
Study on the Influence of the Inlet Swirling 

Flow in a Double and Triple Elbow Using 

Phased Array UVP 

 

 

 

 

 

 

Doctoral Dissertation by: 

San Shwin 

for the degree of 

Doctor of Engineering 

Academic advisor: Assoc. Prof. Hiroshige KIKURA  

Department of Nuclear Engineering, Graduate School of Science and Engineering 

Tokyo Institute of Technology 

 

December 2018 

 



 

 

 

 

 

 

 

  

  

 

 

 

 

 

 

 

 

 

 

  



 

 

Abstract 

This study presents investigation of flow structure and velocity 

fluctuation downstream of a compact pipe layout, which make with double and 

triple elbow. Ultrasonic Velocity Profiler (UVP), Phased Array UVP and PIV 

systems are used to measure the velocity field downstream of the elbow. The 

velocity profiles from the experiments were imposed in CFD numerical 

simulation to visualize the complete flow structure through the pipe. CFD code 

ANSYS Fluent 16.2 is used for the numerical simulation. In CFD simulation, the 

turbulent RNG k-ε model is adopted to visualize asymmetric turbulent flow 

downstream of the double bent pipe.  The main objective is to understand the 

fluid flow structure in a compact piping system. In addition, our laboratory is 

using Ultrasonic Doppler method for the non-destructive measurement. The 

aim is to improve the performance of the measurement system and to apply in 

the flow measurement and flow visualization system in the power plant. 

 In the experiment condition, the water flows at Reynolds number Re = 1 

× 104 and the water temperature is in the room temperature 25˚C. In case of 

inlet swirling flow condition, a rotary type swirling generator was used to 

generate homogenous swirling flow, and the swirl number was set up S = 1. 

Phased Array UVP is applied for the flow visualization downstream of the 

double and triple elbow in the condition of swirling inlet flow and without inlet 

swirling flow. Phased Array UVP can provide a two-dimensional velocity vector 

of the fluid. The measurement positions are located at x/D = 0, x/D = 0.6, x/D 

= 1 and x/D = 1.5 downstream of elbow. In two-dimensional velocity of without 

inlet swirling flow, the flow separation occurs at the edge of inner elbow, and 

the reattachment point is located at x/D =1.5. Therefore, the reverse flow region 

is narrow in swirling inlet condition. In the condition of without inlet swirling 

flow, the axial velocity fluctuation is higher than with inlet swirling flow, but 

radial velocity fluctuation is lower than inlet swirling flow. 
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Nomenclature 
 

Latin characters 

a Single element width  [mm] 

A Surface area [m2] 

c Speed of sound [m/s] 

d Inter element spacing [mm] 

De Dean number [ - ] 

D Diameter [m] 

f Basic frequency of phased array sensor [Hz] 

k Correction factor [ - ] 

l piezoelectric element length [mm] 

L Near-field length [mm] 

m Mass [kg] 

ṁ Mass flow rate [kg/s] 

n Number of cycle [ - ] 

p Pressure [Pa] 

Q Volumetric flow rate [m3/s] 

Re Reynolds number [ - ] 

r Radius [m] 

S Swirling intensity [Hz] 

T Temperature [K] or [°C] 

t Time [s] 

U  Axial mean velocity [m/s] 

V Particle velocity [m/s] 

w piezoelectric element width [mm] 

x Axial coordinate [m] 
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Greek characters 

∞ Angles between the transmitter and receiver  [degree] 

  Angles between the transmitter and receiver [degree] 

  Angles between the transmitter and receiver [degree] 

θ Phased steering angles [degree] 

k Turbulent Kinetic Energy [m2/s2] 

ε Turbulent Dissipation Rate  [m2/s3] 

μ Dynamic viscosity [kg/ms] 

v Fluid kinematic viscosity [m2/s] 

γ Curvature ratio of elbow [ - ] 

ρ Density  [kg/m3] 

∆t Time delay of ultrasound pulse [ s ] 

Subscripts 

0 Basic frequency of ultrasonic sensor (f0)  

c Curvature radious  

ch Channel number  

oscillation Near field oscillation  

di Doppler shift frequency  

max Maximum  

min Minimum  

p Particle  

rms Root mean square  

s Steering   

Abbreviations 

CFD Computational Fluid Dynamics  

LDV Laser Doppler Velocimetry  

PIV Particle Image Velocimetry  

UVP Ultrasonic Velocity Profiler  
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1.1 Background 

 Natural flows from the motion of the fluids have been the subject of many 

scientific studies. Scientists succeeded to answer some of the questions regarding 

their existence and define the parameters, which govern their dynamics. However, 

one of the subjects from the area of fluid dynamics, which still constitutes a 

complicated condition.  

More than a century ago, Osborne Reynolds started the study of the flow 

regime to understand the conditions under which fluid flowing through a pipe would 

be laminar or turbulent. Laminar flow is the smooth streamlines and highly ordered 

motion. Turbulent is characterized by velocity fluctuations and highly disordered 

motion [1-1]. The transition from laminar to turbulent flow does not occur suddenly; 

it occurs over some region in which the flow fluctuates between laminar and 

turbulent flows before it becomes fully turbulent. Most flows occurred in practice are 

turbulent and laminar flow occurs when highly viscous fluids such as oils flow in small 

pipes or narrow passages [1-2]. 

 The transition from laminar to turbulent flow depends on the geometry, 

surface roughness, flow velocity, surface temperature, and type of fluid.  Reynolds 

discovered that the flow regime depends mainly on the ratio of inertial forces to 

viscous forces in the fluid. This ratio is called the Reynolds number. 

                

Inertial forces UD UD
Re= = =

Viscous forces



   

        (1.1) 

Where Ū= average flow velocity (m/s), D =diameter of pipe (m), v = µ/ρ  fluid 

kinematic viscosity (m2/s), 𝜇 = coefficient of the fluid (kg/ms), 𝜌 = the fluid density 

(kg/m3). 

 Reynolds number is a dimensionless quantity. Under most practical conditions, 

the flow in a circular pipe is laminar for Re ≤ 2300, turbulent for Re ≥ 4000, and 

transition in between. In transitional flow, the flow switches between laminar and 

turbulent randomly. Therefore, there are three flow regimes in a general fluid flow. 
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In case of fluid flow pattern, there are several flow patterns and it depends on 

the geometry of the flow system. For example, if we look around us (such as heat 

exchanger, compact piping system in the industries or the power plant and river 

banks), almost nothing is straight and the flow phenomenon is complicated. 

Therefore, most of the systems of any kind comprise of curved sections and the 

elbows. If a fluid is moving along a straight pipe that after some point becomes 

curved the bend or connect with the elbow will cause the fluid particles to change 

their main direction of motion. There will be an adverse pressure gradient generated 

from the curvature with an increase in pressure, therefore a decrease in velocity close 

to the convex wall, and the contrary will occur towards the outer side of the pipe.  

The centrifugal force induced from the bend will act stronger on the fluid close 

to the pipe axis than close to the walls, since the higher velocity fluid is near the pipe 

axis. This gives rise to a secondary motion superposed on the primary flow, with the 

fluid in the center of the pipe being swept towards the outer side of the bend and 

the fluid near the pipe wall will return towards the inside of the bend. This secondary 

motion is expected to appear as a pair of counter-rotating cells, which bear the name 

of the British scientist Dean (1927) and are widely known today as Dean vortices [1-

3]. The existence of the two symmetrical roll-cells but also introduced the parameter 

that dynamically defines such flows and is named after him, namely the Dean number. 

Dean number is related with Reynolds number and the curvature ratio of the bent 

pipe [1-4]. The equation 1.2 shows Dean number which calculated from Reynolds 

number and the geometry of pipe. 

R
De Re

Rc
  

     (1.2) 

Where R is radius of the pipe and Rc is the curvature radius of the bend pipe. 

 In real life flow situations, when the fluid flows through a bend pipe or an 

elbow, there is some further complicated flow structure occurs just downstream of 

the connected elbow. Tunstall & Harvey (1968) found that in a sharp bend a unique 

vortex pattern exists for Re = 4×104, consisting of a single vortex dominating the pipe 
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cross section, switching its rotational direction from clockwise to counterclockwise 

[1-5]. The fluid velocity fluctuations appear both at short time scales and at longer 

time scales. It is called vortex swirling flow. Swirling flows are characterised by the 

fact that the fluid rotates around an axis that is parallel to the main flow direction. 

Swirling flows may either occur inadvertently and be considered as a disturbance or 

may be generated on purpose [1-6]. Applications of swirling flows include cyclone 

separators, swirling spray dryers, swirling furnaces, vortex tubes used for thermal 

separation, agitators etc. [1-7].  

 

1.2  Swirling flow in a compact pipe layout 

 Swirling flows are characterized by the fact that the fluid rotates around an 

axis that is parallel to the main flow direction. Turbulent swirling flow is encountered 

in many compact piping systems of industries and power plants. The effects of the 

swirl combined with effects from curved geometries, which are widely met in practice. 

The curve pipes can be encountered in many piping system of the industries. Under 

the swirling flow condition, the large pressure fluctuation and the high-velocity 

fluctuation happen in the elbows, and these are sources of flow-induced vibration 

(FIV) [1-9]. FIV can cause the corrosion phenomenon of the pipe wall, and the pipe 

break accident occurs in a piping system of the industries and the power plants.  

Failure in a high pressure extraction line at Fort Calhoun (USA) in 1997 as shown in 

Figure 1.1. Rupture at an 8-inch elbow of a moisture separator reheater of Power Plant 

Millstone Unit 2 (USA) is shown in Figure 1.2. An 18 inch elbow in a condensate line 

ruptured catastrophically in 1986 is shown in Figure 1.3 According to the pipe break 

accidents in the history, the accident occurs in the compact pipe layout system cause 

by FIV and corrosion in the elbow. FIV closely relates with flow structure of fluid and 

velocity fluctuation. Therefore, the characteristic of flow field and velocity fluctuation 

are significant issues for the pipeline safety. The studies of swirling turbulent flow in 

bends is not very extensive, compared to swirling turbulent flow in straight pipes [1-
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11].The flow structure and velocity fluctuation analysis of turbulent swirling flow in a 

compact pipe layout make with double or triple elbows were rare to find in the 

previous studies. 

In this present study, we focus on the influence of turbulent swirling flow on 

the flow structure and velocity fluctuation in three types of compact pipe layouts. 

Here, the influence of the swirling flow on the elbow curvature ratio Rc/D < 1 has not 

been done yet in the previous studies. So in this study, the inlet swirling and without 

inlet swirling conditions were applied on three compact pipe layouts make with a 

single elbow, double elbows and triple elbow in the curvature ratio Rc/D = 0.5.To 

observe the flow structure, two-dimensional velocity fields measurements were done 

using ultrasound technique. Axial, radial and tangential velocity profiles were 

collected from the axial plane and cross-sectional plane measurements respectively. 

The measured axial, radial and tangential velocity profiles were applied as the inlet 

profiles for the validation of the numerical simulation. For computational fluid 

dynamic (CFD) numerical simulation, ANSYS Fluent (Version 16.2) was used to 

simulate a pipe flow through the pipe layout same as the experimental setup pipe 

layout. ANYSYS Fluent is an effective simulation tool for the fluid flows. From the 

simulation results, the fully structure of fluid flow were visualized by two-dimensional 

velocity fields and velocity contours for the axial plane and cross-sectional plane at 

any positions of pipe layout.  

   

1.3  Review of Previous Study  

In the previous studies, CFD simulation using Open FOAM® on 90-degree-

bent elbow was performed to characterize the swirling secondary flow in the 

downstream of a pipe bend [1-12]. A comparative study was performed to select an 

appropriate turbulence model for the analysis. One of the first studies that provided 

the flow through a bend by Al-Rafai et al. using the k – ε model [1-13] and compared 

with experimental results. They performed experiments and numerical calculations 
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for a turbulent flow at Re = 3.4 ×104 in two types of bend curvature ratio γ = 0.07 

and 0.14. Laser Doppler Velocimetry (LDV) was utilized in the experiment. The main 

results consisted of mean and root mean square stream wise velocities. The result 

showed that the secondary flow is stronger in the bend with the higher curvature 

ratio γ. In addition, Hilgenstock and Ernst [1-14] tested two common models (k – ε 

and renormalization group known as RNG) and provided acceptable results. Kalpakli 

and Örlü [1-15] studied experimental study for the turbulent flow in a bend pipe with 

imposed swirl. They studied Dean vortices and swirl motion for swirl intensity S = 0 

to 1.2 at the downstream region of a bend pipe by using Particle Image Velocimetry 

(PIV) method. Swirling inlet flow condition is also encountered in the cold-leg piping 

system in a nuclear reactor. Therefore, Yamano et al. [1-16] investigated the effect of 

swirl flow at the inlet on the 90° double bend pipe both experimentally and 

numerically, to evaluate the flow-induced vibration for primary cooling pipes in the 

Japan sodium-cooled fast reactor (JSFR). Figure 1.4 shows schematic view of JSFR. 

The experiment was done by PIV method with curvature ratio Rc/D = 1. They found 

that the flow separation region was deflected at the downstream from the bend when 

the inlet condition on the first bend was swirling flow. Later, Mizutani et al. [1-17] 

investigated the influence of inlet condition upstream the triple elbow as shown in 

Figure 1.5. Particle Image Velocimetry (PIV) was used for the velocity flow mapping, 

and the tangential injection method was used to generate swirling flow on the inlet. 

Figure 1.6 shows tangential injection method swirling generator. The triple elbow 

with curvature ratio Rc/D = 1 was used to be close to an actual condition and to 

accumulate knowledge towards optimization of a prospective piping layout in the 

conceptual design of Japan Sodium Fast Reactor (JSFR) [1-18]. Chang and Lee [1-19] 

also investigated the effects of swirl on the secondary flow field along a bend in 

Reynolds number Re = 1.0 – 2.5 × 104. The measurement system of previous studies, 

LDV and PIV system were applied to investigate fluid velocity and swirling flow 

structure. However, these systems have some challenges and it is difficult for the 
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applications in actual plant process. Therefore, a new measurement technique should 

be developed to evaluate the velocity field and velocity fluctuation.  

Y. Takeda introduced the new measurement technique in 1986 [1-20] for the 

measurement of velocity profile by Ultrasonic Velocity Profiler (UVP). He developed 

for optically non-transparent liquid flow measurements such as mercury flow. UVP is 

non-intrusive measurement method, utilizes a pulsed echo-graphic technique of 

ultrasound, and can measure an instantaneous velocity profile on a measuring line. 

Wada and Treenuson applied that UVP technique in one-dimensional the flow rate 

measurement downstream of double bent pipe by using 4 transducers [1-21, 22]. 

However, the multi-dimensional measurement of velocity profile should be 

conducted in order to understand the flow characteristic for the complex pipe system. 

     In the case of two-dimensional velocity profile measurement (flow 

mapping), Takeda and Kikura (2002) investigated velocity field of the mercury flow 

using UVP [1-23]. Flow mapping was accomplished by using multiple transducers, 

which are arranged in different positions and set to multiple angles. On the other 

hand, this measurement system becomes larger as the number of transducers is 

increased. To overcome such problems in conventional UVP (multiple sensors and 

mechanical movement), A. Fukumoto et al., (2013) has developed a phased array 

sensor, which has multiple ultrasonic elements to conduct two-dimensional velocity 

field with multiple measurement lines [1-24]. The developed Phased Array Ultrasonic 

Profiler (Phased Array UVP) was compact and effective to measure two-dimensional 

velocity field. Therefore, Phased Array UVP was applied in this study to measure 

turbulent swirling flow. 

In the present study, we measured some turbulent swirling flow in a horizontal 

straight pipe with the swirling generator. Also, we observed the flow separation and 

reattachment point just downstream of the double bent pipe with and without 

swirling effect. The observation of reattachment point is significant for the 

maintenance of the piping system in the industries and the power plants because it 

can cause the asymmetric pipe wall thinning and the pipe break accident.  
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1.4  Thesis Objective and Outline  

 This thesis presents a study on swirling flow structure and velocity fluctuation 

analysis in a compact pipe layout flow. Ultrasonic Velocity Profiler (UVP) and Phased 

Array UVP systems were applied to measure one dimensional velocity profile and 

two-dimensional velocity fields. The primary objective of this study is to investigate 

swirling flow structure and to analyze velocity fluctuation downstream of a double 

and triple elbow. The measurement data were imposed as the inlet boundary 

condition of Computational Fluid Dynamics (CFD) simulation. From the simulation 

results, the fully structure of fluid flow were visualized by two-dimensional velocity 

fields and velocity contours for the axial plane and cross-sectional plane. There are 

two main aspects of investigation taken into consideration, such as: 

1. The characteristic of swirling flow structure in the secondary flow region 

2. Velocity distribution and fluctuation of axial, radial and tangential velocities 

 This thesis is arranged into six chapters based on order of the working process, 

with the descriptions as follows:  

 Chapter 1 Introduction – The introduction part introduces the research 

background and the turbulent swirling flow structure in the bend pipe or the 

elbow are discussed from the viewpoint of the previous studies and the history 

of pipe break accident in the piping system of the power plant. The primary 

objectives of this dissertation and the outline of each chapter are written in 

the introduction part. The developing process of ultrasound technique is 

describe to provide the information of the measurement system. 

 Chapter 2 Numerical Investigation of Turbulent Flow in a Single Elbow Using 

Inlet Velocity Profile – This chapter presents the fluid velocity measurements 

in a circular straight pipe using UVP system. The fully develop region can be 

observed for the turbulent flow at several Reynolds number. The velocity 

profiles from the measurement results are imposed as the inlet boundary 

condition for a single elbow simulation using CFD Fluent 16.2. The basic flow 

theory of turbulent flow in a single elbow pipe is mentioned in this chapter. 
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The fluid flow structure and turbulent kinetic are analyzed base on the 

different Reynolds number downstream of a single elbow. From this 

investigation, the appropriate Reynolds number is choice to use in the next 

chapter of the turbulent flow measurement and inlet swirling flow 

measurement.  

 Chapter 3 Turbulent Flow Measurement Downstream of Double Elbow 

Using Phase Array UVP and PIV - The investigation of two-dimensional 

velocity fields was presented in the condition of turbulent flow downstream of 

double bend pipe , which made by 90º double elbow. Particle Image 

Velocimetry and Phased Array UVP systems are applied to compare the 

measurement results. The flow distortion and recirculating flow occur in the 

measurement region downstream of the double elbow. The reverse secondary 

flow region and the reattachment point is clearly observed from both 

measurement results. In the velocity fluctuation analysis, the axial velocity 

fluctuation apparently occurs at the boundary of the main flow and the 

recirculating flow. The radial velocity fluctuation occurs at the center of the 

pipe. 

 Chapter 4 Influence of Inlet Swirling Flow on Flow Structure and Velocity 

Fluctuation – This chapter observes influence of inlet swirling flow on the flow 

structure and velocity fluctuation downstream of double bend pipe layout, 

which made by 90º double elbow with inlet swirling flow and without inlet 

swirling flow condition. Phased Array UVP measurement done in the case of 

with and without inlet swirling flow condition. The inlet swirling flow is 

confirmed by measuring the cross-section plane 7D downstream of the 

swirling generator in the condition of swirl intensity S = 1. The swirling 

generator generates the homogeneous swirling flow. The experiment results 

of one-dimensional normalized axial and tangential velocity with their 

standard deviations in four positions downstream of the double bend pipe 

with and without inlet swirling flow. According to one-dimensional velocity 

profiles, the velocity magnitude of inlet swirling flow is much stronger than 
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without inlet swirling flow in the secondary flow region. These differences are 

due to the influence of the inlet swirling flow. In two-dimensional velocity of 

without inlet swirling flow, the flow separation occurs around x/D = 0.1, and 

the reattachment point is located at x/D =1.5. In case of inlet swirling flow, the 

flow separation phenomenon is same as the condition of without inlet swirling 

flow, but the reattachment point is located at x/D =1. Therefore, the reverse 

flow region is narrow. At x/D = 1.5, the fluid becomes the accelerated swirling 

flow. In the condition of without inlet swirling flow, the axial velocity 

fluctuation is higher than with inlet swirling flow, but tangential velocity 

fluctuation is lower than inlet swirling flow. 

 Chapter 5 Experimental and Numerical Investigation of Swirling flow 

Downstream of Triple Elbow – This chapter presents the experimental 

investigation and numerical simulation to observe the flow structure and 

velocity distribution at the inlet swirling flow condition. The axial, radial and 

tangential velocities of the swirling flow were measured at 7D downstream of 

the swirling generator by using a phased array sensor. The sensor position was 

turned into the axial and cross-sectional planes to get the axial, radial and 

tangential velocities. The velocities were utilized for the boundary inlet 

conditions of the numerical simulation. The inlet swirling flow velocities from 

the experimental results were utilized to compare with experimental result and 

validate CFD numerical simulation. We used the axial, radial and tangential 

velocity profiles of swirling flow as the inlet boundary conditions and the 

geometry of the pipe layout was same as the experimental setup. In addition, 

Phased Array UVP system is applied to measure two-dimensional velocity field 

downstream of the triple elbow and can confirm the flow separation and 

reattachment point. The numerical simulation result show that the swirling 

flow structure is quite similar with the experimental result. Therefore, the 

validation of the CFD simulation is acceptable. In case of cross-sectional plane 

visualization, two counter rotation vortex cells were observed at x/D = 0.2 and 

x/D = 0.6 positions. When the high velocity axial flow reached the outside wall, 
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this flow was changed from outside to lateral side of pipe wall in clockwise 

and counterclockwise directions. In addition, the axial velocity distribution is 

too different between the intrados and extrados of pipe. 

 Chapter 6 Conclusions – This chapter summarizes the conclusions obtained 

from this study. 
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Figure 1.1. Failure in a high-pressure extraction line at Fort Calhoun (USA) in 1997. 

 

 

 

 

Figure 1.2. Rupture at an 8-inch elbow of a moisture separator re-heater of 

Millstone Unit 2 (USA) in 1997. 
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Figure 1.3. An 18-inch elbow in a condensate line ruptured catastrophically (USA) 

in1986. 

 

 

 

 

Figure 1.4. Schematic view of Japan Sodium-cooled Fast Reactor (JSFR) [1-16]. 
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Figure 1.5. Schematic view of triple elbow pipe layout by Mizutani et al. [1-17]. 

 

 
 
 
 
 
 
 

 
 
 
 
 

Figure 1.6. Tangential injection method swirling generator by  

Mizutani et al. [1-17]. 
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2.1  Introduction 

 Sensible Heat Thermal Energy 

 Pipe flow are the most common way to transport liquids and gases in the 

industrial and the power generation processes. In general, some parts of the piping 

system are curved due to the necessity to adopt to the geometrical or technical 

constraints of the system or to redirect the flow. In any pipe system, one would also 

expect to find bends of various angles and sharpness. Curve pipes or 90˚ elbows are 

commonly associated with strong secondary flow and increased pressure losses that 

are due to an instability set up by the centrifugal forces acting on the fluid as it passes 

through the bend. Especially, the main cooling system of JSFR consists of two loops 

hot-leg pipe having 90˚elbow with curvature ratio ( 𝛾= R/Rc= 1.0). A compact layout 

of the primary cooling system is adopted in order to reduce the plant construction 

cost. Under such a condition in the cooling system, flow-induced vibration (FIV) is 

concerned from a view point of the structural integrity of pipe. The pressure 

fluctuation in the elbow is the sources of FIV excitation force. In general, the pressure 

fluctuation and the velocity fluctuation are closely related. Thus, the information of 

the flow field and velocity fluctuation under very high Reynolds number (Re = 4.2×

107) is needed in order to grasp the mechanism of FIV. However it is difficult to 

conduct an experiment at the high Reynolds number. Consequently, we must predict 

the flow structure up to such a high Reynolds number (Re = 4.2×107) based on 

available experimental techniques and numerical simulations.  

A number of scientists have been intrigued to investigate the phenomenon, 

starting with the study by Tunstall and Harvey (1968) at turbulent flows in L sharp 90° 

bends [2-1]. In their study at a Re-number of 4.0×104 in a sharp bend with a relative 

curvature of ratio ( 𝛾= R/Rc= 1.0)., they used the tuft-type flow visualization technique. 

From observation of the flow, they found an alternating upwards and downwards 

tangential flow at the inner side of the curvature with low frequency behavior. For the 

further investigation, Brücker (1998) presented a quasiperiodic time-dependent 
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behavior of the secondary flow downstream of a bend in different time-scales by 

using Particle Image Velocimetry (PIV) method [2-2]. Sakakibara et al., (2012) 

measured velocity distribution in cross sections of a fully developed turbulent pipe 

flow upstream and downstream of a 90◦ bend by synchronizing two sets of a (PIV) 

system. Unsteady undulation of Dean vortices formed downstream from the bend 

was characterized by the azimuthal position of the stagnation point found on the 

inner and outer sides of the bend [2-3]. Kalpakli et al., (2012) employed PIV to seize 

the unsteady behavior of the Dean vortices at the exit of a 90˚pipe bend at a Reynolds 

number and Dean number of 3.4×104 and 1.9×104, respectively [2-4].  

In case of numerical simulation, Rütten et al., (2005) performed Large-eddy 

simulations to investigate the turbulent flows through the 90° pipe bend that 

feature unsteady flow separation, unstable shear layers, and an oscillation of the 

Dean vortices [2-5]. Single bends with curvature radii R/Rc=1 and R/Rc=1/6 are 

considered at the Reynolds number range (Re =5×103 – 2.7×104).Hellström (2010) 

used Time-resolved stereoscopic particle image velocimetry is used to investigate 

the structure of the very-large-scale motions (VLSMs) in fully developed turbulent 

pipe flow [2-6]. The motions are visualized by using the snapshot Proper Orthogonal 

Decomposition (POD). It is shown that the structures can be reconstructed using a 

small number of the most energetic modes at Reynolds number (Re=1.25×104).  

In addition, the velocity fluctuation and flow phenomenon have also recently 

attracted the interest of the community in the nuclear sector due to the fatigue.  

Because the unsteady motion of the vortices can cause in the piping of the cooling 

system of a nuclear reactor and the impact that the unsteady secondary motion can 

have on the stability of the surrounded equipment. Therefore, Ono et al., (2010) with 

the short-elbow and the long-elbow under (Re = 1.8×105 and 5.4×105) conditions [2-

7]. The velocity fields in the elbows were measured using a high-speed Particle Image 

Velocimetry (PIV). The time-series of axial velocity fields and the cross-section velocity 

fields obtained by the high-speed PIV measurements revealed the unsteady and 

complex flow structure in the elbow. The flow separation was observed in the short-
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elbow. Yuki et al., (2011) investigated flow structure in a three-dimensionally 

connected dual elbow is visualized using a 1/15-scale experimental apparatus 

simulating the 1st and 2nd elbows of JSFR cold-leg piping [2-8]. To match the piping 

geometry with the 1st and 2nd elbows in the cold-leg piping, the two elbows are 

sterically connected through a circular straight pipe of 0.57D in length.  The curvature 

ratio of the elbow is 1.0 (=R/D: where R is the curvature radius). Nevertheless, the 

mechanism, which triggers such a motion, is not fully understood yet and studies 

investigating its origin are still ongoing. 

In the previous study, PIV measurement system and numerical simulation were 

applied to investigate fluid velocity and flow structure visualization. However, PIV 

system has some challenges and it is difficult for the applications in actual plant 

process. In addition, numerical simulations are only theoretical approach in some 

case. The theoretical approaches are sometime can be different from the actual 

problem. Therefore, the correct solution should be developed to evaluate velocity 

distribution and flow structure for a pipe flow in a compact piping system. In the 

present study, the combination of experiment and numerical simulation were 

performed to observe the turbulent intensity and velocity distribution in a single 

elbow with curvature ratio (𝛾= R/Rc= 1.0). Firstly, the fluid velocity measurements in 

a circular straight pipe are carried out using ultrasound technique. The fully develop 

region can be observed for the turbulent flow at several Reynolds number. Then, the 

velocity profiles from the measurement results are imposed as the inlet boundary 

condition for a single elbow simulation using CFD Fluent 16.2. The primary objectives 

of this chapter is to find out an appropriate Reynolds number for the experiment by 

using Phased Array UVP and the further objectives are presented as follows; 

 The fluid flow structure and turbulent intensity are analyzed base on 

the different Reynolds number downstream of a single elbow.  

 From this investigation, the appropriate Reynolds number is choice to 

use in the next chapter of the turbulent flow measurement and inlet 

swirling flow measurement. 
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2.2  One-dimensional velocity profile measurement 

 There are many devices for the fluid flow measurement. The differential flow 

meters such as an orifice, venture and nozzle have been usually used in the industries 

and the power plant. The flowmeters are used for the various purpose in all fluid flow 

measurement. In this study, the ultrasonic flowmeter is discussed to apply the flow 

measurement system of the power plant. Ultrasonic Velocity Profiler (UVP) is a non-

destructive measurement system for an instantaneous velocity profile in liquid flow 

along the ultrasonic beam axis by detecting the Doppler shift of echoed ultrasound 

as a function of time. The Doppler shift frequency is directly related to the velocity 

value [2-9]. Therefore, the UVP system does not require a calibration procedure. The 

only required condition is that the tasted fluid should contain a sufficient amount of 

suspended small seeding particles (reflectors), on which the ultrasound echo 

originates. 

The ultrasonic sound signals are transmitted from the transducer with the 

basic frequency 𝑓0 and pass through into the flow with the incident angle 𝜃𝑖 along 

the measurement line as shown in  Figure 2.1. And Figure 2.2 shows a single 

transducer with basic frequency 4 MHz which Imasonic produces. When the 

ultrasonic sound signal hits a small particle in the liquid, part of the signal scatters on 

the particle and echoes back. The echo reaches the transducer with Doppler shift 

frequency 𝑓𝑑  and after a time delay t. The time delay between transmitted and 

received signal can be calculated as following equation. 

2x
t

c
  

      (2.1) 

where x is the distance of scattering particle from transducer and c speed of sound 

in the liquid. 

 If the scattering particle is moving with a velocity component into the 

measurement ultrasonic beam line, Doppler shift of echoed frequency takes place, 

and received signal frequency becomes Doppler shifted. 
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where v is velocity component into transducer beam line and 𝑓𝑑  Doppler shift 

frequency. 

 This Doppler shift frequency is proportional to the velocity component along 

the measuring line of the particle  𝑉𝑇. The velocity 𝑉𝑥 in the axial direction can be 

calculated by equation  

/ sinx T fV V    (2.3) 

 UVP method can measure the flow rate with a single transducer. The flowrate 

was calculated by the integration of velocity distributions in the direction of y- 

direction (vertical direction across the centre of the pipe) and z-direction (horizontal 

direction), two perpendicular directions to x-direction or fluid flow direction. 

xQ V dzdy    (2.4) 

 In a straight pipe flow, if the measurement position is fully developed flow, the 

velocity profile measured from the fluid is symmetric and the flow rate Q can be 

obtained accurately by integrating only the half of the velocity profile. 

 The ultrasonic transducer can be placed outside of the pipe wall. Therefore, it 

can avoid any disturbance to the flow field. In addition, it can be used with opaque 

fluids such as dirty wastewater, liquid metals or chemical agents, to which optical 

methods like LDA (Laser Doppler Antimony) or flow visualisation cannot be applied. 

2.2.1 Ultrasonic Velocity Profiler (UVP-Duo) 

 UVP-Duo is one of the UVP systems and it  is shown in Figure 2.1. UVP-Duo 

can be used with various liquids over a wide range of flow configurations. It measures 

a velocity profile along a line both directly and instantaneously. This also enables one 

to measure multi-dimensional field of fluid flow. In addition, Doppler shift frequency 

is directly related to the velocity value; therefore, it does not require a calibration 

procedure. The parameters of the measurement system are designed mainly for 

water. UVP-Duo can also measure in organic liquids, liquid metals, ferromagnetic 
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liquid and polymeric fluid To conduct the flow mapping, UVP-Duo include an 

integrated multiplexer. In this system, the multiplexer and its controller are integrated 

into the UVP. The sequence and timing of multiplexer channels are controlled from 

UVP-Duo software. All measurement functions are contained in an UVP-Duo, while 

software with all its controlling and analysis functions is installed on a computer. UVP-

Duo and computer are connected by an Ethernet link [2-9]. 

2.2.2 Velocity Profile Measurement in a Straight Pipe Using UVP-Duo 

 The flow rate measurement is important in the fluid mechanic engineering, the 

industries and the power plant. There are many flowmeters commonly used to 

measure the flow rate of liquids and gases flowing through the pipes or ducts. 

Measuring flow rate is usually done by measuring flow velocity and most flowmeters 

are simply velocity meters used for metering flow. For the obstruction flowmeters 

such as Orifice, Venturi and Nozzle meters, the measurement device can be used by 

obstructing the flow. The flow rate through a pipe can be determined by constricting 

the flow and measuring the decrease in the pressure due to the increase in velocity 

at the construction site. Differential pressure transducer or manometer can measure 

the pressure drop between two points along the flow. The electromagnetic flow 

meters and the ultrasonic flow meters are non-destructive flow meters. This study 

presents Doppler effect ultrasonic flow meters to apply in the feed flow rate 

measurement of the power plants. Ultrasonic Velocity Profile (UVP) method, which is 

able to measure velocity profiles directly can be applied to obtain the profile factor .A 

major application of the UVP system is the investigation of the flow rate of fluids. In 

this study, the flow rate is measured experimentally in a straight pipe by using UVP-

Duo. Hardware system of UVP-Duo and ultrasound transduce are shown in Figure 

2.2. and Figure 2.3. 
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2.2.3 Experimental apparatus 

 The experimental apparatus that consists of a circulation water system, cooling 

system and the test section Figure 2.4. It is designed to emphasize the formation of 

fully developed turbulent pipe flow. The valve can control the flow rate and the 

centrifugal pump drives the water to circulate. The pipeline system is almost made of 

Polyvinyl. For the test section, the straight pipe is made by acrylic and the inner 

diameter of the pipe is 50 mm. Water box is used to apply the water as the coupling 

between the transducer and the pipe in order get the same incident angle in the fluid 

medium by the Snell’s law. Figure 3.9 show the principle of Snell’s law. In addition, 

the water box can reduce the external noise.  Before the straight pipe, a flow 

conditioner is designed to include the tube bundle, mesh plates and a turbulence 

promoter ring was installed to realize uniform velocity profiles. The flow rate was 

monitored by an electromagnetic flow meter located upstream of the test section. 

The basic frequency of the transducer is 4 MHz as shown in Figure 2.3. To receive 

enough echo signal, the reflected particle should have a diameter at least equal to 

the quarter of the ultrasound beam wavelength. If the particle is smaller, the reflection 

efficiency becomes lower. The energy of echo is too small to maintain a high signal 

per noise ratio.  In this experiment, the diameter of suspended particle is 80 µm and 

a specific gravity of 1.02. This particle size can interweave with water, and can reflect 

ultrasonic wave of 4 MHz. The density of the particle and the particles concentration 

are very important. A large different in densities between the fluid and particle does 

not follow the flow. When the concentration of particles is smaller, some points of 

profile may not be measured during a single ultrasound pulse. These points have 

zero value because of no reflection, or are set to zero by the algorithm when too 

weak a refection is detected. Reynolds number is set from Re 1800 to Re 30000 to 

investigate the flow regime from laminar to turbulent. The test section is 5D, 10D, 

18D, 24D and 30D ( diameter of the pipe) from the inlet to define the fully developed 

region. Table 2.1 shows the experimental condition. 
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2.3 Numerical Simulation Approach 

Numerical simulation calculation can give fully three-dimensional velocity 

fields. In these days, computers are well developed, and numerical simulation 

becomes very popular and useful method to obtain velocity profiles because of its 

costs compare to the real experimental. Thus, simulation calculation was performed 

from the experimental condition and the numerical result was investigated two-

dimensional  velocity field, and turbulent intensity downstream of a single elbow. 

2.3.1 Basic Theory 

The numerical result was obtained by solving three-dimensional, Reynolds-

averaged Navier–Stokes (RANS) equations by the commercial CFD code FLUENT® 

v.16.2 with RNG k-ε turbulence model. The Navier-Stokes equations are time-

dependent and consist of a continuity equation for conservation of mass, three 

conservation of momentum equations and a conservation of energy equation. There 

are four independent variables in the equation x, y, and z spatial coordinates, and the 

time t. And also the six dependent variables such as the pressure p, density ρ, and 

three components of the velocity vector u, v and w. Together with the equation of 

state such as the ideal gas law - p V = n R T. In practice, these equations are too 

difficult to solve analytically.  In the past, engineers made further approximations and 

simplifications to the equation set until they had a group of equations that they could 

solve. Recently, high-speed computers have been used to solve approximations to 

the equations using a variety of techniques like finite difference, finite volume, finite 

element, and spectral methods. This area of study is called Computational Fluid 

Dynamics or CFD.  

In the present simulation, the governing equations for incompressible fluid 

flow is as follow; 

.( ) 0u
t





 


 

(2.5) 
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where, the equation (1) and (2) are conservations of mass and momentum, 

respectively; u = velocity vector field, p = pressure, ρ = density, µ =  kinematic viscosity, 

F = external force per unit mass. ( i j k
x y z

  
   

  
 and 

2 2 2
2

2 2 2x y z

  
   

  
) 

2.3.2  Mesh Characteristics 

Applicable mesh arrangement for the pipe elbow flow was already 

investigated by Tanaka et al.,[2-10]. Figures 2 (a) and (b) respectively show mesh 

arrangements of pipe layout at turbulent flow conditions for several Reynolds 

number (Re =1x104 ,Re =2x104 and Re =3x104) based on the experimental pipe layout. 

The geometric approximation in the mesh is an important parameter that influences 

the CFD simulations accuracy. A uniform and very smooth mesh, which leads to a 

more accurate numerical calculation. Thus, selection of the appropriate mesh size is 

crucial in compromise of the computational time and accurate numerical analysis. 

Initially, the computational grid is of a tetrahedral type and then the polyhedral mesh 

was converted in FLUENT calculation to get high performant of orthogonal and 

skewness values. The face sizing mesh method and inflection layer meshing were 

applied to precise the mesh quality in the boundary layer of the pipe wall. The 

minimum cell volume is 1.0 x 10-11 m3 and the maximum aspect ratio is 13. The total 

number of elements is 1.8 million. Figure 2.1 and Figure 2.2 respectively show mesh 

arrangements of pipe layout at turbulent flow conditions for several Reynolds 

number (Re =1x104 ,Re =2x104 and Re =3x104) based on the experimental pipe layout.  

2.3.3  Turbulent Model and Wall Functions 

The turbulence model has many kinds of calculations. The outstanding feature 

of a turbulent flow, in the opposite of a laminar flow, is that the molecules move in a 

chaotic fashion along complex irregular paths. The strong chaotic motion causes the 

various layers of the fluid to mix intensely. Because of the increased momentum and 
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energy exchange between the molecules and solid walls, turbulent flows lead at the 

same conditions to higher skin friction and heat transfer as compared to laminar 

flows. Although the chaotic fluctuations of the flow variables are of deterministic 

nature, the simulation of turbulent flows continues to present a significant problem.  

In the consideration of turbulent model that turbulent flows are basically 

designated by the fluctuations of the velocity fields. Different transported quantities 

such as momentum, energy, etc. also fluctuate for this fluctuation of velocity field and 

these fluctuations can be of very high frequency and small scale; they are very difficult 

and computationally crucial to analyze directly in industrial engineering calculations. 

The turbulence model needs to be selected based on some considerations, e.g., the 

physics of the flow, the insight into the capabilities and limitations of turbulence 

models, the attempt for the specific problem by other researchers, the accuracy 

needed, the available computational resources, and time. 

The k-ε  (RNG) turbulence model is adopted for the present study as k- for 

this single-phase flows in a single elbow pipe layout [2-11, 2-12 and 2-13].  In this 

model, the turbulence kinetic energy ( k ) and the turbulence dissipation rate (є) are 

solved to determine the coefficient of turbulent viscosity (µt) . 

The k-epsilon model has been shown to be useful for free-shear layer flows 

with relatively small pressure gradients. Similarly, for wall-bounded and internal flows, 

the model gives good results only in cases where mean pressure gradients are small; 

accuracy has been shown experimentally to be reduced for flows containing large 

adverse pressure gradients. One might infer then, that the k-epsilon model would be 

an inappropriate choice for problems such as inlets and compressors. 

The description equations of the turbulent model illustrate as:  

Turbulent Kinetic Energy Equation: 

( )( ) pkupk ki t 2 E Et ij ijt x x xi j k j


 



   
    
    
 

 

 

 (2.7) 
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( )( ) 2p up ki t C 2 E E C1 t ij ij 2
t x x x k ki j j

   
 

 

   
    

    
 

 
 

 (2.8) 

where, ui represents the velocity component in the corresponding 

direction, Eij represents component of rate of deformation, and μt represents eddy 

viscosity. Equations (3) and (4) also consist of some adjustable constants [2-15] these 

are as follows 

Cμ=0.09 σκ=1.00 σκ=1.00 σε=1.30 C1ε=1.44 C2ε = 1.92 

The wall functions are a set of semi empirical functions used to satisfy the 

physics of the flow in the near wall region. Turbulence is affected in many ways by 

the presence of the wall through the non-slip condition that must be satisfied at the 

wall. Non-Equilibrium Wall Functions is set up as a wall function. 

2.3.4  Boundary Conditions 

The turbulence model has many kinds of calculations. The outstanding feature 

of a turbulent flow, in the opposite of a laminar flow, is that the molecules move in a 

chaotic fashion along complex irregular paths. 

In case of CFD modelling of turbulent flow all CFD solvers needs turbulence 

quantities to be specified at inflow boundaries. The turbulent quantities at inlet 

depends on flow velocity, inlet geometry (area, perimeter and hydraulic diameter) 

and fluid properties. 

There are many ways, which can provide turbulence conditions at inlet. Most 

of the CFD solvers has one or all of below methods: 

 Turbulent kinetic energy ( k ) and turbulent dissipation ( є ) 

 Turbulent kinetic energy ( k ) and specific rate of dissipation (ω) 

 Intensity ( I ) and length scale ( l ) 

 Intensity ( I ) and viscosity ratio ( µt/µ ) 

 Intensity ( I ) and hydraulic diameter (d ) 

https://www.sciencedirect.com/science/article/pii/S2215098615301610#e0020
https://www.sciencedirect.com/science/article/pii/S2215098615301610#e0025
https://www.sciencedirect.com/science/article/pii/S2215098615301610#bib0225
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When providing the turbulence values at inlet, one has to make sure to provide 

good approximation to avoid solution convergence issues and unphysical turbulence 

values. Following section gives details about equations used in this simulation.  

Turbulence Intensity ( ) - Turbulence intensity is defined as ratio of root mean 

square of the velocity fluctuations , to the mean flow velocity . A turbulence 

intensity of 1% or less is generally considered low and turbulence intensities and 

greater than 10% are considered high. The turbulence intensity at the core of a fully 

developed duct flow can be estimated as: 

1/80.16( )
avg

u
I Re

u


   

  (2.9) 

Turbulent Kinetic Energy ( ) - Turbulence kinetic energy is the mean kinetic 

energy per unit mass associated with eddies in turbulent flow. Physically, the 

turbulence kinetic energy is characterized by measured root-mean-square (RMS) 

velocity fluctuations. Turbulence kinetic energy can be calculated (for smooth duct) 

using following equation: 

23
( )

2
avgk u I  

  (2.10) 

Turbulent Dissipation Rate ( ) -Turbulence dissipation, is the rate at which 

turbulence kinetic energy is converted into thermal internal energy. It is given by: 

3/2
3/4( )

k
C

l
   

  (2.11) 

The velocity profile from the experiment was imposed as the inlet velocity. The 

boundary condition of outlet is outflow and no-slip wall condition. 

2.3.5   Pressure-Base Solver Setting 

ANSYS FLUENT allows you to choose one of the two numerical methods: 

 pressure-based solver  

 density-based solver  



33 

 

The pressure-based approach was developed for  incompressible flows, while 

the density-based approach was mainly used for compressible flows. In both 

methods, the velocity field is obtained from the momentum equations. In this study, 

steady flow pressure-based solver is adopted to calculate velocity field. The 

momentum and continuity equations and their solution by means of the pressure-

based solver are addressed. These special practices are most easily described by 

considering the steady-state continuity and momentum equations in integral form: 

. 0v d A     (2.12) 

. . .
v

v d A pI d A T d A Fd           (2.13) 

where I  is the identity matrix, T  is the stress tensor, and  F  is the force vector. 

In case of pressure-velocity coupling, ANSYS FLUENT provides the option to 

choose among five pressure-velocity coupling algorithms: SIMPLE, SIMPLEC, PISO 

and Coupled for steady flows. In this simulation, we used PISO algorithm. The 

Pressure-Implicit with Splitting of Operators (PISO) pressure-velocity coupling 

scheme, part of the SIMPLE family of algorithms, is based on the higher degree of 

the approximate relation between the corrections for pressure and velocity. One of 

the limitations of the SIMPLE and SIMPLEC algorithms is that new velocities and 

corresponding fluxes do not satisfy the momentum balance after the pressure-

correction equation is solved. As a result, the calculation must be repeated until the 

balance is satisfied. 

For the spatial discretization, Green-Gauss Node-Based solution was used as 

the gradients due to the unstructured meshes at the curvature part of elbow. 

Interpolation schemes for calculating cell-face pressures used PRESTO! scheme was 

used Interpolation schemes for calculating cell-face pressures because the fluid flows 

as turbulent swirling flow. QUICK scheme is applied for other spatial discretization for 

hexahedral meshes, where unique upstream and downstream faces and cells can be 

identified. The QUICK scheme will typically be more accurate on structured meshes 

aligned with the flow direction.  ANSYS FLUENT allows the use of the QUICK scheme 
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for unstructured meshes. The solution is initialized by hybrid initialization and the 

solution controls for under-relaxation factor is default setting. 

2.4    Results and discussion  

2.4.1     One-dimensional velocity profile measurement results 

 The measurement of fully developed turbulent pipe flow is investigated to 

understand the turbulent flow in pipes and the analysis of fully developed. From 

Figure 2.6 to Figure 2.9 show the measurement velocity profiles at the several 

Reynolds number. These results show that the measurement sections are not in the 

fully developed region. In the entrance region, the velocity is changing and velocity 

profiles are not symmetric. In Figure 2.10, the velocity profiles in the developed region 

are compared to confirm fully developed turbulent flow at Re 30000. From this 

measurement results, the fully developed turbulent region can be decided and it 

starts from 24D because the velocity profiles at 24D and 30D are symmetric and same. 

The velocity does not change from 24D. For the flow rate measurement, the 

measurement section has been decided to get fully developed flow. The 

measurement is conducted from laminar to turbulent flow at Re 1800 to Re 30000. 

The flow rate results from the experiment are compared with the electromagnetic 

flow meter. The electromagnetic flow meter has error 0.54% according to from the 

calculation manual. The experimental results have error less 1% Reynolds number 

5300 and 30000. Table 2.2 shows the error of this measurement in volumetric flow 

rate. 

2.4.2     Numerical simulation results 

The experimental velocity profiles at Reynolds number 10,000, 20,000 and 

30,000 were imposed as the inlet condition of the CFD numerical simulation. Then, 

the velocity field and turbulent kinematic energy were investigated from the 

numerical simulation results. Figure 2.11 shows the geometry of a simulated single 

elbow pipe. Figure 2.12 shows the mesh layout at the cross-section of the pipe. The 
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average size of meshes is 0.1 mm and boundary layers of 5 meshes are placed near 

the pipe wall. The thickness of the boundary layer at the vicinity of the wall is 0.015 

mm, and the thickness becomes gradually larger with the distance from the wall. The 

number of meshes is 1.8 million. The distribution of the velocity field and turbulent 

kinetic energy are visualized as the contour plot from  

Figure 2.13 to Figure 2.15 in case of different Reynolds number. The results 

shows that turbulent kinetic energy is increasing in the low velocity region just 

downstream of the inner elbow wall (intrados). The high velocity occurs at the outer 

wall of the elbow end (extrados).  

Figure 2.16 shows the axial velocity field downstream region of a single elbow 

in different Reynolds number. In the secondary region (from x/D = 0 to x/D = 1), the 

reverse flow was observed from the reattachment point at x/D = 1 to the inner edge 

of the elbow. The reattachment point is located at near x=D = 1 for the flow condition 

with different Reynolds numbers.  

Figure 2.17 shows the tangential velocity field in the cross-section plane 

downstream region of a single elbow at x/D = 0. Figure 2.18 shows the tangential 

velocity field in the cross-section plane downstream region of a single elbow at x/D 

= 0.5. Figure 2.19 shows the tangential velocity field in the cross-section plane 

downstream region of a single elbow at x/D = 1. The tangential flow structure is same 

in three different Reynolds number case. Therefore, we can use the future 

investigation by using a single Reynolds number. In the next chapters, we are going 

to investigate experimentally the flow structure in a compact pipe, which make with 

the double and triple elbow. 

 

2.5    Conclusions  

From the one-dimensional velocity measurement, we confirmed that The fully 

developed turbulent flow starts from 24D because the velocity profiles at 24D and 

30D are symmetric and same. The velocity does not change from 24D. For the flow 
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rate measurement, the measurement section has been decided to get fully developed 

flow. The measurement is conducted from laminar to turbulent flow at Re 1800 to Re 

30000. The flow rate results from the experiment are compared with the 

electromagnetic flow meter. The electromagnetic flow meter has error 0.54% 

according to from the calculation manual. The experimental results have error less 

1% Reynolds number 5300 and 30000.  

In this chapter, the primary objective is to find out an appropriated Reynolds 

number to utilized in the experimental condition by using Phased Array UVP. We 

observed that the axial and tangential flow structure downstream of a single elbow 

does not change even we used different Reynolds number. The fluid velocity field 

and turbulent kinetic energy were shown as contour plots.  The turbulent kinetic 

energy is increasing in the low velocity region just downstream of the inner elbow 

wall (intrados). The high velocity occurs at the outer wall of the elbow end (extrados).  

From this investigation, the appropriate Reynolds number is choice to use in the next 

chapter of the turbulent flow measurement and inlet swirling flow measurement. 
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Table 2.1 Experimental parameters of straight pipe flow measurement  

 

Parameter Value 

Pipe Diameter (D) 50 mm 

Basic frequency 8 MHz 

Reynolds number Re 1800 to 30000 

Channel Distance[mm] 0.74 

Incline Angle of Transducer[degree] 10 

Water Temperature [Degree Celsius] ±20 ˚C 

Number of Channels 108 

 

 

 

 

 

 

Table 2.2 Error of volumetric measuring method 

 

Reynolds number 

(Re) 

Electromagnetic 

flow meter (L/min) 

Experimental 

results [L/min] 

% error 

1800 4.26 4.21 1.18 

3000 7.10 7.25 2.06 

5300 12.50 12.45 0.40 

10000 23.60 24.12 2.15 

15000 35.40 36.21 2.23 

 20000 47.20 48.26 2.19 

 30000  70.70 71.21 0.71 
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Figure 2.1. The principle of one-dimensional velocity profile measurement. 

 

 

 

Figure 2.2. Hardware system of UVP-Duo. 
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Figure 2.3. Single element ultrasound transducer. 

 

 

 

 

 

 

Figure 2.4. Schematic view of straight pipe flow measurement set up. 
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Figure 2.5. Picture of straight pipe flow measurement set up. 

 

 
Figure 2.6. Velocity Profiles at 10D using UVP-Duo. 
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Figure 2.7. Velocity Profiles at 18D using UVP-Duo. 

 

 

 

 
Figure 2.8. Velocity Profiles at 24D using UVP-Duo. 
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Figure 2.9. Velocity Profiles at 30D using UVP-Duo. 

 

 

 

 

 

Figure 2.10. Velocity Profiles in the developed region at Re 30000. 
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Figure 2.11. Geometry of a simulated single elbow. 

 

 

 

Figure 2.12. Mesh quality of the cross-sectional plane. 
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Figure 2.13. Turbulent Kinetic Energy and Velocity Contour at Re 10,000. 

  

Figure 2.14. Turbulent Kinetic Energy and Velocity Contour at Re 20,000. 

  

Figure 2.15. Turbulent Kinetic Energy and Velocity Contour at Re 30,000. 
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(a) Re 10,000  (b) Re 20,000 

 

(c) Re 30,000 

Figure 2.16. Axial velocity field downstream of a single elbow. 

x/D = 0 

x/D = 0.5 

x/D = 1 

x/D = 1.5 x/D = 1.5 

x/D = 1 

x/D = 0.5 

x/D = 0 

x/D = 0 

x/D = 0.5 

x/D = 1 

x/D = 1.5 
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(a) Re =10,000 (b) Re =20,000 (c) Re =30,000 

 

Figure 2.17. Tangential velocity field downstream of a single elbow in cross-

section plane at x/D = 0. 

 

 

 

 

 

   

(a) Re =10,000 (b) Re =20,000 (c) Re =30,000 

 

Figure 2.18. Tangential velocity field downstream of a single elbow in cross-

section plane at x/D = 0. 
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(a) Re = 10,000 (b) Re = 20,000 (c) Re =30,000 

 

Figure 2.19. Tangential velocity field downstream of a single elbow in cross-

section plane at x/D = 1 

 

 

 

 

 

   

(a) Re = 10,000 (b) Re = 20,000 (c) Re =30,000 

 

Figure 2.20. Tangential velocity field downstream of a single elbow in cross-

section plane at x/D = 1.5 
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3.  Turbulent Flow Measurement Downstream of Double 

Elbow Using Phased Array UVP and PIV 

 

 

Chapter 3 

Turbulent Flow Measurement 

Downstream of Double Elbow 

Using Phased Array  

UVP and PIV 
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3.1 Introduction 

 In fluid dynamic engineering, some researchers are studying the characteristic 

of swirling turbulent flow in the circular pipe or the rectangular channel due to its 

complexity. Turbulent flow can be found in engineering process such as in gas 

cyclone [3-1], turbine [3-2], and rod bundle in a nuclear reactor [3-3]. The recirculated 

swirling flow could also occur just downstream of the elbow or 90-degree bend pipe. 

The bent pipe can be encountered in many piping systems of the industries. Under 

the recirculating flow condition, the significant pressure fluctuation and the high-

velocity fluctuation happen in the elbows, and these are sources of flow-induced 

vibration (FIV) [1-9]. FIV can cause the corrosion phenomenon of the pipe wall, and 

the pipe break accident may occur in a piping system of the industries and the power 

plants. Therefore, the characteristic of flow field and velocity fluctuation are 

significant issues for the pipeline safety. 

In the previous studies, the influence of swirling flow was investigated 

downstream of elbow and orifice in different swirl intensities [3-4].  In that 

experiment, the effect of swirling flow on the pipe wall thinning was observed by 

using plaster dissolution method and the velocity field was visualized using stereo 

particle image velocimetry (PIV). Moreover, the influence of elbow curvature on flow 

structure of the elbow outlet under high Reynolds number condition was investigated 

to get the information of velocity fluctuation and flow-induced vibration [2-7]. The 

flow-induced vibration (FIV) occurs, especially in a short-elbow pipe. Therefore, 

Mizutani et al. [1-17] investigated the influence of inlet condition upstream the triple 

elbow. Particle Image Velocimetry (PIV) was used for the velocity flow mapping, and 

the tangential injection method was used to generate the fluid swirling flow in their 

study. The triple elbow with short curvature radius was used to be close to an actual 

condition and to accumulate knowledge towards optimization of a prospective 

piping layout in the conceptual design of Japan Sodium Fast Reactor (JSFR) [1-18].  In 

the previous studies, the researchers mostly used the optical system to measure the 

velocity field and velocity fluctuation. However, the optical system has some 
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challenges to apply in non-transparent wall channel or pipe. Also, it is difficult for the 

applications in actual plant process. On the other hand, another measurement 

technique should be developed to evaluate the velocity field and velocity fluctuation. 

The developed measurement technique should be multidimensional and can be 

applied in the non-transparent conditions 

Takeda [1-20] developed Ultrasonic Velocity Profiler (UVP) to measure 

instantaneous velocity profile for non-transparent media and opaque liquid flows. 

Originally, conventional UVP method only measures one-dimensional velocity profile 

in the measurement line. In the case of two-dimensional velocity vector measurement, 

Takeda and Kikura [1-23] investigated velocity field of the mercury flow using UVP 

system with multiple transducers. Nevertheless, the measurement system using 

multiple transducers is quite large as the number of transducers is increased. To 

minimize this problem, the authors had developed Phased Array Ultrasonic Velocity 

Profiler (Phased Array UVP). In Phased Array UVP, the sensor has multiple ultrasonic 

piezoelectric elements and ultrasound beam can be steered to a specific angle by 

controlling time delay of ultrasound transmission from each piezoelectric element.  

Therefore, velocity profiles can be measured in multiple measurement lines. For the 

flow mapping, Fukumoto et al. [1-24] confirmed Phased Array UVP for velocity flow 

mapping for detecting water leakage in the tank. 

The main objective is to investigate velocity fluctuation of  secondary flow 

downstream of the double bend pipe applying Phased Array UVP. Two-dimensional 

velocity field from the measurement of Phased Array UVP is compared with PIV 

method and the axial and radial velocity fluctuation are analyzed in one-

dimensionally. 

 

3.2 Two-dimensional Velocity by Phased Array UVP 

 Phased Array UVP based on Doppler shift frequency detection along 

ultrasound beamlines. The working principle of Phased Array UVP system based on 
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Doppler shift frequency detection along ultrasound beamlines. Phased array sensor 

emits an ultrasonic pulse, and each piezoelectric element of sensor receives the echo 

reflected from the surface of a particle. The exciting element emits a spherical 

ultrasonic wave. When adjacent elements emit within a close second, interference of 

wavefronts occurs as shown in Figure 3.1 (a). Figure 3.1 (b) shows a schematic 

diagram of phased array sensor which a is element size, d is inter-element spacing, 

and c is element width. The pattern of the interference depends on the time delay, 

the steering angle of ultrasonic beam can be changed at the time delay Δt. The 

steering angle 𝜃𝑠  and the time delay ∆𝑡  is related with the speed of sound in a 

medium c and inter-element spacing d as shown in Eq. (3.1).  

1sins
c t

d
   


  

      (3.1) 

Basic equation of Doppler shift is derived from Doppler equation as shown below: 

02* *
d

s f
f

c
      (3.2) 

where fd is the Doppler frequency, s is the speed at which object is approaching the 

transducer, f0 is the basic frequency of the transducer, and c is the speed of sound in 

the medium, i.e., water (c = 1480 m/s at 20 °C).  

If the object is moving at an angle θ to the transducer, then s = V *cos θ. By 

substitution, we get the Doppler shift equation for a single transducer: 

 02* * *cos
d

f V
f

c


     (3.3) 

Equation 3 can be rewritten as: 

    0 *
*2*cosd

f V
f

c


 
  
 

       (3.4) 

where 2*cos θ applies to a roundtrip Doppler shift using a single transducer.  

If two transducers are used, one receiver and one transmitter, as shown in Figure 3.2. 

Then, 2*cos θ becomes cos θ + cos γ, where θ is the angle between the transmitter 
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and the vector V, and γ is the angle between the receiver and the vector V. Moreover, 

α = θ-γ, where α is the angle between the transmitter and receiver, then cos γ = cos 

(θ- α). 

The Doppler equation becomes: 

0 *
*[cos cos( )]d

f V
f

c
  

 
   
 

 (3.5) 

Using the trigonometric identity: 

cos( ) cos *cos sin *sin         (3.6) 

The Doppler Eq. (5) becomes: 

0 *
*[cos cos *cos sin *sin ]

f V
df

c
    

 
   
 

 
(3.7) 

In this paper, phased array sensor is used as transmitter and receiver 

(transceiver). As shown in Figure 3.3, the number of piezoelectric elements is eight 

elements. These eight elements transceiver transmit ultrasound beam at the same 

time or delayed for certain time to get steering angle, then the beams from these 

transceivers will interference pattern forming (beamforming) into one beam.  

For measuring two-dimensional velocity vector, the development system uses two 

piezoelectric elements as transceivers to calculate the actual velocity magnitude and 

angle from the returned signal at specific measuring volume, i.e., Channel 4 (Ch 4). 

The Doppler shift equation for the piezoelectric element number 8 is identical to Eq 

(3.7): 

0 *
8 *[cos cos *cos sin *sin ]

f V
df

c
    

 
   
 

 
(3.8) 

where fd8 is the Doppler frequency received by the piezoelectric element number 8 at 

angle α (measured clockwise from the axis of the transmitting beam), f0 is basic 

frequency, V is the magnitude of the velocity of the particle travelling at angle θ 
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(measured clockwise from the axis of the transmitting beam), and c is the speed of 

sound in fluid i.e water. 

The Doppler shift equation for the piezoelectric element number 1 is: 

0 *
1 *[cos cos *cos sin *sin ]

f V
df

c
    

 
   
 

 
(3.9) 

where fd1 is the Doppler frequency received by the piezoelectric element number 1  

at angle β (measured clockwise from the axis of the transmitting beam), and all other 

terms are identical to those of the piezoelectric element number 8. 

The signals from both of these transceivers are demodulated with the transmitted 

frequency f0 to produce four quadrature signals. It should be noted that at a given 

depth (channel) from the surface of both piezoelectric elements f0, c, α, and β are all-

constant due to the fixed geometry of the piezoelectric elements. The real velocity 

vector V is calculated by multiplying the four-quadrature signals from the two 

transceivers elements number 1 and 8. The multiplying produces two 

subcomponents, which are the sum of the frequencies and the difference between 

the frequencies. Using trigonometry: 

   1 8 1 8 1 8
1

cos cos cos cos
2

d d d d d df f f f f f        (3.10) 

From Eq. (3.8) and Eq. (3.9), we will get the equations for the sum and difference as 

follow: 

0
1 8
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(3.11) 

If sin β = -sin α and cos β = cos α, then Eq. (11) becomes  
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(3.13) 

If sin β = -sin α and cos β = cos α, then Eq. (13) becomes  
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(3.14) 

If Vx = V *sinθ and Vy = V *cosθ, then from Eq. (12) and (14): 

 1 8
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Since these Vx and Vy are orthogonal, the real magnitude can be determined by vector 

addition, and simple trigonometry can determine the angle: 

2 2
x yV V V   (3.17) 

1tan
y

x

V

V
   
  

 
 

(3.18) 

The spatial resolution or channel distance is defined as: 

02

cycleN
y c

f
  


 

(3.19) 

where Δy is channel distance, Ncycle is a number of cycles per pulse, c is the speed of 

sound, and f0 is the basic frequency of the transducer. If Ncyle = 2, c = 1480 m/s, and 

f0 = 2 MHz, then channel distance (Δy) is 0.74 mm. 

Phased Array UVP system is showed in Figure 3.4. National Instrument 

LabVIEW program is used to control Phased Array UVP system and reconstruct two-

dimensional velocity vector. The measurement system consists of a 2 MHz phased 
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array sensor with eight piezoelectric elements, 8-channel pulse receiver, analog to 

digital converter and personal computer to control the pulse receiver and analyze 

echo signal from the digitizer. 

 

3.3 Near-field effect by Phased Array sensor 

In Phased Array UVP system, we have to consider the effect of the near field 

oscillation. The high oscillation burst occurs near the active elements surface. It 

influences the accuracy of the measurement close to the sensor (near-field region). 

The near-field boundary of phased array sensor has been numerically investigated as 

shown in Figure 3.5. The numerical calculation is based on the work by Ocheltree and 

Frizzel [3.6] and performed using MATLAB®. Near-field oscillation boundary 

depends on the width of piezoelectric element b and the wavelength of the 

ultrasound pulse λ. From Eq. (3.20), we can estimate near-field oscillation length 

Noscillation of phased array sensor. 

2

8

a
oscillation

k b
N


  (3.20) 

where, ka is correction factor, and b is piezoelectric total element width. The 

correction factor can be calculated from the rectangular element ratio (b/c) = 1 as 

shown in Figure 3.6. From the calculation, the near-field oscillation boundary is 5.78 

mm from the element surface. Hamdani et al. [3-13] confirmed the near-field effect 

on the velocity measurement. Velocity data on the near-field region showed a bad 

accuracy. Nevertheless, the velocity data beyond the near field showed a good 

agreement with conventional UVP, and they confirmed that the angle uncertainty for 

two-dimensional velocity was ±1°. 
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3.4 Experimental setup 

The experiment was conducted in a water circulation system, which consisting 

of the cooling system to keep constant temperature. The water temperature is keep 

in 25 ˚C for sound speed c = 1480 m/s. The inner diameter of the pipe is 50 mm and 

made of acrylic. The distance from the inlet to double bend is 40D (D = 50 mm). In 

that position, the fluid is in the fully developed turbulent pipe flow condition as 

shown in Figure 3.7. The double bent pipe is utilized to investigate the recirculating 

flow. The double bent pipe has a bent angle of 90 degrees and curvature radius Rc = 

25 mm. The schematic view of the measurement position is shown in Figure 3.8.  

For this experiment, we measured in the axial plane at x/D = 1 and x/D = 1.5 

from the downstream of the second elbow to observe the flow acceleration 

phenomenon of recirculating flow in the reattachment point region. The water flows 

in the turbulent flow condition at Reynolds number (Re =10,000). The time transient 

temperature data is recorded using thermocouple during the measurements. Table 

3.1 and 3.2 show the experimental and measurement system conditions 

A phased array sensor, which has basic frequency 2 MHz, is installed through 

the pipe wall. Thus, there is a direct contact between sensor and fluid to overcome 

the refraction in pipe wall and fluid medium. The number of cycle in an ultrasound 

pulse is ncyle = 2 and the spatial resolution is 0.74 mm. 

 

3.5 PIV measurement setup 

Particle Image Velocimetry (PIV) method is applied in this experiment to 

compare the results of Phased Array UVP. PIV system consisted of a laser (DANTEC 

DYNAMICS), High-Speed Camera (FastCam SA5). The camera is located at the top of 

the measurement region, and the laser beam emits from the side of the pipe through 

the pipe center to measure the axial plane of the fluid. PIV measurement section and 

the detail view of measurement section are shown in Figure 3.9 and Figure 3.10.  The 

picture of measurement system is shown in Figure 3.11 and Figure 3.12.  In PIV 
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method, High-Speed Camera captures the images of nylon tracer particles lightened 

by the laser sheet in working fluid. The total number of frames per one record was 

5250, and the camera captured 750 frames per second. The image sizes are 110 mm 

×110 mm (1024 pixel × 1024 pixel). The data from the images analysis in PIV Lab 

application by using MATLAB program. The reference region is 200 pixel × 24 pixels. 

Two-dimensional velocities are obtained by averaging 5250 subsequent images of 

the particles motion. 

 

3.5 Results and discussions 

Figure 3.13 shows two-dimensional velocity vector from PIV measurement. 

The measurement area starts from x/D = 0.6 to x/D = 1.55. The flow distortion and 

recirculation flow occur downstream region of double bend pipe outlet. Therefore, 

two different flow patterns (y/D = 0.2 to y/D = 0.6 ) and (y/D = 0.7 to y/D = 0.9) can 

be recognized in the flow field. We can assume that the recirculating flow region is 

located from the sharp bend curvature to x/D = 1 according to the direction of the 

velocity vector. The forward flow starts around x/D = 1 and continues to the 

downstream region. 

Figure 3.14 shows two-dimensional velocity vector from Phased Array UVP 

measurement at x/D = 1 and x/D = 1.5 downstream of the double bend pipe. In each 

measurement position, we measured three measurement lines, and the interval 

between each measurement lines is 5 degree. The vector field cannot be measured 

near the oscillation boundary of the phased array sensor. In the experiment, the near-

field oscillation boundary is observed from y/D = 0 to y/D = 0.08. The ten thousand 

instantaneous velocity vectors are averaged in each measurement line because, in 

the turbulent flow condition, the velocity fluctuation is very high downstream of the 

double bend pipe. In the position of x/D = 1, velocity vectors in the first two 

measurements are reversed flow direction at the bottom part of measurement lines, 

and the main flow region is located from y/D = 0 to y/D = 0.8. We can observe the 

reattachment point at zero degree perpendicular measurement line of x/D = 1. It 
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means that the forward flow starts from that measurement line and at x/D = 1.5 the 

reverse flow is disappeared but the flow pattern is still asymmetric. 

     Two measurement results are compared in Figure 3.15. The black velocity 

vector is from Phased Array UVP, and the red velocity vector is from PIV. To compare 

the measurements result, the velocity vector in PIV results are selected at the same 

spatial resolution and same measurement line as Phased Array UVP velocity vector. 

In PIV measurement result, the velocity vector cannot be analyzed close to the pipe 

boundary from y/D = 0 to y/D = 0.16 because of pipe curvature effect and the 

reflection of laser sheet. In the main flow area, flow pattern are same in both case, 

but the velocity magnitude in PIV is a bit larger than Phased Array UVP. However, it 

is not much different if we compare in one-dimensional case. In the recirculating flow 

region, the reverse flow pattern can be seen in Phased Array UVP result.  In PIV results, 

the reverse flow vector field is not totally reverse. However, we can assume that the 

recirculation flow region is located from the elbow end to x/D = 1. The quantitative 

comparison between Phased Array UVP and PIV was shown in Figure 3.16.  

Velocity fluctuation is analyzed from instantaneous velocity vector from 

Phased Array UVP measurement at the perpendicular 0 degree measurement line in 

x/D = 1 and x/D = 1.5 positions. Figure 3.17 shows the root mean square (RMS) value 

of axial velocity (Urms) and radial velocity (Vrms). RMS value of axial and radial velocity 

is important to analyze the velocity fluctuation in the turbulent flow. From Urms 

analyzed graph, the axial velocity fluctuation at the position x/D =1 is very high 

between y/D = 0.6 and y/D = 0.8 (see in Fig.12 (a)). However, the axial velocity 

fluctuation at the position x/D = 1.5 is almost stable compare with x/D = 1. It means 

that the high velocity fluctuation occurs at the boundary of the main flow and 

recirculating flow. In Fig. 12 (b), the radial velocity fluctuation is high at the center of 

the pipe. When the fluid enters the elbow and touches the curved wall, the flow 

direction changes  and the circular flow well-known as the secondary flow in the bent 

pipe occurs. Therefore, at the core of the flow (near the pipe center), the high radial 

velocity fluctuation is induced in x/D = 1 and x/D = 1.5. 
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3.6 Conclusions 

In order to understand the velocity distribution of turbulent flow just 

downstream of the double bent pipe outlet, the measurement of the two-

dimensional velocity vector is carried out by Phased Array UVP system and PIV. The 

flow distortion and recirculating flow occur in the measurement region downstream 

of the double bend pipe. From both measurement results, the recirculating flow 

region was observed and the reattachment point occurs around x/D = 1. In the 

velocity fluctuation analysis, the axial velocity fluctuation apparently occurs at the 

boundary of the main flow and the recirculating flow. The radial velocity fluctuation 

occurs at the center of the pipe. 
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Table 3.1 Experimental condition 

  

Parameters Value 

Reynolds numbers [ - ] 10000 

Fluid (water) temperature  [ ˚C ] 25 ± 1 

The radius of elbow curvature [mm] 25 

Pipe diameter [ mm ]  50 

Proximity between two elbows [ mm ]  300 

 

 

 

 

 

 

Table 3.2 Experimental condition of Phased Array measurement 

 

Parameters Value 

Frequency of Phased array sensor [MHz ] 2 

Number of cycle in a pulse [ - ] 2 

Spatial resolution  [mm] 0.74 

Steering angle [degree] -10˚, -5˚, 0˚ 

Pulse repetition frequency [kHz] 1 

Number of repetition [ - ] 128 

Time resolution [s] 0.128  

Number of velocity profiles 10,000 
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(a) Beam steering. (b) Rectangular sensor. 

 

Figure 3.1. Beam steering principle of Phased Array sensor and its schematic 

diagram. 

 

 

 

Figure 3.2. A two-transducer ultrasound system produces a Doppler signal from 

velocity vector V. 
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Figure 3.3. Velocity vector reconstruction. 

 

 

 

 

Figure 3.4. Phased array UVP measurement system. 
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Figure 3.5. Near-field length of sound pressure. 

 
 

 

 

Figure 3.6. Correction factor of the rectangular sensor. 
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Figure 3.7. Experimental facilities of a piping system. 

 

 

 

 

 

 

 

 

Figure 3.8. Detail view of measurement position. 
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Figure 3.9. PIV measurement position. 

 

 
 
 
 
 
 
 
 

 

 

Figure 3.10. Detail view of PIV test section. 
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Figure 3.11 Top view picture of the test section. 

 

Figure 3.12 Side view picture of the test section. 
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Figure 3.13 Average velocity vector from PIV measurement. 

 

 

Figure 3.14 Average velocity vector from Phased Array UVP measurement. 
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Figure 3.15 Phased Array UVP and PIV measurement results in two-dimenisonal 

vector. 

 

 

Figure 3.16 Quantitative comparison between Phased Array UVP and PIV. 
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(a) Root mean square of axial velocity. 

 

 

 

(b) Root mean square of radial velocity. 

 

Figure 3.17 Veloity fluctuation analysis from Phased Array UVP measurement. 
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4. Influence of Inlet Swirling Flow on Flow Structure and 

Velocity Fluctuation 
 

Chapter 4 

Influence of Inlet Swirling Flow 

on Flow Structure and  

Velocity Fluctuation   
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4.1  Introduction 

 Pipeline systems in many industries and power plants are usually characterized 

by its layout complexity, which consists of many main long straight pipes and 

secondary pipes connected by sharp bends. In nuclear power plants, the flow 

downstream of a 90° bend is essential for the primary and secondary cooling systems, 

where many sharp bends are used to interconnect the components. However, fluid 

flows through a 90° sharp bends are a very complex phenomenon. As the fluid flows 

through a bend, the centrifugal force acting on the fluid develops a radial pressure 

gradient. Because of the pressure gradient in the fluid, the secondary flow is 

generated downstream of the bend. In addition, a significant pressure gradient 

produces swirling flow downstream the bend pipe [4-1]. Under the swirling flow 

condition, the significant pressure fluctuation and the high-velocity fluctuation occur 

in the bends. These are sources of flow-induced vibration (FIV). Consequently, FIV 

can cause the fatigue fracture in a piping system of the industries and power plants 

[4-2]. Therefore, the investigation of fluid flow field and velocity fluctuation are 

essential issues for the pipeline safety. 

The structure of the secondary flow in the bends is dependent on the bend 

curvature radius (Rc) and Reynolds number (Re). Some researchers have investigated 

the flow characteristics in the 90° single bend pipe flow with curvature ratio of Rc/D 

> 1.3 (Rc : curvature radius, D : pipe diameter) both experimentally and numerically 

[4-3, 4-6]. When the non-dimensional curvature ratio of the bend is greater than 1.5, 

the secondary flow which consisting of a pair of counter-rotating vortices (Dean 

vortices) are generated. Meanwhile, the velocity profile of the primary stream wise 

flow is distorted and shifted away from the center of the curvature of the elbow [4-

7]. For the small curvature ratio, Kawamura et al. [4-8] studied the flow separation 

using the bends with curvature ratio of Rc/D = 1.1, 2, 4. The experiments were done 

by using Laser Doppler Velocimetry (LDV) at Reynolds numbers of 5 × 104 < Re < 1 

× 105. They revealed that the flow separation occurred at Rc/D = 1 and did not occur 

at Rc/D = 2 and Rc/D = 4. Also, they found that the power spectrum of the turbulence 
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intensity downstream near the elbow with any curvature ratio and Reynolds number 

had a distinct peak at the reduced frequency of about 0.5. Later on, Ono et al. [3-6] 

investigated the water experiments in two bends with different curvature ratio (Rc/D 

= 1 and Rc/D = 1.5) in order to investigate the interaction between flow separation 

and the secondary flow due to the elbow curvature. Particle Image Velocimetry (PIV) 

was used in their experiment, and they confirmed that the flow separation always 

occurred in the short-elbow (Rc/D = 1) while the flow separation occurred 

intermittently in the long-elbow case (Rc/D = 1.5). 

The experiments on the above previous studies mainly were conducted under 

the inlet condition of fully developed flow and flat velocity profile. However, non-

uniform velocity profile on the inlet condition might be appeared in a specific 

condition. Kubo et al. [4-9] confirmed that a swirling flow occurred in the dual elbow. 

The experiments were done by two-dimensional Particle Image Velocimetry (2D-PIV) 

at Reynolds number Re =3 × 105 with three types of curvature ratio Rc/D = 1, 1.5, 2. 

They found that the swirl intensity of the swirling flow, which was generated in the 

dual elbow, became high and fluctuated largely as the curvature ratio was small. The 

influence of inlet swirling flow on 90° bend pipe was studied in order to understand 

the flow structure downstream the bend pipe flow. Sudo et al. [4-10] measured the 

pressure and velocity distribution at Re = 6 × 104 with a curvature ratio of Rc/D = 2 

under the weak inlet swirling flow condition. They found that inlet swirl flow affected 

the behavior of secondary flow generating at the downstream of the bend pipe flow. 

Later, Kalpakli and Orlu [4-11] experimentally studied the influence of swirling 

intensity at the inlet on the 90° bend pipe flow. The investigation was done using 

stereoscopic particle image velocimetry. When the swirl number was increased to S 

= 1.2, it was found that the Dean vortices at the downstream of bend pipe became a 

single large-scale motion located almost at the center of the pipe and flow became 

a dominated swirl flow. Swirling inlet flow condition is also encountered in the cold-

leg piping system in a nuclear reactor. Therefore, Yamano et al. [1-11, 1-16] 

investigated the effect of swirl flow at the inlet on the 90° double bend pipe both 

experimentally and numerically, to evaluate the flow-induced vibration for primary 
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cooling pipes in the Japan sodium-cooled fast reactor (JSFR). The experiment was 

done by PIV method with curvature ratio Rc/D = 1. They found that the flow 

separation region was deflected at the downstream from the bend when the inlet 

condition on the first bend was swirling flow. Later, Mizutani et al. [1-17] investigated 

the influence of inlet condition upstream the triple elbow. Particle Image Velocimetry 

(PIV) was used for the velocity flow mapping, and the tangential injection method 

was used to generate swirling flow on the inlet. The triple elbow with curvature ratio 

Rc/D = 1 was used to be close to an actual condition and to accumulate knowledge 

towards optimization of a prospective piping layout in the conceptual design of 

Japan Sodium Fast Reactor (JSFR) [1-18]. 

In the previous studies, the researchers mostly used the optical system to 

measure the velocity field and velocity fluctuation. However, the optical system has 

some challenges to apply in non-transparent wall channel or pipe. Also, it is difficult 

for the applications in actual plant process. Thus, another measurement technique 

should be developed to evaluate the velocity field and velocity fluctuation. In addition, 

the influence of the strong swirling inlet on the double bend with curvature ratio Rc/D 

< 1 has not been done yet. So in this study, the influence of the strong swirling inlet 

condition on the velocity fluctuation at the 90° double bend pipe with curvature ratio 

Rc/D =0.5 is investigated with ultrasound technique. Ultrasound technique 

measurement is used because its advantages which can be applied in the non-

transparent pipe and opaque liquid flow [1-20]. 

Initially, conventional Ultrasonic Velocity Profiler (UVP) method only measures 

one-dimensional velocity profile in the measurement line. In this study, a phased 

array sensor was utilized to measure instantaneous two-dimensional velocity profile. 

This chapter observes influence of inlet swirling flow on the flow structure and 

velocity fluctuation downstream of double bend pipe layout, which made by 90º 

double elbow with inlet swirling flow and without inlet swirling flow condition. Phased 

Array UVP measurement done in the case of with and without inlet swirling flow 

condition. 
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The main objective of this chapter is to clarify the reattachment point of 

secondary swirling flow that occurs just downstream of the double bend pipe and to 

observe the in-fluence of strong swirling inlet flow on the velocity fluctuation of the 

90° double bend pipe flow using ultrasound technique. The bend curvature caused 

the secondary swirling flow, and the high-velocity fluctuation occurs near the 

reattachment point region. To achieve this purpose, Phased Array UVP system is 

utilized to measure the two-dimensional velocity and the axial and tangential velocity 

fluctuation at the secondary flow region.  

 

4.2  Experimental setup 

 The experiment was conducted in a horizontal water circulation system at 

atmospheric pressure, which consisting of the cooling system, electromagnetic flow 

meter, pump, ball valve, a bypass pipe, and flow conditioner as shown in Figure 4.1. 

Water is supplied to the test channel from the water storage tank by a 3phase 

induction motor pump (65×50FSED EBARA CORPORATION). The flow rate of the 

liquid phase is controlled using the control ball valve. The flow rate is measured by 

magnetic flow meter (MAGMAX MGC010 Tokyo Keiso Co., Ltd) with accuracy ±0.5%. 

Fluid enters the straight pipe test section after an elbow. Therefore a flow conditioner 

is installed to eliminate the flow distortion effects of the elbow. The length of straight 

pipe before entering the first bend is 42D (D = 50 mm) in order to achieve fully 

developed turbulent pipe flow condition at the inlet of the first bend. In this 

experiment, the double bend pipe is utilized to investigate the secondary swirling 

flow. The double bent pipe has a bent angle of 90 degrees and curvature ratio Rc/D 

=0.5. The Reynolds number is Re = 1 × 104, based on the bulk velocity and the pipe 

diameter. The cooling system is used to control and maintain a constant water 

temperature. The temperature is recorded using thermocouple during the 

measurements, and it is confirmed that the water temperature fluctuation is ±1°C. 
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4.2.1 The Swirling Generator 

For the generation of swirling flow, some different methods exist (e.g., pipe 

rotation, tangential injection, guide-vane, twisted tape, helical turbulators, and 

propeller-type), which have a different effect on the main flow [4-12]. In this present 

study, we used the rotary swirler [4-13, 4-14]. The rotary swirler is used as swirl 

generator because it is easy to control the swirl intensity. The top view of the 

experimental set up with the swirling generator is shown in Figure 4.2.  

The swirl generator is installed at 12D upstream of the double bent pipe. The 

rotary swirler consists of a 150 mm long aluminum pipe with inner diameter 50 mm. 

Small tubes of diameter 3 mm and 50 mm long are inserted into the aluminum pipe. 

The small tubes are packed as tightly as possible, and their number is approximately 

95. The pipe can be rotated about its axis at speed varying from 15 to 1,100 r.p.m. by 

induction motor (5IK90SW-5 Oriental Motor Co., Ltd) and a timing belt (K40L50BF) 

connects it. With the pipe rotating, the growth of the boundary layer on the pipe 

walls establishes an azimuthal velocity distribution corresponding to the solid-body 

rotation in the core. Whereas the rotary swirler allows the solid rotation of the small 

tubes in peripheral direction, while the axial velocity distribution is made uniform by 

the function of the small tubes structure [4-13]. Therefore, the swirl intensity can be 

defined as the ratio of the circumferential momentum to the axial momentum. 

For axisymmetric flow, swirl intensity is usually defined by its swirl number (S).  

A parameter S that is used by several researchers [4-14 , 4-15] is defined as follow:  

2

0

2

0

2

2

R

x y

R

x

v v r dr

S

R rv dr











 

 

(4.1) 

where r is the radial distance from a pipe axis, vx is the streamwise mean velocity and 

vy is the circumferential mean velocity. 
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An alternative to the parameter S on the rotating swirler is defined as follow 

[4-20]: 

2 m

D
S

U


  (4.2) 

Equation (4.2) indicates that the swirl intensity can be evaluated directly from the 

angular velocity 𝜔 of the rotary pipe, the diameter D of the pipe and the bulk velocity 

Um of the flow through the pipe. 

4.2.2 Experimental Procedures 

Firstly, Ultrasonic Velocity Profiler (UVP-Duo) was used to measure one-

dimensional instantaneous velocity of fluid downstream of the first elbow. We expect 

to know flow phenomenon in the elbow for the condition of different Reynolds 

number and different swirl number. The water flows in the range of Reynolds number 

10,000 to 30,000. The swirl number S = 0.25 to S = 1.0 were set up for inlet swirl 

condition. Then, the measurement test section was move to the second elbow to 

measure same like in the first elbow. Figure 4.3 and Figure 4.4 show experimental 

set up and detail view of test section. Table 4.1 shows the experimental for one-

dimensional velocity profile measurement UVP-Duo. 

A phased array sensor, which has basic frequency 2 MHz, is installed through 

the pipe wall. Thus, there is a direct contact between sensor and fluid to overcome 

the refraction in the pipe wall. The cross-sectional plane measurement is performed 

at 7D downstream of the swirling generator to observe developed swirling flow. The 

angular velocity of rotating pipe is measured by a digital optical tachometer (AD-

5172 A&D Company) with accuracy ±0.01% ±1digit (10 – 6,000 r.p.m.). According to 

the literature [26], S=1 corresponds to the downstream development of initially 

strong swirl in pipe flow. Therefore, in this experiment, the swirl number is set to S 

=1 in order to know the influence of strong swirl intensity at the inlet. For the cross-

sectional plane measurement, to include the whole 360 degrees of the pipe, one 

measurement position will be taken 20 degrees, which adds up to 18 measurement 

lines. Table 4.2 shows the experimental conditions of the measurements. In case of 
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axial plane measurements, there are four measurement positions at x/D = 0.2, x/D = 

0.6, x/D = 1 and x/D = 1.5 downstream of the double bend. After the measurement 

is done at the first position, the sensor is moved to another position. The maximum 

steering angle of the phased array sensor is -10 degree to 0 degree. In each 

measurement position, we measured 3 measurement lines, and the interval between 

each measurement lines is 5 degree as shown in Figure 4.5. 

In addition, the cross-sectional plane measurement were done to find out the 

phenomenon of the radial velocity at the reattachment point region x/D = 1 in case 

of swirling flow. In the cross-sectional plane measurement, the measurement phased 

angle changes -10 degree to +10 degree and the total measurement lines is 13 lines 

and phased angle changes in every 2 degree. 

 

4.3   Results and discussion 

4.3.1   One-dimensional velocity analysis 

In order to investigate the flow phenomenon in the elbow, one dimensional 

velocity measurements were performed in the first elbow and in the second elbow. 

Figure 4.6 and Figure 4.7 show the measurement results in the first elbow in different 

Reynolds and in different swirl number. From that results, Reynold number effect on 

the movement of the reattachment is very small (around 2 mm). However, swirl 

number effect is obvious. The movement is around 12 mm. The same phenomenon 

occurs in the second elbow measurement results as shown in Figure 4.8 and Figure 

4.9. Therefore, we can say swirl number influence on the movement of the 

reattachment point. 

In the case of without inlet swirling flow condition, Figure 4.10 and Figure 4.11  

show the experiment results of one-dimensional normalized axial and tangential 

velocity with their standard deviations in four positions downstream of the double 

bend pipe. 
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Ten thousand instantaneous velocities are averaged in each velocity profile. 

The vertical axis indicates the dimensionless distance of measurement line through 

the pipe. The horizontal axis is the dimensionless axial and tangential velocity 

normalized by the average axial velocity and the average tangential velocity 

respectively. According to Figure 4.10, the low velocity magnitude was observed at 

x/D = 0.2 to x/D = 1 in the extrados pipe wall region (y/D = 0.7 to y/D = 1). This 

region (y/D = 0.7 to y/D = 1) is the secondary flow region. As we can see the velocity 

profiles in secondary flow region are slightly different in every axial position. These 

differences are related to the flow structure of the fluid, which flow direction is reverse 

to the main flow. Nevertheless, the velocity magnitude starts to increase at x/D = 1. 

Therefore, we can assume there is a no reverse flow beyond x/D = 1. Figure 4.11 

shows one-dimensional time-average tangential velocity at each measurement 

positions. The tangential velocity magnitude is relatively high on the secondary flow 

region, start from x/D = 0.6 to x/D = 1.5. At the center of the pipe (y/D=0.5), the 

velocity magnitude is relatively lower compared to the end wall regions. The reason 

is that the bend pipe curvature generate the centrifugal force and it enhances 

tangential velocity magnitude near the pipe walls. 

Figure 4.12 shows the one-dimensional time-average axial velocity with their 

standard deviations downstream of the double bend pipe with inlet swirling flow 

condition (S=1). In the case without and with inlet swirling flow condition, at each 

axial measurement positions, there is no significant difference on the velocity profiles 

in the main flow region (0 < y/D < 0.7). However, in case of with swirling flow, the 

velocity magnitude in the secondary flow region (0.7 < y/D < 1) is stronger than 

without inlet swirling flow condition. These differences are due to the inlet swirling 

flow enhance the centrifugal force on the curvature bend. Figure 4.13 shows the one-

dimensional time-average tangential velocity profile of inlet swirling flow with their 

standard deviations. The strong tangential velocity occurs at x/D = 0.6 and x/D = 1 

because the swirling enhance the tangential velocity in the main flow region ( 0.1 < 

y/D < 0.4) and the secondary flow region (0.7 < y/D < 1). These results indicate that 

tangential velocity in swirling flow is more dominant on main flow regime than 
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without swirling flow condition. According to the standard deviation, the tangential 

velocity fluctuation in the inlet swirling condition is higher than without inlet swirling 

flow. It means that the inlet swirling flow also increases the tangential velocity 

fluctuation. 

4.3.2   Two-dimensional velocity with and without inlet swirling flow 

Two-dimensional velocity measurement results are plotted to know the flow 

structure downstream of 90° double bend pipe in the condition of with and without 

inlet swirling flow. Figure 4.14 shows two-dimensional time average axial velocity 

without inlet swirling flow at four downstream locations of the second bend pipe. The 

velocity vector cannot be measured enough near the oscillation boundary of the 

phased array sensor from 0 < y/D < 0.08 for all positions due to the ultrasound field 

oscillation effects. From the measurement result at x/D = 0.2, the direction of velocity 

vectors separate from the edge of the bend. It indicates the flow separation starts 

from the edge of the bend at x/D = 0.2 (i.e., separation point). Then, the separated 

fluid attaches near the first line measurement of x/D = 1.5 (i.e., reattachment point). 

The secondary flow region is located between the separation point and the 

reattachment point. It means that there is a no reverse flow downstream the 

reattachment point and the flow acceleration occurs beyond the reattachment point.  

Firstly, to confirm the inlet swirling condition, we visualized two-dimensional 

radial velocity as shown in Figure 4.15. The measurement is taken at 7D downstream 

from the swirling generator. It is confirmed that the generated swirling flow is 

symmetric, and the velocity distribution is homogenous. In the core region of the 

pipe, the velocity magnitude is lower than near wall region. The highest velocity 

magnitude is between the core and near wall region. 

After confirming inlet swirling flow, we investigated the influence of swirling 

flow on the flow structure downstream of the double bend. Figure 4.16 shows the 

measurement results in case of swirling flow condition. The result shows the flow 

separation phenomenon is same as the condition of without inlet swirling flow. 

However the reattachment point shift to upstream around 25 mm when swirling flow 
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is introduced as inlet condition. The reattachment point occurs near the first 

measurement line of x/D = 1. Therefore, the reverse flow region is narrow. At x/D = 

1.5, the fluid becomes the accelerated swirling flow. Figure 4.17 to Figure 4.20 show 

two-dimensional radial velocity at the cross-sectional plane at x/D = 1.0 in the 

condition of swirling flow S = 0.0, S= 0.25, S=0.5 and S=0.75. From that measurement, 

the radial velocity fields were observed at the reattachment point region at x/D = 1. 

4.3.3   Comparison of Velocity Fluctuation with and without Inlet 

swirling flow 

For the investigation of velocity fluctuation, we calculated turbulent intensity 

for axial velocity and tangential velocity in the condition of without inlet swirling flow 

and with inlet swirling flow respectively. The x-axis represents the normalized 

distance, and the y-axis represents turbulent intensity. The turbulent intensity of axial 

velocity and tangential velocity fluctuation is very effective to analyze the velocity 

fluctuation. Figure 4.21 and Figure 4.22 show the comparison of turbulent intensity 

in axial and tangential velocity at the position of x/D = 1 downstream of the double 

bend pipe. According to axial turbulent intensity graph, the axial velocity fluctuation 

is relatively high between y/D = 0.6 and y/D = 0.8 (see Figure 4.21). It means that the 

high-velocity fluctuation occurs at the boundary of the main flow and secondary flow. 

Moreover, the influence of reattachment point exists in this region. From the 

comparison, the axial velocity fluctuation of without inlet swirling is higher than inlet 

swirling. The reason is that the inlet swirling flow suppress axial velocity fluctuation. 

Figure 4.22 shows tangential turbulent intensity analysis. This graph indicates 

the tangential velocity fluctuation is high near the extrados sidewall and at the center 

of the pipe. When the fluid touches the extrados sidewall, the flow direction changes. 

Some fluids flow as the main flow and some fluids change as the secondary flow. 

Therefore in the main flow region (near the extrados) and at the core of the secondary 

swirling flow (at the pipe center) occurs the high tangential velocity fluctuation. Here, 

the maximum turbulent intensity is around 40% with inlet swirling flow, and the 
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maximum turbulent intensity is around 25% without swirling flow. Therefore, the 

velocity fluctuation of inlet swirling flow is stronger than without inlet swirling flow. 

It seems that swirling flow enhances tangential velocity fluctuation. 

 

4.4   Conclusions 

Phased Array UVP system was applied for two-dimensional velocity 

measurements in the condition of without inlet swirling flow and with inlet swirling 

flow on the double bend pipe flow. According to one-dimensional velocity profiles, 

the velocity magnitude of inlet swirling flow is much stronger than without inlet 

swirling flow in the secondary flow region. These differences are due to the influence 

of the inlet swirling flow. In two-dimensional velocity of without inlet swirling flow, 

the flow separation occurs around x/D = 0.1, and the reattachment point is located 

at x/D =1.5. In case of inlet swirling flow, the flow separation phenomenon is same 

as the condition of without inlet swirling flow, but the reattachment point is located 

at x/D =1. Therefore, the reverse flow region is narrow. At x/D = 1.5, the fluid becomes 

the accelerated swirling flow. In the condition of without inlet swirling flow, the axial 

velocity fluctuation is higher than with inlet swirling flow, but tangential velocity 

fluctuation is lower than inlet swirling flow. 
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Table 4.1 Experimental conditions for UVP-Duo  

 

Parameters Value 

Reynolds number [Re=ρ*D*Um/μ] 10,000 , 20,000 and 30,000 

Fluid (water) temperature   25 ± 1 °C 

Swirl number S  0.0, 0.25, 0.5, 0.75, 1.0, 1.25 and 1.5 

Frequency of transducer 4 MHz 

Spatial resolution Δy 0.74 mm 

Number of velocity profiles 10,000 

  

 

 

 

Table 4.2 Experimental conditions and Phased Array UVP parameters 

 

Parameters Value 

Reynolds number [Re=ρ*D*Um/μ] 10,000 

Dean number [De=Re*(Rc/D)0.5] 7,071 

Fluid (water) temperature   25 ± 1 °C 

Angular velocity of rotation pipe ω 0, 480 min-1 

Swirl number S  0, 1 

Frequency of phased array transducer 2 MHz 

Steering angle θs 0, -5, -10° 

Pulse repetition frequency fprf 1 kHz 

Number of repetition Nrep 256 

Spatial resolution Δy 0.74 mm 

Time resolution Δt [Nrep /fprf] 0.256 s 

Number of velocity profiles 10,000 
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Figure 4.1 Experimental apparatus of water circulation system. 

 

 

 

 

 

 

 

Figure 4.2 Swirling generator and double bend pipe from top view. 
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Figure 4.3 Picture of test section for one-dimensional measurement (UVP-Duo). 

 

 

 

 

 

 

Figure 4.4 Detail view of the measurement positions (Phased Array UVP). 
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(a) Test section in First elbow (UVP-Duo). 

 

(b) Test section in second elbow (UVP-Duo). 

Figure 4.5 Detail view of test section in second elbow (UVP-Duo). 
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Figure 4.6 1D velocity profile in the first elbow for different Reynolds number. 

 

 

 

 

 

Figure 4.7 1D velocity profile in the first elbow for different swirl number. 
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Figure 4.8 1D velocity profile in the second elbow for different Reynolds number. 

 

 

 

 

 

 

Figure 4.9 In the second elbow for different swirl number. 
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Figure 4.10 Time-average axial velocity without inlet swirling flow (S=0). 

 

 

 

 

 

 

Figure 4.11 Time-average tangential velocity without inlet swirling flow (S=0). 
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Figure 4.12 Time-average axial velocity without inlet swirling flow (S=1). 

 

 

 

 

 

 

 

Figure 4.13 Time-average tangential velocity without inlet swirling flow (S=1). 
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Figure 4.14 Two-dimensional time average axial velocity without inlet swirling 

flow (S = 0). 

 

 

 

 

 

Figure 4.15 Two-dimensional time average radial velocity with the inlet swirling 

flow (S = 1). 
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Figure 4.16 Two-dimensional time average axial velocity with the inlet swirling 

flow (S = 1). 

 

 

 

 

Figure 4.17 Two-dimensional time average radial velocity without inlet swirling 

flow (S = 0.0) at x/D = 1. 

Reference Vector
100 mm/s

r/D = - 0.5

r/D = 0.5

Double Elbow
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Figure 4.18 Two-dimensional time average radial velocity with the inlet swirling 

flow (S = 0.25) at x/D = 1. 

 

Figure 4.19 Two-dimensional time average radial velocity with the inlet swirling 

flow (S = 0.5) at x/D = 1. 

Reference Vector
100 mm/s

r/D = - 0.5

r/D = 0.5

Double Elbow

Reference Vector
100 mm/s

r/D = - 0.5

r/D = 0.5

Double Elbow
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Figure 4.20 Two-dimensional time average radial velocity with the inlet swirling 

flow (S = 0.75) at x/D = 1. 

 

 

Figure 4.21 Comparison of the axial velocity fluctuation between with and without 

inlet swirling. 

 

 

Reference Vector
100 mm/s

r/D = - 0.5
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Figure 4.22 Comparison of the radial velocity fluctuation between with and 

without inlet swirling. 
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5. Experimental and Numerical Investigation of Swirling flow 

Downstream of Triple Elbow Pipe Layout 
 

Chapter 5 

Experimental and Numerical 

Investigation of Swirling flow 

Downstream of Triple Elbow 

Pipe Layout 
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5.1 Introduction 

Turbulent flow through a compact piping system is encountered in a variety 

of industrial applications and the power plants. The complicated flow occurs 

downstream region of the compact pipe layout. Also, the secondary swirling flow can 

generated downstream of the elbow or 90-degree bend pipe. The bend pipes are 

always used for the different purposes. The investigation of fluid velocity fluctuation 

in the bend pipe layout is still challenging in the study of fluid dynamics. Under the 

swirling flow condition, the significant pressure fluctuation and the high-velocity 

fluctuation occur in the elbows. These are sources of flow-induced vibration (FIV). FIV 

can cause the corrosion phenomenon of the pipe wall, and then the pipe break 

accident happens in a piping system of the industries and the power plants [5.1 – 5.2]. 

The investigation of fluid flow structure and fluid velocity fluctuation are essential 

issues for the pipeline safety. Therefore, some researchers had attempted to 

investigate fluid flow structure and fluid velocity fluctuation on multiple bends pipe, 

experimentally and numerically. 

In the previous studies, CFD simulation using Open FOAM® on 90-degree-

bent elbow was performed to characterize the swirling secondary flow in the 

downstream of a pipe bend [1.12]. A comparative study was performed to select an 

appropriate turbulence model for the analysis. One of the first studies that provided 

the flow through a bend by Al-Rafai et al. using the k – ε model [5.3] and compared 

with experimental results. They performed experiments and numerical calculations 

for a turbulent flow at Re = 3.4 ×104 in two types of bend curvature ratio γ = 0.07 

and 0.14. Laser Doppler Velocimetry (LDV) was utilized in the experiment. The main 

results consisted of mean and root mean square stream wise velocities. The result 

showed that the secondary flow is stronger in the bend with the higher curvature 

ratio γ. In addition, Hilgenstock and Ernst [1.14] tested two common models (k – ε 

and renormalization group known as RNG) and provided acceptable results. Kalpakli 

and Örlü [5.4] studied experimental study for the turbulent flow in a bend pipe with 

imposed swirl. They studied Dean vortices and swirl motion for swirl intensity S = 0 
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to 1.2 at the downstream region of a bend pipe by using Particle Image Velocimetry 

(PIV) method. Chang and Lee [1.19] also investigated the effects of swirl on the 

secondary flow field along a bend in Reynolds number Re = 1.0 – 2.5 × 104. The 

measurement system of previous studies, LDV and PIV system were applied to 

investigate fluid velocity and swirling flow structure. However, these systems have 

some challenges and it is difficult for the applications in actual plant process. 

Therefore, another measurement technique should be developed to evaluate the 

velocity field and velocity fluctuation. In this study, the ultrasonic technique is applied 

to measure two-dimensional velocity field. 

The main objective of this study is to observe velocity field of secondary 

swirling flow which, occurs just downstream of the triple bend pipe. The swirling flow 

structure was visualized downstream of the triple elbows layout using Phased Array 

Ultrasonic Velocity Profiler (Phased Array UVP). In addition, the experimental results 

were performed to validate CFD numerical simulation. In this paper, the complexity 

of the turbulent flow under the swirling inlet flow condition is studied. 

 

5.2 Experimental Apparatus and Measurement Procedures 

The experiment was conducted in a water circulation system, which consisting 

of the cooling system and electromagnetic flow meter as shown in Figure 5.1.The 

inner diameter of the pipe is 50 mm and made of acrylic. The distance from the inlet 

to the triple elbows pipe is 42D (D = 50 mm). In that position, the fluid is in the fully 

developed turbulent pipe flow condition. The elbow has the curvature radius R = 25 

mm. The geometry of the triple pipe layout is follow as the hot leg pipe of Japan 

sodium-cooled fast reactor (JSFR), which pipe diameter is 1/24 scale model of the 

actual pipe. The water flows in the turbulent flow condition at Reynolds number (Re 

=1× 104). The cooling system controlled the water temperature to get room 

temperature 25℃ . The temperature fluctuation is recorded using thermocouple 

during the measurements and the fluctuation is ± 1°C. For the generation of swirling 

flow, some different methods exist (pipe rotation, tangential injection, and vanes), 
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which have a different effect on the base flow [5.12]. In this present study, we used 

the pipe rotation method [5.1]. The swirl generator is installed at 10D upstream of 

the triple elbows. The detail view of the experimental set up with swirling generator 

is shown in Figure 5.2. The honeycomb is inserted into the rotary pipe to generate 

homogeneous swirl. The rotary pipe is used as the swirl generator because it is easy 

to control the swirl intensity.  

A phased array sensor, which has basic frequency 2 MHz, is installed through 

the pipe wall. Thus, there is a direct contact between sensor and fluid to overcome 

the refraction in pipe wall and fluid medium. To measure inlet swirling flow, the axial 

and cross-sectional planes measurements were performed at 7D downstream of the 

swirling generator. One dimensional axial, radial and tangential velocity profiles of 

the swirling flow were collected in order to use as the inlet boundary condition for 

the numerical simulation. Table 1 shows the experimental conditions of the 

measurements. For the axial flow measurements, there are 4 measurement positions 

at x/D = 0.1, x/D = 0.6, x/D = 1 and x/D = 1.5 downstream of the third elbow to find 

out velocity fluctuation in the secondary flow region. After the measurement was 

done at the first position, the sensor was moved to another position. The maximum 

steering angle of the phased array sensor is -10 degree to 0 degree. In each 

measurement position, we measured 3 measurement lines, and the interval between 

each measurement lines is 5 degree as shown in Figure 5.3. 

In case of flow phenomenon observation, Ultrasonic Velocity Profiler (UVP-

Duo) was used to measure one-dimensional instantaneous velocity of fluid 

downstream of the third elbow. We expect to know flow phenomenon in the elbow 

for the condition of different Reynolds number and different swirl number. The water 

flows in the range of Reynolds number 10,000 to 30,000. The swirl number S = 0.25 

to S = 1.0 were set up for inlet swirl condition. Figure 5.4 and Figure 5.5 show 

experimental set up and detail view of test section.  
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5.3 Numerical Simulation Approach 

A CFD analysis was performed for the turbulent fluid flow through the triple 

bend pipe. Three elbows with 25 mm radius of curvature make the triple bend pipe. 

The pipe layout was same as the experimental setup. The CFD code ANSYS Fluent 

(Version 16.2) was used to simulate a pipe flow through the triple elbow pipe layout 

as shown in Figure 5.6. The inlet length, upstream of the triple elbow is 3D. Here, the 

inlet length can be reduced because the inlet swirling velocities from the experiment 

were utilized as the import profile. The pipe length from the downstream of the 

second bend is set to 6D to reduce calculation time and mesh element numbers. The 

mesh type was a polyhedral cell, and a total number of meshes was approximately 

1.8 million. Table 5.2 shows numerical parameters.  Polyhedral cell type was used to 

get a proper orthogonal and skewness values. The mesh in the boundary layer close 

to the pipe has the inflection layer in the thickness of 0.02 mm and the total number 

of layer was 7. Mesh quality of the outlet cross-sectional plane is shown in Figure 5.7. 

 

5.4   Experimental results and discussion 

5.4.1   One-dimensional velocity profiles  

In order to investigate the flow phenomenon in the elbow, one dimensional 

velocity measurements were performed in the third elbow. Figure 5.8 and Figure 5.9 

show the measurement results in the third elbow in different Reynolds and in 

different swirl number. From those results, Reynold number effect on the movement 

of the reattachment is very small. However, swirl number effect is obvious. In third 

elbow, reverse flow region is narrow on Re 10,000 because pipe layout is vertical and 

the length between second and third are longer than between first and second elbow. 

Reattachment point for Re 20,000 and 30,000 occurs almost at the same position.  

Swirl number effect is still obviously influence on the changes of reattachment point. 
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The axial, radial and tangential velocities of the swirling flow were measured 

at 7D downstream of the swirling generator by using a phased array sensor. The 

sensor position was turned into the axial and cross-sectional planes to get the axial, 

radial and tangential velocities. The velocities were utilized for the boundary inlet 

conditions of the numerical simulation. Figure 5.10 , Figure 5.11 and Figure 5.12 show 

one dimensional axial, radial and tangential velocity profiles of swirling flow at the 

radial distance of the pipe in the condition of swirl intensity S = 1 at Reynolds number 

Re = 1 × 104. Due to the homogenous asymmetrical velocity distribution, the half 

velocity profiles were shown in the figure. The mean velocity distribution of swirling 

flow is lower than the near wall region. At the swirl core region, the velocity profiles 

of swirling flow are a bit flat because of the main flow velocity and the swirl intensity 

is not too high turbulent flow condition.  

5.4.2   Two-dimensional velocity fields  

At the downstream region of the triple elbows, we investigated the flow 

structure of the swirling flow. Two-dimensional velocity measurement results are 

plotted to visualize the swirling flow structure. Ten thousand instantaneous axial 

velocity vectors are averaged in each measurement line. Figure 5.13 shows the 

measurement results of swirling flow at x/D = 0.2 to x/D = 1.5 in the downstream 

region of the triple elbows. The vertical axis indicates the dimensionless distance of 

the measurement line through the pipe. The horizontal axis is measurement positions 

downstream of the triple elbows. From the measurement result at x/D = 0.2, the 

direction of velocity vectors separate from the edge of sharp elbow. It indicates the 

flow separation starts from the edge of the elbow at x/D = 0.2 (i.e., separation point). 

Then, the separated fluid attaches near the first line measurement of x/D = 1 (i.e., 

reattachment point). The secondary flow region is located between the separation 

point and the reattachment point (0.2 < x/D < 1). The slow reverse flow occurs at 0.7 

< y/D < 1 in the secondary flow region. It means that there is a no reverse flow 

downstream the reattachment point (x/D > 1). However, the accelerated swirling flow 

still occurs beyond the reattachment point because the velocity magnitude at the 
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near pipe wall is still higher than at the pipe center. This experimental result was 

compared with CFD numerical simulation. 

 

5.5   Numerical results and discussion 

5.5.1   Two-dimensional velocity fields 

The inlet swirling flow velocities from the experimental results were utilized to 

compare with experimental result and validate CFD numerical simulation. We used 

the axial, radial and tangential velocity profiles of swirling flow as the inlet boundary 

conditions and the geometry of the pipe layout was same as the experimental setup. 

Figure 5.14 shows two-dimensional velocity field of the swirling flow structure form 

the numerical simulation result. If we compare with the experimental result, we can 

observe a good agreement with the experiment expect the separation flow pattern 

at x/D = 0.2. In the separation region, the fluid separation is not strong as the 

experiment. The reattachment point of the fluid occurs as same as the experiment 

around x/D = 1. It means the area of the reverse flow and secondary flow area is 

exactly located between x/D = 0.2 and x/D =1. We can confirm the flow structure and 

the validation of CFD numerical simulation is acceptable. Furthermore, the flow 

visualization of numerical simulation results for the cross-sectional plane were 

plotted to observe detail flow structure of swirling fluid.For the investigation of 

velocity distribution, we visualized the velocity fields and axial velocity (velocity u) 

contour in the cross-sectional planes downstream of the triple elbows. The numerical 

simulation results at 10 mm, 30mm, 50mm and 75mm (x/D = 0.2, x/D = 0.6, x/D = 1 

and x/D = 1.5)see in Figure 5.15 to Figure 5.18 The top of each figure is the outside 

of the elbow (intrados) and the bottom is inside of the elbow (extrados). We can 

observe clearly the reverse flow in the secondary flow region at the extrados of elbow 

(see in Figure 5.17 and 5.18). Two counter rotating vortex cells (Dean vortices) can be 

seen near the left and right parts of elbow as shown in Figure 5.15 and Figure 5.16. 

Then, the flow pattern is slightly changes as the circumferential flow in the clockwise 
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and counterclockwise directions from the lateral side of the pipe wall to the pipe 

center as shown in Figure 5.17 and 5.18. The axial velocity distribution is too different 

between the intrados and extrados of elbow according from the contour of each 

figure. 

 

5.6   Conclusions 

In conclusion, the experimental investigation and numerical simulation were 

done to observe the flow structure and velocity distribution at the inlet swirling flow 

condition. Phased Array UVP system can visualize two-dimensional velocity field and 

can confirm the flow separation and reattachment point. The flow separation occurs 

around the edge the sharp elbow and the reattachment point is located near x/D = 

1. The numerical simulation result show that the swirling flow structure is quite similar 

with the experimental result. Therefore, the validation of the CFD simulation is 

acceptable. In case of cross-sectional plane visualization, two counter rotation vortex 

cells were observed at x/D = 0.2 and x/D = 0.6 positions. Then, the flow pattern is 

slightly changes as circumferential flow at x/D = 1 and x/D = 1.5. When the high 

velocity axial flow reached the outside wall, this flow was changed from outside to 

lateral side of pipe wall in clockwise and counterclockwise directions. In addition, the 

axial velocity distribution is too different between the intrados and extrados of pipe. 

 

 

 

 

 

 

 



112 

 

References 

 

[5-1] Fujisawa, N., 1996. Velocity measurements and numerical calculations of 

flow fields in and around Savonius rotors. Journal of Wind Engineering and 

Industrial Aerodynamics, 59(1), pp.39-50. 

[5-2] Kim, J., Moin, P. and Moser, R., 1987. Turbulence statistics in fully developed 

channel flow at low Reynolds number. Journal of fluid mechanics, 177, 

pp.133-166.  

[5-3] Al-Rafai, W.N., Woolley, N.H., Tridimas, Y.D. and Parry, A.J., 1991. Influence 

of solids concentration and size on gas-solid suspension flow in a 90° pipe 

bend. Advanced Powder Technology, 2(2), pp.133-150. 

[5-4] Örlü, R. (2009) Experimental studies in jet flows and zero pressure-gradient 

turbulent boundary layers. Doctoral dissertation, KTH 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



113 

 

Table 5.1. Experimental conditions 

Parameters Value 

Reynolds number [Re=ρ*D*Um/μ] 10,000 , 20,000 and 30,000 

Dean number [De=Re*(Rc/D)0.5] 7071 

Fluid (water) temperature   25 ± 1 °C 

Angular velocity of rotation pipe ω 0, 480 min-1 

Swirl number S  0, 0.25, 0.5, 0.75 and S = 0.1 

Frequency of single and phased sensor 4 MHz and 2 MHz 

Steering angle θs 0, -5, -10° 

Pulse repetition frequency fprf 1 kHz 

Number of repetition Nrep 256 

Spatial resolution Δy 0.74 mm 

Time resolution Δt [Nrep /fprf] 0.256 s 

Number of velocity profiles 10000 

 

  

Table 5.2. Numerical conditions 

Parameters Value 

Turbulence model k - ε  (RNG) 

Time Steady state 

Pressure-velocity coupling SIMPLE 

Gradient Least squares cell based 

Pressure PRESTO! 

Momentum  Quick 

Turbulent kinetic energy Quick 

Specific dissipation rate Quick 

Mesh type Polyhedral 

Number of mesh 1.4× 106 

Inlet velocity  Axial, Radial and Tangential velocity 

profiles from the experiment 
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Figure 5.1 Experimental facilities of a piping system. 

 

 

 

 

Figure 5.2 Detail view of the rotary swiler and pipe layout. 
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Figure 5.3 Test section downstream of the third elbow. 

 

Figure 5.4 Test section in the third elbow for 1D velocity measurement 

 

Figure 5.5 Detail veiw of Test section for 1D velocity measurement 
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Figure 5.6 Simulation pipe geometry same as pipe layout with experiment. 

 

 

 

Figure 5.7 Detail view of polyhedral mesh quality. 
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Figure 5.8 1D velocity profile in third elbow for different Reynolds number. 

 

 

 

 

 

Figure 5.9 1D velocity profile in third elbow for different swirl number. 
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Figure 5.10 Inlet swirling flow condition with axial velocitie. 

 

Figure 5.11 Inlet swirling flow condition with radial velocitie. 

 

Figure 5.12 Inlet swirling flow condition with tangential velocitie. 
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Figure 5.13 Two-dimensional time average axial velocity from  experiment. 

 

 

 

 

 

 

 

Figure 5.14 Two-dimensional time average axial velocity from  simulation. 
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Figure 5.15 Cross sectional velicity distribution for 10 mm position. 

 

 

 

 

Figure 5.16 Cross sectional velicity distribution for 30mm position. 
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Figure 5.17 Cross sectional velicity distribution for 50mm position. 

 

 

 

 

 

Figure 5.18 Cross sectional velicity distribution for 75 mm position. 
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6. Conclusions  

 

Chapter 6 

Conclusions 
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In this study, Velocity Profiler (UVP), Phased Array UVP and PIV systems are 

used to measure the velocity profiles and to visualize flow structure downstream of 

a compact pipe layout, which make with a single elbow, the double elbows and the 

triple elbows. In addition, The velocity profiles from the measurement at upstream of 

the compact pipe layout  were imposed in CFD numerical simulation to visualize the 

complete flow structure through that compact pipe. The observations from the 

experiment and numerical simulation  are concluded as follow; 

In Chapter 2 – The fluid flow structure and turbulent kinematic energy are 

analyzed base on the different Reynolds number downstream of a single elbow. From 

this investigation, the axial and tangential flow structure downstream of a single 

elbow does not change even we used different Reynolds number. The fluid velocity 

field and turbulent kinetic energy were shown as contour plots.  The turbulent kinetic 

energy is increasing in the low velocity region just downstream of the inner elbow 

wall (intrados). The high velocity occurs at the outer wall of the elbow end (extrados).  

From this investigation, the appropriate Reynolds number (Re =10,000) is appropriate 

to use the turbulent flow measurement and inlet swirling flow measurement.  

In Chapter 3 - The measurement of the two-dimensional velocity vector is 

carried out by Phased Array UVP system and PIV. The flow distortion and secondary 

reverse flow occur in the measurement region downstream of the double bend pipe. 

From both measurement results, the secondary flow starts from the edge of inner 

elbow and ends at the reattachment point around x/D = 1. In the velocity fluctuation 

analysis, the axial velocity fluctuation apparently occurs at the boundary of the main 

flow and the secondary flow. The radial velocity fluctuation occurs at the center of 

the pipe.  

In Chapter 4 – Phased Array UVP system was applied for two-dimensional 

velocity measurements in the condition of without inlet swirling flow and with inlet 

swirling flow on the double bend pipe flow. According to one-dimensional velocity 

profiles, the velocity magnitude of inlet swirling flow is much stronger than without 

inlet swirling flow in the secondary flow region. These differences are due to the 
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influence of the inlet swirling flow. In two-dimensional velocity of without inlet 

swirling flow, the flow separation occurs around x/D = 0.1, and the reattachment 

point is located at x/D =1.5. In case of inlet swirling flow, the flow separation 

phenomenon is same as the condition of without inlet swirling flow, but the 

reattachment point is located at x/D =1. Therefore, the reverse flow region is narrow. 

In one-dimensional velocity measurement, we can confirm that the influence of swirl 

number on the movement of reattachment point. However, the effect of Reynolds 

number is very week on the movement of reattachment point. At x/D = 1.5, the fluid 

becomes the accelerated swirling flow. In the condition of without inlet swirling flow, 

the axial velocity fluctuation is higher than with inlet swirling flow, but tangential 

velocity fluctuation is lower than inlet swirling flow. 

In Chapter 5 – The combination of experimental investigation and numerical 

simulation were done to observe the flow structure and velocity distribution at the 

inlet swirling flow condition. Phased Array UVP system can visualize two-dimensional 

velocity field and can confirm the flow separation and reattachment point. The flow 

separation occurs around the edge the sharp elbow and the reattachment point is 

located near x/D = 1. In third elbow, reverse flow region is narrow on Re 10,000 

because pipe layout is vertical and the length between second and third are longer 

than between first and second elbow. Reattachment point for Re 20,000 and 30,000 

occurs almost at the same position.  Swirl number effect is still obviously influence 

on the changes of reattachment point. The numerical simulation result show that the 

swirling flow structure is quite similar with the experimental result. Therefore, the 

validation of the CFD simulation is acceptable. In case of cross-sectional plane 

visualization, two counter rotation vortex cells were observed at x/D = 0.2 and x/D = 

0.6 positions. Then, the flow pattern is slightly changes as circumferential flow at x/D 

= 1 and x/D = 1.5. When the high velocity axial flow reached the outside wall, this 

flow was changed from outside to lateral side of pipe wall in clockwise and 

counterclockwise directions. In addition, the axial velocity distribution is too different 

between the intrados and extrados of pipe. 
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Finally, I would like to make general conclusion for this study. Phased Array 

UVP system was successfully applied to visualize two-dimensional flow structure at 

the downstream of the compact pipe layout in the condition of turbulent flow at 

Reynolds number 10,000 and inlet swirling flow condition. The aim is to improve the 

performance of the measurement system and to apply in the flow measurement and 

flow visualization system in the power plant. The characteristic of complex flow 

structure and velocity fluctuation were analyzed from the experimental results. The 

combination of experimental results and numerical simulation visualized the fully 

flow structure in the cross-sectional plane and the axial plane. This study supports to 

understand clearly the flow characteristics of water flow for the compact pipe layout 

in the turbulent flow condition. 
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