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Abstract of Dissertation 

 

 

An Experimental Study on the Flow Instability and Wall Shear Stress along a 

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, making thorough 

cleaning challenging. To 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 models for such flow 

configurations. However, to date experimental validation data are missing and the small 

geometrical features make it challenging to resolve the velocity field experimentally.  

Here, a long-distance micro-PIV is deployed on the flow along a confined obstacle 

in a refractive index matched facility. The 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 stations around the obstacle 

provide a comprehensive coverage of the flow field. Specifically, mean and fluctuating 

velocities are acquired and analyzed. Specific flow features are identified by employing a 

combination of techniques, such as correlation analysis, proper orthogonal decomposition, 

etc. Recommendations for future work to better characterize this new flow are also 

provided. The wall shear stress serves as a driven force to remove the clot at the medical 
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devices and is negligible within the vena contracta area, which is considered as the óhot 

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

 
 

1.1 Introduction to Medical Devices Reprocessing 

Medical devices fall into one of two categories: disposable or reusable. Reusable 

medical devices can be reprocessed 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 process̔ cleaning, disinfection, and sterilization, in 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 transmission among 

patients, which can be fatal in some situations. Furthermore, in times of disease outbreak, 

usage of inadequately-reprocessed medical devices could be catastrophic. For example, 

several studies have found that the explosion of Pseudomonas between December 2008 

and August 2009 is highly related to the accumulation of biofilm on endoscopes due to 

insufficient cleaning and drying before storage[1][2][3][4]. It has also been found that 

microbial load can remain on used surgical instruments after cleaning, causing a risk of 

cross-contamination [5][6][7]. Thus, the reprocessing 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 either disinfected or sterilized according 

to the material from which they are made. Researchers have intensively investigated the 

reprocessing process to increase cleaning efficiency and reduce cost [8][9]. The ineffective 
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cleaning of surgical instruments can lead to the accumulation of crystalline deposits 

contributing to inflammation or surgical shock [10]. The research suggested that it is 

necessary to raise standards to reduce the risk of cross-patient contamination and disease 

transmission. In 2015, the US Food and Drug Administration (FDA) issued a guiding 

document stating that it ñrecommend(s) all reusable medical devices be designed and 

constructed to allow adequate cleaning, because if a device cannot be adequately cleaned, 

any subsequent disinfection or sterilization process may not be effectiveò [11]. Each 

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 conclusion, 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 before and has feature 

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 other, such as scissors, and 4) devices that 

are not disassemblable for reprocessing. Figure 1 shows examples of medical devices: (a) 

Olympus Hesterscope (Olympus.com) (b) Tubular Retractor System for Spine Surgery (c) 

Used Spencer-Wells forceps (Lipscomb et al., 2006) (d) Duodenoscope (Haugen et al., 

2018). Those devices have complex geometries with crevices. The crevices can lead to 

protein and microbial buildup, which make the cleaning process difficult and cause patient-

to-patient infection[10][13][14].  
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(a) (b) 

 
 

(c) (d) 

 
(e) 

Figure 1 Examples of medical devices with complex geometry: (a) Olympus Hesterscope 

(Olympus.com) (b) Tubular Retractor System for Spine Surgery (bossinstruments.com) 

(c) Used Spencer-Wells forceps (Lipscomb et al., 2006) (d) Duodenoscope (Haugen et 

al., 2018) (e) suction nozzle (FDA.com) 
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The FDA conducted investigations related to the risks associated with reusable medical 

devices reprocessing due to poor geometry design. Duodenoscopes, which are the 

specialized endoscopes for endoscopic retrograde cholangiopancreatography (ERCP), are 

sophisticated instruments containing many small moving parts. Figure 2 shows a diagram 

of a duodenoscope. The moving parts of the elevator mechanism include wires and hard-

to-reach crevices (Figure 3). In 2015, the FDA sent warning letters to three medical device 

manufacturers of endoscopes stating that they failed to ensure that the devices could be 

adequately cleaned even though the cleaning guidance by the manufacturers had been 

followed.  

 

 

 
Figure 2 Diagram of Duodenoscope (drugwatch.com) 

 
Figure 3 Interior detail of the forceps elevator (FDA.com) 

The FDA also did extensive work on the qualification of the organic debris in reusable 

medical devices. Haugen, et al., at the FDA created long narrow channels of different 

complexity to mimic the cleaning process and developed a filter-weighing method to 
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quantify 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 low-protein soils [15]. Lipscomb et al., developed a method to quantify surface 

contamination on surgical instruments using a microscopy technique [16]. In their study, 

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 medical device surface.  

Previous studies revealed the limitations to use brushes to clean the intricate 

instruments containing sharp corners and crevices. Rutala et al., found that most lumenal 

devices contain more than 1000 colony-forming units (CFU) microbial load after cleaning 

using a brush [5]. Herve et al., showed that proteinaceous soil is still present at the channels 

of luminal endoscopes even after enzymatic cleaning and brushing [17]. Wu et al., 

conducted experiments to investigate the bacterial biofilms formed on the endoscope 

channels after routine reprocessing procedures. Scanning electron microscopy (SEM) 

images show that notable biofilm growth is observed in 54.6% of suction and biopsy 

channels and 76.9% of 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, high-speed fluids are used to remove the organic debris and other 

contaminants attached to 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 

debris on the surface of the medical device. Raben, et al., validate the computational fluid 

dynamics (CFD) analysis of medical devices by the data obtained using Particle Image 
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Velocimetry (PIV) experiments. In the study, the FDA benchmark nozzle model is used to 

mimic medical device geometry. Hariharan et al., conducted PIV experiments to study the 

effect of flow rate and flow-induced shear stress on the removal of biological clots during 

the cleaning process [18]. In the research, artificial blood was used to simulate the organic 

contaminants, and stainless steel coupons were used as a surrogate of the reusable medical 

devices surface. Various factors that affect the cleaning process 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 is the dominant mechanism compared with the 

detergent at a high flow rate. The removal rate of clot mass has a linear relationship with 

the near-wall shear stress.  

The goal of this research is to develop a database 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. 
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1.2 Simulation of Fluid i nside 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 flow pattern 

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.   

1.2.1 Examples of CFD Models for 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 heart failure. 

Besides some general requirements, such as being harmless to the body, easy to control 

and long-lasting, a successful design of a VAD should pose two critical technical 

challenges: adequate hydraulic efficiency and excellent biocompatibility. In particular, 

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.  

Chua et al., carried out a simulation to study the inner flow field of an implantable 

ventricular assist device using the standard k ï Ů model [19][20]. The Fluent solver (version 

6.1.22) 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 viscosity of 3.5 

x 10-3 Pa·s and a density of 1050 kg/m3. The Reynolds number of the flow was about 

78,500 based on the pump tip speed and the outer diameter of the blades. The results show 
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that the dimensionless head calculated by simulation was underestimated by 10 mm 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 but are clearly seen in the flow visualization [21].  

Yano et al., applied the low Reynolds number one-equation k - Ң model for turbulent 

flow in the near-wall region in the axial flow blood pump [22][23]. In the study, a 

hexahedral element mesh is created using CFX-Build, and the RANS equations are 

computed by the solver CFX TASC flow. The comparison between the estimated 

hemolysis and the experimental hemolysis index shows that the accuracy of the simulation 

gets worse for the complicated structure which has more impeller stages and tip 

clearance[24]. The hemolysis index which reflects the blood damage was estimated by the 

simulation result. However, those values are not close to the experimentally measured ones 

even though the correlation between the two is relatively good. 

1.2.2 Examples of CFD Models in Nasal Spray Devices 

A Nasal Spray Device is a system in which the drug delivery is accomplished through 

the nasal canal. The major advantages of the nasal drug delivery are a large surface area 

for absorption, relatively rapid delivery to the systemic circulation, and avoidance of the 

gastrointestinal tract with the first-pass metabolism in the liver. Researchers have studied 

the deposition sites of the nasal spray drug delivery using computational fluid dynamics 

(CFD) [25][26].  

Since the flow of the nasal spray device consists of the low-pressure spray droplets in 

stagnant air, the standard k - Ң turbulent model needs to be modified because the turbulent 

viscosity might be overestimated. One of the refinements is the realizable models proposed 
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by Shih et al., which shows substantial improvements for the rotating homogeneous shear 

flows, boundary-free shear flows, channel and flat boundary layer flows, and backward-

facing step flows [27].  

Fung et al., evaluate the numerical simulation for the spray from a nasal spray device 

by comparing it to previous experimental data. In the research, the authors applied the 

realizable k ï Ů turbulence model for turbulent flow. The commercial ANSYS Fluent was 

used to solve the RANS equations. A combination of around 2.16 million quadrilateral and 

hexahedral elements mesh was generated in the spray region. The Linear Instability Sheet 

Atomization (LISA) spray model was applied to determine the performance of nasal drug 

delivery [28]. The result droplet distribution is applied to estimate the behavior of the tested 

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 experimental data are also used for selecting the empirical sheet constant values 

which has a great impact on the spray sheet length. The study also finds that the simulation 

matches the experiment results when the dispersion angle is 3 degrees.  In the research, 

The experimental data plays an important role in selecting parameters, with which the 

accurate simulation can be implemented.  

The RNG model is another refinement of the k ï Ů model using Re-Normalization 

Group (RNG) methods introduced by Orszag et al., [29]. The RNG k ï Ů model is developed 

to account for small-scale motion in the turbulent flow.  

Fogliati et al., analyzed the mechanism of spray deposition using both the RNG and 

Realizable k ï Ů models with the solver FLUENT [27]. The dimensionless velocity profiles 

show a comparison between the two models. At a shorter distance (40 mm), the transverse 



10 
 

velocities predicted by the realizable model match the experimental data well while the 

RNG model underestimated the velocity especially far from the nozzle. At a greater 

distance (100 mm), the situation is the opposite: the RNG model performs better over the 

realizable mode which severely overestimated the velocity. Both models do a good job 

when predicting the axial flow. The spray shape factor is defined as the axial velocity drops 

to 50% along the transverse direction. Plots of the spray shape factor along the axial 

direction for experiment and simulation results imply that the shape of the simulation spray 

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

RNG model.   

1.2.3 Evaluation of CFD Simulation  

Verification is the ñprocess of determining that a model implementation accurately 

represents the developerôs conceptual description of the model and the solution to the 

model,ò according to American Institute of Aeronautics and Astronautics (AIAA). To 

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.  

Hariharan et al., conducted the verification research of the power-law model applied to 

predict hemolysis. Two different methods, the Euler approach and Lagrangian approach, 

are used to determine the level of blood damage [30]. The study showed that the 

discrepancy of blood damage level between calculated results and the 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 absence of flow 

acceleration and within 10%, considering the flow acceleration, respectively.   
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On the other hand, according to AIAA guidance, ñvalidation is the process of 

determining the degree to which a model is an accurate representation of the real world 

from the perspective of intended uses of the model.ò Validation is a step to determine the 

creditability of the CFD models by showing how simulation matches the experimental 

results. The validation process is especially important because it indicates how confident 

we are that the CFD models can depict the real world.  

Taskin et al., evaluated the flow-induced mechanical blood damage obtained from CFD 

simulation based on three variants of the power-law model and experiment results in 

centrifugal and axial flow blood pumps. The large percentage of LPM error showed that 

none of the CFD models can provide the accurate absolute magnitude of hemolysis, but 

the high correlation coefficient indicated that the CFD simulation could predict the relative 

hemolysis. The CFD is especially useful when optimizing the design of blood pumps[31].  

Apel et al., applied Particle Tracking Velocimetry (PTV) to investigate the flow 

patterns in the axial blood pump. For validation, CFD simulation was conducted by 

TASCflow solver package. The comparison of head coefficient and the swirl pattern from 

CFD and PTV demonstrated acceptable agreements [32].   

1.3 Junction Flow 

In the current research, the fluid flowing around the 3D obstacle forms a junction flow. 

In a review, Simpson summarizes the previous studies [33]. The flow behaviors for blunt 

and streamlined obstacles are discussed for both laminar and turbulent incoming boundary 

layers. The laminar junction flow occurs when the Reynolds number based on displacement 

boundary layer thickness is below 1000 [34]. As the Reynolds number increases, a system 

of multiple vortices is formed in front of a vertical cylindrical obstacle. This is summarized 
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in Figure 4 [35]. The topology of the 3D separation for the flow varies depending on 

Reynolds number ReT, where T is the diameter of the cylinder. As shown in Figure 5, the 

author shows how the topology of the three-dimensional separation for the circular cylinder 

obstacle develops as increasing Reynolds number, changing from a single steady primary 

horseshoe vortex to steady multiple vortices [34][35].  
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Figure 4 Descriptive model for the sequence of flow events in the nose region of a Rood 

wing-body junction. The percentage in parenthesis represents the approximate time 

proportion of the event, adjusted from [35]. 
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Figure 5 Streamlines patterns: (a) six ï vortex system; (b) four ï vortex system; (c) two ï 

vortex system. S, separation line; A, attachment line; SP, stagnation point [34] .  
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Devenport et al., reported the bimodal velocity probability phenomenon at Reɗ = 6700 

[37]. As shown in Figure 6, histogram of the xïcomponent of velocity fluctuations at x/T 

= -204, y/T = 0.046. The histogram is based on the U velocity component enclosed by the 

solid line on the vector field. The strong oscillations there are responsible for high surface 

pressure fluctuation levels and high heat transfer rates in the region.  

Sharpïedged bluff body flows have been investigated extensively. Martinuzzi et al., 

[38] provide a sketch of mean features in Figure 7. They include a horseshoe vortex system, 

which envelops the obstacle. The authors found that the horseshoe area which has largest 

vorticity coincides with the locations of maximum turbulence kinetic energy production 

rates.  

 
Figure 6 Time ï mean velocity vectors in the plane of symmetry in front of a Rood wing 

at Reɗ = 6700 [37]. 
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Figure 7 Schematic representation of the flow around a surface-mounted cube [38].  

1.4 Objectives of the Study 

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 example it involves about 100 steps for a 

duodenoscope. It 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 high speed flows (and associated strong wall shear stresses) 

as a source of contaminants removal (such as biofilm) and debris. Furthermore, many 

procedures include flushing devices with fluids, but with no consideration of flow rate (ie 

Reynolds number), even though flow regimes will have very different effects on this 

reprocessing step. In 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 applying for 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 flow fields. 

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 is given by the 

Reynolds number,ὙὩ   with U and L characteristic velocity- and length-scales, 

respectively, and ɜ the kinematic viscosity. In a pipe, the flow is laminar for Re < 1700 and 

turbulent for Re > 10,000. For Re in between, the flow is transitional, which is a less 

understood flow regime. 

Figure 1 and Figure 3 illustrate the complex geometries of reusable medical devices, 

they have cavities, steps, gaps, channels of varying width, etc., which serve as traps for 

contaminants and thus where the flow and specifically the wall shear stress needed to be 

well characterized and predicted. The local features force non-equilibrium and non-

developed flows with local ñhot zonesò (defined as regions with low wall shear stress 

above). As an effort to better understand those flows and provide a device agnostic 

validation database, the USFDA has developed a configuration presented in Figure 8 along 

with the main flow features around the test article. It is an obstacle in a square channel, 

which will be described in greater details in the next chapter. In short, the geometry 

combines flow in cavity, channels of varying width, blockage, three dimensional separation, 

etcé Particle image velocimetry (PIV) is used to resolve the main flow features within the 

parabolic section of the channel. While the experimental campaign was initially planned 
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for CFD validation, the novelty of the geometry combined with experimental challenges 

did not allow a thorough enough campaign. The data obtained here are more of the 

exploratory kind.  However, recommendations are provided to enable conducting a detailed 

validation campaign in the future. 

 

Figure 8 USFDA test article with associated global flow field. 

 

 

 

 

 



19 
 

Chapter 2: Experimental Apparatus 

 
 

2.1 Experimental Design 

In reusable medical devices, the 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. Furthermore, the necessary 

shear to remove debris depends on several factors such as device material, surface 

roughness, the amount of debris, detergent concentration, etc [18]. To date, no studies have 

focused systematically on the flow pattern inside irregular cavities. In the present research, 

we reproduced generic narrow channels commonly found in medical devices and designed 

a closed, refractive index matched, flow loop. Non-intrusive optical diagnostic are 

deployed to resolve the flow field at high spatial resolution. In fact, velocity data enable 

measurement of the wall shear stress directly and identify potential ñhot spotsò where the 

shear stress might be too weak to allow adequate cleaning. Also, statistics on quantities 

such as Reynolds stresses, separation bubbles, out-of-plane flow and so forth are measured 

to help identify the main flow structures and develop a set of guidelines for future CFD 

validation campaigns in this geometry.  
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2.2 Refractive Index Matched Flow Loop 

Figure 9 and Figure 10 present a sketch and pictures of the flow loop, respectively. The 

recirculating fluid is running through the test section at various flow rates. Components of 

the flow loop are presented in detail below.  

 
Figure 9 Sketch of the flow loop. The fluid is infused into the loop through the funnel and 

driven by a centrifugal pump. Prior to injection in the loop, the fluorescent particles are 

diluted in the solution. 

  
(a) (b) 

Figure 10 Pictures of the flow loop. (a) Camera, bellows, lens and flowmeter. (b) Test 

section, converging lens, sheet optics and laser head. 
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2.2.1 Test Section with Model 

The test section is a rectangular tube with the interior cross-section dimensions of 24 

mm x 24 mm and 80 mm in length, in which a curved model, or obstacle, of 23 mm in 

length and 22 mm in width and 13 mm in height is centered against a side wall, Figure 12. 

Geometric details of the obstacle are presented in Figure 13(b). Both the tube and the model 

are constructed of transparent acrylic to enable the laser light to penetrate the wall of the 

test section and the curved surface of the model without glare in the index match flow loop.  

Table 1 Channel width 

 
Channel Width 

(mm) 
ɗ (°) 

Dimensionless 

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 

 

The sketch and photos of the cross section are shown in Figure 12. The coordinates of 

the system is defined in Figure 11. The positive direction of axial flow and spanwise flow 

are rightward and upward, respectively. The dimension of the obstacle is shown in Figure 

13. The widths of the channels of the four planes and their ratio to the side of the test section 

are listed in Table 1. ɗ is the angle between normal of the surface and the horizontal line 

as show in Figure 13 (c), and the values are given in Table 1. The surface of the model is 

parabolic, the equation of which is given by Eq. (1): 

 ώ πȢπσσὼ (1) 

where x and y are defined in Figure 13 (b). 
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Figure 11 Cross section view of test section with local Reynolds number. 

 

 
(a)  

  
(b)  (c)  

Figure 12 Test section. (a) Sketch, flow is from left to right. (b) Top view of the test 

section. (c) Side view of the test section. The model is placed in the middle.  
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Figure 13 (a) Location of the area of interest; (b) Cross section of the test section; (c) 

Inclination of the normal lines of the curved surface at each area of interest. 

2.2.2 Fluid  

A special solution, which has a similar refractive index as the transparent acrylic is 

employed to enable PIV measurement in the direct vicinity of the walls. The solution is 

made of water 660 ml, glycerin 280 ml, and sodium iodide 1000 g. The density of the fluid 

is 1500 kg/m3, 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.  

2.2.3 Pump  

A variable speed centrifugal pump (Model EW75211-60; Cole-Parmer) circulates the 

fluid. The 316 stainless steel body with PTFE bushing and O-rings resists corrosion and is 

suitable for the fluid and fluorescent dyes in the present case. The maximum flow rate 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 extended periods.  
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2.2.4 Flow Meter 

The flow meter is an ultrasonic flow probe (Model 9PXL: Transonic Systems). The 

PXL clamp-on tubing flow sensor is mounted on the outside of the Tygon tube and provides 

reliable, stable measurement non-intrusively. The flow meter is located upstream of the 

test section, just after the pump. The pipe connecting the pump and the test section is 1 m, 

which is about 100 times of the pipe diameter. Testing is conducted at three flow rates: 3, 

6, and 9 LPM (0.00005 m3/s, 0.0001 m3/s, 0.00015 m3/s). 

2.2.5 Other Components 

Tygon tubing of 9.525 mm ID provides the ducting of the flow loop. A filling port 

connecting a funnel and syringe allows filling the flow loop and injecting fluorescent PIV 

particles. Prior to injection in the loop, the fluorescent particles are diluted in the solution.  

The draining port is used to drain fluid or bubbles out of the loop. Before 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 component manually enabling the 

air bubbles to migrate towards the drain-out port.  
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2.3 Long Distance Micro-PIV Apparatus 

High magnification PIV, configured as a long-distance micro-PIV system, allows flow 

visualization along the narrow channel. Figure 14 presents a schematic representation of 

the deployed PIV system. Table 2 presents the details of the instruments and the parameters 

of PIV measurement. The interrogation window size is 48 pixel x 48 pixel.  

Table 2 Experiments instruments and parameters 

Instruments or Parameters PIV 

Cameras Imager Pro X by La Vision 

Bellow Nikon PB-4 

Lens Nikon micro-60 mm 2.8D 

Plano-Convex 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 62-52 mm 

Laser Solo III 2×15 Hz Nd: YAG 

Tracer Fuoro-Max Diam 8 µm 

Pixel size 7.4 µm 

Resolution of PIV 0.02 mm 

Interrogation window size 48 pixel x 48 pixel, (0.08 mm x 0.08 mm) 

Overlap between window  50% 

Magnification 3.7 

Recording rate 11 Hz 

Software (Recording and Processing) DaVis from La Vision Inc. 
 

 



26 
 

Figure 14 Schematic diagram of long-distance micro PIV 

2.3.1 Measurement Stations 

Velocity is measured at various locations along the obstruction. Four elevations are 

studied; they are at 4, 6, 8, and 10 mm heights above the center longitudinal plane of the 

model, the widths of the channels at each respective elevation are Y4 = 0.53 mm, Y6 = 1.19 

mm, Y8=2.12 mm, and Y10=3.31 mm. The dimensionless values of these widths are 0.024, 

0.052, 0.092 and 0.144, respectively, which represent their ratio to the length of the 

obstacle. For each elevation, a total of five evenly-spaced, longitudinal measurement 

stations are selected. They are labeled as Entrance (EN), Near Entrance (NEN), Middle 

(MD), Near Exit (NEX), and Exit (EX) as shown in Figure 13(a). The space between the 

centerlines of two adjacent stations is 5.75 mm. In total, 20 stations are studied with PIV 

and their combination enables one to infer a comprehensive 3D picture of the flow patterns 

in the gap between the model and the wall, as shown in Figure 13(b). At each station, a 

series of 500 images pairs are recorded to provide statistically converged first- and second-

order statistics (mean, rms, and Reynolds stress) of the flow. As will be shown later, at a 

sampling rate of 11 Hz, the data are still correlated temporally, and they cannot be treated 

as independent, identically distributed (iid) random samples. Nevertheless, data 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 extend of the flow is from 

the square test section edge to the curve channel wall. At the two highest planes, the flow 

is not resolved near the square section channel wall, only near the curved edge. 
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2.3.2 High Magnification I maging 

Because the flow field at each measurement station is very small, ranging from 0.53 to 

3.31 mm, high magnification imaging is needed to measure the flow with adequate 

resolution. A high sensitivity, high-resolution CCD camera (Imager Pro X, La vision) fitted 

with a reversed macro lens (Nikon 60 mm f2.8) on a bellows (Nikon PB-4) was used to 

achieve a high magnification (M = 2 - 4) with sufficient working distance (5.4 cm ï 7.6 

cm). The camera was oriented perpendicular to the light sheet. With this optical 

configuration, optical distortions are minimal in the index-matched facility. A grid pattern 

(SN:IAM-5-S-8888, Applied Image Inc.) was used for linear scaling of the camera images 

(Figure 15). The pitch of the grid pattern is 200 µm. Because it was not possible to insert 

the calibration target inside the test section, a phantom section was used to provide the 

calibration, as shown in Figure 16. The scaling function in DaVis 8 enables us to quickly 

scale for each configuration. 

 
Figure 15 Grid Pattern 
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Figure 16 Setup of calibration 

2.3.3 Laser Beam 

The flow field is illuminated with a dual cavity, frequency doubled, Nd: YAG laser 

(SOLO PIV, New Wave Research). A compact sheet-forming optics is mounted to the laser 

head to form the light sheet. Because, the laser sheet is still too thick at the measurement 

station, a plano-convex 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 shown in Figure 14. 

2.3.4 Particles 

The fluid is seeded with 8 ɛm fluorescent polymer microspheres. The density of the 

particles is 1050 kg/m3, which is lower than the density of the flow medium (1500 kg/m3). 

According to Adrian et al., [39], the particle time constant is defined as: 

 †
” ” Ὠ

ρψ”’‰
 (2) 

where ” and ” are particle and fluid density respectively, and Ὠ is the particle diameter, 

’ is the fluid kinematic viscosity and ‰ is a function which tends towards 1 for the present 
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case. Here † ςȢσ ρπ , which indicates that the slip velocity due to the density 

difference is negligible, when the flow accelerates.  

2.3.5 Synchronizing  

Image pairs are recorded at a frequency of 11 Hz. The LaVision timing unit is 

controlled in DaVis and synchronizes lasers and camera. The cross-correlation algorithm 

is applied for flow field calculation with frame-straddling. The instrument timing is shown 

in Figure 17. The pulse separation is optimized for each flow condition and measurement 

station to provide optimal particle displacement within image pairs, ds. The particle 

displacement is taken at approximately a quarter of the interrogation window size [40]: 

 πȢρὴὭὼὩὰὨί
ρ

τ
ὍὲὸὡὭὲὛὭᾀὩ (3) 

In the present experiments, dt is selected in the interval ranging from 5 to 75 µs.  

 

 
Figure 17 Synchronization diagram. 
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2.3.6 Reynolds Number 

Here, the Reynolds number is defined based on the hydraulic diameter, Dh. Because of 

the change in cross sectional area of the flow domain along the flow path, the hydraulic 

diameter Dh is calculated at the chamber contraction, tube inlet, and the entrance of the test 

section. It is defined as: 

 Ὀ
τὃ

ὖ
 (4) 

where A is the cross-section area of the flow and P is the wetted perimeter of the cross-

section.  

The flow averaging velocity based on the flow rate and cross section is applied to 

calculate the Reynolds number and defined as: 

 Ὗ ὗȾὃµ (5) 

The values of Reynolds number at different regions in the test section are presented in 

Table 3. A cross section view of the test section with local Reynolds numbers is shown in 

Figure 11. 

Table 3 Reynolds number 
ɟ 1.5×103 kg/m3 
µ 7×10-3 kg/(m*s) 

Q 3 LPM 6 LPM 9 LPM 

Inlet tube 

 Ua  D Re Ua  D Re Ua  D Re 

 0.71 

m/s 

9.53 

mm 

1433 1.41 

m/s 

9.53 

mm 

2866 2.11 

m/s 

9.53 

mm 

4299 

Test section inlet 

 Ua D Re Ua D Re Ua D Re 

 0.09 

m/s 

24 mm 447 0.17 

m/s 

24 mm 893 0.26 

m/s 

24 mm 1339 

Along channel 

 Ua  D Re Ua  D Re Ua D Re 

 0.97 

m/s  

2.4 mm 499 1.95 

m/s 

2.4 mm 999 2.92 

m/s 

2.4 mm 1498 
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2.4 Shear Stress Measurement 

While the facility is refractive index matched to prevent 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 devices. In a 2D curvilinear coordinate system (s, n), the shear stress is given as 

follows [41]: 

 † ‘
‬ό

‬ὲ
‖ό

‬ό

‬ί
 (6) 

where µ, ,ˁ ό and ό  are dynamic viscosity, surface curvature, surface velocity and 

normal velocity, respectively. Once projected to a Cartesian system (as done here), the 

second term in the parenthesis of Eq (8) is cancelled and the equation takes the form: 

 † ‘
‬ό

‬ώ

‬ὺ

‬ὼ
 (7) 

 † ‘
‬ό

‬ᾀ

‬ύ

‬ὼ
 (8) 

where u, v, w are velocities in x, y, z directions, respectively.   

Ideally, we hope to calculate the shear stress on the surface of the model (†  and † ). 

However, in present research, only the horizontal planes are investigated (x-y), and the 

component †  is missing. 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 be studied as well, which could be done in 

future.  
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The thickness of the laser sheet, ŭ, is the depth over which data are averaged over. At 

the curved wall of the specimen, this implies that the wall will not be marked as a single 

row of pixels on the camera. The extent of the wall increases with the angle ɗ, or the height 

of the measurement plane, Figure 19. For example at 10 mm plane, the wall area in the raw 

PIV data is marked by two blue arrows. Locally, dimmer particles indicate particles that 

might be partially illuminated. Therefore, due to the present configuration, the wall location 

is not precisely known. This 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 molecular tagging velocimetry (MTV). As a compromise here, 

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

 
Figure 18 Schematic diagram of geometry of the laser sheet and model surface 
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(a) 

 
(b) 

Figure 19 Raw images of PIV measurement. (a) 10 mm and (b) 4 mm. Curved wall is on 

the top of the frames 
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Chapter 3: Characteristics of Flow and Shear Stress 

 
 

This chapter focuses on the PIV results obtained in the channel created by the curved 

model and wall of the test section at the three flow rates studied here (3, 6, and 9 LPM). 

From the PIV data, velocity fields at each elevation plane are reported (4, 6, 8, and 10 mm 

away from the centerline of the model). Contour plots of the mean flow field, profiles of 

mean velocity and fluctuating velocities, Reynolds stresses, and turbulence production at 

selected locations are presented. Flow features and patterns are analyzed throughout the 

results. The rapidly-evolving flow is characterized by 2D plots of velocity at selected 

locations along the channel. Velocity time-history plots reveal that data are time correlated 

and dominant frequencies are extracted by computing periodograms of velocity.  

3.1 Turbulence Characterization 

In the present experiment, large unsteadiness is created in the test section and the 

velocity varies greatly in time and location. Here, we denote the axial and spanwise 

instantaneous velocity as ὟȟὯ and ὠȟὯ respectively, where i, j are indices for x, y 

coordinates and k is the frame number. The instantaneous speed is: 

Instantaneous speed ̀ȟὯ ὟȟὯ ὠȟὯ  (9) 

Following convention adopted in turbulent flows, the velocity is decomposed into a 

mean and fluctuating component in two manners: Reynolds and Lagrangian 

decompositions. In Reynolds decomposition and for data acquired here, the mean velocity 

is defined as the time ensemble average, the fluctuating part is the residual and has no mean: 
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 Reynolds decomposition: 
ὟȟὯ Ὗȟ όȟὯ (10) 

 
ὠȟὯ ὠȟ ὺȟὯ (11) 

 Reynolds averaging 
Ὗȟ

ρ

ὔ
ὟȟὯ (12) 

 
ὠȟ

ρ

ὔ
ὠȟὯ (13) 

 

Lagrangian decomposition is used to analyze the velocity variability within each frame 

at a given time. Lagrangian mean velocity is defined as the instantaneous average value 

over the whole flow field: 

 Lagrangian decomposition: ὟȟὯ Ὧל  ȟὯ (14)לּ

 ὠȟὯ Ὧם  ȟὯ (15)מּ

 Lagrangian averaging: 
Ὧל

ρ

ὲ ά
ὟȟὯ

ȟ

ȟ

 (16) 

 
Ὧם

ρ

ὲ ά
ὠȟὯ

ȟ

ȟ

 (17) 

Because the residuals, or fluctuating components of the velocity, have no means, 

second order statistics are employed to quantify the magnitude of the fluctuations. Ὗ  

and ὠ  are defined as the standard deviation of the set of the random velocity fluctuations, 

όȟὯ and ὺȟὯ as shown in Eq. (18) and Eq. (19). Note that here the fluctuating 

components could be from either the Reynolds or Lagrangian decompositions.  
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Turbulence Intensity Ὗ
ρ

ὲ
όȟὯ (18) 

Turbulence Intensity ὠ
ρ

ὲ
ὺȟὯ (19) 

 

3.2 Mean Velocity Field 

3.2.1 2D Contour Plots 

2D contour plots of mean (Reynolds decomposed) velocity fields for the 20 

measurement stations within the channel are presented in Figure 20, Figure 22, and Figure 

23 with the naming convention defined in chapter 2. In the figures, the stations are 

organized as follows: Entrance (Column 1), Near Entrance (Column 2), Middle (Column 

3), Near Exit (Column 4), and Exit (Column5). In the figures, the rows correspond to each 

plane: Rows 1 through 4 are elevations 4 to 10 mm. Each figure represents a different flow 

rate, with Figure 20 corresponding to the lowest 3 LPM flow and Figure 23 the highest.    

At Q = 3 LPM and at the 10 mm plane, first row of Figure 20, the fluid accelerates from 

the entrance to the exit. At the Entrance region the flow experiences sudden separation near 

the wall, indicating the formation of what is commonly referred to as a vena contracta pipe 

entrances. At the vena contracta, the cross-section of the stream is minimum; the freestream 

exhibits a jet-like behavior, with the local fluid velocity there reaching its local peak. The 

relation between the jet flow, separation bubble size, and upstream conditions is quantified 

and discussed in detail in section 4.2. The fluid velocity further accelerates past the Middle 

region and reaches the overall (global) maximum value at the Exit. This trend indicates 
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that the flow is three dimensional and redistributes itself throughout the length of the 

channel. At the Entrance region on the 8 mm plane (Row 2), the vena contracta size is 

larger and, in the mean, a vortex is formed within the separation bubble. The flow speed 

reaches the maximum value at the Middle position. After exiting the channel, the flow goes 

forward and a vortex is formed behind the model. At the 6 mm plane, the flow is accelerated 

and reaches its local peak value at the vena contracta, and the velocity then decreases 

quickly with axial distance. We can infer that a large amount of the fluid at this plane moves 

up after the Entrance position, and this phenomenon is also observed at the 4 mm plane 

(Row 4) as well. The out-of-plane component of the flow will be discussed in detail in 

Section 4.4. Comparing the four mean flows at the Entrance region of the channel, the flow 

direction tends to be vertical at lower planes, and the maximum flow velocity is located at 

the third plane. At the Exit region, the velocity is highest at the 8 and 10 mm planes; a low-

speed circulation is formed between the 8 and 6 mm planes behind the model.   

As shown in Figure 22 and Figure 23, the mean flow field at Q = 6 and 9 LPM presented 

a similar flow pattern as that of Q = 3 LPM. With increasing flow rate, the size of the 

separation bubble at the entrance becomes larger. At the exit, on the mean vortices are 

observed at 4, 6, and 8 mm, planes for the highest flow rate (Figure 23). 

Figure 21 shows strealines associated with mean flow of Figure 20. The vena contracta 

is clearly visible at the entrance and increases in size with elevation. It appears to have a 

vortex within it, except at the highest elevation, where two vortices appear visible in the 

streamlines. At 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 have significant 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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Figure 20 Whole flow field for 3 LPM. The first, second, third and four row are 10 mm, 8 mm, 6 mm and 4 mm plane respectively. 

(Max 1.1 m/s, Average Ua = 1.18 m/s) 
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Figure 21 Plot of mean streamlines for 3 LPM case. The first, second, third and four row are 10 mm, 8 mm, 6 mm and 4 mm plane 

respectively. 
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Figure 22 Whole flow field for 6 LPM. The first, second, third and four row are 10 mm, 8 mm, 6 mm and 4 mm plane respectively.  

(Max 2.1 m/s, Average Ua = 2.36 m/s) 
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Figure 23 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 3 m/s, Average Ua = 3.54 m/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 plane, the exit flow expands and makes a sharp turn to 

cover the space on the left of the model. Vortices are found before and after the leading 

edge of the model at the 4 and 6 mm plane respectively. A horseshoe tube of vortex tube 

is envisioned around the surface of the model, which will be discuss in detail in Section 

4.3. 

Al l the above information is collected, and a schematic representation is plotted to 

depict the flow pattern in Figure 8. The dotted lines in the figure have not been measured 

with PIV and are speculated according to the analysis conducted here.  
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3.2.3 Profiles of Mean Velocity  

3.2.3.1 at the Entrance 

 

  
a b 

  
c d 

Figure 24 Location of velocity profile plotted in the entrance region at 10 mm (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 condition. These figures are extracted from Figure 20, representing 

the Entrance regions at four planes. The locations for the Entrance region at various heights 

are indicated in Figure 24 (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 dowstream of the channel 

entrance. Line 3 is the leading edge of the model. Note that y = 0 is the curved surface of 

the model.    
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Figure 25 Normalized velocity profiles of axial mean flow in the entrance area at 10 mm 

plane. The blue, green, and red lines represent 3 LPM, 6 LPM, and 9 LPM respectively. 

The profiles of the normalized axial velocity ὟȾὟὥ in the entrance area at the 10 mm 

plane under various flow rates at selected locations are shown in Figure 25. The velocity 

is normalized by taking the ratio to the flow averaging velocity of the flow field. At the 

most upstream region, the normalized velocities for 6 and 9 LPM are almost identical and 

larger than that for the 3 LPM case. The velocity shows an approximately linear 

relationship with the spanwise location. As 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 the model and the peak value increases from 
Ὗὥ

πȢφρ to 

Ὗὥ
πȢχυ (blue lines). Plots of Line 3 represent the velocity profiles at the leading edge. It 

is worth noting that the profiles of Line 3 are finite at the wall of the model, which indicates 

that the flow originates from both the rightward and upward directions. The axial velocities 

of Line 4 and Line 5 are null on the mean near the surface of the model, which presents a 

no ï slip boundary condition. Finally, on Line 3 through Line 5, there is indication 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.  

 
Figure 26 Normalized velocity profiles of spanwise mean flow in the entrance area at 10 

mm plane following convention of Figure 25. 

Profiles of mean wall-normal, or spanwise, velocity ὠȾὟ  are also reported in Figure 

26. It can be observed that the spanwise motion (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 πȢσφ at the leading edge of the 

model. The 3 LPM flow has the strongest downward flow, while the other flow rates appear 

to be similar. At the channel leading edge, an inflexion point is also present in the spanwise 

motion near the wall. The velocity reaches a local maximum past the inflexion point, before 

decreasing as the flow gets more into the channel. This is an indication of the separation 

region near the wall, consistent with the findings of Figure 25, and of the angle of the free 

stream flow. As the flow develops along the channel, the spanwise velocity profile 
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develops two peaks (Line 5): moving away from the obstacle, the magnitude of the top 

peak increases axially, after reaching a minimum, the spanwise velocity magnitude 

increases again. The local minimum is likely an indication of the edge of the separation 

bubble. The peak in the bulk velocity decreases axially, indicating that the flow is 

redistributing itself rapidly there.   

 
Figure 27 Normalized velocity profile of axial mean flow in the entrance area at 8 mm 

plane following convention of Figure 25. 

At the 8 mm plane (Figure 27), in the upstream region, for y > 0, the velocity profile is 

rather uniform, in contract for the lower part (y < 0), the velocity increases axially and 

reaches the maximum value at the leading edge of the model πȢυω, 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 marked than at the top 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 profiles are nearly independent of 

flow rate at this station.  
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Figure 28 Normalized velocity profile of axial mean flow in the entrance area at 8 mm 

plane following convention of Figure 25. 

The profiles of spanwise velocities are presented on Figure 28. Similar to the flow at 

the 10 mm plane, the increase in downward motion before the channel entrance indicate a 

pressure driven redistribution of the flow. However, the peak value reaches πȢυρ 

before the leading edge. Blue lines in the Line 1 and Line 2 indicate even stronger spanwise 

motion for the lowest flow rate (3 LPM), about 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 increases to πȢυ. 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 significant, 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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Figure 29 Normalized velocity profile of axial mean flow in the entrance area at 6 mm 

plane following convention of Figure 25. 

The profiles of normalized axial velocity ὟȾὟὥ in the entrance area at 6 mm plane are 

shown in Figure 30. In the upstream region, the velocity profiles are nearly identical for 

the two highest flow rates. The axial velocity is negligible at the top (y > 0) and increases 

to πȢτ at the bottom (y < 0). Within the channel, the profiles of velocity become bell-

shaped and the peak value increases to πȢω, at y = -0.75. From the first and second 

lines, it appears that the velocity within the separation bubble is smaller for the higher flow 

rate condition.   
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Figure 30 Normalized velocity profile of spanwise mean flow in the entrance area at 6 

mm plane following convention of Figure 25. 

Profiles of wall-normal mean or spanwise velocity ɀὠȾὟ  are reported in Figure 30. 

In the upstream area, the spanwise motion increases axially at y = 0 and reaches its 

maximum value πȢυφ (green line) at the leading edge of the model. At y < 0.3, 

spanwise motion is negligible. Blue lines in the fourth and fifth locations indicated that the 

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 is reduced and even 

changes direction. The mean separation region is likely to be very small at this 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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Figure 31 Normalized velocity profile of axial mean flow in the entrance area at 4 mm 

plane following convention of Figure 25. 

The profiles of normalized mean velocity ὟȾὟὥ in the entrance area at 4 mm plane are 

shown in Figure 31. At the upstream region, the axial velocity is negligible for the upper 

part (y > 0). For the low flow rate, the velocity at line 1 is positive indicating that the flow 

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

part (y < 0) the axial velocity increases with downstream location in the channel and 

reaches the maximum πȢχψ at line 1 and 2. The plots illustrate a velocity profile 

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

processing, insufficient statistics, or signature of a bi-modal flow in this region. At this 

stage of the analysis, this cannot be concluded positively.  
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Figure 32 Normalized velocity profile of spanwise mean flow in the entrance area at 4 

mm plane following convention of Figure 25. 

Profiles of wall-normal mean or spanwise velocity ὠȾὟ  are repoted in Figure 32. 

The spanwise motion is the strongest at the beginning and then decreases axially. It can be 

inferred that at the 4 mm plane, the upstream flow is directed downward axially first and 

then becomes axial in the channel. Lines 4 and 5 (blue) indicate even stronger spanwise 

motion for the lowest flow rate compared to the higher flow rates. Both the axial and 

spanwise motion decrease axially, which means that some of the flow is leaving the plane 

(going upwards). No separation bubbles are observed (in the mean) at those conditions.  
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3.2.3.2 at the Exit  

 

  
a b 

  
c d 

Figure 33 Location of velocity profile plotted in the exit region at 10 mm (a), 8 mm (b), 6 

mm (c), and 4 mm (d). 

These figures are extracted from Figure 20, representing the Exit the Entrance regions 

at four planes. The locations of selected lines for the Exit region are indicated in Figure 33 

(blue lines). Lines 1 and 2 are downstream outside the channel; line 3 is the trailing edge 

of the model; lines 4 and 5 are upstream of the channel exit. y = 0 is the surface of the 

model.    
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Figure 34 Normalized velocity profile of axial mean flow in the exit area at 10 mm plane 

following convention of Figure 25. 

The profiles of normalized mean velocity ὟȾὟὥ and 6ȾὟ  in the exit area at the 10 

mm plane under various flow rate at selected locations are shown in Figure 34 and Figure 

35, respectively. In the channel, the axial flow has a ñparabolicò profile. The mean axial 

profile becomes flatter or closer to a turbulent channel flow profile as the flow rate 

increases. In the channel, the mean spanwise component is positive. In a channel with 

parallel walls, we would not expect to see such a component of the velocity. Because 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 associated with the flow exiting the channel. 

Additionally, the local flow rate is still increasing there, and the flow has a non-negligible 

out-of-plane component. This component might be inducing a bias in the measurement due 

to perspective effect in PIV imaging because we did not use a telecentric lens. This effect, 

however, should be creating a spanwise component that increases with distance to the 
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optical axis in the high magnification measurements here. This perspective effect is likely 

minor and negligible as the spanwise component is actually null at the wall, and the 

spanwise component is a signature of flow redistributing itself 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 the magnitude of the 9 LPM case.  

 
Figure 35 Normalized velocity profile of spanwise mean flow in the exit area at 10 mm 

plane, following convention of Figure 25. 

At the exit, a shear layer is clearly visible with the inflexion point in the axial profiles 

near the elevation of the wall. The axial velocities share similar shape with the highest flow 

rate having the steepest shear layer. The spanwise component still has a positive component 

for negative y, therefore preserving the signature of the flow redistribution present 

upstream in the channel. 

Near the surface of the model, the axial velocity is zero but the spanwise motion is 

finite, which means that there is flow coming upwards along the curved surface. The 
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similar plots at y < 0 indicate the upper flow behind the model does not impact the flow 

coming out of the channel.  

 
Figure 36 Normalized velocity profile of axial mean flow in the exit area at 8 mm plane, 

following convention of Figure 25. 

 
Figure 37 Normalized velocity profile of spanwise mean flow in the exit area at 8 mm 

plane, following convention of Figure 25. 

As shown in Figure 36 and Figure 37, the velocity profiles of the axial flow at 8 and 10 

mm plate are quite similar. However, in the channel, the velocity spanwise component is 
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not nearly null, but distinctly negative indicating a net flow away from the curved wall. 

Therefore, flow redistribution is Reynolds number dependent at this elevation. 

 
Figure 38 Normalized velocity profile of axial mean flow in the exit area at 6 mm plane, 

following convention of Figure 25. 

 
Figure 39 Normalized velocity profile of spanwise mean flow in the exit area at 6 mm 

plane, following convention of Figure 25. 

As shown in Figure 38 and Figure 39, at the 6 mm plane within the channel, the plots 

of the axial velocity are parabolic and nearly symmetric with respect to the local channel 
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centerline. The peak value of the velocity is (  πȢυς) and located at y = 0.6. The 

spanwise motion is here negligible indicating that the flow might have reached a developed 

state (the channel is narrower locally and has dimensionless channel width of 0.052). 

Outside the channel, the flow assumes a jet-like nature that expands rapidly by entraining 

surrounding fluid. The first, second, third and fourth lines in Figure 39 show a net spanwise 

motion towards the center of the test section, particularly for the low flow rate condition.   

 
Figure 40 Normalized velocity profile of axial mean flow in the exit area at 4 mm plane, 

following convention of Figure 25. 
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Figure 41 Normalized velocity profile of spanwise mean flow in the exit area at 4 mm 

plane, following convention of Figure 25.  

The profiles of mean streamwise velocity ὟȾὟὥ at the 4 mm plane are shown in Figure 

40. Upstream of the exit, the mean profile has an arrow-like shape symmetric with respect 

to the channel width. This could be also interpreted as a bi-modal regime. The normalized 

axial velocity decreases with increasing flow rate. However, this trend is the same in the 

jet area once the flow leaves the channel. Profiles of wall-normal mean velocity ὠȾὟ are 

also reported in Figure 41. Within the channel, the spanwise motion is negligible. From 

Figure 40 and Figure 41, 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 forward, which 

means the flow separates outside the channel. Also, it is observed that the flow spreads 

much faster for the lower flow rate than the others.  
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3.2.3.3 Central Flow Region 
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Figure 42 Location of velocity profile plotted in the near exit (first column), middle 

(second column) and near entrance (third column) area at 10 mm (first row), 8 mm 

(second row), 6 mm (third row) and 4 mm (fourth row). 

These figures are extracted from Figure 20, representing the central flow regions at four 

planes. The selected lines for the Near Exit, Middle, and Near Entrance regions are located 

in the middle of each flow field as shown in Figure 42 for various planes.  
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Figure 43 Normalized velocity profile of axial mean flow in the near exit (first column), 

middle (second column) and near entrance (third column) area at 10 mm (first row), 8 

mm (second row), 6 mm (third row) and 4 mm (fourth row).   

The profiles of axial velocity at Near Entrance, Middle and Near Exit region are almost 

identical except the flow at 8 mm plane, which means a sharp turn happens here, so it takes 

long distance for the flow to recover. As the height of the plane is decreased, the profiles 

of the velocity change from bell-shaped 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 in Table 4. It can be inferred that at the 4 and 6 mm planes, the flow 

separation happens before the Middle station. Also, the separation for the 8 mm plane is 

present after the Middle station, and the bulk velocity decreases axially from the Middle 

station to the Exit station.  

Table 4 Normalized bulk velocities (The flow rate is 3 LPM) 

 Exit Near Exit Middle 

10 mm 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 Stresses 

Turbulence affects the mean velocity through the Reynolds stress, which is defined 

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

Reynolds normal stress: όό
ρ

ὔ
όȟὯόȟὯ (20) 

Reynolds shear stress: ὺὺ
ρ

ὔ
ὺȟὯὺȟὯ (21) 

Reynolds wall-normal stress: όὺ
ρ

ὔ
όȟὯὺȟὯ (22) 

 

3.3.1 at the Entrance 
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Figure 44 Profiles of streamwise Reynolds normal stress in the Entrance region, at 10 

mm (a), 8 mm (b), 6 mm (c), and 4 mm (d) planes. The blue and red lines present 3 LPM 

and 9 LPM, respectively. 

Profiles of Reynolds stresses in the Entrance region at various planes are presented in 

Figure 44 for the 3 and 9 LPM cases. The locations of the selected lines are indicated in 

Figure 24. Profiles show that the peak values of Reynolds normal stresses are generally 

larger at the higher planes. For the 10 mm plane and 8 mm plane, <uu> in the opening area 

(lines 3 - 5) is small. However, at the 6 mm plane, the Reynolds stress upstream and 

downstream of the leading edge of the model are comparable to each other. At the 4 mm 

plane, <uu> is higher in the opening area than that within the channel. Additionally, as the 

flow develops downstream, the peak values at selected locations are closer to the wall of 

the model at lower plane. Finally, it should be noted that the fluctuating velocity, uô, (rms 

of u) is of the same order than the mean axial velocity.   
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As shown in the third column of Figure 45 at the 10 mm plane, the Reynolds wall-

normal stresses are higher closer to the bottom. At lower planes, the Reynolds wall-normal 

stresses are stable at the upper part (y > 0) and collapse quickly at the lower part (y < 0). 

The profiles of the Reynolds wall-normal stresses within the channel has the same trend 

and almost vanishes at 4 mm plane.  

In the second column of Figure 45, within in the channel 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 maximum value as 

shown in line 5 of the 4 mm plane.  

3.3.2 at the Exit  
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Figure 45 Profiles of streamwise Reynolds normal stress in the Exit region with 

convention of Figure 44.  
















































































































































































