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Abstract of Dissertation

An Experimental Study onthe Flow Instability and Wall Shear Stress along
Confined Obstacle

Reusable medical devices are widely used in medical offices and hospitals, however,
inadequate cleaning can be fatal to patients. Over the years, the geometry of reusable
medical devices has become more complex, with lumens or crevices, niaiaggh
cleaning challenging.o facilitate the deployment of Computational Fluid Dynamics (CFD)
analysis in the design of reusable devices and guarantee their reprocessing, it is necessary
to first assess the quality and adequacy of the numerical méokelsuch flow
configurationsHowever, to date experimental validation data are missing and the small
geometrical features make it challenging to restitesrelocity field experimentally.

Here, a longdistance micreP1V is deployed on the flow along ardned obstacle
in a refactive index matched facilityrthe confined obstacle is a canonical geometry for
validation of CFD applied to reusable geometries. A jet enters a square test section and
creates a flow around an obstacle. Twenty measurement staionnd the obstacle
provide a comprehensive coverage of the flow field. Specifically, mean and fluctuating
velocities are acquired and analyzed. Specific flow features are idebtyfiechployinga
combination of techniques, such as correlation analyper orthogonal decomposition,
etc. Recommendations for future work to better characterize this new flow are also

provided.The wall shear stress servesaaliven force to remove the clot at the medical



devices and is negligible within the vena coctiaaareg whichisc onsi der ed as t he

potd and should be avoided in the design.
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Chapter 1: Introduction and Background

1.1 Introduction to M edical Devices Reprocessing

Medical devices fall into one of two categories: disposable or reusable. Reusable
medical devices can ieprocessed and reused on multiple patients. Examples of reusable
medical include surgical instruments, endoscopes, and stethoscopes. Before they can be
put back to use on a different patient, these devices undergo reprocessing, a detailed multi

step procss cleaning, disinfection, and sterilizatiom which blood, tissue, and other

biological debris attached to the devices are removed and infectious microbes are
inactivated.

Inadequate reprocessing can cause severe infection and disease transmisgjon amon
patients, which can be fatal in some situatidfurthermore, in times of diseasatbreak,
usage of inadequdyereprocessed medical devices could be catastrophic. For example,
several studies have found that the explosion of Pseudomonas between D&i8be
and August 2009 is highly related to the accumulation of biofilm on endoscopes due to
insufficient cleaning and drying before storfidf?][3][4]. It has also been found that
microbial load can remain on used surgical instruments after cleaning, causing a risk of
crosscontaminationf5][6][7]. Thus, the reproceig process of medical devices is of great
importance to make the devices safe for the next patient.

In the cleaning step, blood clots, organic debris and other contaminants on the devices
are removed; in the second step, the devices are ditiefected or sterilized according
to the material from which they are made. Researchers have intensively investigated the

reprocessing process to increase cleaning efficiency and redu®] [@stT he ineffective



cleaning of surgical instruments can lead to the accumulation of crystalline deposits
contributing to inflammation or surgical sho¢kO]. The research suggested that it is
necessary to raise standardseduce the risk of crogmtient contamination and disease
transmission. In 2015, the US Food and Drug Administration (FDA) issued a guiding
document stating that It Arecommend(s) al |
constructed to allow adequatieaning, because if a device cannot be adequately cleaned,
any subsequent di sinfection or [dlj.&achl i zati o
country has its own guidance, for example in the United Kingdom, the guidance on
decontamination of reusable medical devices is laid out in Health Technical Memorandum
[12]. In conclusim, it is not only necessary but also essential to clean all the surfaces of
medical devices.

The design of medical devices plays a vital role in the reprocessing process. Nowadays,
the geometry of medical devices has become more complicated than bdfbes d@ature
that could retain debris. This includes 1) long, narrow interior channels that are too small
to permit a brush to pass through, 2) sleeves surrounding rods, blades, activators, inserters
and so forth, 3) moveable parts that contact each,hen as scissors, and 4) devices that
are not esasserhlable for reprocessindzigurel shows examples of medical devices: (a)
Olympus Hesterscope (Olympus.com) (b) Tubular Retractor System for Spine Surgery (c)
Used SpenceWells forceps (Lipscomiet al, 2006) (d) Duodenoscopgiaugenet al,
2018). Those devices have complex geometries with crevices. The crevices can lead to
protein and microbial buildup, which matteecleaning process difficult and cause patient

to-patient infectiofil0][13][14].



(e)

Figurel Examples bmedical devices with complegeometry (a) Olympus Hesterscope
(Olympus.com) (b) Tubular Retractor System for Spine Sur@@gsinstruments.com)
(c) Used SpenceanVells forceps (Lipscomb et al., 2006) (d) Demoscope (Haugen et

al., 2018) (e) suction nozzle (FDA.com)



The FDA conducted investigations related torthlkes associated witleusable medical
devices reprocessing due to poor geometry design. Duodenoscuipes are the
specialized endoscopes for endoscopic retrograde cholangiopancreatography (ERCP), are
sophisticated instruments containing many small moving gagare2 shows a diagram
of a duodenoscop&he moving parts of the elevator mechanism include wires and hard
to-reach crevicesHigure3). In 2015, the FDA sent warning letters to three medical device
manufacturers of endoscopstmtingthat they failed to ensure that the devices could be
adequately cleaned even though the cleaning guidance hyahefacturerdiad been

followed.

Duodenoscope Diagram

(3) Lowered/ closed forceps elevator {b) Raised/ open forceps elevator

Figure3 Interior detailof the forceps elevatdFDA.com)

The FDA also did extensive work on the qualification of the organic debris in reusable
medical devices. Haugerf al, at the FDA created long narrow channels of different

complexity to mimic the cleaning process and developed a-Wigghing method to

4



guantify the mass of the residue debris. Clinical devices such as an arthroscopic shaver and
suction tips are used to test the method and found the approach is valuable for quantifying
insoluble or lowprotein soil415]. Lipscombet al, developed a method to quantify surface
contamination on surgical instruments usagiicroscopy techniqufl6]. In theirstudy,

the contaminated surgical instruments were incubated in molecular probes solution and
visualized using a microscope under fluorescent illumination. The methods served as a
highly effective way to determine the level of contamination on a mediceledsurface.

Previous studies revealed the limitations to use brushes to clean the intricate
instruments containing sharp corners and crevices. Reftala found that most lumenal
devices contain more than 1000 colgoyming units (CFU) microbial loadfter cleaning
using a bruskb]. Herveet al, showed that proteinaceous soiisl present at the channels
of luminal endoscopes even after enzymatic cleaning and brughmgWu et al,
conducted experiments to investigate the bacterial biofiims formed on the endoscope
channels after routine reprocessing procedures. Scanning electron microscopy (SEM)
images show that notable biofilm growth is observed in 5408%uction and biopsy
chanrels and 76.9%f water and air channels. It indicated that the manual cleaning such
as brushing might not be adequate to clean the channels in endoscopes.

In practice, higkspeed fluidsare used to remove the organic debris and other
contaminants attached the narrow channels and crevices. A cleaning fluid flush has the
nature to reach the narrow channel surfaces, which are too small for a mechanical brush to
reach. The shear stress induced by the fluid flow is the driving force to remove the organic
delris on the surface of the medical device. Rale¢nl, validate the computational fluid

dynamics (CFD) analysis of medical devices by the data obtained using Particle Image



Velocimetry (PI1V) experiments. In the study, the FDA benchmark nozzle modeldsas
mimic medical device geometry. Hariharmetral, conducted PIV experiments to study the
effect of flow rate and flownduced shear stress on the removal of biological clots during
the cleaning proce$&8]. In the research, artificial blood wasedto simulate the organic
contaminants, and staintesteel coupons were used asiagogate of the reusable medical
devices surface. Various factors that affect the clgpmprocess were investigated
including: (1) the device material, (2) the surface roughness, (3) the type of debris, (4) the
amount of debris, (5) the type of detergent, (6) the detergent exposure time, and (7) the
fluid flow. They found that fluid shear ihe dominant mechanism compared with the
detergent at a high flow rate. The remonatkof clot mass has a linear relationship with
the neaiwall shear stress.

The goal of this researchtis developadatabase for validating numerical models used
in simulating the reprocessing and cleaning of reusable medical devices. A canonical
configuration was developed by the US FDA. Samples of CFD applications to licensing by

US FDA are presented below.



1.2 Simulation of Ruid inside Medical Devices

Over the years, Computation Fluid Dynamics (CFD) analysis has been employed to
analyze different device designs to make sure that the medical devices can fulfill their
requirements. A CFD model can be a fast and inexpensive tool to look into the flaw patte
inside the medical devices. Through computer simulation, researchers can study the initial
stages of product development and efficiently modify their design, especially when there
is not enough time or money to perform experimental studies.

1.2.1Examples of CFD Modelsfor Loop Pumps

The implantable blood pump, also known as a ventricular assist device (VAD), is a
blood circulation system for heart disease treatment. A VAD is applied to help circulate
the blood flow around the heart for people who suffer from weak heart or hear.failur
Besides some general requirements, sudbeasgharmless tdhe body, easy to control
and longlasting a successful design of a VAD should pose two critical technical
challenges: adequate hydraulic efficiency and excellent biocompatibility. In particu
CFD models are employed to predict the hydraulic performance assisting the physiological
circulation and the level of blood damage, which is an indication of hemocompatibility.

Chuaet al, carried out a simulation to study the inner flow field oficaplantable
ventricular assist device using the standerdlmodel[19][20]. The Fluent solver (version
6.122) was used to perform the calculation on SGI clustered workstations. The model of
the blood pump was divided into five independent parts, each with unstructured grids. In
the study, blood was treated as an incompressible Newtonian fluid with a visfdsy
x 102 Pa-s and a density of 1050 kg/nThe Reynolds number of the flow was about

78,500 based on the pump tip speed and the outer diameter of the Tiedesssults show



that the dimensionless head calculated by simulation was underestim&tédiby Hg
(8.3 % of the total pump pressure head) compared by the value obtained from experiments.
For the inner flow between impeller blades, the reverse flow and vortices in the blade
channel are not observed in simulation émgclearly seen in the flowisualization[21].

Yanoet al, appliedthelow Reynolds number orequationk - Hmodel for turbulent
flow in the neawall region in the axial flow blood pum[®2][23]. In the study,a
hexahedral element mesh is created using -BEXd, and the RANS equations are
computed by the solver CFX TASC flowlhe comparison betwea the estimated
hemolysisand the experimental hemolysmslexshows that the accuracy of the simulation
gets worse forthe complicated structurevhich has more impeller stages and tip
clearanci4]. The hamolysis index which reflects the blood damage was estimated by the
simulation result. However, those valua® not close to the experimehfaheasured ones
even though the correlation betweabletwo is relatively good.

1.22 Examples of CFD Models in Nasal Spray Dexces

A Nasal Spray Device @systemin which the drug delivery iaccomplished through
the nasalcanal The major advantages of the nasal drug deliveryadaege surface area
for absorption, relatively rapidelivery to the systemic circulation, and avoidance of the
gastrointestinal tract with the $irpass metabolism in the livdResearchers have studied
the deposition siteof the nasal spray drug delivery using computational fluid dynamics
(CFD)[25][26].

Since the flow of the nasal spray daviconsists of the loywressurespray droplets in
stagnat air, the standarl - Hturbulent model needs to be modifieecausehe turbulent

viscosity might be overestimatgdne of the refinements is the realizable models proposed



by Shihet al, which shows substantial improvements for the rotating homogeneous shear
flows, boundaryfree shear flows, channel and flat boundary layer flows, and backward
facing step flowg27].

Funget al, evaluate the numerical simulation for the spray from a nasal spray device
by comparingt to previous exp@émental data. In the research, the aushapplied the
realizablek i Uturbulence model for turbulent flow. The commercial ANSYS Fluent was
usedto solvethe RANS equations. A combination of around 2.16 million glatdraland
hexdnedralelements mesh was generated in the spray regiorLifbar Instability Sheet
Atomization LISA) spray model was applied to determine theqremnce of nasal drug
delivery[28]. The result droplet distribution is applied to estimate the behavibeaésted
nasal spray device. The comparison between the experimental measured results and
simulation results show that the best agreement is achieved when the spread parameter is
1. The perimental data are also used for selecting the empirical shesticbmalues
which has a great impact on the spray sheet lemb#hstudy also finds that the simulation
matches the experiment results when the dispersion angle is 3gelgréke research,

The experimental data plays an importawmie in selecing parameters, with which the
accurate simulation can be implemented.

The RNG model is another refinement of thké Umodel using RéNormalization
Group (RNG) methods introduced by Orseagl, [29]. The RNGki Umodel is developed
to account for smakcale motion in the turbulent flow.

Fogliati et al, analyzed the mechanism of spray deposition using both the RNG and
Realizabléi Umodelswith the solver FLUENT27]. The dimensionless velocity profiles

showacomparison betwedahetwo models. Al shorter distance (40 mipthe transverse



velocities predicted by the realizable model match the experimental data well while the
RNG model underestimated the velocity especially far from the nozzle gkeater
distance (100 mm), the sétion isthe opposite: the RNG model performs better over the
realizable mode which senaty overestimated the velocitygoth models do a good job
when predicting the axial flowhe spray shape factor is defined as the axial velocity drops
to 50% along ta transverse direction. Plots of the spray shape factor along the axial
direction for experiment and simulation results imply thastiegpe othesimulation spray

is larger tha the real one.The realizable model predicts a more accurate shape than the
RNG model.

1.2.3Evaluation of CFD Smulation

Verification is the fAprocess of determinir
represents the developerodos conceptual descr
model , 0 accor di ng oftAeronaitioe and Asaamautican(8IAA).tTo t e

make sure that the governing equations of CFD models are solved correctly, analytical
solutions are compared to the results calculated from CFD simulation, and the errors due
to the discretization are quantified.

Harihararet al.,conducted the verification research of the polaer model applied to
predict hemolysis. Two different methods, the Euler approach and Lagrangian approach,
are used to determine the level of blood damggfd. The sudy showed that the
discrepancy of blood damage leymtweencalculatedresults andhe CFD simulation
results is within 1%, which indicates that the CFD models are implemented well. The
Eulerian model matches the Lagrangian model within 5% in the abs#ndew

acceleration and within 10%, considering the flow acceleration, respectively.

10



On the other hand, a c cvalidaton msgthe tproces#\ df A A
determining the degree to which a modehkisaccurate representation of the real world
from the perspective of intended uses of the mod&llidation is a step tdeterminethe
creditability of the CFD models bghowing howsimulationmatches the experimental
results The validation process is especially important because it indicates h@ideoon
we are that the CFD models can depict the real world.

Tain et al.,evaluated the flovinduced mechanicaldod damage obtained froBFD
simulation based othree variants of the powéaw model andexperiment resultn
centrifugal and axial flow blood pumpshelarge percentage &fPM error showd that
none of the CFD models camovide theaccurate absolute magnituder@molysis,but
the high correlation coefficient indicated that the CFD simulatiddpredictthe relative
hemolysis.The CFD is especially usefulhen optimizing the design of blood purfiii.

Apel et al., applied ParticleTracking Velocimetry (PTV) to investigate the flow
patterns in the axial blood pump. For validafi@FD simulation was conducted by
TASCflow solver package. The comparison of head coefficient and the swirl pattern from
CFD and PTV demonstrategceptable agreemengz].

1.3 Junction How
In the current research, the fluid flowing around theoBBtacl€orms a junctiorflow.
In a review,Simpson summarizghe previous studs[33]. The flow behaviors for blunt
and streamlinedbstacles are discussed for both laminar and turbmeomingboundary
layers. The laminar junction flow occurs when the Reynolds number based on displacement
boundary layer thickness is below 1(3@]. As the Reynolds number increasesystem

of multiple vorticegs formedin front of a verticatylindrical obstacleThis is summarized

11
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in Figure 4 [35]. The topology of the 3D separation for the flow varies dejmendn
Reynold numberRer, whereT is the diameter of the cylindeks shown inFigure5, the

author showsowthetopology of the threelimensional separation for the circular cylinder
obstacle develops as increasing Reynolds number, changing from a single steady primary

horseshe vortex to steady multiple vorticE34][35].

(a) Primary vortex (P.V.) is formed
upstream of the wing (20%).

T

(b) Secondary separation vortex (S.V.)
with the same direction as the P.V.
developed upstream. Another
counter-rotating vortex exists
between two strong vortices (15%).

U

(c) Fluids in low shear region
separates from the wall.
Lifted-up fluids create
rotational disturbances in the
outer layer (15%).

]

(d) S.V. moves downstream while
the disturbances created upstream
begin to roll up over a large
vortical structure. Leap-frogging
of multiple vortices adds more
strength to the primary vortical
structure (21%).

L
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(e) While the strengthened P.V.

PR is stretched around a wing,
sl accelerated flow is induced
B 2 in this region. The inrush
f high momentum fluid i
PP e Sl of high | um fluids energizes
: this region. Flow is stabilized

at this instant (8%).

(f) After a while, flow in this region
becomes very unstable (7%).

(g) Some time later, a weak large
vortical structure is formed again
upstream of the wing.

A cycle of (a) to (g) is
repeated building up time-
dependent characteristics of
a junction flow (14%).

Figure4 Descriptive model for the sequence of flow events in the nose region of a Rood
wing-body junction. The percentage in parenthesis sgmts the approximatiene
proportion of the eventadjusted fronj35].
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Figure5 Streamlines patterns: (a) giwortex system; (b) four vortex system; (c) two
vortex system. S, separation line; A, attachment line; SP, stagnatioh3#dint

14



Devenportet al, reported the bimodal velocity probability phenomenoReat= 6700
[37]. As shown inFigure6, histogram otthe xi componenbf velocity fluctuations ax/T
=-204,y/T = 0.046 The histogram is based on thevelocity component enclosdxy the
solid lineon the vector fieldThe strong oscillations there aesponsible fohigh surface
pressure fluctuation levels and high heat transfer rates in the region.

Shargd edged bluff body flowdavebeen investigated extensiveMartinuzziet al,
[38] provide a sketch of mean featuresrigure?7. They includea horseshoe vortex system
which envelops the obstaclEhe authos found that the horseshoe area which has largest
vorticity coincideswith the locations of maximum turbulencenétic energy production

rates.

i '\B\—N\L\ \ \

0.25

0.2

Y/T

0.15

0.1

0.05

IIIIIII'IFIl]l]llllllfrllll]ri

X/T I T ke

Figure6 Timei mean velocity vectors in the plane of symmetry in tfimira Rood wing
atRer= 6700[37].
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Figure7 Schematic representation of the flow around a sunfiamented cub§38].

1.4 Objectives of the Sudy

The USFDA is involved in a broad range of activities for which fluid dynamic plays an
important role. This includes a detailed understanding of fluid flows in specific
configuration for reprocessing of medical or the validation of computation fluid dynamic
(CFD) codes to license medical devices or processes.

Reprocessing is a complex process, for exartpievolves abot 100 steps foa
duodenoscopelt extensively relies on a combination of mechanical action (brushes),
detergent, and sterilization to reprocess the devices. In the reprocessing community, little
to no credit is given to the use of higlesd flows (and associated strong wall shear stresses)
as a source of contaminamamoval (such as biofilm) and debrigurthermore, many
procedures include flushing devices with flgidut with no consideration of flow rate (ie
Reynolds numbg@y even thagh flow regimes will have very different effés on this
reprocessing stepn fact, flow induced shear can be an effective step in reprocessing if

better understood in conditions relevant to the cleaning of medical devices.
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Additionally, when applyindgor certification of new devices (for specific tasks or
reprocessing), manufacturers rely increasingly on CFD to justify their analysis. It is
therefore necessary for the USFDA to have a series of specific canonical configurations
with well documented floviields.

In a developed pipe flow and for a Newtonian fluid, the wall shear stress increases
linearly with velocity for laminar flows and with the square of the velocity for turbulent

flows. The distinction between laminar and turbulent flow regimes isngivy the
Reynolds numbeity Q — with U and L characteristic velocity and lengthkscales,

respectively, and the kinematic viscosity. In a pipgeflow is laminar forRe< 1700 and
turbulent forRe > 10,000.For Rein between, the flow is transinal, which is a less
understood flow regime.

Figurel andFigure3 illustrate the complex geometries of reusable medical devices,
they have caties, steps, gaphannels of varying width, etc., which serve as traps for
contaminants and thus where the flow and specifically the wall shear stresd tebd
well characterized and predicted. The local features forceeqoitibrium and non
develged flows with localfhot zoneé (defined as regions with low wall shear stress
above). As an effort to better understand those dlamd provide a device agnostic
validation database, the USFDA has developed agtoation preserd inFigure8 along
with the main flow fetures around the test articke.is an obstacle in a squachannel,
which will be described in greateletails inthe next chapterin short, the geometry
combines flow in cavity, channels of varying width, blockage, three dimensional separation,
ete@ Particle image velocimetry (PIV) is used to resolve the main flow features with

parabolic section of the chann&V/hile the experimental cgraign was initially planned

17



for CFD validation,the novelty of the geometry combined wékperimental challenges
did not albw a thorough enough campaighhe data obtained here are more of the
exploratory kind. Howeverecommendations are provided to enable conducting a detailed

validation campaign in the future.

Figure8 USFDA test article with associated global flow field.
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Chapter 2: Experimental Apparatus

2.1 Experimental Design

In reusable medical devicethe small and limited geometries rarely enable flows to
become fully developed, therefore existing correlations for wall shear stress vs Re do not
hold and detailed experiments or simulation must be conducted. Furthermoexe¢bgary
shear to remove debris depsnoh several factorsuch as device material, surface
roughness, the amount of debdstergentoncentration, etd8]. To dateno studies have
focusedsystematicallyon the flow pattern inside irreguleavities In the present research,
we reproduced generic narrow channels commonly found in medical devices and designed
a closed, refractive index matched, flow loop. MNetnusive optical diagnostic are
deployed to resolve the flow fielat high spatial resolutionin fact, velocity dataenable
measurment ofthe wall shear stress directly and idenpfytentiali h ot spot so wher
shear stresmight betoo weak to allow adequatdeaning. Alsostatistics on quantities
such as Rynolds stresses, separation bubblespdplane flow and so fortare measured
to help identify themain flow structures and develop a set of guidelines for future CFD

validationcampaigs in this geomay.
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2.2 Refractive Index Matched Flow Loop
Figure9 andFigurel0 presentisketchand picture®f theflow loop, respectivelyThe
recirculatingfluid is running through the test sectiahvarious flow rate<Components of

the flow loop are presented detail below.

o= |
Test section Funnel
Drain-out port Y
Particles injection
7 \
Reservoir 51'”-”19.& Fill=in pﬂr‘t F
A —p—
Fln:akaﬁ;EtEI‘ Eof T’I'QD””:”t’i”Q
-3/8" 1D

Centrifugal pump

Figure9 Sketch of the flow loopThe fluid is infused into the loop through the funnel and
driven by a centrifugal pumrior to injection in the loop, the fluorescent particles are
diluted in the solution.

- Camera

_Test section

Bellows .
Converging lens

—Sheet optics

— Laser head

(a)
Figure10 Pictures of the flow loop(a) Camerapellows lens and flowmeter(b) Test
section,convergirg lens,sheet optics anthser head.

20



2.2.1Test Sctionwith Model

The test section is a rectangular tube with the interior s®sgon dimensions of 24
mm x 24 mm and 80 mm in length, in which a curved model, or obstack3 ram in
lengthand 22 mm in width and 13 mm in heighicentered against a side wéligure12.
Geometric details of the obstacle presented ifrigure13(b). Both the tub@and the model
are consucted of transparent acrylic to enable the laser light to penetrate the wall of the
test section and the curved surfatéhe model without glare in the index match flow loop.

Tablel Channel width

ChannéWidth a6) Dimensionless

(mm) Channel Width
10 mm 3.31 42 0.144
8 mm 2.12 30 0.092
6 mm 1.19 20 0.052
4 mm 0.53 10 0.024

Thesketch angbhotcs of the cross section ashown inFigure12. The coordinates of
the system is defined iigurell The positive direction of axial flow and spanwise flow
arerightward andupward, respectivelyThe dimensiorof the obstacle ishown inFigure
13. Thewidths of the channels of the four planes and their ratio to the side of the test section
arelisted inTablel. dis the angle between normaltbe surface and the horizontal line
as show irFigurel13(c), and the values are givenTablel. The surface of the model is
paraboli¢ the equation of which is given by E@L):

© TO ol 1)

wherex andy are defined irFigure13 (b).
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Re=450-1350

Re=1450-4300 Test sectior: « |Model Holder
| Tube * Tube

\ . 2.5D D
L © [Model ’ L
S 3D 3D

P

Re=500-1500
Figure1l1 Cross section view of test section with local Reynolds number.

Flow entrance

Surfaged Model

e ©)
Figurel2 Test section(a) Sketch, flow is fromeft to right. (b) Top view of the test
section. (c) Side view of the test sectidhe model is placed in the middle.
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(c)
Figurel3(a) Location of the area of intereg¢b) Cross section of the test section; (c)
Inclination ofthe normal lines of the curved surface at each area of interest.

2.2.2 Fluid

A special solutionwhich hasa similar refractive indexas the transparent acrylic is
employedto enablePIV measuremenh the direct vicinity of the wallsThe solution is
macde ofwater 660ml, glycerin 280ml, and sodium iodide 10af) The density of the fluid
is 1500 kg/mt and the dynamic viscosity is 7 mPa-s. Since the fluid may oxidize, it is
necessary to replace the fluid every month, or degas it with nitrogen.

2.2.3Pump

A variable speed centrifugal pump (Model EW75801 ColeParmer)circulates the
fluid. The 316 stainless steel body with PTFE bushing aiith@® resists corrosion and is
suitable for the fluid and fluorescent dyes in the present case. The maxionunate of
the pump is 20 LPM, which is well above our requirement. Furthermore, the pump can

provide a stable flow rate and work continuously for extenqeetbds
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2.2.4 Flow Meter

The flow meter is an ultrasonic flow probe (Mb@&®PXL: Transonic Systems).he
PXL clampon tubing flow sensor is mounted on the outside of flgontube and provide
reliable, stable measurement Aatrusively. The flow meter is located upstream of the
test section, just after the pump. The pipe conneti@gpump and the test section is 1 m,
which is about 100 times of the pipe diameTasting is conducted at three flow rat8s
6, and 9 LPM0.00005 n¥/s, 0.0001 rifs, 0.00015 ris).

2.2.50ther Components

Tygon tubing d 9.525 mmID provides the ducting of the flow loop filling port
connecting a funnel and syringe allows filling the flow I@om injecting fluorescent PIV
particles. Prior to injection in the loop, the fluorescent particles are diluted soltiteon.
The draining port is used to drain fluid or bubbles out of the loBpfore conducting
experiments, it is important to remove all the air bubbles. Air bubbles may become trapped
in the tubes or channel, changing flow geometry and creating glare locally. To remove
trapped bubbles, it is necessary to adjust the angle each compameratilyenabling the

air bubbles to migrate towards the draurt port.
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2.3 Long Distance Mcro-PIV Apparatus

High magnification PIV configured as bong-distancamicro-PIV system, allowsléw
visualization along the narrow channigure 14 preseng a schematicrepresentatiorf
thedeployedPIV systemTable2 presend the details of the instruments and the parameters
of PIV measurement.he interrogation window size is 48 pixel x 48 pixel.

Table2 Experiments instruments and parameters

Instruments or Parameters PIV
Cameras Imager Pro X by La Vision
Bellow Nikon PB-4
Lens Nikon micro60 mm 2.8D
PlaneConvex Cylindrical Lens Focus Length:30 mm, Height: 20 mm
Length:40 mm
Adapter Ring 1 Nikon BR-2A Lens Reversing Ring
Adapter Ring 2 Nikon BR-5 Adapter Ring 652 mm
Laser Solo 11l 2x15Hz Nd: YAG
Tracer FuoroMax Diam 8um
Pixel size 7.4um
Resolutionof PIV 0.02 mm
Interrogation window size 48 pixel x 48 pixel, .08 mm x 0.08 mmn
Overlap between window 50%
Magnification 3.7
Recording rate 11 Hz
Software (Recording and Processing) DaVis from La Vision Inc.
Laser Power Supply Computer

- Camera

Bellows

Adapter Ring 1
Adapter Ring 2
Reversed Lens

Convex Lens

Laser Head a%w
\
.
%
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Figurel4 Schematic diagram dbng-distancamicro PIV

2.3.1 Measurement &tions

Velocity is measureat various locations along the obstruction. Four elevations are
studied; they are &, 6, 8, and 10mm height above the cest longitudinalplane of the
mode] the widths of the channels at each respective elevatiofyar8.53mm, Ye=1.19
mm, Yg=2.12mm, andY 10=3.31mm. The dimensionlesalues of these widths are 0.024,
0.052, 0.092 and 0.144espectively, whichrepresenttheir ratioto the length of the
obstacle. For each elevation, a total of fexenlyspaced longitudinal measurement
stations are selected. They are labeled asmBeg (EN), Near Entrance (NEN), Middle
(MD), Near Exit (NEX), and Exit (EX) as shown igurel13(a). The space between the
centerlines of two adjacent stations is 5.75 rimrtotal, 20 stations are studied with PIV
and their combination enableseto infer a comprehensive 3D picture of the flow patterns
in the gap between the modmid the wallas shown irFigure 13(b). At each station, a
series of 500 images pairs are recorded to provide statistically convergeahfirsecond
order statistics (mean, rms, and Reynolds stress) of the flow. As will be $hiewrata
sampling rate o111 Hz, the data are still correlateanporally,andtheycannot be treated
asindependent, identically distributed (iid) random samples. Neveghtebtata will be
analyzed as if the data were iid. Along the curved wall, the angle of between the horizontal
and the surface normal increases with plane height, as shown in (c).

It should be noted that for the two lower planes, the spanwise extendloftlefrom
the square test sectiodge to the curve channel wallt the two highest planes, the flow

is not resolved near the square section channel wallpealghe curved edge.
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2.3.2High Magnification | maging

Because the flow field at eaaleasurement station is very small, ranging fros3 @o
3.31 mm, high magnification imaging is needed rieeasurethe flow with adequate
resolution A high sendivity, high-resolution CCOcamergimager Pro X, La visiorijtted
with areversed macro len®ikon 60mm f2.8) on a bellovg (Nikon PB-4) was used to
achievea high magnificationNl = 2 - 4) with sufficient working distance (5.4 ciin 7.6
cm). The camerawas oriented perpendicular to the light sheet. With this optical
configuration, optical distortns are minimal in the indexatched facility. A grid pattern
(SN:IAM-5-5-8888, Applied Image Inc.) was used for linear scaling of the camera images
(Figure15). The pitch of the grid pattern is 200 um. Because it was not possible to insert
the calibration target inside the test section, a phantom section was used to provide the
calibration, ashownin Figure16. Thescaling function in D&is 8 enables us to quickly

scale for eaclkonfiguration

]
]
(]
m
&2
s
=
<
z
)

Figurel5 Grid Pattern
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Figure16 Setup of calibration

2.3.3Laser Beam

The flow field is illuminated with a dual cavity, frequency doubldd; YAG laser
(SOLO PIV, New Wave Research). A compact stieehing optics is mounted to the laser
head to fornthe light sheetBecause, the laser sheet is still too thick at the measurement
station, a plan@onvex cylindrical lens is placed in front of the test section to focus the
beam width to less than 1 mm at the measurement station, as sHegurei4.

2.3.4Particles

The fluid is seeded with 8 em flaithe escent
particlesis 1050 kg/m, which is lower than the density thfe flow medium (1500 kg/#
According to Adriaret al, [39], the particle time constant is defined as:

7 Q
— 2
T — % @

where” and” are particle and fluid density respectively, &ds the particle diameter,

" is the fluid kinematic viscosity arfédis a function which tends towards 1 for the present
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case. Herd ¢® p 1, which indicates that the slip velocity due to the density
difference is negligible, when the flow accelerates.

2.3.5Synchronizing

Image pairsare recorded at frequency of 11 HzThe LaVision timing unit is
controlled in xaVis and synchrames lasers and cameighe crosscorrelation algorithm
is applied for flow field calculation with frargtraddling. The instrument timing is shown
in Figurel7. The pulse separation is optimized for each flow condition and measurement
station to provide optimal particle displacement within image pds,The particle

displacement is taken at approximately a quarter of the interrogation windo@Gjize
T Q6 i TE"Oé o ®QEYoaQ ()

In the present experimentdi,is selected in the interval ranging from 5 to 75 ps.

Pulse Laser 1

A
[
]
I
]
[l [
:
1 ]
1 L[] t
1 ]
A -
Code )
1
1
]
L 1L 4 }
t
Camera
A Frame 1 Frame 2
:
- t

Pariod 90.9ms

Figurel7 Synchronization diagram.
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2.36 Reynolds Number

Here, the Reynolds number is defined based on the hydraulic diabwetBgcause of
the change in cross sectional area of the flow domain along the flow path, the hydraulic
diametemDy is calculated at the chamber contraction, tube inlet, and the entrance of the test

section. It is defined as:

o 2 @
whereA is the crossection area of the flow arfelis the wetted perimeter of the cress
section.
The flow averaging velocity based on the flow rate and cross section is applied to
calculate the Reynolds number and defiasd
2y 1T )
The values of Reynolds numbeagrdifferent regions in the test section presengdin

Table3. A cross section view of the test section with local Reynolds numbers is shown in

Figurell
Table3 Reynolds number
| 1.5x10° kg/m®
vl 7x10°%kg/(m*s)
Q 3LPM | 6 LPM | 9LPM
Inlet tube
Ua D Re Ua D Re Ua D Re
0.71 9.53 1433 1.41 9.53 2866 2.11 9.53 4299
m/s mm m/s mm m/s mm
Test sectionnlet
Ua D Re Ua D Re Ua D Re
0.09 24mm | 447 0.17 24mm | 893 0.26 24mm | 1339
m/s m/s m/s
Along channel
Ua D Re Ua D Re Ua D Re
0.97 2.4mm | 499 1.95 2.4mm | 999 2.92 2.4mm | 1498
m/s m/s m/s
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2.4 Shear Stress Measurement

While the facility is refractive index matched pwevent glare and refractions at
interfaces and enable near wall measurements, the present configuration limits the precise
identification of the wall in the PIV data, which in turns prevent shear stress measurement
directly at the wall.

Shear stress plays an important role in removing the clots attached to the surface of
medical devicedn a 2D curvilinear coordinate systes (), the shear stress is given as
follows [41]:

16 16

T = 16— (6)
& |

where, ¢, 6 andd are dynamic viscosity,surface curvature, surface velocity and
normal velocity respectively.Once projected to €artesian systemag donehere, the

second ternn the parenthesis of Hg) is cancellecandthe equation takes the form

b e T (7)
1ot o

LD 8

T T4 T o (8)

whereu, v, ware velocities irx, y, zdirectiors, respectively

Ideally, wehopeto calculatethe shear stress on the surface of the mddelandt ).
However,in present research, ontlge horizontal planes are investigateey), and the
componentt is missng. According to Eq(8), the magnitude of depends on the
velocity gradient—and—, both of which cannot be neglected. To have more accurate

shear stress value, the vertical plane should beestuat well, which could be done in

future.
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The thickness of the laser shagtis the é&pthover which data are averaged avsir
the curved wall of the specimen, this implies that the wall will not be marked ade sing
row of pixels on the camer@heextent of the wall increases withe angled, or the height
of the measurement plarfégurel9. For example at0 mm plane, thevall areain the raw
PIV data ismarked by two blue arrowsocally, dimmerparticles indicatgarticlesthat
might be partiallylluminated.Therefore, due tthe present configuration, the walEktion
is not precisely knowrThis could have been minimized with a laser plane normal to the
local surface instead of horizontal, or by using a different technique that has a smaller
vertical averaging, such as maldar tagging velocimetry (MTV)As acompromisehere

we calculated the shear stress at a distance of 0.2 mm away from the surface.

Z

Camera
X / C \
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I
Laser head
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Figure18 Schematic diagram of geometry of the laser sheet and model surface
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Figure1l9 Raw images of PIV measurement. (a) 10 mm and (b) 4@umved wall is on
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Chapter 3: Characteristics of Flow and Shear Stress

This chapter focuesson thePIV resultsobtainedin the channel created blye curved
model and walbf the testsectionat the thredlow rates studied herd3, 6, and 9LPM).
From thePIV data,velocity fields ateach elevatioplaneare reported4, 6, § and 10mm
away from the centerline of the maypeContour plots othe meanflow field, profiles of
mean velocity andluctuatingvelocities, Reynolds stregs and turbulence producticat
selected locations are presentEbhw featuresand patterns are analyz#étouglhout the
reailts. The rapidlyevolving flow is characterizedy 2D plots ofvelocity at selected
locations along the chann#&lelocity time-historyplotsreveal hat data are time correlated
anddominant frequencies are extractdcomputing periodograms of velocity
3.1 Turbulence Characterization

In the present experimerigrge unsteadiness created in the testectionand the
velocity varies greatlyin time and locationHere we denote thexial and spanwise
instantaneous velocity a%; 'Q andwy, Q respectively wherei, j are indices fox, y

coordinates ankllis the frame numbef.he instantaneous speed is:

Instantaneouspeed 50 Yi Q@ o Q (9)

Following convention adopted iturbulent flows, the velocityis decomposeé into a
mean and fluctuating component in two manners Reynolds and Lagrangian
decompositioa In Reynolds decompositicand for data acquired hetege mean velocity

is defined as theme ensemblaveragethe fluctuating part is the residual and haswan:
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Reynolds decomposition Yi Q0 Yi 0f Q (10)

Wp Q@ ax LR Q (11)

Yi £ Vi (12)
Reynolds averaging h 9 h

: P "

o F W Q (13

Lagrangian decompositiaaused to analyze the velocity variabilitythin each frame
at agiventime. Lagrangian mean velocity defined as thastantaneouaverage value

overthe whole flow field

Lagrangian decomposition Y; Q Y Q % Q (14)
O Q DQ npQ (15
Lagrangian averaging: _ P § o
b0 —— 7 (16)
€ a .
h
h
DO —— a0 17
€ «a

Because the residuals, or fluctuating components of the velocity, have no means,
second order atisticsareemployed to quantjfthe magnitude of the fluctuationy’
andw are defined as the standard deviation of the set of the random velocity fluctuations,
05 Qandb Q as shown inEq. (18) and Eq. (19). Note that here the fluctuating

components could be from either the Reynolds or Lagrangian decompositions
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Turbulencdntensity Y 0 Q (18)

Turbulencdntensity A 0 Q (19

™| O

3.2Mean \elocity Field

3.2.1 2D Contour Hots

2D contour plots of mean (Reynolds decomposedjelocity fields for the 20
measurement statiomsthin the channehrepresented ifrigure20, Figure22, andFigure
23 with the naming convention defined in chapterl2 the figures, the stations are
organized as follow Entrance(Column 3, Near Entrance (Colum2), Middle (Column
3), Near Ex (Column 4), and Exit (Column)5In the figures, the rows correspond to each
plane:Rows 1 through4 areelevations 4 to 10 mnkach figure represena different flow
rate, withFigure20 correspnding to the lowest 3 LPM flo@ndFigure23 the highest.

At Q = 3LPM and athe 10mm plane first row of Figure20, thefluid acceleratefrom
the entrancéo the exitAt the Entrance regiothe flow experiencesudderseparation near
the wall, indicating the formation of what is commordferred tcas avena contractpipe
entrancesAt the vena contractahecrosssection othestreams minimunn the freestream
exhibits a jefike behavior with thelocal fluid vdocity therereaching its local peakThe
relation betweerhie jet flow separation bubble sizand upstreamonditionsis quantified
anddiscussed in detail in section 4Thefluid velocity further accelerates pasie Middle

region and reachdse overall (global)maximumvalue at theExit. This trendindicates
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that the flow is three dimensional and redistrisuitself throughout the length of the
channel At the Entrance regioron the 8mm plane (Row R the vena contracta size is
largerand in the mean, aortexis formedwithin the separation bubbl&he flow speed
reaches themaximumvalueat the Middle positiomfter exitingthe channel, the flow goes
forward and a vortex is formed behind the moAéthe6 mmplane, the flows accelerated
and reaches its local peak valaethe vena contractand the velocitythen decrease
quickly with axial distanceWe can infer that large amount of the fluid at this plameves
up afterthe Entrance position, andhis phenomenon ialsoobserved athe 4mm plane
(Row 4) as well.The outof-planecomponent of the flowvill be discussedn detailin
Section4.4.Comparing the foumean flowsat theEntrance regionf the channeglthe flow
direction tend to be vertial at lower planesand the maximum flow velocity is located at
the third plane. At th&xit region the velocity is highest at the 8 and 10 mm plaadsy-
speed circulation is formed betwettie 8 and 6mm planes behind the model.

As shown inFigure22 andFigure23, the mean flow field at Q 6 and9 LPM presented
a similar flow pattern as thaif Q = 3LPM. With increasing flow rate, the size thfe
separation bubblat the entranceemmeslarger. At the exit, @ the mean ortices are
observed a#, 6, andB mm, planegor the highest flow rateRjgure23).

Figure21shows strealines associated with mean flowriglure20. The vena contracta
is clearly visible at the entrance andrg®ses in size with elevatiolh.appears to have a
vortex within it, except at the highest elevation, where two vorticesaapgsible in the
streamlinesAt the exit of the channel, strong recicurlation is found at the 6 and 8 mm
plane as is expected in jet issuing in a closed cavity. However, this flow structure is absent

at the highest elevation, hinting that the flow might reigaificant out of plane component
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there preventing the establishement of a stable recirculation on the mean there. This will

be explored in greater details in future sections.
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Flow Field U (3LPM)
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Figure20 Whole flow field for 3LPM. The first,second, third and four row are 10 mm, 8 mm, 6 mm and 4 mm plane respectively.
(Max 1.1m/s AverageUa =1.18m/9)
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Figure21 Plot of mean streamlines for 3 LPM ca$ke first, second, third and four row are 10 mm, 8 mm, 6 mm and plarma
respectively.
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Flow Field U (6LPM)

Min Om/s Max 2.1m/s

Figure22 Whole flow field for 6 LPM The first, second, third and four row are 10 mm, 8 mmp6and 4 mm plane respectively.
(Max 2.1m/s, AverageU, = 2.36m/9)
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Flow Field U (9LPM)
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Figure23 Whole flow field for 9 LPM The first, second, third and four row are 10 mm, 8 mm, 6 mm and 4 mm plane respectively.
(Max 3m/s AverageUa = 3.54m/s)
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3.2.2 Schematic of Mean Flow

At the 8 and 6 mm planes, a circulation area is formed, and the exit flow entrains
surrounding fluid. At the 4 mm planéye exit flow expansl and makes a sharp turn to
cover the space on the left of the miodértices are found before and after the leading
edge of the model at the 4 and 6 mm plane respectivaiprgeshoe tube of vortex tube
is envisioned around the surface of the model, which will be discuss in detail in Section
4.3.

All the aboveinformation is cdlected, and a schematic representation is plotted to
depict the flow pattern ifigure 8. e dottedines in the igure have not been measured

with P1V andare speculatedccording tdhe analysisconducted here
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3.2.3 Profilesof Mean Velocity

3.2.31 at the Entrance

[ . ] I I . |
.
Min 0m/s Max 1.1m/s
Y(mm) Linel Line2 Line3 Line4 Line$5 Y(mm) Linel Line2 Line3 Line4 Line5

S A A r
L AL A AN A
S AL ar e

-0.94  -0.47 0 047 094 X(mm) -1.43 -0.95 0 095 143 X(mm)

Y(mm) Y(mm)

Linel Line2 Line3 Line4 Line$5

-

—
——

-0.97 -048 0 043 087 X(mm) -0.95 -0.48 0 0.48 095 X(mm)

Figure24 Location oc; velocity profile plotted in the entrance rggion amio (a), 8 mm
(b), 6 mm (c), and 4 mm (d).
To further analyze the mean flow field, profiles of axial velocity at selected locations
are plotted for each test conditidrnese figures are extracted fréfigure20, representing
the Entrance regions at four planése locations for the Entrance region at various heights
are indicated ifrigure24 (blue lines). The line convention is from left to right (along flow
direction) with line 1 being the most upstream and line 5 the most dowstréaecbannel

entranceline 3 is the leading edge of the model.t&thaty = O is the curved surface of

the model.
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Figure25 Normalized velocity profils of axial mean flow in the entrance area atii
plane.The blue, green, and red linepresent 3 LPM, 6 LPM, and 9 LPM respectively.

The profiles of the normalized axial velocit¥f"y; in the entrance area at the 10 mm
plane under various flow rates at selected locations are shokgure25. The velocity
is normalized by taking the ratio to the flow averaging velocity of the flow field. At the
most upstream region, the normalizedocitiesfor 6 and 9 LPM are almost identical and
larger than thatfor the 3 LPM case The velocity shows an approximately linear
relationship with the spanwise locatiohs the flow develops, the difference among the

profiles for various flow rates is not significant. Within the channel, location of the peak

moves away from the wall of ¢hmodel and the peak value increases ﬂ;em T do

~ T ublue lines) Plots of Line Jepresenthe velocity profiles at the leading edge. It

W

is worth noting that the profiles of Line 3 are finite at the wall of the model, which indicates
thatthe floworiginatedrom both the rightward and upward directions. The axial velocities
of Line 4 and Line Sare null on the mean near the surface of the model, which presents a

noi slip bounday condition. Finally, on Line 3 through Line there is inecation of local
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flow reversal on the side of the model and an inflexion point that moves away from the
wall with downstream location. This is an indication of a separation region along the

entrance.
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Figure26 Normalized elocity profiles of spanwisaneanflow in the entrance area at 10
mm planefollowing convention oFigure25.

Profiles ofmeanwall-normal or spanwiseyelocity «wf'Y are also reported iRigure
26. It can be observed that the spanwrisgion (downward flow) increases before the flow

enters the contraction channel, indicating a pressure driven redistribution of the flow ahead
of the channel entrance. The peak value reaches T@® @@t the leading edge of the

model. The 3 LPM flow hathe strongest downward flow, while the othewfrates appear

to be similarAt the channeleading edge, an inflexion point is also present irsgawise
motion near the walllhe velocity reaches a local maximum past the inflexion point, before
deceasing as thedilv gets more into the chann@&his is an indication of the separation
region near the wall, consistent with the finding$igure25, and of the angle of the free

stream flow. As the flow develops along the channel, the spanwise veloofile pr
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develops two peaks (Ling:5moving away from the obstacle, theagnitude of the top
peak increases axially, after reaching a minimum, thewvgiga velocity magnitude
increasesgain.The local minimum is likely an indication of the edge of the separation
bubble. The peak in the bulkelocity decreases axially, indicating that the flow is

redistributingitself rapidly there.

1 7L\\ D
0 0.1 0.2 . : : 0.6
U,
Figure27 Normalized velocityprofile of axial mean flow in the entrance area ahf
planefollowing convention ofigure25.

At the 8 mmplane Figure27), in the upstream region, fgr> 0, the velocity profiles

rather uniformin contract for the lower pary € 0), the velocity increases axially and
reaches the maximum valuethé leading edge of the model T1@® as shown in Line

3. Like the 10 mm plane, near the surface of the model, the velocity is finite at the leading
edge Flow reversal in the bubble on the mean is also more markedttinetop elevation.
This indicates a stronger separation region there. While the spanwise extent of the data is
more limited than at 10 mm, it appears that all velocity profilesmaaelyindependent of

flow rate at this station.
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Figure28 Normalized velocity profile of axial mean flow in the entrance area at 8 mm
plane following convention dfigure25.

The profiles of spanwiseelocitiesare presented drigure28. Similar to the flow at

the 10 mm plane, the increase in downward motion before the channel entthcate ia
pressure driven redistribution of the flow. However, the peak value reaches ™ p

before the leading edgBlue lines in the Line 1 and Linei2dicate even stronger spanwise
motion for the lowest flow rate (3 LPM)baut twice of the magnitude than the other flow
rates, which behave very similarly to each other. Compared to the separation bubble at the

10 mm plane, the velocity is smaller and more uniform. As the flow develops downstream,
the velocity increase®® — T1@®. Inside the channel, the spanwise motion reduces

rapidly and almost vanishes at the most downstream station, which means the flow has
redistributed and becomes axial very quickly. The difference between profiles at various
flow rate is not signitant, which implies the flow rate does not impact the mean velocity

at 8 mm plane, once the flow is past the obstacle.
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Figure29 Normalized velocity profile of axial mean flow in the entrance areanain6
planefollowing convention ofigure25.

The profiles of normalized axial velocityI'Y; in the entrance area at 6 mm plane are
shown in Figure 30. In the upgtam region, the velocity profiles are nearly identical for

the two highest flow rates. The axial velocity is negligible atalpely > 0) and increases

to— 1@ at the bottomy(< 0). Within the channel, the profiles of velocity become-bell

shaped and the peak value increases to Ty aty = -0.75. From the first and second

lines, itappearshat the velocity within th separation bubble is smaller tbehigher flow

rate condition.
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Figure30 Normalized elocity profile ofspanwisaneanflow in the entrance area at 6
mm planefollowing convention oFigure25.

Profiles of walinormal mean ospanwisevelocityz wI'Y arereported inFigure 30.

In the upstream area, the spanwise motion increases axiafly=-ad and reaches its
maximum value — 1@ ¢{green line) at the leading edge of the modelyAt 0.3,

spanwise motion is negligible. Blue lines in the fourth and fifth locations inditzaéthe
flow at 3 LPM has a stronger spanwise motion compared to flow at 6 and 9 LPM. As the
flow develops downstream within the channel, the spanwise velocity isednd even
changes directionlhe mean separation region is likely to be very smiathes elevation.
While the profiles in the two high flow rates are nearly similar, the lowest flow rate data

still exhibit a slightly different behavior there.
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Figure31 Normalized elocity profile ofaxial mean flow in the entrance area ah#h
planefollowing convention ofigure25.

The profiles of normalized mean veloci¥f"Y; in the entrance area at 4 mm plane are

shown inFigure31. At the upstream region, the axial velocity is negligible for the upper

part {/ > 0). For thelow flow rate, the velocity at line i& positive indicating that the flow

is going away from the model there; it is negative at the higher flow rates. At the lower

part f{f < 0) the axial velocity increases with downstream location in the channel and

reacles the maximum— 1 (at line 1 and 2. The plotdustrate a velocity profile

within the channel with a sharp menam. This profile could be an artifact of PIV

processing, insufficient statistics, or signature difi-anodal flow in this regionAt this
stage of the analysis, this cannot be concluded positively.
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Figure32 Normalized elocity profile ofspanwisanean flow in the entrance areadat
mm planefollowing convention ofigure25.

Profiles of waltnormal mean ospanwisevelocity «I'Y are repoted ifFigure 32.
Thespanwisanotionisthe strongest at the beginning and then decreases axially. It can be
inferred that athe4 mm plane, the upstream flow is directed downward axially first and
thenbecoms axial in the channelLines 4 and 5 (bluejndicateeven stronger spanwise
motion for the lowest flow ratecompared to the higher flow rates. Both the axial and
spanwise motion decrease axially, which means that some of the flow is leaving the plan

(going upwards). No separation bubbles are obsdimede meahatthose conditions.
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3.2.32 at the Exit

1]
Min Om/s Max 1.1m/s
Y(mm) Linel Line2Line3 Line4 Line5 Y(mm) Linel Line2 Line3 Line4 Line$

-1.08 -0.54 0 0.44 0.88 X(mm) -1.08 -0.54 0 0.44 0.88 X(mm)
a b

Y(mm) Y(mm) Linel Lme2 Lme3 Line4 Line5

Line I Line2 Line3 Line4 Line 5

-0.87 -0.43 0 0.56 1.12 X(mm) -1.16 -0.58 0 048 095 X(mm)

Figure33 Location o?velocity profile plotted in thexi region atOlOnm (@), 8nm (b), 6
mm (c), and 4mm (d).
These figures are extracted fréfigure 20, representing the Exit the Entrance regions
at four planesThe locations of selected lines for the Exit cggareindicatedin Figure33
(bluelines). Lines 1and 2 are downstream outside the charlived; 3 is the trailing edge

of the modeljines4 and5 areupstream of the channel exyt= 0 is the surface of the

model.
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Figure34 Normalized elocity profile ofaxial mean flow in the exit area at h@m plane
following convention ofigure25.

The profiles of normalized mean veloci¥ff'y,and 67°Y in the exit area at the 10
mm plane under various flow rate at selected locations are shdviguire 34 andFigure
35, respectivel y. I n the channelhemeanradal axi al
profile becomes flatter or closer to a turbulent channel flow lpr@fs the flow rate
increaseslin the channel, the mean spanwise component is positive. In a channel with
parallel walls, we would not expect to see such a component of lth@tyeBecause the
wall is curving outwards, the spanwise component might be the signature a flow
redistribution along the wall curvature (and region of greater opening). This could also be
the signature of the pressure redistribution associatedthnattiow exiting the channel.
Additionally, the local flow rate is still increasirigere,and the flow has a nemegligible
out-of-plane component.his component might be inducing a bias in the measurement due
to perspective effect in PIV imaging becausedicenot use a telecentriens.This effect,

however, should be creating a spanwise component that increases with distance to the
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optical axis in the high agnification measurements heféis perspective effect is likely
minor and negligible as thgpanwise component is actually null at the wall, and the
spanwise component is a signature of flow redistributieglf due to the curved wall.
Finally, it should be noted that the spanwise component is stronger for the 3 and 6 LPM

case, about twice theagnitude of the 9 LPM case.
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Figure35 Normalized elocity profile ofspanwisanean flow in the exitarea at 10nm
plane following convention ofigure25.

At the exit, a shear layer is clearly visible with the inflexion point in the axial profiles
near the elevation of the wallhe axial velocities share similar shape with the highest flow
rate having the steepest shear layEne spanwise component still has a positive component
for negativey, therefore preserving the signature of the flow redistribution present
upstream in the channel.

Near the surface of the model, the axial velocity i® zmrt the spanwise motion is

finite, which means that there is flow coming upwards along the curved surface. The
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similar plots aty < O indicate the upper flow behind the model does not impact the flow

coming out of the channel.
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Figure36 Normalized elocity profile ofaxial mean flow in the exitarea at 8nm plane
following convention ofigure25.
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Figure37 Normalized elocity profile ofspanwiseanean flow in the exiarea aB mm
plane following convention ofigure25.

As shown inFigure36 andFigure37, the velocity profiles of the axial flow at 8 and 10
mm plate are quite iilar. However, in the channel, the velocity spanwise component is
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not nearly null, but distinctly negative indicating a net flow adrayn the curved wall.

Therefore, flow redistribution is Reynolds number dependent at this elevation.
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Figure38 Normalized elocity profileof axial mean flow in the exd@rea at 6nm plane
following convention ofigure25.
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Figure39 Normalized elocity profile ofspanwisanean flowin the exitarea at 6nm
plane following convention ofigure25.

As shown inFigure38 andFigure39, at the 6 mm plane within the channel, the plots
of the axial velocity argparabolic and nearly symmetric with respect to the local channel
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centerline. The peak value of the velocity +s ( ™® ¢ and located ay = 0.6. The

spanwisanotion is here negligible indicating that the flow might have reached a developed
state (the channel is narrower ldgaand has dimensionless channel width of 0)052
Outside the channel, the floassumes jetlike nature that expands rapidly by entrag
surrounding fluid. The first, second, third and fourth lineSigure39 show a net spanwise

motion towards the center of the test section, pdatilyufor the low flow rate condition.
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Figure40 Normalized elocity profile ofaxial mean flow in the exiarea at 4anmplane,
following convention ofigure25.
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Figure41 Normalized elocity profile ofspanwisenean flow in the exitarea at 4nm
plane following convention ofigure?25.

The profiles of mean streamwise veloCitf'; at the 4 mm plane are shownrFigure
40. Upstream of the exit, the mean profile has an afik@vshape symmetric witfespect
to the channel widthlThis could be also interpreted as anibdal regime. The normalized
axial velocitydecreases with increasing flow rate. However, this trend is the same in the
jet area once the flow leaves the chanPesfiles of waltnormal mean velocity wI'Y are
also reported irFigure41. Within the channel, the spanwise motion is negligible. From
Figure40 andFigure41l, near the Exit region, the dominant flow is going up (Line 1 and
Line 2), but as the flow develops downstream, the dominant flow is going fomuaich
means the flow separateutside the channel. Also, it is observed that the flow spreads

much faster for the lower flow rate than the others.
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Figure42 Location ofvelocity profile plotted in the near exit (first column), middle
(second column) and near entrance (third column) arearatri@irst row), 8mm
(second row), Bnm (third row) and 4nm (fourth row).

These figures are extracted fréiigure20, representing the central flow regions at four

planesThe selected lines for the Near Exit, Middle, and Near Entrance sagi@ocated

in the middle okach fow field as shown ifrigure42 for various planes.
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Figure43 Normalized elocity profile ofaxial mean flow in thenear exit (first column),
middle (second column) and near entrance (third column) areananXfirst row), 8
mm (second row), 6 mm (third row) and 4 mm (fourth row).

Theprofiles of axial velocity at Near Entrance, Middle and Near Exit region are almost
identical except the flow ati®@m plane, which means a sharp turn happens,so it takes
long distance for the flow to recover. As the height of the plane is decrdasguipfiles

of the velocity change from bethaped to arrow shapes.
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To have a better understanding of the spanwise motion, the bulk velocities for the last
three stations are listed Trable4. It can be inferred that at the 4 and 6 mm planes, the flow
separation happens before the Middle station. Also, the separation fomtmepBane is
present after the Middle statiopandthe bulk velocitydecreassaxially from the Middle
station to the Exit station.

Table4 Normalized bulk velocities (The flow rate is 3 LPM)

Exit Near Exit Middle
10mm 0.907 0.885 0.855
8 mm 0.782 0.807 0.818
6 mm 0.290 0.291 0.330
4 mm 0.059 0.065 0.065
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3.3 Reynolds &esses

Turbulence affects the mean velocity throughRegnoldsstress, which is defined

by Eq (20), Eq.(21) and Eq.(22).

Reynolds normal stress:

Reynolds shear stress: (V)

Reynolds waHlnormal stress

3.3.1 at the Etrance

10mm/EN

* Linet
~—Line2|

~—Line3|
---Lined

C:I'O c:l-o

C:|o

10mm/EN

(20

(21)

(22)

10mm/EN

2] -2 2
006 -005 -004 -0.03 -002 -001 0 -4 2 0 2 4 003 -0.025 -0.02 -0.015 -0.01 -0.005 0
-<uu>lU§ <uv>/U? 10° —ew>U?
a
8mm/EN 8mm/EN Bmm/EN
1.5 1.5 1.5
Line1 Lina1
—Line2| \ !
1 Line3 1} ] ]
Lined i i i
—Line5| F —LineS, i
05 05 i i
1 1
- — = ! !
[ E E ] ]
g 0 E E' 0f T ; s
= = = !. _________ 3
0.5 05 [ R —
o -
L Y -
4 ! vy T
-1.5 -1.5 -1.5
-0.07 -0.06 -0.05 -0.04 -0.03 -0.02 -0.01 GI -6 0 2 4 si -0.025 0.02 -0.015 =0.01 -0.005 0
—<uu>|’Ll§ -<uv:fU§ 107 < /U

63



6mm/EN Bmm/EN 6mm/EN

0.5

E E E
E E E
= = S
-0. 0.5 :
= Lina1
=1 = Line2[7
—Line3|
- --Lined
-1.5 . y - : - " 15 —Linest] G025 002 0015 001 005 0
003 0025 -0.02 -0.015 -0.01 -0.005 O 4 6 - - ! 5 ool
-<L|u>.fU: -3 -*:W)}Ua
4mm/EN
5 e s 4mm/EN
"
Vi
1t I.']_ 1 1t
1
0.8 ” 08 08}
y
V 0.6 0.6}
i
= 0.4 —
l'..'l E E 0.4
H E E
I =02 = 0.2t
/1
ot ’Ji - 0 ot
- L Y i * Lina1
L st s -0.2 0.2 H—Line2
'. ot —LineJ|
04l %y i/ 0.4 0.4 H---Lined[—
Te . ] —Lines5| 4
06 -0.6 . . - . 06 | | | ]
0.012 -0.01 -0.008 -0.006 -0.004 -0.002 O -4 -2 o 2 ) “ 6 f -0.02 -0.015 -0.01 -0.005 0
<2 <1 <10° awsIU?

Figure44 Profiles of streamwise Reynolds normal stieste Entrance regiomt 10
mm (a), 8mm (b), 6mm (c), and 4mm (d) planesThe blue and red lines present 3 LPM
and 9 LPM, respectively.

Profiles of Reynolds stresses in the Entranceoregt various planes are presashin
Figure44 for the 3 and 9 LPM case$he locations of the selected lines ardicatedin
Figure 24. Profiles show that the peak values of Reynolds normal stresses are generally
larger atthehigher planes. For the 1Om plane and &m plane<uu> in theopening area
(lines 3 - 5) is small However, at the 6nm plane the Reynolds stress upstream and
downstream of the leading edge of the model are comparable to each other4 Atm
plane,<uu> is higherin the opening area than that within the chandditionally, as the
flow develops downstreanthe peak values aelected locations are clogerthe wall of
the modeht lower planeFinally, it should be noted that tiflectuating velocity,ud rms(

of u) is of the same order than the mean axial velocity.
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As shown in the third camn of Figure45 at the 10 mm plandghe Reynolds wall
normal stresses are higher closer to the bottom. At lower planes, the Reynoldsrmaill
stresses are stable at the upper part@) and collapse quity at the lower party(< 0).

The profiles of the Reynolds watlormal stresses within the channel has the same trend
and almost vanishes at 4 mm plane.

In the second column éfigure45, within in the clannel the Reynolds shear stresses is
comparable at the 10, 8, and 6 mm planes and negligible at 4 mm plane. Upstream, the

Reynolds shear stresses increase at the lower planes and reaches the maximas valu

shown in line5 of the 4 mm plane.
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Figure45 Profiles of streamwise Reynolds normal stress in the Exit regibn
convention ofFigure44.
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