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The averarching gaal of tlhis effort was ta design a flaw generation and flow straightening
system in an annular flume to investigate whether this tank is a suitable testing facility ta study
sediment transport, The necessary flow field was generated Iby two 40 [lb,] thrust motors at
iACremental SettingS producing flOw velOCitieS II'rOm 15 [Cm/5] tO 35 [Cm/Sj. FIOW StraightenerS
then reduced turbulenre and straightened tlhe flaw downstream fer data collleciien. Tlhree-
dimensional velocity measurements were ra! Iected ai various designated locations
downstream using a 30 velocimeter, These readings were used ta determine whether the
flIJ FIB was pl oc! Uc!Ag the necessary flQw field Aeedecll ia 5iudy 5edlrneAt if'3 Asport,

AA analytfc mamentUFI balaAce w35 pelffol fnecl ta size the flaw geAeif'ate!5 ' Gr 3 raAge Qf
desired flow conditions, The fcrmulation inc!Vdedl both friction due ta wal! and flew

stf'alghtPABI'5. Th!5 anaIytic F!Qclel yleldedl 3 Accessary rnlaxlmuIFl power Gvtpvi Gf 1/8 [HPj
which correlates ta an output thrust of 45 [lbfj for 3 flaw velocity af 55 [cm/sj. N! Umerica!
sllfY! UlatllQAs GII' the flew flelcl wefe conducted 'io Bva! vate the flow straightenell" pef'faf'maAce
and predict tlhe optimum sampling lacation. These simullatiens indicatedl 3 1.5 [Inj diameter
tube in a honeycomb array was the madel that resuliedl in the least ameunt of friciionall loss,
AISa it W3S feund that ai 3 15 arC radiuS the flOw straightenerS perfarrned the beSt at
straightening tlhe downstream flew,

Rext, the flow generation and straightening system was constructed. 2 Minn Kota 40 [lb.! thrust
FIotol"5 were p!Jfchasecl from w'ww.cabelas.cofn. The5B motors were rAQUAtecll iQ the flufne
vslAg svpplles fraFl ihe Chase QceaA EngIABBl IAg bullcIIAg. IF low stl"alghtBAPl 5 wef'B coAstruicied
IIA 3 honeycomb stylPUslAg rendered rAeasuf Brnents taken fl'ofA the anaIytic macle!. This tUbe
array was then placed 45 degrees from tlhe autbaard motors. Proper measurements were taken
IIAto cons!de/ 3tlGA lf the flaw stralghtene!'5 hacl to II3B moved vp Gf' dawA stl'BarA,

Finally, the velacity field within flume was measured te evaluate the flume performance and!
hydrodlynamir sampling regime. A mounting system was constructed using supplies fram the
Chase Ocean Engineering building, An arigle iran was bolted te the mountiing system arid fitted
wiith 2 parallel her izentall slots ta allow for translation fram inner flume wall to outer flume
walll. A Vectrino II ve!GclrnPtPr was the IAsif'UFIBAt vsed 'ia l'Bee! 5 thP. flow VPIoclty, Both x aAd y
flew vellocliles were f'ecol'ded along with 2 estimates IA the z clif"Bc'ilan. 05IAg these f'BcordlAgs
the data was ihBA Bxportecl to Matlab fef' full'thief' fnvesillgatIGA. Upon 3Aallysls lt was
determlAed that 3A 3AAvlalf' flume Is an acceptable facllllty to 5'iucly sedlmeAt tl'3Aspori, AA
optimal testing location was found to be 12 [ftj from the flow straighteners alang the cuter
flume wall.



1 Introduction

The overarching goal of the project is to validate a testing facility to study sediment transport.
The facility under investigation is a circular open channel flume, An annular flume has not been
used before in studying sediment transport due to the experimental requirements to study this
theory.

The study of sediment transport is the study of the recirculation of solid particles. A correlation
to sediment transport is understanding erosion in steady flow open environments. As a result,
the experimental requirements to study sediment transport are that the flow has to be steady
with a flow range of 0,0 [m/s] to 0,4 [m/s].

This tank will be under investigation to see if the flow meets these requirements. In order to
meet these requirements, the implementation of a driving force to move the fluid as well as a
flow straightener design will be integral. The motors will force the fluid along the tank in order
to create the flow speed necessary. With the flow field up to speed, given the tank geometry,
the turbuilence will be reduced with the flow straighteners. These two integral pieces will create
a suitable testing section downstream.

2 Anal tic Model

Upon our initial approach to validating this testing facility, the flow needs to be forced through
the tank. An analytic model of the flume was created to understand the amount of force
needed to drive the flow at our desired flow speed.

Figure 2-1: General tank geometry.



The force dr!vllng the flow results from BA Gu'iboard moiol thai FAus't QVP!"come Initial fl!c'iloABI
losses. The frictIQABI forces that will Aced to be QVPrcomP ! Ac! vcIP the fr!et!on clue 'to 'the IAAeF'

Bnd outell walls 35 well 35 'the bottom flool' Qf the taAk. The ovtboal'd FAotol' wiII FPsvllt iA

significant rotational motion that will gererate large vortices thai will require flow
siraighteners. The tllow straighteners should reduce the overall downstream turbulence but will
be an Bcldltional sort of friction the must be conslcller'ecl, ThP. two Aow straightener designs
under consIc!eratlon BFP 3 honeycomb style cutved tvbe al"F'By BACI 3 porous block design,

A volumetric momentum lballance was used to determine the necessary mater power to
generate the SpeCified flOW fOr meaSurementS dlOwnStream, Tlhe VOlurnetriC farm Qf the
momPAtuFA balance  KUAclu 2012;'.IL01! accovntiAg for frIctionaI losses QA thP. walls, il'Iow
straighteners and thrust by the propelller, ran be rewritten as

F<h~~~«+ Ff-"F«le~~ + Ff low eFxalqhtener frietlo» ~< Jv Pv d+ + f~g Pu tF

where p iS the denSiiy Gil' the fluid, u iS the VelOCity f'ield, n iS the direCtiOA Of the fIOW relatiVe to
the control volume, andi F is, the externa! force acting on the fluid. Continuity is in 2-0 cylindlrical
cooF dinatPs due to the flume geometry. Fol' 2-0 cyI! Aclncal coor'dlnatPS� the ve! Qcity field is
FPpresPA'tPCI with u r,6!=U, I,+0 CI g The continuity equation Is

where the assumption of UlF. Please note, this analysis neglects the vertical velocity
contribution. With 3 resulltllng constant velocIty pl3cecl back Into the moF'centum eqvailoA, 'the
F'e5vlt'lAg redvced I'Grm caA be w! ii'ieA Bs

where p is the fluid density, 08 is the mean velocity allong the curve of the tank of the fluid, Cf is
tihe coefficient of friction for water in an open channel, andi A,«f is the surface area Gf the
walls and flow straighteners. The roeffirient of friction for water in an open channel can be
Bppl QX!FABted With

where the coefficient of friction is a funrtion Qf the Reynolds number and definedl as 3
dimensionless numlber that measures tihe ratio or inertial forres to viscous forces which

determines the type of flow the fluid is. The Reynolds, number is calculated by

Where Re is the Reynolds number, 0 is the characteristic velocity Qf the fluidl, IL is the
characteristir. length scale defined by the hydraulic radius�and v is ihe kinematic viscosity. The
dimensions Gf tlhe tank result in a rross sectional Brea of 2 [ftj ancl F~ [inj resulting in 3 hydraulic
Fadlus Qf 5.95 [IAj. By havlAg both ihe cross sect!GAB! BFPB Bncl perImPteF Gf the fiuid agalAst the



tank, the hydraulic radius, L, is the characteristic dimension in an open channel flume and is
defined with

4 C TOSS
P �!

Where A�o» is the cross sectional area of the tank, divided by the wetted perimeter.

The wetted perimeter is determined with

P = 2H+B

Where P is the perimeter, H is the calculated height of the fluid in the tank, and B is the width
of the base of the tank, The water height was measured by the equation below

H Across
B

Through the Reynolds number, the flow field is characterized to be turbulent. The following
figure shows the Reynolds number increasing as the velocity increases.
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When accounting for the frictional losses, the surface area of the tank included the tank bottom
and side walls, as well as, the surface area of the flow straightener tubes that the fluid passed
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Figure 2-2: Reynolds number over a velocity range of 0.0 to 0.5 [m/s,]



through. In order to evaluate the independent frictional contributions, the surface area is the
sum of the lndivlcluaI components

Calculating for the tank ~alls, the Surface area of the bottom of the tank is

~et ttom � IT

Where QD ls the GUtel' diameter Gf the tank, anci ID ls the lnnel diameter Gf the tank. Also, the
friction due to the walls can be calcullated by

Where A~«I is the surface area of the walls, H is the water height, and both QD and ID identify
whether it is the surface area of the outer wall or inner wall. Iln the case of the tube array flaw
stralghteners, the flow moves along both the inside and ouside surface of the tubes and the
SUI"faCe al"ea ls

where the surface area along ihe length Gf the flow straightener tubes is a function of rl, the
number of tubes, os and iD which are the outer and inner diameter dimensions of the tubes�r
ll3elng 'the 3ver'age I adlus from the centel of 'ihe tank, and d8 being the cUrvecl length ln I'Bdlans.
R,I,Loehrke Bnd Hl. M,Nagib �972!, showed experimentally that the ratiO Of the length Of the
tubes and the centerline width of the tank shoulld be Gn the ordler GF one. Also, the diameter Gf
the tubes should lbe apprcximately 1/iG" the tulbe length. With these dlesign specifications,
only the friction allong the tube wallls is included due to the face of the tubes being smell
enough to be considered neglligible.

A pOrouS blGCk With an array Of StraightenerS integrated in the bIOCk CreateS SurfaCe frirtiOn
From the blocked crevices between each straightener tube. This surface friction along with the
flow thrGUgh the tubes Creates 3 more vlscoljs flow, changing the analysis plocess 35 well 35
making the Aow more turbulent then before. With the flow onIy passing through the holes in
the block� the surfare area @lang the holes is

~FIow St> GEg At888T Block +  @~o~~e!

Whel"e ther'e ls only friction due to the lrlneI' wallls Gf the holes, Also cluP to cont!nUlty, the flow
increases consequently from the Reynolds number, through the block.

Thc theof'et!ca! power required to overcome the friciionaI forces ls



where the force over the velocity represents the power of the trolling motors in Watts. This
relationship is used to assess the power demand to overcome the frictional forces so the flow
field is held constant. The expanded power equation becomes

PU Cj" [~bottom + ~waits + ~Flow Stra!ghteners]
2

�5!

Where the expanded form of the friction force is multiplied by the velocity including all
frictional components. In order to use this power value and compare it to motor sizes for the
use of the thrust, power is converted from Watts to horsepower through

Hp WQE'l'S
�6!

Where the final value in Watts is divided by a constant to convert into HP to determine the
necessary size of the motor.

Upon configuring the power necessary to drive the flow, the two flow straightener designs
were compared for an optimal design in the following figures. The first figure displays the
power needed to compensate for the porous block design
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Figure 2-2 shows that the maximum amount of power necessary to compensate for the porous
block for flow straightener angles of 0 to 0.4 radians ranges from 0.2 to 0,25 [HP], Also, a larger
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Figure 2-S: Power consumption for porous block flow straightener design.



difference is show through the flow field; this is a result of the Reynolds number increasing
greatly as the velocity increases. The amount of power from the porous block design doubles
the amount of power needed to compensate for the honeycomb tube array design. The
following figure shows the power compensation for the tube array design
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This figure displays a reduced amount of power, with a maximum value of approximately 1/8
[HP]. The two designs are different in values, but show symmetry in their sensitivity to the
length of the flow straighteners.

For a tube array design being the optimal flow straightener design, there are some calculations
in order to find out how much tubing there is involved. Through researching R.I.Loehrke and
H.M.Nagib �972!, the optimal arc angle, do, is a 15 degree arc. With the dimensions of the tank
and the flow straightener tubes known, the length of an individual tube is given by

d8
Loyc 2R'R

360 �7!

Where the arc length is a function of the arc radius. With the arc radius being a range of values,
the arc length becomes an array of tubes along the width of the tank. The array of tubes
produced is the individual lengths in meters per radial length.
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Figure 2-4: Power consumPtion for honeycomb array flow straightener design.
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Figure 3-2: Initial simulation without flow straighteners,

The different colored lines represent the average downstream velocity trajectories throughout
the tank, As the colors of the lines turn from blue to red, the velocity increases. The figure
shows that the disturbance created by the motor is largest immediately downstream of the
motors. Without the flow straighteners, the simulation shows that the flow filed approaches an
equilibrium state at roughly 180 degrees downstream of the motor.

The figure also shows that the flow is faster at the outer side wall,

Figure 3-3: Optimal testing location without flow straighteners.

Despite this location being the optimal testing location, the velocity field shows significant
across tank velocity with flow speeds ranging from 0.2 to 0.5 [rn/s]. the non-uniformity would



significantly restrict the use of the tank for sediment transport studies. The flow straighteners
were added to the domain at an optimal 45 degrees from the motors downstream. The
simulation shows that the flow field is stabilized by approximately 135 degrees. Beyond 135
degrees, the flow field is predicted to be uniform until approximately 300 degrees,

Figure 3-4: Theoretical flow with flow straighteners.

The flow passing through the straighteners shows a local increasing magnitude but begins to
spread and dissipate across the whole tank. The flow downstream is steadier as shown by the
darker blue color, With the straighteners in this model, the optimal testing location is
approximately 180 degrees from the end of the flow straighteners, This cross section is shown
below
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Figure 3-5: Theoretical cross section corresponding to optimal testing location in flume.
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The values of the flow shown in the figure display that the flow downstream are steady and
increase from inner wall to outer wall like it should, Unfortunately, the model including the flow
straighteners shows a larger difference between the flow field from inside wall to outside wall.

As a result of this simulated analysis, the flow straighteners can be placed approximately 45
degrees or more downstream from the motors to reduce the turbulence. Lastly, with the
straighteners placed in the tank, the optimal location for testing is approximately 180 degrees
downstream from the tailing edge of the tubes. The across the tank uniformity will decrease
with the implementation of the flow straighteners, but the along the tank uniformity of the
flow field will increase significantly making the flow more steady,

4 Ex erimental Desi n

In order to drive the flow in the flume and to collect valid data, three main components were
constructed. The flow field was driven by two 40 [Ib!. thrust outboard motors secured at a safe
distance from all surrounding walls using wood screws, clamps, and U-bolts. Motor shafts were
securely fastened to ensure tank liner safety and to prevent torque resulting from motor thrust.

Figure 4-1: Dual 40 lb. thrust motors with mounting system.
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The flow straighteners were constructed in a honeycomb style array as given in sections 2 and
3. The material used to make the straighteners consisted of Crack-Resistant Polyethylene
Tubing, PVC Glue, and duct tape. The straighteners were constructed and placed in the tank to
fit snug against the inner and outer walls. A requirement of the straightener design was to
assume they could be placed anywhere in flume to facilitate flexibility in future experiments.
Figure 4-2 shows the final model of the flow straighteners.

Figure 4-2: Flow straighteners.

In order to obtain accurate velocity measurements, a mount had to be constructed to secure
Vectrino II measuring device at a steady location in the flume, The Vectrino II mount followed
the same design as the outboard motor mount. Wood screws and clamps were used to make
the mount so that it was secured tightly to the flume. Angle iron was fitted with two parallel
horizontal slots to allow translation from outer to inner walls for thorough cross sectional
rneasurernents, Bolts were used to secure the Vectrino II to the angle iron. The head of the
Vectrino I I was the only part of the device not secured to the angle iron. If too much of the
angle iron was in the water too close to the measuring head there was concern that the flow
field would be disrupted and data would not represent the true dynamics.
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straighteners it would affect data interpretation. Figure 5-1 shows the energy density of the
velocity as a function of frequency for the initial 10 minute run,

10
Vectrino II

� -5/3 theoretical slope

10'

cv E

co 10

10
Freq  Hz!

Figure S-4: Spectral energy plOt Of 10 minute teSt.

The power spectral density along the flow direction velocity was calculated using Matlab scripts
written by Diane Foster and graduate student Meagan Wengrove. Given that there were no
spectrum spikes above the 95% confidence interval a steady flow assumption was valid. This
9596 confidence interval was attained by the use of 40 degrees of freedom using the spectrum
data plot. In other words, the time series was split up into 2 minute intervals and the data was
averaged together resulting in the plot seen below. A two minute run was assumed to be an
acceptable sampling time. Figure 5-2 below shows that a 2 minute run follows the same trend
as a 10 minute run. To test vertical uniformity, the sensor was raised 4 [cm] and a 2 minute run
was then conducted at the new sensor height. It was found that there was minimal variation in
the velocity readings and could be considered negligible,
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Figure 5-2: Spectral energy plot of a 2 minute test.

This was verified by comparing the spectrum plot of the 2 minute run to the spectrum plot of
the 10 minute run and it was observed that they followed the same trend.

This observation indicates that the gathered data follows a typical energy dissipation model
where the energy is cascaded from large to small scale. The Vectrino II was sampled at 50 [Hz],
which resulted in a Nyquist frequency of 25 [Hz]. Although the sampling frequency has a
maximum of 50 [Hz] it can be seen in Figure 5-1 that any data collected above 11 Hz is too noisy
to consider. At frequencies greater than 11 [Hz] the spectral energy levels off, suggesting that
the instrument noise floor has been reached.

Testing was then conducted at three cross sectional areas along the flume curve. Each test
section was 3.33 [ft] along the arc of the tank from the location of the flow straighteners, The
data gathered at each test site was then analyzed using Matlab to find average flow
characteristics. Velocity readings, correlation factors, and signal to noise ratios were studied to
resolve the overall question of whether or not a circular flume is an acceptable test site for the
study of sediment transport, Figure 5-3 shows velocity readings in the x and y direction with
two estimates in the z direction. The two estimates of the z velocity account for verification of a
negligible turbulence in the z direction. It can be seen in Figure 5-3 that the vertical estimates
are consistently below 0.00 [cm/s],
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Velocity vs translational position
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Figure 5-4: X directional velocity vs. translational position from inside flume wall to outside flume wall,

Figure 5-4 shows that for all speeds the velocity significantly increases from the inner to outer
flume wall, For example, at speed setting one the test section closest to the outer flume wall
recorded an X velocity reading of 26,5 [crn/s], The test section closest to the inside flume wall
recorded an X velocity of 12 [cm/s], which is 14.5 [cm/s] lower than the outside test section,
This observation indicates that the flow field is not uniform in the translational direction

perpendicular to the flow. This result is not inconsistent with the flow simulation and would
suggest that for the flume to applicable for sediment transport studies, the flow generation
would be need to be modified. One approach would be to move the motors closer to the inner
side wall,

After thorough analysis of collected velocity readings Figure 5-5 below shows the data set
collected at the optimal location.
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Figure S-S: Mean velocity, correlation factor, signal to noise ratio.

Figure 5-5 shows an acceptable signal to noise ratio indicating minimal particle scatter in the
water column and a correlation factor in the range of 90 to 100/o. It can be seen that the x
velocity is an acceptable flow speed to study particle movement while the y and z velocities
remain at 0 [cm/s] deviating from this measurement by only 1.2 [cm/s]. This small deviation
shows that the turbulence at this location is minimal and negligible in the study of one
directional particle movement. From our observations, it was confirmed that this annular flume
is an acceptable testing facility to study sediment transport, The data collected shows that the
optimal testing location for sediment transport in the annular flume is 12 [ft] from the flow
straighteners along the curve of the tank. For further analysis at all the test locations, refer to
Appendices A and B.

6 Conclusions

Theoretical and experimental analyses were performed to investigate as to whether an annular
flume is an acceptable testing facility to study sediment transport. After construction of the
necessary mounts and flow straighteners, a Vectrino II velocimeter was used to obtain 3-D
velocity measurements at various locations throughout an annular flume. The velocity field
within flume was then measured to evaluate the flume performance and hydrodynamic
sampling regime. Upon processing the collected data it was confirmed that through
modification of the experimental setup an annular flume acts as a suitable testing facility to
study sediment transport, If one were to use the annular flume located in Gregg Hall at the
University of New Hampshire to study sediment transport, the optimal study location is 12 [ft]
from the location of the flow straighteners along the outer flume wall,
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A endix A

Shown below are the results taken from the research after analysis using the quality control
sheets,
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Speed Setting

X veIority  cm/s!

 +/-!

y Vei a city  cm/s!

 +/-!

 -! Zl vei orit  cm/s!

 +/-!

  -! Z2 Velocity  cm/s!

 +/-!

OotsIde Posllt oA

5peed setting OUtside

X velocity  cm/s! 24

 +/-! 3.,5

Y Velocity  cm/s! 0

 +/-! 1,8

 -! Zl veiocity  cm/s! 2

 +/ ! l.2

  -! Z2 Velocity  cm/s! 2
 +/-! '.!.2

Inside 3

35

Speeci setting
X veIoGty  cm/s!

 +/-!

Y Veiority  cm/s!

 +/-!

 -! Zl veiori'ty  cm/s!

 +/-!

 -! ZZVeiocity  cm/s!

 >/-I

Speed Setting OUtside l OUtside 2

X veiocity  cm/s! 20.4 24.3

 +/-! l..6 l.6

Y Veilocity  cm/s! 0 -0.36

 +/-! ] 66

 -! Zl veIocity  cm/s! l.2 2,06

 +/-! l 087

  -! Z2 Velocity  cm/s! 3..2 2,05
 +/-! Q Ql



3.7,83

1.63

-2,33

00tsIQe MQtGf'

Setting

Middle

Setting

IIM! de MotGP

Setting

3.2

1

- jA3

0.88

-1.67

0.46

22,2

1.28

-2,63

3..72

-0,78

0.97

clete set 3.2-ate!t

3.4.63

1.24

-2,04

3..11

-3,.67

0.74

27,3

2.43

"2,8

2

-3.,42

0. 87



Ovtsllclle

OUtside Motor

Setting

inside Motor

Setting

Speed Setting

X velocity  cm/s!

 +/ !

y Velocity  cm/s!

 +/ !
 -! Zj. velocity  cm/s!

 +/-!

  -j Z2 Velocity  cm/sj

 +/-!

Speed Setting

X velocity  cm/s!

 +/-!

y Velocity  cm/s!

 +/-!

 -! 23. velocity  cm/s!

 +/-!

  -j Z2 Velocity  cm/s!

 +/-!

33,5

2,5

0.86

2.4

-2

1.3

inside 3

36

2,4

6

Jg

3

j..5

3

1.5
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