509 17.04 -3.84 -3.18
15012 18.97 -1 04 -0.88
1533 297 13.06 447
1536 1.95 0.8 4,94
15,39 13.94 4,57 1.25
15,312 18.79 -1.57 0.87
15,63 2.64 9.08 4.78
15,6,6 1.66 3.44 357
1569 13,58 41 344
15,6,12 18.5 0.11 1.94
1593 12.05 34 2,23
1596 14,97 1.69 1.5
1599 16.75 2.14 2.38
159,12 17.97 1.42 1.72
15,123 12,83 3.19 146
15,12.6 15.04 2.53 |.41
15,122 17.02 2.25 1.54
15,1212 17.5 1.85 1.33
15153 13.23 2.56 0.82
15,156 15.91 243 1.3%
15.159 16.68 2.4 1.22
15,13,12 17.63 2,05 0.96
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Table C.5: 3D velocity components for double curve type Il vane

( T/d =0.67)
Angle of attack =31 Angleof atisch = 357

conrd. ¥, \A v, coord. Y, ¥y v,

{tm) {cmi1} {em/s) (em/s) {cm) (cmAs} {emls} femh)
15,-15,3 13.06 0,66 -0.26 15-153 14.61 §.31 0.29
15186 14.57 0.76 0,47 15-15.6 14.79 0.84 051
15,-15.9 11.95 0.49 0,23 15-159 16.28 0.84 -0.66
15.15,12 14.75 0.46 043] 151512 15.2 0.44 -0.12
15.-12,3 12.68 0.86 0.49 15,-12.3 12.94 1.2 0.25
15.-12,6 14.34 0.561 0,77 15-12.6 14.15 1.03 {45
15129 14.61 0.42 -0.33 15,-12.9 14,69 0.58 -0.54
15,-12,12 14.87 0.29 0,75] 15.-12,12 15.15 0.5 031
15-0.3 12.67 1.13 -0,29 15.-9.3 12.26 1.55 -0.3
15,-2,6 13,18 0.69 -0.26 15,96 13.23 1.03 0.36
15,-9.9 14,43 0.59 0,53 15,99 13.24 0.66 <0.52
15,9212 14.9 0,43 -0.51 15912 13.82 .42 -0.64
15,63 12.56 161 .44 15,6,3 13.35 2.12 -0.73
15,-6,6 13.48 1 0,56 1566 13.44 1.47 -1.LE
15,-6.% 1361 0.42 .56 15,69 13,07 0.76 -0.91
156,12 14.17 0.24 {).36 15.-6.12 13.01 Q.16 -0.58
15,-3,3 11.93 2,35 -1.02 15,-3.3 1235 3.21 -1.82
15,-3,6 12.85 1.2 .1.46 15,-3.6 13.8 1.77 -2.89
15,-3,9 14.08 0.33 -1.1 15,-39 14.77 0.07 1.9
153,12 14.67 0.11 .61 15..3,12 14.55 0.23 0.95
15,0, 11.47 4.22 -3.58 15,03 11.65 5.03 4.2
1506 13.606 0.35 -4.07 15,06 11,74 042 -5.76
1509 14.43 -0.91 -1.78 15,09 14.53 -1.6Y -2.52
15,012 14.66 0.5 0.63 150,12 14.98 -4.29 0.8l
1533 8.6 5.57 -1.32 1533 8.85 7.24 -1.9%
1536 8.07 501 0.4 15,3,6 2.07 -3.84 -1.51
15.1.9 14,66 -3.15 (.04 15,39 £3.68 -3.59 -1.32
15,312 15,04 -0.84 (.06 153,12 14,52 -2.08 01
1563 8.16 1.29 2.86 15,63 2.62 5.62 3.83
15,6.6 11.37 -0.85 2.98 156.6 8.99 0,47 56|
15,6,9 15.24 -1.34 1.18 15.6,9 1348 -3 22
156,12 i4.78 -0.31 0.63 15,612 15.03 1.5 0.78
159.3 1243 0.5 1.01 15,93 11.32 1.23 0,42
15.9.6 14.67 0.14 1.18 159.6 14,05 0.16 2.06
15,99 14.63 0.2 0.93 15,99 15.28 -0.44 1.56
15912 13.99 Q.11 0.45 159,12 14.44 0.61 0,79
15,123 13.27 .64 077 15,123 12,58 0.77 1.28
15126 14.41 0.38 0.91 15,126 14.6 0,18 1.2
15,129 14.96 0.4 (.64 15129 14.52 0.12 0.57
15,12,12 14.34 045 0.38] 151212 14.32 0.04 0.8
15153 13.86 041 0.30 15133 13.79 0.54 0.5
15,156 15.02 043 0.44 15,156 14.66 0.19 0.6
15,159 14,7 0.45 0.2 35,159 14.82 0,28 D45
15,15,12 15.15 041 0.27] 15,1512 14.86 0.14 051

Angle of attack = $0° Angle of attack = 457

eoord. ¥, v, v, coord. A\ v, v,

[em) {cm/a) {cm/s) (emfs) {cm) {emis} {emls) {em/s
15,153 13.76 1.51 -0,18 15,-15,3 13.97 2.64 0.5
15156 14,83 117 +0.29 15-15.6 14.3 2.3 D61
13,-159 15.87 1.32 -0.5 15159 15.53 143 0.77
15-15,12 15.2 1.08 20220 15-15.12] 15.35 T2 .78
15,-12,3 13,59 1.7 +0.28 15,-12,3 14.08 3.1 041
15,-12.6 §5.02 1.28 -0.42 15-126 15.02 .97 -0.82
15.-12.% }5.36 1,2 -0.5¢ 15,-129 15.35 .48 .77
15.-12,12 15.81 1.16 041f 15-12,12 15.19 2.04 077
15,-9.3 139 1.04 0,52 15-03 13.98 3.62 -0.54
15,-9.6 14.73 1.75 0,717 1596 14.92 2.83 093
15,-9.% 15.14 .12 -0.96 15,99 14.83 231 -0.86
15,912 15.48 0.92 .0.57 15,912 1571 2.11 -0.89
15,-6.3 13.73 2.88 .67 15,-6,3 13.1 423 .96
1556 14.55 1,89 .).28 15-656 14.73 321 -1.69
15.-6,% 1507 0.97 -1.38 15,-0.9 15.13 2.) -1.38
15612 15.3 0.5% -0.57 156,12 15.38 1.61 -0.95
1533 12.36 398 -2,07 15-3.3 12.43 5.67 -2.23
15,-3.6 14.58 2.14 -3.18 15,-3,6 13.57 1.44 -3.63
15,-1.9 15.63 0,44 -2,33 15,-39 14.34 .52 -2.24
15,-3,12 15.42 -0.18 0.5% 15-3.12 15.62 1.09 -1.36
15,03 1019 6.5% ~5.11 15,0,3 10.49 8.25 -5.17
15,0.6 11.38 .58 -6.56 15,06 11.2 1.1 -7.66
15,08 16,01 -1.37 -3.31 15,00 15.44 -0.89 =3,72

272



Contd...Table C.5: 3D velocity components for double curve type II vane

(T/d=10.67)
Angle of attack = 40" Angle of attack = 45
coord, Vv, v, ¥, coord. v, v, Y,
{em) {em/s) {emy) {emfy) {em) {emfs) (cmis) {cmfs)
150,12 15.7 -0.94 -0,94 150,12 15.91 0,56 -1.43
15.3.13 $.29 8.06 -0.36 1513 3.98 8.59 - 1,64
15,36 8,91 -4.86 -2 15.1.6 745 «3.35 372
15,3, 14.63 -4.9] -1.51 15,39 14.18 .41 -1.57
153,12 15.52 -1.84 0.3 15312 16.13 1.7 0.61
15,63 8.9 6.82 4.01 15.6.3 8.81 9,27 344
1366 8.52 =0.57 5.5 15.6.6 9.97 0,09 1.76
i56.9 13.06 -1.45 2.t8 15.6% 12.04 -4 2.96
156,12 15.72 -1.67 0.92 156.12 16,03 -1.47 1.27
1503 9.64 383 1.2 15.9,3 8.4 4,88 189
1596 13.62 D.78 3.08 15.9.6 $1.27 1.7 4.2
15.9.9 15.42 0,56 2.02 1599 14.88 ¢ 2.78
[5,9,12 15.53% 042 0,97 159,12 15.33 0.3 1,58
15,12,3 12.7 0.68 1,23 15,123 12.01 2.6 011
15,126 14,49 0.62 1.6 15,126 14.48 2.24 2.49
15.12.9 14.71 045 1.22 15129 15.26 1.03 23
15,12,i2 15.3 0,14 0.7} 15,1212 15.53 1,03 1.51
15,153 13.21 1.6 0.82 15.15.3 [31.68 2.14 .19
15,15 6 14.84 0,87 0.85 15.15,6 15.29 1.95 111
15.15.9 15.43 0.76 0.75 5,159 15,67 1.79 0.91
15,15,12 1531 0.54 0.57] 151512 15.72 1.43 0.88
Angle of stiack = 50°
coord., v, v, ¥,
{cns) (sm/s) {emis} {emizk
15,153 13.72 3.62 0.5
15,~15.00 13.89 3.02 .44
15,-15.9 14.97 118 £.81
15,1512 14.51 2.89 .56
15-123 12.73 3.69 A3
15-126 13.53 10 )62
15,-12.9 14.52 3.2 0.76
15.-12,12 14.32 285 .51
15.-9.3 12.3 3.84 -0 4
15.-9.6 13.4 349 -0.7
15.-8.9 14.25 2.96 .79
139,12 14.53 1.57 0.63
15,-6.3 12.16 4,43 -1.03
15,66 13 86 381 1.7
15,6, 14.31 2.86 -1.59
15.-6,12 14.57 2.54 1.2
15.-3.3 12.33 6.21 -3.01
15.-3.0 13.66 189 «1.23
15,-3,9 14.38 2.0 -2.52
15-3,12 15.39 0.45 -1.6
15,03 848 7.73 -4.94
15,06 10.35 .07 -6.99
15,09 15.93 -1.25 =411
150,12 15.76 .7 -2
1533 137 8.78 0.4
1536 5.28 -2.94 -3.41
15,19 15.17 -1.38 =108
i5312 15.76 -2.09 -1,01
15,63 6,15 10.78 6.19
15,60 6,09 03 5.86
15.6.9 11.12 -5.31 1.36
150,12 15.7¢ =220 1.02
1593 5,10 8.91 0.7
15.9.0 7.06 3.27 4.12
15.9.9 12.52 -0.48 1.94
13,9,12 13.57 0.47 1.87
15123 12.87 2,75 -),44
15,126 14.08 3.08 1.1
15,129 15.03 1.79 1.99
15,12,12 1515 .95 1.12
15,153 13,45 |69 0.6
15156 14.11 1.79 0.81
15,15,9 15.03 | .3} .94
15,1512 15.13 1.43 0.8}
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Table C.6: 3D velocity components for J1 type vane

(T/d=0.67)
Angle of attack = 30° Angle of attack = 38*

coord, v, \f v, cnord. Y, Y, v,

(¢em) {em/s) {em/s) {cmis) (¢m) {cm/s} {emis) {cms)
15-15.3 15.22 2.1 -0.2/15,-153 14.64 2,84 -0.28
15-15.6 16.14 2.69 0.38]15.-15,6 15.26 2.25 -0.32
154159 16.4 2,33 <0.51]15,-159 1541 2.04 20,26
15.15,12 16,34 1.93 -0.65]15.-15,12 15.99 2.02 .27
15.12,3 16,02 3.13 «0.25]15,-12,3 14.5 2.91 -0.21
15-12,6 16,34 2.84 051115126 15.87 2.63 -0.52
15-129 1585 2.14 04715129 16.04 2.28 -0.46
15.-12,12 16.53 1.8 -0,34]15-12,12 16.25 2.09 +0.52
i5-9,3 16.12 328 -009]15.-9.3 13.51 298 -0.15
15,08 16.81 3.96 0.39]15,-96 15,06 2.45 -0.36
15-99 16.68 2.31 04]15,-59 15.78 115 .3
15-9,12 15.58 153 -0.09]15,-5,12 15.95 19 -0.42
15,6,3 14.51 3.76 -0.511i5-63 12,79 1,38 0,88
1566 15.38 3.03 .55]15,-6,6 13.13 2.56 -1.35
15-6,9 15.31 2.18 -.5315,-6,9 15.3 2.14 -1.22
15,-6,12 16.02 1.41 -0.22[15,-6 12 16.06 1.68 -0.55
15,-3,3 10.22 5.9 -1.9]15,-3.3 12.02 4.63 -2,74
15-3.6 10.21 0.3 -4,03[15,-3,6 1382 2.13 -3.8
15,-3,9 14.635 -0.19 -1.26[15,-3.9 15,29 0.78 -2.11
15,.3,12 15,19 0.17 G.bL]13-3,12 15.57 1.08 -0.77
1503 9.03 5.93 1.23}1503 943 71.07 -3.38
1506 7.02 -1.53 1371506 10.25 -0.63 -4.5
1508 12,12 -2.45 1.16115,0.9 16.6 -1.51 -2.1
15,012 14.46 0.18 0.85)15.0.12 15.95 0.33 «0.65
1533 8.53 2.14 1.54]15,3.3 7146 6.59 1.3
15346 11,42 0.76 31211536 8.09 -2.43 1.46
1519 14,51 0 24611539 16.42 -1.97 0.32
15312 §5.2] 0.96 1.33]15,3,12 16.43 0.15 0.2
15,63 13.06 0.72 1,52]15,6,3 3.03 3.31 2,72
15,66 14.47 0.8 2.3[156.6 10.39 0.67 3122
1569 14,84 1.17 2.15]15,6,9 16.25 0,29 2
15,6.12 §5.57 1,68 1.34]15.6,12 16.27 0,69 0.64
159.3 14.36 0.99 111593 13.66 ].36 0.76
1596 15.17 1.22 1.01115,9.6 15,89 1,48 .63
1599 15.54 1.69 0.82(159.9 16.31 E.3 1.33
159,12 14.95 2.19 0.62[159,12 16.29 .56 0.63
15,12,3 14.87 0.67 0.52)15,12.3 14.95 1.7% 1.08
15,126 15.07 0.94 0.68)15,12.6 |5.89 1.79 0.95
15,129 14.74 1.62 05115129 16.15 .82 0.56
i512,12 15.11 244 0.41(15,12,12 16.33 1.69 0.22
15,15,3 12.88 4.13 -1.13]15,15,3 15,2t 1.86 0.34
15,15.6 13.81 287 -1.78]15,15.4 15.98 1,73 0,13
15,159 14.6 1.54 -1.24]15,159 16.1 1.96 0.13
151512 15,38 .19 -0.32]15,15.12 16.07 205 0,13

Angle of stiack = 40 Anglc of attack = 43"

coord. Y, Y, v, coord. v, v, v,

{cm} {cm/a) {cmis) {cm/s} {cm) {em/s) {em/3) {emfs)
15.-153 15.87 1,72 0.12]15,-15,3 2.28 -0,3% -2.5
15,-15,6 16,94 1.66 £H.43]15,-156 2.16 -0.81 -2.5
15,-155 17.11 1.34 0.5]15-159 .99 .67 -2.5
15,-15,12 16.03 0.88 0.18[15,-15,12 1.7t -0,56 .25
15123 14,76 1.9 -0.31]15,-12.3 2.91 +0.38 «2
15,-12.6 15.97 1.52 -0.76[15,-12,6 2.4 -0,77 .2
15,129 16,36 1.03 0.71]15,-129 1.9 -0.86 .2
15,.12,12 16,29 0,98 -0.36]15,-12,12 1.46 -0.67 -2
15,93 14.96 2.38 -0,44)15,-9,3 339 .45 -1.5
15,-9,6 15.4 1.93 -0.97]15,-9.6 2.75 .54 -1.5
15,-9.9 16.08 L.16 -0.87]15,-9.9 1,81 -1 -1.5
15,-9,12 15.85 0.6t -0.6]15,-9.12 1.2 -0.82 -1.5
15.6.1 t1.85 3.48 -1.65[15,-6,3 4.47 -1.4 |
15,-6,6 14.54 2,27 -2.37|15,6,6 .27 -2.67 -1
15,69 1545 D.67 -1.6[15-69 1.62 -2 -1
15.6.12 15.8 .5 -0.98]15,-6,12 0.76 -1.1 -\
£5,-3,3 12.82 5.7 -3.61]15,-3.3 6.1 =3.82 0.5
13,-3.6 i4.5 1,38 -5.5]15,-3,6 2.88 -5.93 -0.5
3,-3.9 16.2 -0.84 .2.82115,-3.9 0.25 -3.48 -0.5
153,12 16.77 -0.8 -0.82[(5.-3,12 0,34 -],34 0.5
15,03 3.37 8.26 -1.64115,03 .88 -2.3 0
1506 10,05 -3.03 .4,27|15,0,6 +0.64 »3.96 0
1509 15.42 4.4 -2.17[15.08 -1.63 -3.34 0
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Contd...Table C.6: 3D velocity components for J1 type vane

{ T/d=0.67)
Angle of attack = 40* Angle of netack = 48*

<oord. v, v, v, coord. v, v, v,

{cm) {emdn) [cm/x) [cmyx) lcm) {cmis) {cmia) [cm/3)
150,12 16,79 -2, 1 L0 150,12 -1.75 0.8] 0
15.0.3 BRI 7.08 4.32[153.3 16.22 3.32 0.5
15.3.6 U4l 212 397]153,6 -0.67 134 0.5
15.3.9 1242 448 0.92{15.3.9 -1.38 032 0.3
153,12 17.2§ -2 M 1.0]152,12 23 0.04 .5
15,63 551 6.0 4.1]15.6.3 448 171 1
15606 147 .11 1.492]15.0.6 2.57 7.03 1
15,69 15.4 0.06 2.46]15.6.9 -0.93 126 1
15.6.12 17.1 -1,06 1.59]i5.6.12 0.7 |.84 1
15,93 14,17 2.3 -0.86/15.9.3 2.2 -(.59 1.5
15.9.6 16.65 1.76 1.62|15.9.0 .52 167 1.5
15,99 17.04 1.06 1.67|15,9.0 -(.44 4,27 1.5
15,012 16.860 0 26 1.45/159.12 .75 I.61 1.5
15,123 15.03 1,28 0.75015,12.3 1.3 0 8O 2
15,126 16,65 1.3 1.01§15,12.6 }.6S 1.1 2
15,129 16.96 1.11 LO[15129 1.45 1.39 2
15,12,12 16,89 0.74 098151212 1.39 0.86 2
15.15.3 16.28 0.5 04515153 14 0.66 2.3
15,156 16.8 1,19 0.52]15,15,6 1.61 0,81 2.5
15,159 16,86 1.33 0.5{15.139 K] 0.79 25
15,1512 10.28 1.23 0.58]15,15,12 1,62 042 2.3

Angle of attack = 50"

conrd. Y, v, v,

{cm) {cemiv) (cmis) {cmfs)
15,153 15 37 2.91 £.33
15,-15.0 16 %4 1al 4150
15,159 1622 2.2 -0.53
15.-15,12 16.6 168 -0.0
15.-12.3 15,74 3.12 0,35
15,-12.6 1644 2.84 -0.71
15,129 16.62 2.35 0,74
15.-12,12 16.49 1.49 0.65
15,-9.3 15.73 181 0.35
15,26 15,19 3 -0.68
1509 16,69 224 -0.93
15.-9.12 15.84 1.56 -0.88
15,6,3 139 440 -1.19
15,-6.6 14.02 3 -2.32
15 -6,9 15,0k 1.3 -1.63
15,012 15.59 0.6} 0.9
15.-3.3 11.65 6.31 -2.88
15,-3.6 13 2.61 -1.84
15-39 15.1 0.13 2.9
15,-3,12 15.37 -0.1 -1.0§
15.0.3 342 8.72 -2.82
15.0.6 5.9 0.12 -5.08
15.0.9 13.38 -3.08 -31.59
150,12 14,98 -1.63 -0.56
15.1.3 6.48 RS 1.51
15.3.0 KL A5 168
1539 "2 -5.21 (154
153,12 1555 -2.64 .54
15,6,} .52 541 4.03
15.6.6 747 .12 5.0
15,69 9.19 -39 3.38
156,12 1489 2212 2.58
15,93 6.52 3.04 -0.83
1556 .66 32 1M
15.9.% 12.99 0.44 2.45
159,12 15.09 0.73 1.61
15,123 14.17 1.08 0.2}
15,126 14,72 1.37 2.37
15.12.9 14.79 1 .07 245
15.12.12 14.76 1.44 1.64
15,153 14.62 0.7 0.78
15,156 14.73 0.61 0.75
15,159 14.58 1.19 0.96
15,1512 14.53 2.7 0.58
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Table C.7: 3D velocity components for J2 type vane

( T/d = 0.67)
Angle of uitack = 30° Angle of attagk = 35"

coard. Y, ¥, v, coord. L v, v,

{em) {cmfs) {em/s) {emls} [em) {cm/s) (cm/s) (cmy1
15-153 14.46 1.76 0.13[15,-15,3 15.87 3.81 -0.3
15,-13,6 15.12 1.61 D4]15-156 16.4 1.69 -0.58
15.-159 15.56 1.41 0.43]15,+159 17.32 3. .75
15-15.12 15.91 1.35 -0.28]15-15,12 17.1 3.52 .37
15,123 14,26 2.12 203215123 15.82 4,21 -0.31
15-12.6 15.14 1.58 -0.63[15-126 16.67 3.64 3,65
15-12.9 15.56 1.37 -0.81]15,-12.9 17.06 35 -0,76
15.-12,12 15,1 1.2 -0.36]15-12,12 17.2 3.2 -0.44
15-9.3 13.31 1.98 £.26]15-%3 16,44 4.78 0.4
13,-9.6 13.9% 1,75 0.45[15 9.6 16.35 4.06 -0.85
15,99 13 1.47 -3.54]15,-39 17.63 3.58 -1.07
152912 14.47 .16 -0.32]15.-9.12 164 2.91 -0.45
15,53 12.38 .85 09111563 12.37 4.73 -1.42
15,6.6 13.3 1.96 0,92]15,-6,6 14.08 4.11 2.1
15,-6,9 £3.93 1.19 -1.09]15.-69 15.22 279 «1.68
15,-5,12 14.34 0.72 0,55]15.-6.12 16.07 2.34 0.67
15,33 113 3.66 -1.6]15-33 1146 6.5 -3.3
15.36 12,14 1.99 -3.35115-36 13.64 207 -5.16
15.-319 13.36 Q.1 -1.89)15,-3.9 15.34 1.38 -2.42
15,-3,12 14.34 0.25 -0.77]15.-3 12 15.91 1.7 £.97
15.0,3 10.63 6.58 +3.42]1503 6.4% 8.13 -1.86
15.0.6 7,65 -1.04 -4.6215 06 8.72 -1.64 -2.74
1509 14.93 -2.51 -2115.09 15.91 -} .68 -1.91
150,12 14.56 -0.6% -0.48]15,0,12 15.8 0.77 0.64
15,33 8.74 6.37 2.33]15,3,3 8.06 9.36 4.15
15,36 8.53 .99 4.23115 3.6 10.33 -0,01 4.34
1539 13,46 -3.23 0.78(15,39 }5.01 -2.58 0.78
15,312 14,1 -0,86 0.51]15.3,12 16.19 .47 0.75
15,6,3 7.91 2.68 21211563 812 4.74 2.21
1566 11.01 0.74 3.36|1566 98 247 3135
1569 14.58 (.22 1.99(15.69 15.7 1.12 2.75
156,12 14.59 0.02 0.68{15.6,12 16.03 1.47 [.18
15,93 10.37 0.68 0,83115,9.3 13,17 1.94 0,71
15.9.6 13.26 0,75 1.61]155.6 15.29 2.64 1.9
1552 138 0.51 1.381599 16.05 2.4% 1.6
159,12 14.22 0.7 0.83115.%,12 15.66 2.3 0.94
15,12,3 13.26 1.18 £,7115,12,1 13.95 2.34 1.14
15126 14.22 1.11 0,68[15.12,6 15.71 2.73 1.07
15,029 14.09 1.0% 0,54[15,12,9 15.56 284 0.83
15,12,12 14.41 1.03 0.26{15,12,12 15.66 2.71 0.34
15,15.3 13.63 0.83 0.38[15 153 14,93 2.57 0.47
15,15.6 14.35 1.04 0.38[15,15.6 15.42 2.73 0.52
15,159 14.41 1.17 0.13415,15.9 5,53 2.83 0.58
151512 14.52 1.01 0.15115,15.12 §5.56 2.8% 0.4

Angle of attack = 40° Angle of artack = 45°

eoord. v, v, v, coord. Y, v, v,

{em) (cmis) {cm/3) {cmi/s) [em) {cm/s} {em/s) {emi)
15153 15.4 1.62 04[15-153 15.7 2.1 -0.66
15-15,6 15.84 1.14 -0.81[15,-156 16.22 1.57 -0.88
15,-15.9 15.78 0.82 -0.83{15-159 16.71 1.36 -1.01
15,-15,12 16,52 0.42 0.79[15,-15,12 16,41 0.67 -1,04
15-123 15.52 171 0.47]15,-123 16.05 2.58 -0.49
15-12.6 15.91 1.17 D8|15-126 15.54 2.14 -0.94
15-12.9 15.99 0.78 0.85[15-12.9 15.99 1.12 083
15-12,12 16.45 0.55 0.71[15-1212 16.81 0.69 .73
15.03 13.73 1.97 -0.41]159.3 [5.18 3.09 -0.7
15,-9.6 15.37 1.63 -1.05]15,-96 16.11 2.21 -1.16
15,5, 15.81 0.8 -1,2[15,-09 15.65 0.84 L1
15.9,12 16,3 0.26 0.74[15,-9,12 16,09 0.28 -1.11
15,-63 14.02 3.16 -1.42115-6.3 15.21 4.23 -1.65
15.-66 15.1 1.67 -2.64115-6.6 15.06 2.59 -2.69
1562 15.82 0.19 -1.98(15.-69 15.84 0.66 =2.06
15611 16 0,44 .88115-6,12 16.24 0.12 -1.16
15-33 13.32 5.64 .3,32]15-3.3 12.95 619 2313
15.-36 14,14 1.53 H]15,-3.6 12.68 17 £.09
15.-39 15.66 -1.19 -3.02|15,-39 15.15 -1.05 -1.74
15-3,12 16.02 -1.64 -1.21]15.-3,12 15.91 -1.37 «1.19
15,03 8.2% 8.83 -1.82[1503 8.65 5.29 -1.74
15,06 7.25 -1.43 -4.87]15.0.6 &.26 -0.63 -2
15,09 15.39 -4.7% 231711509 12.63 4.65 -3.01
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Contd... Table C.7: 3D} velocity components for J2 type vane

( T/d = 0.67)
Angle of attack = 40" Angleal atiack = Fly

coard. v, L ¥, coord. Y, Y, v,

tcm) [cm/is {cm/s) {cm/s) (cm) {em/s) (cm/s) {cmis)
150,12 16,462 -295% 0.87115,0.12 15.9% -2.91 .66
15.3.3 5.49 9.35 3.25)15,323 3.53 9.65 .66
15.3.6 8.067 -1.79 3611536 6,71 -0.92 12
1539 b1.46 «5.34 0.49115319 i0.2 -4.84 1.97
15.3.12 16.55 -3.05 0.39]15.3.12 15.07 -3.03 0.9
15,61 6.9 4.32 2.71{15.63 9.22 .94 1.6
15,6,6 5.91 1.19 5.14]15.6,6 3.24 0,57 4.93
15.6.9 12.75 -2.79 15201569 10.44 -143 3.21
156,12 16,22 -1.78 1.68[15,6,12 15.97 -1 46 1.31
1583 11.97 279 -0.29115.9.3 9.75 1.6 0.43
15.9.6 14,73 135 2.75115.96 13.08 0.3} 1,55
15,99 16.1 -0.32 2.5611599 15.35 -0.63 2.87
159,12 : 16.19 0.52 162115912 15,45 -0.29 2.16
15,123 14.88 0,48 1.0415.12.3 13.3 0.01 1.18
15,626 1598 0.78 1.29]15.12,6 15.3 0.02 1,79
15,129 16.34 0.43 1.12]15,12.9 15.91 0.24 1.63
15,1212 15.76 0.53 0.98]15.12.12 15.52 0.34 1.07
15,153 14.88 0.7 07115153 14.46 0.19 0.7
15,156 15.92 0.54 0.79(15,156 15,8 015 0.76
15,159 10,48 0.56 0,73]15,059 15,56 045 0.72
15,1512 1612 (.68 f.62]15.15,12 1¢.02 0.83 0.42

Angle of attack = §°

coard. ¥, v, v,

{cn) {cm/s} {em/fs) {emis)
15,.15.3 15,12 245 -0.44
15,-15.6 15 06 217 -0.76
15.-159 154 206 .75
15.-15.12 16.33 1.71 .62
15..12,3 14.86 2.8 (.47
15,126 15.26 2.32 0,93
15-129 15,72 [.7% -0.88
15-12,12 16.76 1.63 -0.85
15,-9.3 14.93 3.48 -0.67
1596 15.16 251 133
1599 1614 1,91 -1.44
15,912 15.85 i.35 -1.12
1503 13.44 477 -1.9
15 6.6 14.98 3.25 -2.91
1569 15.3 1.29 -2.49
156,12 16,03 0.71 -1.57
15-3.3 12.64 1.46 -4.4]
15.-3,6 13.3 2.51 -5.50
15-39 15,68 0.23 -1.38
15,-3,12 16.64 .4 -2.14
15.0.3 515 9.4 -1.9%
15.0,6 i1 0,91 -5.26
15.0.9 14.61 -1.02 -
150,12 1673 =21 -1.57
1533 6,96 10,17 33
15.3.6 477 -1.51 2.42
1539 11.76 -5.38 -0.07
13,312 - 16,81 +2.53 0.07
15,6.3 4.01 4.24 d.64
15,66 9.07 4.89 6.66
15,69 10.53% -2 134
156,12 16.87 .61 }.68
i5.9.3 7,52 4.9 .92
15,2.6 10,06 3198 1.8%
15,9% 14.7 0,11 115
158,12 16.57 0.07 1.62
15,123 13.87 1.66 .07
15126 15.55 Ak 1.42
15,129 16.45 1.4d 1.72
15,12,12 16,73 0.93 147
15,153 15,12 1.44 0.73
15,156 16.79 1.71 0.8%
15,159 17.01 1.35 0.73
15,1512 16.61 1.43 0.53
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Table C.8: 3D velocity components for rectangular vane with different aspect ratio |

(Angte of attack = 400, T/d = 067)

Aspect ratio = 0.25

Aspect ratio = 0.5

coord. ¥x Yy Vz coord. Vx Vy vz
(em) (cm/s) (cmis) (cm/s) (cm) {cm/s) {em/s) (cm/s)
15,-15,3 15.33 1.23 -0.48 15,-15,3 15.64 4.13 -0.21
15,-15,6 16.42 0.97 -0.99 15,-15,6 16.29 3.65 -0.55
15,-15,9 16.48 0.5 -1 15,-15,9 16.47 3.21 -0.57
15-15,12 16.59 0.1 -0.71 15,-15,12 16.24 2.74 -0.17
15,-12,3 14.94 1.86 -0.68 15,-12,3 15.04 4.37 -0.17
15,-12,6 15.79 1.14 -1.23 15,-12,6 15.6 3.76 -0.27
15,-12,9 16.22 0.59 -1.13 15,-129 15.67 3.04 -0.35
15,-12,12 16.66 0.04 -0.92 15,-12,12 15.96 2.64 -0.17
15,-9,3 14.76 2.68 -1.3 15,-9,3 13.78 451 -0.41
15,-9,6 15.38 1.24 -1.93 15,-9,6 14.58 3.57 -0.66
15,-9.9 15.85 0.2 -1.91 15,-9.9 15.36 2.84 -0.59
15,-9,12 15.83 -0.5 -1.15 15,-9,12 15.81 2.56 -0.25
15,-6,3 14.1 4.4 -2.82 15,-6,3 13.19 5.44 -1.42
15,-6,6 15.05 1.§1 -3.93 15,-6,6 14.79 3.97 -2
15,-6,9 T6:7 -0.59 -2.91 15,-6,% 15.36 2.43 -1.07
15,-6,12 16.23 -1.12 -1.77 15,-6,12 15.46 2.13 -0.3
15,-3,3 10.78 7.13 -6.2 15,-3,3 11.45 7 -3.93
15,-3,6 12.5 -0.75 -8.19 15,-3,6 10.4 1.63 -4.63
15,-3,9 16.29 -2.47 -4.58 15,-3,9 | 5,55 0.92 -1.95
15,-3,12 16.5 -2.37 -1.98 15,-3,12 15.87 1.78 -0.27
15,0,3 2.18 7.04 -2.64 15,03 4.98 5.88 -2.61
15,0,6 6.26 -3.36 -5.08 15,0,6 4.84 -1.96 -2.07
15,0,9 15.47 -5.91 -3.5 13,0,9 12.46 =1.4 -1.2
15,0,12 16.74 -4.21 -1.44 15,0,12 16.08 1.1 0.15
15,3,3 1.28 6.46 1.28 15,3,3 3.92 2.91 4.3
1516 491 -4.42 -1.13 15,36 5.19 -2.44 3.21
15,3,9 13.73 -1.9 -0.99 15,3.9 13.63 -1.29 0.87
15,3,12 17.18 -4.94 -0.1 15,3,12 16.36 1.17 0.52
15,6,3 7.21 3.98 7.09 15,6,3 8.97 1.35 1.08
15,6,6 7.39 -0.72 6.87 15,6,6 14.38 0.91 2.43
15,6,9 11.65 -5.9 3.29 15,6,9 15.98 0.56 1.65
156,12 17.02 -4.09 1.82 15,6,12 15.81 1.79 0.71
15,9,3 5.15 5.24 2.72 15,9,3 13.8 1.16 1.05
15,96 9,32 3.1 6.19 15,9,6 16.17 1.41 1.36
15,9.9 13.22 -1.27 4.83 15,99 16.02 1.63 0.86
159,12 16.07 -1.86 2.54 15,9,12 15.27 2.58 0.83
15,12,3 14.1 2 -0.44 15,12,3 15.98 1.8 0.82
15,12,6 15.08 1.54 2.06 15,12,6 16.59 2.06 0.53
15,12,9 15.4 0.37 2.62 15,12,9 15.95 2.17 0.34
15,12,12 15.74 -0.37 1.78 £5,12,12 15.28 1.08 0.47
15,15,3 14.22 0.71 1 15,15,3 16.41 2.3 0.16
15,156 15.48 0.54 1.16 15,15,6 17.06 2.66 0.2
15,15,9 15.78 0.45 1.25 15,15,9 16.61 2.69 -0.14
15,15,12 15.7 0.12 0.91 15,15,12 11.35 2.21 -0.28

278




Table C.9: 3D velocity components for trapezoidal vane with different taper
angles( Angle of attack = 400

T/d = 0.67)

Taper angle (1H:1V) Taper angle (JH:2.5V)

coord, Vx Vy Vz coord, ¥x Vy Yz

{tm) {cm/s) (cm/s) (emfs) {em) {em/s) {cm/s) {cnys)
15,-15,3 15.68 2.11 -0.51]15,-15,3 16.45 2.75 -0.74
15,-15,6 15.66 1.53 -0.815,-15,6 16.64 2.21 -0.83
15,-15.9 16.5 1.19 -0.84]15,-15.9 15.73 1.29 -0.61
15,-15,12 16.02 0.85 -0.6{15,-15,12 15.53 1.11 -0.45
15,-12,3 15.03 2.54 -0.5{15,-12.3 14.73 2.61 -0.63
15,-12,6 15.81 1.65 -0.69[15,-12.,6 14.7 1.73 -0.53
15.-12,9 15.79 0.89 -0.78[15.-12,9 15.17 1.22 -0.75
15,-12,12 15.93 0.83 -0.55[15.-12.12 15.43 0.75 -0.47
15,-9.3 15.14 3.38 -1/15,-9.3 14.44 3.5 -1.24
15.-9,6 15.63 2.12 -1.34{15,-9.6 15.08 2.07 -1.68
15,-9,9 15.94 1.08 -1.13{15,-9.9 15.22 1.13 -1.14
15,-9,12 15.82 0.4 -0.77115,-9,12 15.45 051 -0.75
15.-6,3 14.97 4.67 -2.01]15.-6.3 13.2 5.4 -2.85
15,-6,6 15.02 2.19 -2,65(15,-6.6 14.89 2.51 -4.65
15,-6,9 15.59 0.52 -1.87J15,-6,% 15.81 0.51 -2.64
15,-6,12 15.56 0.02 -0.78115,-6,12 16.19 0.0 -1.28
15,-3,3 11.23 6.68 -4.17115.-3.3 65.58 6.39 -4.12
15.-3,6 10.34 -0.49 -6.24115.-3,6 6.25 -0.36 -4.65
15,-3,9 14.55 -1.1 -2.39]15,-3.9 14.55 -2.18 -3.44
15,-3,12 16.44 -0.78 -1.05]15,-3,12 15.55 -1 -1.35
15,0,3 1.66 5.54 -1.75|15,0,3 3.65 6.43 -0.55
15,06 3.28 -4.35 -3.5|15,0.6 2.66 -3.05 -2.44
15,0,9 14.59 -4.97 -1.93]15,0.9 11.58 -4.26 -1,73
15,0,12 16.65 -1.85 -0.49(15.0,12 16.21 -2.01 -0.74
15,3,3 3.335 6.57 3.21015.3.3 4.4 5.83 3.54
15,3,6 4.8 -5.14 3115.3.6 4.17 -3.6 2.04
15,38 14.35 -4.71 1.21115.3.9 11.03 -3.96 0.36
153,12 16.71 -1.77 0.71]15.3.12 16,64 -1.73 014
15,6,3 5.27 3.59 4.12[15.6.3 3.96 4.3 4.21
15,6,6 7.01 -0.97 4.02]15.6.6 313 -1.68 3.8
15.6,9 16.31 -1.25 2.56/15.6.9 i4.8 -2.1 .52
15,6,12 16.44 -0.7 1.26]15,6.12 16.23 -0.81 0.76
15,9,3 13.06 0.81 0.77]15.9.3 13.47 0.69 -0.27
15,9.6 14.7 -.01 2.52|15.9,6 15.12 0.35 1.71
15,99 16.06 0.12 1.9]15.9.9 15.95 -0.1 1.42
159,12 15.7 0.17 1.29]15.9,12 16.3 0 0.65
15,12,3 13.25 0.61 1.07{15,12,3 14.5 0.83 (.93
15,12,6 14 0.18 1.42(15,12.6 15.34 0.24 0.99
15,12,9 14.84 0.28 1.07]15,12,2 16.07 04 0.77
15,12,12 15.38 0.68 0.95]15,12,12 15.93 0.44 .46
15,15,3 13.96 0.62 0.72|15.15.3 14.62 0.82 0.64
15,15,6 14.78 0.81 0.8[15.15,6 15.59 0.35 0.2
15,159 14.53 0.75 0.68(15,15,9 15,68 0.48 0.2
15,13,12 14.77 (.91 0.51415,15,12 15.97 0.61 0.07
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Contd...Table C.9: 3D velocity components for trapezoidal vane with different taper
angles( Angle of attack = 400, T/d = 0.67)

Taper angle (4H:2V)
coord. Vx Vy Yz
{cm) (em/s) {em/s) {em/s)
15,-15,3 15.79 3.49 -0.39
15,-15,6 16.33 2.75 -0.53
15,-15,% 16.49 2.38 -0.54
15,-15,12 1643 1.83 -0.0%
15,-12,3 15.41 3.99 -0.81
15,-12,6 16.91 3.78 -1.25
15,-12,9 16.5 2.67 -0.79
15,-12,12 16.79 1.97 -0.58
15,-9,3 16.65 5.4 -0.95
15,-9.6 15.59 3.29 -1.39
15.-9.9 16.16 2.2 -1.23
15,-9,12 16.3 1.67 -0.6
13,-6.3 14.69 6.81 -2.47
15,-6,6 15.16 3.17 -4.46
15,-5,9 16.32 1.45 -2.5
15,-6,12 16.59 1.08 -0.88
15,-3.3 8.4 7.65 -4.37
15,-3,6 8.07 0.51 -4.83
15,-3,9 16.46 -1.6 -3.76
15,-3,12 16.75 -0.01 -0.8
15,0,3 2.49 6.6% -0.46
15,0,6 3.19 -1.94 -3.94
15,0,9 12.39 -3.93 -2.69
150,12 17.29 -0.97 -0.25
153.3 4.31 8.82 6.15
15,3,6 3.97 -0.57 3
15.3,9 10.59 -4.63 0.8
15,3.12 17.62 -0.9 1.12
15,63 1.44 7.58 2.6% R
13,6,6 4.82 2.34 4.74
15,6,9 13.08 -0.87 2.98
15,6,12 17.18 0.45 2.11
15,9,3 15.27 1.81 -1.1
15,9.6 15.2 3.69 1.69
13,9.9 16.7 2.03 2.21
159,12 16.7 1.81 1.84
15,12,3 16.32 1.79 0.79
15,12,6 16.41 2.03 1.21
15,12,9 16.47 2.51 1
15,12,12 16.79 2.5 0.88
15,15,3 16.35 2.19 0.54
15,13,6 16.62 2.61 0.42
15,152 16.31 2.55 0.38
151512 16.53 2.84 0.38
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APPENDIX - D

EXPERIMENTAL DATA RELATING TO DIKE
FORMATION AND DECAY OF STRENGTH OF
VORTEX WITH DOWNSTREAM

——t i —

———
e

This Appendix contains the experimental data collected in River Engineering
Laboratory, Water Resources Development Training Centre, Indian Institute of
Technology Roorkee, India. The data presented here have been used in Chapter 7 of

this thesis. The Fig. D.1 indicates the sign convention and axes.

y(H

&

Vane

» X (+)
Flow ————p (0=01)

Angle of attack

Fig. D.1 Definition sketch of origin for measurement of

dike formation downstream of vane

Qrigin = Trailing edge of vane at initial bed level
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Vane

x(+)

z(+)

Flow ———»

(0!0’)
Angle of attack

Fig. D.2 Definition sketch of origin for measurement of
dike formation aleng the vane

Origin = Leading edge of vane at initial bed level

y ()
1 Vane

Flow

(0,0,0) > X (+)

Angle of attack

Fig. D.3 Definition sketch of origin for three dimensional velocity
measurements

Origin = Middle bottom edge of vane at initial bed level
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Table D.1: Experimental data relating to dike formation for rectangular and
trapezoidal vanes

Rectangular vane Trapezoidal vane
IH: IV JH:2.5V 4H:2V
X y X y X y X y
(cm) (cm) (cm) (cm) (cm) (cm) {cm) (cm)
16.5 3 18 6.4 24 5.5 18 2.2
26.5 3.7 22 6.4 34 5.4 23 2.7
36.5 2.3 32 4 44 2.9 28 2.3
46.5 0.4 42 2.7 54 0.6 38 0.1
56.5 -0.55 52 0.5 64 -0.2 | 48 -0.3
61.5 - | 62 -1.1 74 0.2 58 0
72.5 1.2 72 -1 84 -1 68 -1.65
82.5 0 82 -3.2 G4 -2.6 78 | -0.95
92.5 -2.2 92 -6 104 -1.6 89 -4.3
97.5 -4 102 -8.6 114 -4
112 -7.6 124 -3.6
: 134 -5.7

Table D.2: Experimental data relating to dike formation along the rectangular-
vane in suction side ( Angle of attack = 400, F, = 0.25, T/d = 0.57)

Distance from the leading Height of dike from
edge along the flow initial bed level
(cm) (cm)
0 -5.27
1.5 -4.52
3.5 : -2.57
5.5 -0.97
7.5 0.73
9.75 2.83
10.5 - 2.03
11.5 0.98
12.5 0.08
13.5 -0.82
14 -1.22
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Table D.3: 3D velocity components for rectangular vane without collar

(Angle of attack = 400, Fr = 0.13, T/d =0.57)

10H 20H
coord. \ V., v, coord. V. \'A v,
{cm) (cm/s) {(cm/s) {cm/s) (em) {cm/s) (cm/s) (em/s)
(-20.3) 16.28 1.47 -1.51 {-20, 3) 16.95 1.46 -1.5
(-20, 8) 16.73 1.23 -0.13 (-20, 8) 17.14 1.11 0.06
(-15,3) 17.15 1.56 -1.61 (-15, 3) 17.95 1.59 -1.66
{-15, 8) 17.18 1.44 -1.24 (-15, 8) 17.93 1.13 -0.2
(-10, 3) 16.51 1.58 -1.27 (-10, 3) 16.88 1.78 -1.4
(-10, 8) 17.05 §.2 -0.11 (-10, 8) - 17.47 1.19 -0.21
(-5,3) 17.86 2.13 -2.04 (-5, 3) 17.25 1.74 -1.67
(-3, 8) 17.63 1.28 -0.71 (-5, 8) 16.96 1.24 -0.56
0, 3) 16.6 2.73 -3.46 (0, 3 17.22 2.44 -2.08
(0, 8) 17.24 0.2 -1.94 {0, 8) - 16.37 1.18 -1.27
(5,3) 12.73 0 0 (3,3 15.29 0 0
(5, 8) 14.42 -1.73 -2.54 (5, 8) 15.03 0.56 -2.59
(10, 3) 8.2 0 0 (10, 3) 12.97 0 0
(10, 8) 12.61 -3.78 1.23 (10, 8) 12.34 -1.95 -1.13
(15, 3) 10.97 2.87 1.95 (15, 3} 13.75 3.73 1.08
(15, 8) 14.76 -0.29 2.1 (15, 8) 13.34 -1.43 1.41
(20, 3) 14.55 1.54 -0.05 (20, 3) 1348 1.95 -0.27
(20, 3) 16.43 1.23 0.57 (20, 3) 13.44 0.24 t.3
30H 40H
coord. v, v, V., coord. v, v, v,
{em) {cm/s) (cm/s) {cm/s) {em) (cm/s) (cm/s) (cm/s)
(-20, 3) 16.11 1.07 -1.65 (-20, 3) 14.93 0.84 -1.48
{-20, 8) 16.26 0.71 -0.07 (-20, 8) 15.26 0.86 0.16
(-15,.3) 17,26 1.06 -1.52 {-15,3) 15.36 1.31 -1.47
{-15, 8) 17.52 0.62 -0.2 (-15, 8) 17.19 1.05 -1.58
(-10, 3) 16.79 1.19 -1.49 {-10, 3) 15.8 1.18 -1.27
(-10, 8) 17.23 093 -0.29 (-10, 8) 16.84 1.01 -0.25
(-5,3) 17.11 1.58 -1.33 (-5, 3) 15.91 1.4 -1.38
(-5, 8) 17.18 1.08 -0.55 (-5, 8 16.23 1.1 -0.34
{0, 3) 16.72 2.06 -2.01 {0, 16.32 2.03 -1.6
0, 8) 15.44 0.94 -] {0, 8 15.69 .14 -1.51
(5,3 15.66 0 0 (5,3) 15,97 0 0
(5, 8) 14.51 0.73 -2.38 (5,8 13.79 0.74 -0.94] .
(10, 3) 14.18 0 0 {10, 3) 14.53 0 0
(10, 3) 13.36 -0.23 -2.34 {10, 8) 13.54 0.08 -0.24
{15, 3 14.42 3.55 -1.95 {15, 3) 14.41 2.53 -0.29
{15, 8) 13.62 -0.22 -1.78 {15, 8) 13.81|- 0.1 0.98
(20, 3) 13.07 1.92 -0.09 {20, 3) 12.09 1.62 -0.62
(20, 8) 13.75 | 1.2 (20, &) 13.06 0.76 0.84
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Table D.4: 3D velocity components for rectangular vane with collar
(Angle of attack = 400, Fr = 0.13, T/d = 0.57)

10H 20H
coord. V., v, Y, coord. VY, Y, v,

(cm) (em/s) {cm/s) {cm/s) (cm) {cm/s) {cm/is) (cm/s)
(-20, 3) 16.92] 1.7 -1.7 (20, 3) 16.59 1.83 -1.64
(-20, 8) 172] 1.38 -0.1 (-20, 8)- 16.39 1.54 -0.27
(-15,3) 17.25]  2.06 -1.3 {-15,3) 17.25 2.01 -1.29
(-15, 8) C17.09)  1.42 0.03 (-15, 8) 17.31 1.57 0.06
(-10, 3) 174 21 -1.25 {-10,3) 17.43 2.26 -1.16
(-10, 8) 17.22|  1.52 0.16 {-10, 8) 17.59]. 1.62 0.24
(-5,3) . 17.61] 243 -1,55 {-5,3) 17.74 2.57 -1.46
(-5, 8) 17.3¢4] 158 -0.25 {-5,8) 17.68 1.75 -0.26
(0, 3) 17.39 3 -3.3 (0, 3) 17.65 3.12 -2.18
(0, 8) 17.56]  0.72 -1.53 (0, 8) 16.79 1.56 -1.07
(5,3) 11.27 0 0 (5, 3) 15.76 0 0
(5, 8) 14.58] -1.99 -2.77 (5,8) - 14.53 0.43 -1.59
(10, 3) 11.55 0 0 (10, 3) 13.32 0 0
(10, 8) 13.32] -3.53 2.21 (10, 8) 13.31 -1.5 -0.59
(15,3) 13.06] 262 1.34 (15, 3) 13.91 3.51 0.94
(15, 8) 162]  0.58 1.6 (15, 8) 14.11 -1.26 2.11
(20, 3) 16.24 1.6 -1.12 (20, 3) 14.45 1.63 0.12
(20, 8) 17.18]  1.51 0.48 (20, 8) 15.54 1.28 0.96

30H 40H
coord. Y, V, V., coord. v, v, Y,

{cm) {cm/s) {cm/s) {em/s) (em) {cm/s) (cm/s} {cm/s)
(-20,3) 16.68 1.35 -1.92] (-20,3) 16.12 1.51 -1.43
(-20, 8) 16.91 1.3 -0.22| (-20,8) 16.4 1.53 0.04
(-15,3) 17.62) 1.77 -1.67] (-15,3) 17.16 1.91 -1.63
(-15, 8) 17.53 1.45 0| (-15,8) 17.49 1.48 -0.26
(-10, 3) 2 1.83 -1.67| (-10,3) 17.5 1.94 -1.72
(-10,8) 17.43 127 -0.25| (-10,8) 17.66 1.8 0.4
(-5,3) 17.63 1.98 -18] (5,3) 17.2 2.47 -1.73
(-5, 8) 17.99 1.69 -1.58] (-5,8) 16.67 1.49 -0.43
(0, 3) 17.56 2.55 -1.98] (0,3) 16.93 2.62 -2.02
" (0,8) 16.11 1.32 098] (0,8) 15.55 1.35 0.65
(5, 3) 16.22 0 0l (5,3) 15.7 0 0
(5. 8) 14,46 0.68 113 (5, 8) 14.2 0.84 -1.04
(10, 3) 15.44 0 ol «10,3) 15.03 0 0
(10, 8) 13.74 -0.31 0.07| (10, 8) 14,27 0.49 -0.17
(15,3 15.53 3.17 -0.02| (i5,3) 14,59 2.53 1.01
(15, 8) 14.57 0.06 1.28) (15,8) 14.46 0.84 1.16
(20, 3) 13.91 1.96 0.3 (20,3) 13.12 1.37 0.14
(20, 8) 14,58 1,27 0.96] (20,8) 13.97 115} 0.21
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Table D.5: 3D velocity components for trapezoidal vane (1H:1V)
(Angle of attack = 400, Fr =0.13, T/d = 0.57)

10H 20H
coord. Vv, v, Y, coord. v, \'A v,
{cm) {cm/s) (cm/s) {cm/s) (cm) (cm/s) {cm/s) {cm/s)
(-20, 3) 18.03 1.7 .0.14] (-20,3) 18.12 1.74 -0.13
(-20, 8) 18.46 1.68 0.03| (-20, 8) 18.83 1,68 0.09
(-15, 3) 18.65 2.19 -0.16] (-15.3) 18.85 2.12 -0.17
(-15, 8) 18.66 1.81 -0.01] (-15.8) . 18.54 .84 -0.09
{-10,3) 18.44 2.1 0.12] (-10,3) 17.75 2.35 -0.08
{-10, 8) 18.6 1.67 0.14| (-10,8) 18.12 2.02 -0.45
(-5, 3)  18.08 2.77 0.68] (-5, 3) 17.19 2.8 -0.32
(-5, 8) 18.03 1.59 069 (-5,8) 16.45 2.12 -1
(0, 3) 15.56 3.56 296 (0,3 15.73 3.49 -1
(0, 8) 15.72 0.33 245  (0,8) 14.6 1.46 -1.24
(5,3) 11.08 0 o] (53) 14.59 0 0
(5, 8) 12.1 -3.16 -0.76] (5, 8) 13.25 0.13 -0.54
(10, 3) 12.77 0 ol (10,3) 13.79 0 0
(10, 8) 14.14 -1.99 287 (10,8) 13.93 0.02 1.03
(15, 3) 16.71 2.12 0.24| (15,3) 12.85 1.99 0.88
(15, 8) 17.93 1.69 1.17| (15,8). 15.01 0.8 1.2
(20, 3) 17.09 1.67 -0.03| (20, ) 14.63 1.62 -0.16
(20, 8) 18.53 1.99 022 (20.8) 16.85 1.7 0.07
30H 40H
" coord. Vv, Vv, v, coord. v, b v,
{cm) {cm/s) {cm/s) {em/s) (cm) {em/s) {cm/s} {cm/s)
(-20, 3) 16.63 1.75 -0.04} (-20,3) 17.79 145 -0.21
(-20, 8) 17.78 1.88 -0.16! (-20, 8) 18.64 1.6 0.02
(-15,3) 16.85 1.84 0.31] (-153) 18.23 1.87 0.05
(-15, 8) 18.39 1.78 0.17| (-15,8) 18.65 1.67 0.03
(-10, 3) 16.91 1.99 0.21] (-10,3) 17.92 1.98 0.04
(-10, 8) 17.54 1.98 0.3} (-10, 8) 18 1,54 0.13
(-5, 3) 16.95 2.52 0.05] (-5,3) 17.9 22 -0.07
(-5, 8) 16.4 1.93 061| (-5, 8) 17.17 1.76 -0.25
(0, 3) 16.37 2.83 -0.66] (0,3) 17.2 2.56 -0.34
(0, 8) 15 1.23 -0.811 (0,8) 16.38 1.52 -0.6
G, 3 16.54 0 of (53) 16.7 0 0
(5,8) 14,94 0.48 0.7 (5.8) 15.74 1.08 -0.53
(10, 3) 16.2 0 of (10,3) 16.11 0 0
(10, 8) 15.79 0.11 1.09 (10, 8) 16.32 0.73 -0.01
(15,3) 14.8 2.27 0.98] (15,3) 14.65 2.04 0.63
(15, 8) 15.87 1.06 125 (15, 8) 15.91 1.12 0.73
(20, 3) £5.7 1.13 -0.01] (20,3 14.85 1.38 -0.15
(20, 8) 16.26 1.2 0.28] (20,8) 16.21 1.57 -0.06
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Table D.6: 3D velocity components for trapezoidal vane (3H:2.5V)
(Angle of attack = 400, Fr = 0.13, T/d = 0.57)

10H 20H
coord. Y, v, v, coord. V. v, v,
(cm) {em/s}) {cm/s) (em/s) {em) {cm/s) {cm/s) {cm/s)
{-20,3) 18.96 3 -1.17] (<20, 3) 19.93 3.01 -1.34
(-20, &) 18.9 2.42 0.02] (-20, 8) 17.8 -0.85 0.67
(-15,3) 19.15 3.13 -0.94) (-15,3) 19.74 3.2 -1.26
{15, 8) 18.98 2.65 0.2] (-158) 19.78 2.39 0.21
(-10, 3) 19.05] 345 -1.07] (-10, 3) 19.3 328 -1.21
(-10, 8) 18.43 2.6] 0.31] (-10, 8) 18.72 2.23 0.24
(-5,3) 18.39 4.17 -1.68] (-5,3) 18.89 3.95 -1.52
(-5, 8) 18.28 2.52 0.95] (-5,8) 16.91 2,66 -0.48
(0, 3) 15.2 4.98 -2.32 (0,3 16.6 3.7 -0.49
(0,8) 13.55 0.83 -1.97]  (0,8) 15.19 1.74 -0.46
(3, 3) 11.93 0 0 (5,3) 15.67 0 0
(5, 8) 12.64 -1.54 -0.07) (5.8 14.73 .99 -0.11
{10, 3) 12.65 0 0] (10,3) 15.39 0 0
(10, 8) 14,99 -0.67 2.81] (10,8) 15.34 (.68 1.03
(15,3) 16.49 2.86 0.7 (15, 3) 14.74 3.29 -0.22
(15, 8) 17.8 2.09 1.15] (15,8) 16.13 1.65 1.23
{20, 3) 17.34 2.77 -1.29) (20, 3) 14,41 2.82 -0.58
20, &) 1B.25 244 0.26] (20, 8) 16.59 2.42 0.61
30H 40H
coord. Y, Y, V. coord, v, v, \'A
(cm} (cm/s) {cm/s) {cm/s) (cm) {cm/s) (em/s) {em/s)
(-20, 3) 19 205 -1.54] (-20,3) 18.23 24 -1.4
{-20, 8) 19.38 221 -0.34| (-20, 8) 16.65 2.14 -0.21
(-15,3) 19.18 261 ~t.44] (-15,3) 18.56 2.55 -1.36
(-15, &) 19.07 2.36 -0.33] (-13,8) 18.34 241 -0.17
(-10, 3) 18.43 3.07 -1.24) (-10, 3) 17.77 3.15 -1.42
(-0, 8) £8.71 227 -0.06) (-10,8) 17.69 2.38 -0.12
(-5, 3) 18.25 3.52 <131 {-5,3) 17.73 3.17] -1.32
(-5, 8) 17.35 2.4 -0.13] (-5, 8) 16.15 2.12 -0.19
(0,3) 17.02 3.3 .0.27( (0,3) 16.47 2.8 -0.39
(0, 8) 16.11 1.93 -0.41 (0, 8) 15.85 1.94 -0.51
(5,3) 17.16 0 0l (5,3 16.27 0 0
(3, 8) 15.75 1.44 -0.45] (5, 8) 15.62 1.62 -0.24
(10, ) 16.25 0 ol (10,3) 15.67 0 0
(10, 8) 16.04 1.29 0.631 (10,8) 15.86 1.76 -0.87
{15.3) 14.71 2.94 0.48] (15,3) 13.3 2.49 -0.88
{15, 8) 15.87 1.74 0.71] (15,8) 14.98 1.72 0.36
(20, 3) 14.42 2.43 -0.96]  (20,3) 13.52 2.05 -1.3
{20, 8) 15.98 2.09 0.26] (20,8) 14.65 2.07 -0.97

287




Table D.7: 3D velocity components for trapezoidal vane (4H:2V)
(Angle of attack = 400, Fr = 0.13, T/d =0.57)

10H 20H
coord. V, Y, Y, coord, V., v, v,
(em) {em/s) (cm/s) (cm/s) {cm) (cm/s) {cm/s) (cm/s)
(-20, 3) 18.63 1.83 -0.19] (-20,3) 16.26 1.69 -2.35
(-20, 8) 19.37 2 0.05] (-20, 8) 17.8 1.73 -0.35
(-15,3) 19.38 2.08 0.04] (-15,3) 17.02 1.75 -0.29
(-15.8) 19.84 1.87 0.13] (-15.8) 18.42 1.8 -0.32
(-10,3) 19.47 239 Q003 (-10,3) 17.76 1.99 -0.2
(-10, 8) 18.74 1.91 ol (-10,8) 18.63 1.97 041
{-5,3) 18.03 2.96 0.62] (-5,3) 18.9 2.87 -0.64
(-5, 8) 18.33 1.83 086 (-5, 8) 18.18 2.02 -0.94
0, 3) 16.12 3.58 -2.91 0, 3) 17.42 326 -1.44
{0, 8) 16.66 0.44 -2.76) (0,8) 16.12 1.72 -1.31
(5,3) 11.12 0 0] (5.3) 15.15 0 0
(5,8) 12.51 -2.13 -1.45] (5,8) 13.66 0.05 -0.98
(10, 3) 11.95 0 0l (10, 3) 14.03 0 0
(10, 8) 14.43 -2.62 2.47( (10, 8) 13.75 -0.95 1.13
{13, 3) 14.11 2.51 109 (15,3 13.97 2.92 1.44
{15, 8) 16.43 1.11 14| (15,8 15.35 0.36 1.54
(20, 3) 15.54 1.65 0.33] (20.3) 14.67 1.75 0.1%
(20, 8) 17.72 1.89 023 (20,8 17.11 1.72 0.22
30H 40H
© ¢oord. \'A v, v, coord. v, Vv, v,
(cm) {cm/s) (cm/s) (cm/s) {cm) {cmis) {cm/s) fcm/s)
(-20, 3) 17.04 1.37 -0.120 (-20,3) 17.52 1.6 -0.43
(-20, 8) 18.35 1.38 -0.27| (-20, 8) 18.23 1.59 -0.33
(-15, 3) 16.93 1.48 0.17] (-15,3) 17.3 1.77 -0.22
{-15, 8) 19.12 1.48 0.14] (-15,8) 18.88 .73 -0.42
(-10, 3) 17.28 1.68 0.1 (-10,3) 17.37 1.91 -0.13
{-10, 8) 19 1.98 -0.21| (-10, 8) 18.34 1.84 -0.33
(-5,3) 17.58 2.29 0.06] (-5,3) 18.15 232 -0.19
(-5, 8) 17.68 1.94 048] (-5, 8) 17.84 1.92 -(0.28
(0, 3) 17.59 2,72 -0.51 (0, 3) 17.57 2.71 -0.47
(0, &) 16.14 1.62 0.9 (0,8 16.43 1.6 -0.56
(5,3) 1646 0 of (5, 3) 17.12 0 0
(5,8 15.29 1.i3 0771 (5, 8) 15.82 1.25 -0.68
{10,3) 15.64 0 0] (10,3) 17.1 0 0
(10, 8) 15.2 0.27 0.69] (10, 8) 16.29 1.88 0.041 .
(15,3) 15.32 3.09 1.25] (15, 3) 15.87 2.35 0.65("
(15, 8). 15.23 0.89 1.48] (15,8) 16.6 1.19 0.71
(20, 3) 13.58 1.77 043 (20,3) . 15.56 1.44 -0.15
(20, 8) 15.14 1.78 0.54 (20, 8) 16.17 1.66 0.12
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Table D.8: 3D velocity components for rectangular vane without collar

(Angle of attack = 400, Fr = 0.25, T/d = 0.57)

10H 20H
coord. L' ‘ v, Y, ¢oord, V. Vv, v,
(cm) (cm/s) (em/s) {cm/s) {em}) {em/s) (cm/s) (cm/s)
{-20, 3} 3.25 0.83] (-20,3) 3.96 -1.06
(-20, &) 3.64 0.36 (20, 8) 432 0.24
(-15, 3) 4.03 -0.51t (-15, 3) 5.12 -0.23
(-15, 8) 3.34 -0.55] (-15,8) 4.63 0
(-10,3) 4.86 -1.69] {-10,3) 6.11 (.63
(-10, 8) 2.79 2410 (<10, 8) 431 -0.81
(-5, 3) 8.32 232 (-5,3) 7.17 0.23
(-5, 8) 0.14 -3.28] (-5,8) 3.84 -0.14
(0, 3) 10.58 2.68] (0,3) 9.75 -0.04
{0, 8) -3.79 1.59] (0, 8) 3.93 0.19
(5, 3) 0 o] (53 ] 0
(5, 8) 1.15 4.66f (5.8) 4,35 3.36
(10,3) 0 0| (10,3) 0 0
(10, 8) 5.29 0.34] (10, 8) 6.01 0.54
(15, 3) 5.59 -2.06] (15,3) 395 -2.11
{15, 8) 3.54 0.1 (158 4.4% -0.9
(20, 3) -0.78 -0.85) (20, 3) 4.52 -0.83
(20,8) 4,23 0.9] (20,8) 35 0.11
30H 40H
coord. v, v, v, coord. v, Y, V,
{em) {em/s) {em/s) (cm/s) {cm) (cmis) {em/s) {em/s)
(-20, 3) 3.21 223 (-20,3) 3.3 -1.78
(-20, 8) 4.51 0.77] (-20, 8) 3.73 -0.86
(-15,3) 4.63 1.41] (-15,3) 3.37 -1.18
(-15, 8) 5.07 08| (-158) 3.39 -0.55
(-10,3) 6.96 1.66] (-10,3) 3.03 1.23
(-10,8) 5.49 0.14} (-10,8) 425 0.15
{-5,3) 8.33 0.1 (-5, 3) 3.35 -0.18
(-5, 8) 5.23 -027] (-5, 8) 4.22 0.32
(0,3) 8.1 0.1 {0, 3) 2.7 -1.29
- (0,8 4.96 0.28] (0,8) 403 0.23
(5,3) 0 0l (5.3) 0 0
(5, 8) 4.36 1.16] (5,8) 3.56 0.63
(10,3) 0 0| (10,3) 0 0
(10, 8) 3.88 0.79] (10, 8) 3.6 0.i9
(15,3) 343 -1.671 (15, 3) 3.15 -1.13
{15, 8) 4,01 -0.74] (15,8) 3.67 -0.1
(20, 3) 4,12 -1.29] (20,3) 1.04 -1.35
(20, 8) 3.5 -0.61) (20, 8) 3.57 -0.47

289




Table D.9: 3D velocity components for rectangular vane with collar
(Angle of attack = 400, Fr = 0.25, T/d = 0.57)

10H 20H
coord, v, v, v, ceord. v, v, v,
{cm) (cm/s) {em/s) {cm/s) {cm) {em/s) {em/s) {cm/s)
(-20, 3) 2.21 -1.67] (-20,3) 2.48 -2.22
(-20, 8) 1,92 -0.11] (=20, 8) 2.537 -0.44
(-15, 3) 2,92 -1.26{ (-15.3} 2.67 -1.56
(-15, 8) 2.23 -0.151 (-15,8) 2.7 -0.38
{-10, 3) 3.66 -1.89( (-10,3) 3.72 -1.62
{-10, 8) 2.64 -1.09| (-10, 8) 3.14 -1.19
(-5,3) 5.37 -346| (-5, 3) 4.98 -1.45
(-5, 8) 2.23 269 (-5, 8) 2.79 -1.46
{0, 3) 6.65 -3.99)  (0,3) 6.31 -0.44
(0, §) 0.71 -34] (0,8) 298 -0.86
(5,3) 0 0] (5.3) 0 0
(5, 8) -4.03 34| (5.8) 3.23 2.93
{10, 3) 0 ol (10, 3) 0 0
(10, B) 2.32 3.58] (10,8} 4.41 325
(15,3} 2.55 264 (15,3) 1.63 -3.24
{15, 3) 325 -0.14] (15,8) 3.59 -0.88
{20, 3) 2.45 -1.4] (20,3) 2.37 -1.31
{20, 8) 2.56 -0.05] (20,8) 2.93 -0.86
J0H 40H
- coord. V., Y, v, coord. v, Y, v,
{cm) (cm/s) (cm/s) (cm/s) {cm) (cm/s) (em/s) {cm/s)
(-20, 3) 2.03 2.42| (20,3) 2,58 178
(-20, 8) 2.61 -0.83] (-20,8) 2.95 -0.45
{-15, 3) 2.82 2090 (-15,3) 326 -0.45
(-15,8) 2.69 -0.97] (-15,8) 3.15 -0.26
{-10,3) 34 0.08{ (-10,3) 3.27 -0.2
(-10, 8) 3.16 0231 (-10,8) 3.03 .27
(-5,3) 4,13 0.58| (-5,3) 1.55 -1.21
(-5, 8) 3.69 -0.02f (-5, 8) 3.01 0.24
(0, 3) 3.01 041 (0,3 3 -1.37
{0, 8) 3.3 I[ (0,8) 3.17 0.21
(5, 3) 0 o (5.3 0 0
(5, 8) 3.06 2.36] (5, 8) 2.29 0.2
(10, 3} 0 0f (10,3) 0 0
(10, 8) 3.08 1.35] (10,8) 2.44 0.37
(15, 3) 1.25 1.03] (15.3) -0.06 -2.99
(15, 8) 2.9 0.011 (15.8) 2.63 -0.51
(20, 3) 3.46 -1.49) (20, 3) 1.04 -3.12
(20, 8) 3 -0.55| (20, 8) 1.59 -1.58
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Table D.10: 3D velocity components for trapezoidal vane (1H:1V)
‘(Angle of attack =400, Fr = 0.25, T/d = 0.57)

10H 20H
coord. v, v, V. coord. v, Vv, v,
(cm) {cm/s) {cm/s) {cm/s) (cm) {cm/s) {cmy/s) {cm/s)
(-20,3) 2.13 -1.88] (-20,3) 1.26 1
(-20, 8} 2.29 -0.94] (-20, 8) 3.14 0.15
(-15,3) 1.52 0.02] (-15,3) 3.58 0.18
(-15, 8) 2.02 -0.67] (-15,8) 3.79 -0.08
(-10,3) 233 0.46] (-10,3) 4.6 ].2
(-10, 8) 2.29 -0.9] (-10.8) 3.96 -0.03
(-5,3) 5.21 112 (-5,3) - 5.33 0.45
(-5, 8) 1.6 -0.94] (-5 8) 3.67 0.5
(0, 3} 5.74 228 (0,3) 6.09 0.2
{0, 8) 0.73 -0.48] (0,8 39 -0.03
(5,3 0 0 (5,3) 0 0
(5, 8) 1.13 3.051 (5,8) 3.23 -0.11
(10, 3) 0 0 (19,3 0 0
(10, 8) 591 4.12] (10,8) 2.68 1.2
(15,3) 3.06 1.8] (15,3 1.35 047
(15, 8) 5.19 0.72| (15, 8) 2.48 0.58
(20,3) 2.17 02l 0.3 3.27 0.63
{20, 8) 3.54 0.45] (20, 8) 2.33 -0.53
30H [ 40H
coord. v, v, V. coord. vV, v, Y,
{cm) (em/s) {em/fs) (em/s) {cm) {em/s) (cm/s) {em/s)
{-20, 3) 234 -0.47] (-20,3) 0.44 -1.02
(-20, 8) 3.05 -0.4] (-20, 8) 1.73 -0.16
(-15, 3) 2.76 0.51) (-15,3) 1,17 -0.25
(-15, 8) 325 0.06] (-15,8) 1.49 0
(-10, 3) 2.35 031} (-10,3) 0.54 0.86
(-10, 8) 3.32 -0.04( (-10, 8) 2.09 0.77
(-5, 3 245 0.6k (-5,3) 1.16 0.19
(-5, 8) 2.8 0.12] (-5, 8) 2.28 ‘0.7
(0, 3) 3.15 0.51] (0,3} 219 0.33
' {0, 8) 241 0] (0,8) 2.08 0.61
(5,.3) 0 ol (53 0 0
(5, 8) 234 0411 (5, 8) 1.97 0.75
(10, 3) .0 0l 0,3 0 0
(10, 8) 2.18 0.6] (10,8 1.72 0.87
(15, 3) 1.62 0.71{ (15,3) 1.43 0.7
(15, 8) 231 0.46f (15,8) 1.96 0.97
(20, 3) 1.95 -0.37] (20,3) 1.93 -0.1
(20, 8) 2.17 -0.7] (20, 8) 1.91 -0.38
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Table D.11: 3D velocity components for trapezoidal vane (3H:2.5V)
(Angle of attack = 400, Fr = 0.25, T/d = 0.57)

10H 20H
coord. v, v, v, coord. Vv, v, v,
(em) (cm/s) {em/s) (em/s) (cm) {cm/s) (cm/s) {cm/s)
(-20, 3) 2.64 0.62] (20,3) 3.77 0.23
(-20, 8) 3.57 0.42] (-20,8) 4,45 0.41
(-15,3) 308 0.43] (-15,3) 3.6 1.92
(-15,8) 3.51 0.56| (-15,8) 4.6 0.95
- (-10,3) 4.75 0.22] (-10,3) 5.64 2.32
{-10, 8) 4.21 -0.29] (-10, 8) 4.85 0.96
(-5,3) 7.57 05| (-S,3) 7.1 1.9
(-5, 8) 328 -1.42] (-5, 8) 5.46 0.5
(0,3) 8.25 0.84] (0,3 7.68 -0.02
(0, 8) 0.98 -1.51] (0, 8) 5.25 0.16
(5, 3) 0 0] (53 0 0
(5, 8) 0.2 1.9] (5,8) 5.16 1.29
(10, 3) 0 0] (10,3) 0 0
{10, 8) 4.34 4.86] (10,8) 4.65 3.19
(15, 3) 3.13 1.44] (15,3) 2.17 -0.82
(15, 8) 3.96 0.24] (15, 8) 4.44 0.49
(20, 3) 4,93 0.06] (20, 3) 3.4 -1.27]
(20, 8) 4.77 1.19] (20, 8) 4.44 0.44
30H 40H
" coord. \A v, v, coord. v, v, v,
{em) {em/s) (em/s) {em/s) {em) (cm/s) {cm/s) (cm/s)
(-20, 3) 297 -2.85] (-20, 3) 3.71 -1.53
(-20, 8) 3.96 0.26] (-20, 8) 4.01 0.62
(-15,3) 515]° 4.07 (-15,3) 3.43 -1.22
(-15, 8) 4.07 1.23| (-15, 8) 4.05 -(0.]
(-10, 3) 3.92 1.72| (-10,3) 3.03 -0.91
{-10, 8) 4.83 0,79 (-10, 8) 3.92 -0.33
(-5, 3) 4.62 -0.48| (-5.3) 4,26 -0.69
(-5, &) 4.75 0.58] (-5,8) 4.12 0.23
(0, 3) 5.62 -0.76] (0, 3) 4.14 -0.21
(0, 8) 4.69| 0.711  {0,8) 4.01 0.33
~(5,3) 0 0l (5,3 0 0
(5,8) 5.12 1.63)  (5,8) 3.52 0.65
(10, 3) 0 0] (10, 3) 0 0
(10, 8) 195 1.70 (10, 8) 3.61 0.6
(15, 3) 2.18 0.6 (15,3) 2.52 -1.4%
(15, 8) 3.79 0.74] (15,8) 3.96 0.24
20, 3) 2.8 -1.23] (20, 3) 2.84 -2.25
(20, 8) 3.12 -0.67/ (20, 8) 3.19 -0.89
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Table D.12: 3D velocity components for trapezoidal vane (4H:2V)
(Angle of attack =400, Fr = 0.25, T/d = 0.57)

il 20H
coord. vV, Y, Vv, coord. v, v, v,
(cm) {cm/s) (cm/s) (cm/s) (cm) {cm/s) {cm/s) {cmis)
{-20, 3) 2.82 0.35[ (-20,3) 2.37 -1.13
(-20, 8) 2.96 -0.16] (-20, 8) 3.08 -0.51
(-15,3) 4 -0.221 (-15,3) 2.79 0.12
(-15, 8) 2.55 -0.38) (-15,8) 3.24 -0.84
(-10,3) 4.28 2.86] (-10,3) .77 1.23
(-10, &) 2.33 -0.29( (-10, 8) 3.46 -0.83
{-5,3) 6.38 0.69[ (-5,3) 5.79 1.35
(-5, 8) 5.29 -0.82] (-5,8) 3.24 0.07
(0, 3) 9.47 0.38] (0,3) 5.07 0.31
(0, 8) 3.73 -1.57] (0, 8) 3.9 0.04
(5, 3) 0 0l (53) 0 0
(5,8 3.28 4.28] (5.8 33 1.45
(10, 3) 0 0] (10,3) 0 0
(10, 8} 5.2 1.42] (10, 8) 2.94 1.1
(15, 3) 2.12 -1.25] (15, 3) 1.36 0.75
(15, 8) 3.89 -0.78] (15,8) 3.06 -0.14]
(20, 3) 2.51 0.28] (20,3) 2.96 -0.63
(20,.8) | 3.68 0.11 (20,8) 3.42 -0.55
J0H 40H
coard, V. v, v, cogrd. v, V, V.
{cm) {cm/s) (cm/s) (cm/s) {cm} {cm/s) {em/s) {cm/s)
(-20, 3) 1.75 0.29] (-20,3) 2.44 -0.24
(-20, 8) 2.83 -0.29} (-20, 8) 3.12 -0.54
(-15,3) 3.22 -0.13] (-15,3) 2.33 -0.41
(-15, 8) 33 -0.45] (-15,8) 3.14 -0.57
{(-10,3) 3.22 0.07] (-10,3) . 2.62 -0.07
{-10, 8) 3.39 0071 (-10,8) 3.21 -0.33
(-5,3) 3.49 097 (-5,3) 3.02 0.02
(-5, 8) 3.5 -0.02] (-5, 8) 3.36 0.05
0, 3) 3.99 032 (0,3) 3.36 0.28
(0, 8) 3.13 0.21| (0, 8) 2.81 0.15
(5.3) 0 0] (53) 0 0
(58 249 1.13] (5,8) 2.65 0.32
(10,3) 0 01 (10,3) 0 0
(10, 8) 2.55 0.8] (10,8) 2.44 0.37
{15,3) 1.76 -0.1] (15,3) 2.18 -0.48
{15, 8) 2.81 -0.52] (15,8) 2.81 -0.15
(20,3) 2.44 0.52] (20,3) 2.29 - -0.81
(20, 8) 2.75 -0.6! (20, 8) 248 -0.63
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