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ABSTRACT 

This thesis reports experimental and numerical studies of the effects of adverse 

pressure gradients (APG) and Reynolds numbers on flows over forward facing steps (FFS). 

For the experimental work, particle image velocimetry was used to conduct velocity 

measurements at several locations downstream of the FFS. Proper orthogonal 

decomposition and two-point correlation were applied to the experimental data to study the 

large scale structures. For the numerical analysis, turbulence models in ANSYS Fluent 

were used to study the reattachment length XL for blockage ratios from 5.8% to 29.5% and 

step inclination angles from 22.5o to 135o. The experimental results show that XL increases 

with the increase in Reynolds number without APG, but remains nearly constant for 

increasing APG. The CFD results show that as the step angle is increased, XL decreased. 

Furthermore, increasing the blockage at constant Reynolds number, the XL values decrease. 

 

Keywords: Adverse Pressure Gradient, Forward Facing Step, Turbulent Flow, Particle 

Image Velocimetry, Proper Orthogonal Decomposition, Two-Point Correlation, 

Computational fluid dynamics. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

The detachment of boundary layer and its subsequent reattachment downstream is 

known as separation and reattachment. Separation and reattachment can be induced by a 

sharp corner or blunt obstacle, the presence of sudden constriction or expansion, high 

adverse pressure, etc.  Separated and reattached flows can be created in the laboratory using 

a wide range of simple laboratory geometries such as the forward facing step (FFS), 

backward-facing step (BFS), transverse ribs, and blunt plate (Fig 1.1). Much attention has 

been given to BFS flow in the past because it is relatively simple compared to other 

geometries. It has only one recirculation region formed at the foot of the step. However, 

among these separated and reattached flows, those over FFS are the most complex due to 

the formation of dual recirculation regions (Eaton & Johnston, 1981). Moreover, FFS flows 

are less comprehensively studied and, as a result, less understood. Similar types of flow 

can be observed in fence and rib where the flow separates in the presence of these 

geometries and two recirculation regions are formed. 
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Figure 1.1: Various geometries used to induce flow separation. (a) Forward facing step. (b) 

Backward facing step. (c) 2D transverse rib. (d) Blunt plate. (Shah, 2008). 
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Figure 1.2 shows a schematic diagram of FFS and mean flow features over it. The 

flow approaches the step of height h and separates due to the presence of the leading edge 

of the step. There are two separation points, firstly the flow separates at the upstream of 

the step and as the flow approaches the step it separates due to presence of leading edge of 

the step. However, as the flow progresses it reattaches at the top of the step surface at a 

distance XL downstream known as the reattachment length, as indicated in Fig. 1.2. There 

is a recirculation region formed at the foot of the step and another on top of the step. The 

reattachment point indicated in Fig. 1.2 fluctuates within the reattachment zone due to the 

unsteadiness of the instantaneous flow. The first streamline that divides the recirculating 

flow and the flow through central region of channel, is known as dividing streamline 

(Wilcox, 2007). Freestream velocity is denoted by Um in Fig. 1.2. In general a new 

boundary layer starts to develop after reattachment and the shear layer may be significantly 

distorted due to the complex interaction of separated shear flow and the adjacent flow 

(Agelin-Chaab & Tachie, 2008). In this regard, separated and reattached turbulent flows 

can be used as a base to study complex turbulent shear flows. Moreover, the turbulent 

activity is greatly enhanced in the presence of FFS and the incoming equilibrium turbulent 

boundary layer changes due to this type of separation and reattachment flow. (Farabee and 

Zoccola, 1998).  

 

Prior work in open channel showed that XL increases linearly with Reynolds 

number based on h (Reh) up to 8,500. However, for Reh greater than 8500, there is no 

significant Reh dependence of XL (Sherry et al., 2009). On the other hand the results for a 

closed channel was shown to be independent beyond Reh = 6,380 (Essel et al., 2014). 
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Furthermore, only few studies investigated the effect of surface roughness on XL over a 

FFS and concluded that XL decreases with increasing surface roughness (Wu & Ren, 2011, 

2013; Weijie & Agelin-Chaab, 2014).   

 

Figure 1.2: Schematic of the mean flow features over a forward facing step. (Sherry et al., 

2010). 

 

An adverse pressure gradient (APG) occurs when the static pressure increases in 

the direction of the flow (i.e., dP/dx > 0). This situation arises when maximum streamwise 

velocity Um, is decreasing with streamwise direction x. For very large increase in pressure, 

velocity can dramatically decrease to even zero and become reversed. In the latter scenario, 

the flow separation is said to have occurred. However, pressure gradient conditions can be 

generated in the lab settings in many ways including the use of simple diverging channels. 

Prior research (Kim et al., 1999) demonstrated that adverse pressure gradient (APG) 

increases the boundary layer thickness (δ) and also elevates the turbulent quantities 

including Reynolds stresses.  
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1.1 Motivation 

Flow separation and recirculation caused by blunt obstacles occur in diverse 

industrial applications, including wide angle diffusers, heat exchangers, combustors, 

turbine blade cooling, thermal management in electronic devices and wind turbine 

placement on coastal cliffs (Shao & Agelin-Chaab, 2016). The flows over FFS also play a 

vital role in wind engineering applications such as in wind turbine placement along coastal 

regions. Optimal positioning of turbines beyond the highly distorted flow recirculation 

region ensures optimal power generation (Sherry et al., 2010). In addition, FFS flows have 

application in the automotive and aerospace industries where causes of aerodynamic 

generated noise are geometries similar to forward facing steps (Becker et al., 2005; 

Sabanca, 2009; Blake, 2010). Applications of forward facing step can also be found in 

turbo machinery, ground transport and buildings. Recirculation regions are created during 

flow over complex geometries and this makes analysis very challenging in fluid mechanics. 

The recirculation phenomenon causes changes in transport and mixing processes.  

 

Turbulent flows over FFS are less studied and therefore less understood compared 

to other separated flows such backward facing steps. As mentioned earlier, this is partly 

due to the complex nature of flow and the formation of dual recirculation regions. Also it 

is known that turbulent flow over FFS have significant effects on the XL and turbulent 

statistics. In this regard, separated and reattached turbulent flows can be used as 

prototypical flows for studying complex turbulent shear flows. The literature has shown 

that XL  depends on many parameters such as boundary layer thickness to step height ratio 

(δ/h), step length L to step height h ratio (L/h), step width to step height ratio (W/h) and Reh 
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(Castro, 1979). However, these are not fully understood. In addition, the effect of APG and 

Reynolds number on the coherent structures generated on a FFS is not reported as well as 

the detailed flow recovery in the redevelopment and far downstream regions in the presence 

of APG. Although blockage effect is studied by a few researchers in an open channel, the 

effect of step height on the XL in a closed channel needs to be studied. All the above 

therefore point out the fact the turbulent flows over FFS are not fully understood and there 

is the need for further research. A better understanding and comprehensive studies of such 

type of flows will provide accurate data that can lead to the design of more efficient 

engineering systems as well as for the validation of advanced turbulence models for better 

predictive capability. 

 

1.2 Research Objectives  

The specific objectives and scope of research are as follows: 

a) To examine the effects of Reynolds numbers and APG on the mean flow and 

turbulent quantities from the velocity data.   

b) To use advanced multiple point analysis technique such as proper orthogonal 

decomposition (POD) data to investigate the effects of APG and Reynolds numbers 

on the large scale structures.  

c) To employ a statistical analysis tool, such as two-point correlation to quantify the 

extent of larger scale structures embedded in the flow and to understand how the 

turbulence is correlated. 
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d) To examine the effect of blockage on XL and step inclination angles on XL. For this 

purpose increasing step heights and steps with different inclination angles are 

considered that are studied.  

 

To achieve the primary objectives an experimental and a numerical techniques were 

applied. For the experimental technique, a particle image velocimetry (PIV) technique was 

used to conduct velocity measurements. For the numerical analysis, turbulence models 

available in ANSYS Fluent were applied to investigate the effect of blockage and step 

inclination angles on the XL. In particular, RNG k-ε model was used. 

 

1.3 Thesis Structure 

The thesis consists of five chapters. Chapter 1 contains the introduction and 

motivation for studying FFS and separated and reattached flows. Some of the fundamental 

and industrial applications of FFS in favorable pressure gradients (FPG) and APG are also 

discussed. The literature review is presented in Chapter 2 and gives a detailed overview of 

previous studies on forward facing steps and separated and reattached flows. Detailed 

methodology is discussed in Chapter 3, which reports both experimental and numerical 

procedures. The experimental setup includes test facilities and measurement procedures. 

The PIV technique, which is an optical measurement technique is used to conduct the 

velocity field measurements. Numerical procedure is later conducted using RANS models. 

Chapter 4 discusses in detail the effects of APG with varying Reynolds numbers. This 

chapter also contains profiles of mean velocities, Reynolds stresses, triple velocity products 

and turbulent production terms. RANS models are used to study the flow over a FFS with 
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varying step heights and step inclination angles and reattachment lengths obtained are 

reported. In addition, POD and two-point correlation techniques are used to analyze the 

effects of APG and increasing Reynolds numbers on the coherent structures and large 

rotating structures. Lastly, Chapter 5 contains a summary and conclusion remarks. 

Recommendations for future work is also provided. 
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2 CHAPTER 2 

LITERATURE REVIEW 

This chapter provides an overview of the relevant literature on separated and 

reattached flows over blunt obstacles including flows over forward facing steps (FFS). The 

chapter has two main sections with Section 2.1-2.2 focusing on experimental studies while 

Section 2.3 reviews the numerical studies. In addition, previous studies on multipoint 

statistics adapted in this study such as Proper Orthogonal Decomposition (POD) and two 

point correlations are described in Section 2.4. 

 

2.1 Separated and Reattached Flows over Blunt Obstacles  

      Several studies have been reported on separated and reattached flows. Separation 

and reattachment can be induced by blunt obstacles such as backward facing step, 

transverse ribs, blunt plate and FFS. This section contains separation and reattachment, 

induced by blunt obstacles excluding FFS (to be discussed in Section 2.2). 

 

2.1.1 Previous studies on backward facing step 

Backward facing steps (BFS) have been extensively studied in the past due to the 

flow simplicity. Only a few relevant studies are reviewed here. Based on previous 

experimental studies, Eaton and Johnston (1981), concluded that a number of parameters 

affect the flow characteristics over a BFS. These parameters include: geometry; flow 

parameters, such as initial boundary layer state; boundary layer thickness; freestream 

turbulence intensity; pressure gradient; expansion ratio (ER); and aspect ratio (AR = W/h). 
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Armaly et al. (1983) studied flow over a BFS mounted in a 2-D channel for 

Reynolds numbers (Reh) ranging from 50 to 5650 based on step height (h) and upstream 

approach velocity (Um)  and found that, for laminar flow, the reattachment length (XL) 

increased from 3.0h to 17.8h for 50 < Reh < 850. However, for transitional flow, 850 < Reh 

< 4700 the XL decreased to 6.0h and for turbulent flows, i.e. Re > 4700, the XL value 

obtained was 8.0h. Kostas et al. (2002) conducted particle image velocimetry (PIV) 

measurements on a BFS flow at Reh = 4,660. Reattachment length of 4.8h was obtained. 

Proper orthogonal decomposition based on snapshot method was used on both the 

fluctuating velocity and vorticity fields of the x–y plane PIV data. It was observed that as 

the number of POD modes used for the velocity field reconstruction increased, there was 

convergence towards the PIV data. Additionally, the contribution of the large scale 

structures to the Reynolds stresses and turbulent kinetic energy production downstream of 

reattachment region was significant. On the other hand, the small scale structures 

contribute to the Reynolds stresses in the reattachment region.  

 

Ampadu-Mintah and Tachie (2012) conducted an open channel study on smooth 

BFS for low Reynolds numbers 950 ≤ Reh ≤ 2900 using a PIV technique. The results were 

compared to the study on BFS in the closed channel. The flow deviated more significantly 

in the immediate vicinity of the step when compared to the flow over BFS in the open 

channel from flow over BFS in the closed channel. Moreover, Ampadu-Mintah et al. 

(2012) studied smooth and rough BFS and concluded that surface roughness does not affect 

vorticity thickness and mean XL. He used a wire mesh, sand paper 36 grit and a reference 

smooth step. The experiments were conducted in an open channel flow using PIV. A step 
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height of 9 mm and the Reynolds number was kept constant, i.e., Reh = 3240. It was 

observed that the streamwise mean velocity and spatial structures of the two point 

correlation of streamwise and wall-normal velocity fluctuations were independent of 

roughness in the recirculation and redevelopment region. 

  

 Le et al. (1997) used direct numerical simulation (DNS) to investigate the flow over 

a BFS located in recirculation and redevelopment regions downstream. It was observed 

that the turbulent kinetic energy budget was not in local equilibrium (i.e., production ≠ 

dissipation) in the recirculation region located immediately after the step. Moreover, the 

peak of production was higher than the peak of dissipation by almost 60%. Wang et al. 

(2012) used large eddy simulation to predict turbulent flow in the separated and reattached 

flow regions downstream of a backward-facing step. Simulations were carried out at a Reh 

of 28,000 with ER = 1.25. Turbulence models showed good agreement with available 

experimental study done by Adam et al. (1984). A deviation in the XL obtained from 

experiments and that of simulations was about 1.2%. It was inferred that the fluctuation 

peaks is caused by an impingement mechanism, in which large eddies, originating in the 

boundary layer, impact the wall just upstream of the mean reattachment location. 

 

Prihoda et al. (2012) performed experimental investigation of turbulent flow over 

an inclined BFS using a PIV technique. Step angles of 20o, 30o, and 45o were used and Reh 

was varied from 70,000 to 160,000. It was observed as the step inclination angle was 

increased from 20o to 45o the XL increased. They also concluded that XL is dependent on 
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inlet turbulence levels and expansion ratio but independent of the Reh for values higher 

than 15,000. 

 

 A more recent study by Wu et al. (2013) showed that an upstream wall roughness 

may also cause a decrease in the XL depending on the surface roughness features. 

Furthermore, mean flow structures demonstrate three dimensional flow features due to 

surface roughness effects. Essel and Tachie (2013, 2014) performed an experimental study 

using PIV to investigate the effect of roughness on the characteristics of separated and 

reattached shear flow downstream of a BFS. The results of the rough surface were 

compared to the reference smooth acrylic wall surface. Roughness was produced using 

sandpaper 36 and 24 grits. The results showed that roughness increased the XL by 5% and 

7% for 36 and 24 grits sandpapers, respectively, for a constant Reh of 7050.  

 

With regard to pressure gradient flow studies, Driver and Seegmiller (1985) studied 

APG flows using diverging channels over a BFS. The top wall was inclined at an angle 0o 

to 10o, with a trailing edge starting from the edge of the step. Their results showed that in 

presence of APG the XL increases. For example, as the angles are increased from 0o to 10o, 

the XL increases by almost 65%. Furthermore, it was observed that displacement thickness 

and momentum thickness increases as APG increases. However, mean velocities, Reynolds 

stresses, and triple velocity correlations were not considerably affected. Recently, Essel et 

al. (2013) performed an experimental study using PIV technique of flow over BFS and 

compared zero pressure gradient channel flow (ZPG: parallel channel) with that of APG 

flow. The BFS step height was 9 mm and Reh of 9000 was studied. Their results concluded 
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that in case of APG the centre of recirculation region and XL is slightly higher. It was 

observed that APG slightly increased the the turbulent quantities. 

 

2.1.2 Flow over ribs 

This section reports the results of studies on flow over ribs. Bergeles and 

Athanassiadis (1981) investigated the effect of obstacle aspect ratio (i.e., the ratio of 

obstacle length to obstacle height) on the mean XL. They observed that for obstacle width 

smaller than 4h (h = rib height), the boundary layer separating from the leading edge of the 

rib reattaches past the rib. It was also concluded that XL decreases linearly with rib width.  

 

Tachie (2007) studied transverse square ribs in an asymmetric diffuser using 

particle image velocimetry and found that APG and rib roughness increased levels of the 

turbulent intensities, Reynolds shear stress and production terms compared to the smooth-

wall zero pressure gradient turbulent boundary layer. Shah and Tachie (2008) later used 

PIV to study the flow over a transverse square rib in an APG. Significant differences were 

observed in the lower boundary layer whereas the upper boundary layer of the separated 

region showed no obvious differences. Moreover, Agelin-Chaab and Tachie (2008) 

conducted a comprehensive PIV study of APG and favorable pressure gradient flows over 

two-dimensional (2D) square ribs and found that, in the presence of ribs, the boundary 

layer at the upper walls becomes thinner. 
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2.2 Forward Facing Step Studies 

2.2.1 Flows over forward facing steps 

Figure 1.2 (Chapter 1) shows a schematic diagram of FFS and the mean flow 

features. A Cartesian coordinate system is devised such that the x-coordinate is aligned 

with the streamwise direction whereas the y-coordinate is aligned with the wall-normal 

direction as shown. Also shown is that x = 0 is at the leading edge of the step, and y = 0 is 

at the top surface of the step as shown in the figure. 

 

   As the flow approaches the step, it separates due to the presence of the leading 

edge of the step. However, it reattaches at the top of the step surface at a distance XL 

downstream, known as the reattachment length, as indicated in Fig. 1.2. There is a 

separation region formed at the foot of the step because of the APG formed due to the 

blockage of flow at the step front face (Sherry et al., 2010) and another recirculation region 

is formed on top of the step due to the severe APG created in the presence of the step 

resulting in a back flow (Essel et al., 2014). The reattachment point indicated in Fig. 1.2 

fluctuates within the reattachment zone due to the unsteadiness of the instantaneous flow. 

In general, a new boundary layer starts developing after reattachment and the shear layer 

may be significantly distorted due to complex interaction of the separated shear flow and 

the adjacent flow (Kim et al., 1980). The leading edge of the step induces separation and 

acts as the sole one fixed point of separation.  There are a number of parameters that affect 

XL including: the step length (L) to step height (h) ratio (L/h); the step span (W) to step 

height ratio (W/h); and boundary layer thickness (δ) to step height ratio (δ/h), which will 

be discussed later (Castro & Dianat, 1983). 



15 
 

Castro and Epik (1998) performed experimental work of flow over a blunt plate of 

height h = 9.6 mm at Reh = 6500 using hot wire and Preston tubes in a closed channel. They 

concluded that flow slowly redevelops after the separated region and is non-monotonic in 

nature. They also found that transverse turbulent intensity and Reynolds shear stress retain 

peaks at reattachment for much longer as compared to streamwise turbulent intensity. 

 

Tachie et al. (2001) used a laser-Doppler anemometer to study flow over a FFS in 

a shallow open channel flow for Reh in the range of 960 to 1890 and concluded that the 

overlap region of the boundary layer develops more slowly than the inner and outer regions 

of the boundary layer. Largeaua and Moriniere (2007) studied the effect of step heights on 

(XL) in an open test section wind tunnel for Reh = 7.7 × 104 to 12.80 × 104 and found that 

when h was increased from 30 mm to 50 mm, the XL increases  linearly from 3.5h to 3.75h. 

Awasthi et al. (2014) studied flow over FFS using hot-wire anemometry for Reh in the 

range 6640 to 213000 and found XL values of 2.3h to 4.2h. Shah and Tachie (2007) studied 

FFS in an open channel flow and found that XL decreases as h is increased from 6 mm to 9 

mm, and concluded that turbulence is enhanced in the presence of FFS. Additionally, 

Sherry et al. (2009, 2010) performed an extensive study on FFS in an open channel flow 

and showed that the XL increases linearly with Reh up to 8,500 and is weakly dependent for 

Reh > 8500. 

 

Camussi et al. (2008) studied FFS of height 20 mm using time resolved PIV for Reh 

ranging from 8,800 to 26,300. They found the corresponding XL values ranging from 1.5h 

to 2.1h, respectively. More recently, Essel et al. (2014) reported a study in closed channel 
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flow and found that XL increases linearly with Reh up to 6,380. However, XL values for 

closed channel flow are lower than those reported for open channels. 

 

In addition to the above, some authors have studied the effect of surface roughness 

on the XL over a FFS. For instance, Wu and Ren (2011, 2013) performed PIV measurements 

in an open circuit, boundary layer wind tunnel at Reh = 3450 and indicated that the mean 

flow structure of the downstream recirculation region in the FFS becomes distorted in the 

presence of large-scale but low-amplitude roughness. The XL obtained over a FFS with 

realistic surface roughness (krms = 640 μm) was estimated to be 0.99h. This value is smaller 

than the XL values reported by Shao and Agelin-Chaab (2016) for Reh = 4800. They found 

XL values of 1.3h and 1.5h for root mean square roughness height (krms) of 240 μm and 161 

μm, respectively. In general, it can be concluded that XL decreases with increasing surface 

roughness consistent with previous studies (Wu & Ren; 2011, 2013). 

 

Pressure gradient flows are found in many fluid engineering applications, including 

diffusers, draft tubes of hydro turbines and ground vehicles (Lee & Sung, 2009; Gungor et 

al., 2014, Aubertine & Eaton, 2005, Agelin-Chaab & Tachie, 2008). However, pressure 

gradient conditions can be generated in laboratory settings in many ways including the use 

of simple diverging channels. Adverse pressure gradient exists in the proximity of 

streamlined bodies such as ships or submarines, and often plays critical role in the 

performance of these devices. Adverse pressure gradient may also have significant 

practical consequences since flow separation significantly modifies the pressure 

distribution and hence lift and drag (Shah, 2008). Prior research (Kim et al., 1999) 
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demonstrated that APG increases the boundary layer thickness and also elevates the 

turbulent quantities, including Reynolds stresses. Spalart and Watmuff (1993) studied 

pressure gradient flows for the Clauser parameter ranging from -0.3 to 2 and found that 

APG increased the displacement thickness and other boundary parameters. In addition, Lee 

and Sung (2009) used direct numerical simulation to study the effects of APG on turbulent 

boundary layers and observed that the vortex structures became weak and there was a 

decrease in the mean shear near the wall in the presence of the APG. This also led to a 

reduction of Reynolds shear stresses and turbulent intensities. Furthermore, APG produced 

higher mass and momentum deficits as well as Reynolds stresses compared to zero pressure 

gradient cases (Agelin-Chaab & Tachie, 2008).  

 

 Notwithstanding all these studies, there is still limited information available in open 

literature on the effect of APG on FFS flows or the combined effect of both APG and FFS 

on turbulent flows. Earlier, Aubertine and Eaton (2005) studied the effect of APG using a 

4o inclined ramp in a closed loop wind tunnel for mild pressure gradients with the Clauser 

parameter between -1.41 and 2.31 and observed that the mean velocity considerably 

follows the log law curve. Shao and Agelin-Chaab (2014) reported the combined effects of 

APG and FFS on the redeveloping turbulence structures and concluded that the APG 

created for the study had no significant effect on the mean XL. More recently, Iftekhar et 

al. (2015) reported the effects of Reh on turbulent FFS flows in APG and concluded that 

the APG created for their study had no significant effect on the mean XL. 
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2.3 CFD Studies on Forward Facing Step 

In addition to the experimental studies, a number of numerical techniques were also 

employed to study FFS flows. Direct numerical simulation (DNS) was used by Hattori and 

Nango (2010) to investigate the recirculation region formed on top of the FFS for Reh 

ranging from 900 to 3000. It was observed that the size of the recirculation bubble 

decreases as Reh increases. Barbosa et al. (2006) used a FORTRAN code based on finite 

volume discretization and found that as the Reh is increased, more complex flow structures 

are found and then the flow is strongly three-dimensional. Ji and Wang (2010) studied 

turbulent boundary layer over forward facing steps using large-eddy-simulation and 

indicated that, if δ/h is larger than 30, the recirculation region formed on top of the step 

might disappear. Shoichiro et al. (2003) conducted three dimensional DNS simulation on 

the fluid flow over a forward step configuration at Reh = 900 and compared the results with 

the experiments reported by Shakouchi et al. (2001). Vortex shedding in the flow 

separation over the top of the step edge was observed. However, the distance between two 

consecutive vortices does not agree with the experimental results. Moreover, while steady 

shedding of the vortices from the top corner of the step is reported for the experimental 

results, the computational results show unsteady shedding of the vortices.  

 

The numerical techniques reported above are computationally expensive. 

Therefore, a few researchers have used the less expensive RANS models to compute the 

flow. Gasset et al. (2005) studied atmospheric boundary layer flow over a cliff using RNG 

k-ε based on Fluent code with (δ/h ≈ 0.7) and Reh of 50,000, and found a XL of 5h which 

was consistent with the studies of Moss and Baker (1980). Earlier, Zhang (1994) computed 
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flow over forward steps using the k-ε model based on CFD code CHENSI for similar δ/h 

and found the XL to be about 4h downstream of the step. Mansour and Hosseinverdi (2008) 

incorporated shear-stress transport (SST) k- ω model for Re=3.6×104 based on blunt plate 

thickness. Their results indicated that as the blockage ratio is varied from 3% to 40%, the 

XL decreases from 5.0h to 1.5h.  

 

2.4 Multi-Point Statistics 

Turbulence is a 3D phenomenon and is characterized by disorganized oscillations in 

time and space. However, it is considered that turbulent flow consists of orderly repeating 

structures, also known as coherent or large scale structures. Coherent structures comprises 

of a considerable amount of the total turbulence kinetic energy (Hammad & Milanovic, 

2009). However, it is very challenging to recover these coherent structures out of the flow 

field, mainly because the organized patterns are supressed in the random flow. Several 

techniques have been used to extract coherent structures and describe turbulence. These 

include proper orthogonal decomposition (POD), sampling and averaging, quadrant 

analysis, linear stochastic estimation, and variable interval time, and two-point velocity 

correlations-averaging analysis. The POD technique is a widely used technique for 

studying coherent structure in a turbulent flow. In addition, the two-point velocity 

correlations are employed to examine the distances over which the turbulence field is 

correlated across the boundary layer. A brief description of the POD technique and two-

point correlations is provided in Sections 2.3.1 and 2.3.2. 
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2.4.1 Proper orthogonal decomposition  

  POD was first introduced to fluid mechanics by Lumley (1967) and has since been 

extensively used to study turbulent boundary layer flows (Alfonsi & Primavera, 2006). 

Separated and reattached flows caused by blunt obstacles have also been studied using the 

POD technique (Shah & Tachie, 2009). POD extracts most of the energetic component of 

an infinite dimensional process in only a few modes and is considered as the most efficient 

technique (Adrian & Westerweel, 2000; Holmes et al., 1996).  The data for proper 

orthogonal decomposition can be obtained from techniques such as PIV or hotwire rakes 

which provides measurements at multiple points. Proper orthogonal decomposition has its 

application in various disciplines including mechanics, oceanography, and image 

processing (Cizmas et al., 2003). Holmes et al. (1996) and Gordeyev (1999) have given a 

comprehensive overview of POD applications to turbulent flows. Different disciplines 

name POD in different ways; however, the procedure is the same. For example, other 

names given to POD are Karhunen-Loeve decomposition, principal components analysis, 

singular systems analysis, and singular value decomposition (Holmes et al., 1996). Lumley 

(1967) considered POD as an unbiased technique for extracting large scale structures in a 

turbulent flow (Holmes et al., 1996). Lumley (1967) introduced eigenfunctions to define 

coherent structures associated with the turbulent kinetic energy (Hammad & Milanovic, 

2009) and formulated it as a maximization problem. This resulted in an integral equation 

having fixed limits, also known as Fredholm type integral equation with the correlation 

tensor as the kernel. The direct method of POD is solved using this equation (Shinneeb, 

2006). A detailed overview of this method is reported by Shinneeb (2006) and Kostas 

(2002). 
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POD was applied to fully developed turbulent pipe flows by Bakewell and Lumley 

(1967).  This is the one of first application of POD to turbulent flows. POD has been 

subsequently applied to many types of flows (Shinneeb, 2006; Bi et al., 2003; Zhou and 

Hitt, 2004; Gamard et al., 2004; Sakai et al., 2006a, b, Gordeyev and Thomas, 2000, 2003; 

Meyer et al., 2007; Iqbal and Thomas, 2007). Similarly, Reichert et al., (1994), Sen et al., 

(2007), and Moin and Moser (1989) studied channel flows using POD while Alfonsi and 

Primavera (2007), Orrelano and Wengle (2001), and Wu and Christensen (2005) 

investigated boundary layer flows. Likewise, BFS flow (Kostas, 2002, 2005; Essel, 2013), 

and 3D turbulent wall jet flows (Hall and Ewing, 2005, 2007) are also studied using the 

POD technique. Kostas et al. (2002, 2005) used POD to reveal the presence of vertical 

structures throughout the shear layer. More irregular structures were found at downstream 

locations compared to upstream locations. This suggested that with downstream distance 

there is an increase in turbulent interactions. The study suggested that large scale structures 

add more to u2 and –uv than v2 in the flow downstream of the reattachment when low order 

representation is applied to turbulent intensities and Reynolds shear stresses. Smaller scales 

structures strongly depend on Reynolds numbers whereas large scale structures do not 

depend on Reynolds numbers. This was found for a study for Reh of 580 and 4660 which 

applied POD to study turbulent flows over FFS (Sherry et al., 2010). Shear layer dynamics, 

streamwise velocity disturbance, and Reynolds shear stress were analyzed. Their 

experimental results were similar to that of Moss and Baker (1980). Turbulent flows over 

BFS were analyzed by Essel (2013) using POD. The results showed that flow structures 
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were dominant and energetic in the redevelopment region as compared to the recirculation 

region.  

 

2.4.2 Two-point correlations 

Turbulent boundary layers are characterized by coherent structures made up of 

hairpin packets. These structures contains a major portion of the total stress in turbulent 

flows and are important in understanding turbulence (Volino, Schultz, & Flack, 2007). 

Average extent and shape of hairpin-like vortex packets can be quantified using two-point 

velocity correlations. As a result, boundary layer studies have been comprehensively 

studied two-point correlation. Christensen and Wu (2005) found that, for turbulent channel 

flow, the coherent structures are inclined at an angle of 11° to the channel wall. Their 

results show similarity with values of 12° and 13° stated by Christensen and Adrian (2001) 

for turbulent boundary layers at Reynolds numbers based on friction velocity of Reτ = 547 

to 1734. Head and Bandyopadhyay (1981) earlier reported inclination angles between 

15°and 20°for Reynolds numbers based on momentum thickness Reθ between 500 and 

17500. Tomkins and Adrian (2003) reported angles between 10°and 20°at Reθ = 1015 and 

7705, respectively. For canonical turbulent flows, the experimental studies show that the 

inclination of the hairpin-like vortex packets is approximately 15°± 5°. A few more recent 

studies on hairpin vortex structures are reported by Essel (2013); Pearson et al. (2011) and 

Ardian (2011). Pearson et al. (2011) reported a statistical relationship between the flow 

characteristics of the recirculation regions in the vicinity of the step face while 

investigating the upstream and downstream separation regions in a FFS. The results 

showed a correlation between the upstream wall shear stress and the upstream extent of 
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separation. There is also agreement with the average convection velocity of the lower 

boundary layer. Flow structures of a BFS were studied by Essel (2013) using two-point 

correlation. The results showed that as the flow develops from the recirculation region to 

the redevelopment region, the physical size of the spatial structures embodied in the 

streamwise auto-correlation increases. In the wall-normal direction, the size of spatial 

structures also increases with streamwise distance. 

 

2.5 Summary of the Literature 

In this chapter, a review of the relevant studies on turbulent flows over blunt 

obstacles and separated and reattached flows is presented. The literature shows that for FFS 

in open channel flows, XL linearly increases with Reh up to 8,500. Beyond Reh = 8,500, the 

XL is weakly dependent on Reh. However, a similar study on FFS in a closed channel flow 

showed that XL linearly increased with Reh up to 6,380, and remains almost constant after 

that. This observation suggests that the effect of Reh on XL depends on the type of channel 

flow (open or close channel). Moreover, XL values for closed channel flow are lower than 

XL values found for open channel flow for the same δ/h. It implies that the variation of XL 

and blockage effects in the flow regime Reh < 8500 is not fully understood and need further 

investigation.  

 

As mentioned earlier XL is highly dependent on a number of parameter including 

L/h, W/h and Reh. In order to characterize the flow, L/h ratio should be large enough 

whereas, W/h ratio determines the dimensionality of the recirculation region. The literature 

on turbulent flow over FFS in pressure gradients is scare. Our understanding to turbulent 
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flows over FFS in APG in open literature is only limited to the studies by Shao & Agelin-

Chaab (2014) and Iftekhar et al. (2015). Therefore, there is need for more studies in this 

area to understand the flow behaviour over FFS in APG. Therefore this thesis attempts to 

provide a comprehensive study on turbulent flows over FFS in a closed channel with 

adverse pressure gradient. 
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3 CHAPTER 3 

METHODOLOGY 

This chapter presents an overview of experimental setup including measurement 

procedure, test conditions and flow qualifications, as well as an overview of the numerical 

technique and setup. Additionally, the data analysis techniques comprising of multi-point 

analysis methods such as proper orthogonal decomposition (POD) and two-point velocity 

correlations that are employed in this study are discussed. 

 

3.1 Experimental Setup and Test Facility 

The experiments were performed in a re-circulating closed water tunnel with a test 

section that was 2500 mm long, 200 mm wide and 200 mm deep. The test facility consists 

of a supporting framework, test section, flow conditioning unit, tank, centrifugal pump, 

piping, fittings and a variable speed drive to vary the flow rate as shown schematically in 

Fig. 3.1 and discussed in detail in Paul (2006). To facilitate optical access, the test section 

of the channel was constructed with clear acrylic 

 

Figure 3.2 also shows a schematic of the sectional side view of the test channel with 

the associated dimensions. The test channels with different diverging angles were inserted 

into the test section indicated in Fig. 3.1 and screwed to the bottom wall of the test section. 

The diverging channels were used to create adverse pressure gradients. In particular, the 

upper wall of the channel was diverged at an angle (α) to the horizontal, as shown in Fig. 

3.2. Three different angles were considered for this study: α = 0o, 2o and 4o (hereafter 
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denoted by APG-0, APG-2 and APG-4, respectively). Three Reynolds numbers of 1600, 

3200 and 4800 were carefully selected as the reattachment length XL is sensitive below Reh 

= 8500 as indicated in literature review (Sherry et al., 2010, Essel et al., 2014). 

 

The coordinate system used were such that x = 0 is at the leading edge of the step 

and y = 0 is at the top surface of the step as shown in Fig. 3.2. A FFS of height h = 6 mm 

resulting in a blockage of 11.6 % was selected to fill the gap in literature and a length L = 

1300 mm was used to induce flow separation. This implies that L/h ≈ 217 is large enough 

to characterize the flow (Largeaua & Moriniere, 2007). To minimize three-dimensionality 

of the flow over the step, the aspect ratio (AR = W/h) = 31, was used which is significantly 

larger than the minimum value of AR = 10 required to establish a two-dimensional mean 

flow at the mid-span of the test section (De Brederode & Bradshaw, 1972). Trips were 

added to the channel inlet to facilitate rapid development of the flow.  

 

Figure 3.1: Schematic of the water tunnel: 1) honeycomb; 2) perforated plate; 3) test 

section; 4) tank; 5) pump; and 6) variable speed controller. (Paul, 2006). 
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Figure 3.2: Schematic of sectional a side view of the insert used to create pressure 

gradients and approximate locations of the measurement planes. 

 

3.1.1 PIV System and Measurement Procedure 

In this thesis, a particle image velocimetry technique (PIV) was used to measure 

the velocities in several planes. In particular, a planar PIV was used. The measurements 

were conducted only in the x-y planes, according to the coordinate system defined above, 

and at the middle of the channel. In PIV, velocity vectors at an instant are simultaneously 

measured in a flow field. A detailed description of the principles of PIV is reported in Shao, 

2014; Shah, 2008; and Agelin-Chaab, 2011 and will not be discussed. However, the basic 

principles can be described briefly below. 

 

A PIV system comprises a laser source used to illuminate the flow field. A camera 

is used to capture the flow field, and a data acquisition system is used to acquire and process 

the images. The basic principle of the PIV involves the following. A flow field is seeded 

with small light emitting particles that are presumed to faithfully follow the fluid flow. The 

flow field is then illuminated by two pulses of laser sheet separated by a time delay, Δt. 

The light scattered by the seeding particles and two successive images are recorded. The 
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images are divided into grids called interrogation areas. For each interrogation area, a 

numerical correlation is applied to determine the displacement of particle between 

successive images. The velocity, V, for a particular interrogation area is then obtained as V 

= Δs/Δt. It should be noted, Δs is the local displacement of particle and ∆𝒕 is the time 

between two light pulses. A velocity vector map over the whole target area is obtained by 

repeating the correlation for each interrogation area over the two image frames captured. 

Each interrogation area produces one velocity vector.   Since the entire flow field can be 

analyzed at once, the PIV provides simultaneous whole field measurement.  

 

In this thesis, the flow was seeded with poly methyl methacrylate particles coated 

with a fluorescent dye, Rhodamine B. The particles have a mean diameter and density of 

10 μm and 1.19 g/cm3, respectively. The fluorescent dye absorbs light at a wavelength of 

550 nm and emits orange light at a wavelength of 590 nm.  

  

The determine whether particle follow the flow faithfully, the particle settling 

velocity (vs) and response (tr) were determined as follows: 

 

     𝑣𝑠 = 
(𝜌𝑝−𝜌𝑓)𝑔𝑑𝑝

2

18𝜇𝑓
                                 (3.1) 

 

                                        𝜏𝑟 = 
𝜌𝑝𝑑𝑝

2

1 8𝜇𝑓
  ,                                                        (3.2) 

where,  𝜌𝑝 = particle density, 𝜌𝑓 =fluid density, 𝑔  = gravity, 𝑑𝑝= particle diameter, 𝜇𝑓= 

viscosity of fluid. 
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From this equations, the values of the settling velocity and response time of the 

particles were determined as vs = 1.04 × 10-6 m/s and tr = 6.61 × 10-6 s, respectively. 

Comparing the approach centerline mean velocity, Um = 0.80 m/s, and settling velocity, it 

is obvious that, the settling velocity is negligible. Furthermore, the response time of the 

particle is negligible compared to the average sampling time of 470 μs used for the current 

study.  Based on above parameters, it can be concluded that the seeding particles faithfully 

follow the flow path. 

 

To illuminate the flow field, Nd:YAG based double-pulsed laser emitting green 

light at a 120 mJ/pulse with wavelength of 532 nm. To capture the light emitted from the 

particles, a 12-bit CCD camera, having 2048 pixel × 2048 pixel array with pixel pitch of 

7.4 μm, was used. In order to control the trigger rate of the laser and image capturing time 

of the CCD camera, a synchronizer was used. An orange light of wavelength of 570 nm 

was emitted when the fluorescent seeding particles absorbed the green laser light. The CCD 

camera had an orange filter at a band pass of 570 nm wavelength.  

 

A field of view of 60 mm × 60 mm was set in order to obtain measurement of each 

plane. Measurements were taken at six planes (ie., P0 to P5) that covered a distance from 

-30h upstream to 68h downstream with respect to the leading edge of the step and are 

shown in Fig. 3.3.  
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Figure 3.3: Schematic of sectional side view of the parallel test channels. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Based on preliminary convergence tests (not shown), a sample size of 4000 

instantaneous image pairs was acquired in each plane and post-processed using the 

adaptive correlation option of Dynamic Studio version 3.41. A 32 pixels  32 pixels 

interrogation window with 50% overlap was used to process the instantaneous image pairs 

resulting in a vector spacing of 0.47 mm. These 4000 image pairs were obtained in a time 

slot of 25 mins and are later used to obtain mean velocity and turbulent quantities. This 

large sample ensures better average and less precision error.  

 

3.1.2 Test conditions and flow qualification 

Before making measurements, data were extracted at -20h (upstream of the step) to 

characterize the nature of the approach flow. The Reynolds numbers based on the step 

height (h) were Reh = Umh/ = 1600, 3200 and 4800; where Um is the maximum approach 

velocity and  is the kinematic viscosity of water. As mentioned earlier, measurements 

were conducted at five additional planes (P1, P2, P3, P4, P5) ranging from -2h upstream 

of the leading edge of the step up to 68h downstream, as illustrated in Fig. 2. For the step 
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height of h = 6 mm used, the blockage ratio, defined as the ratio of the maximum cross-

sectional area of the test model to the test section’s cross-sectional area, was about 11.8%.  

 

3.1.3 Measurement uncertainty  

A measurement uncertainty analysis was undertaken based on the AIAA standard 

described by Coleman and Steele (1995) and methodologies described in Prasad et al. 

(1992) and Forliti et al. (2000) for analyzing errors in PIV measurements. A detailed 

uncertainty analysis of the velocity measurements performed for the present study is 

presented in Appendix A. Based on the precautionary measures taken during the 

experiments, the size of interrogation area, Gaussian peak-fitting algorithm and filtering 

used to calculate the instantaneous vector maps, and the large number of instantaneous 

images used to calculate the flow statistics, the uncertainty in the mean velocities at 95% 

confidence level was estimated to be ±2% of the streamwise mean velocity. In addition, 

the uncertainties in the Reynolds stresses and triple products are estimated to be 8% and 

±14%, respectively. 

 

3.2 Numerical Setup 

A turbulence model in ANSYS Fluent was used to simulate the above flow 

conditions to obtain the reattachment lengths (XL) using the experimental results for 

validation. In this section, the setup for the numerical analysis including the domain, mesh 

generation, boundary conditions and working fluid used as well as turbulence models 

applied for this study are discussed.  
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3.2.1 Domain 

In order to have a good agreement between the numerical results and experimental 

data it was ensured that the computational domain is sufficiently large (Muntean et al., 

2005). The total channel length used for the numerical analysis was 600 mm. The rest of 

the domain dimensions are shown in Fig. 3.3. The distance from inlet to the leading edge 

of the step is 240 mm.  

 

3.2.2 Mesh generation 

Unstructured tetrahedral mesh was generated using ANSYS T-Grid.  The region 

from -2h upstream to 4h downstream and the height of 2.5h there was grid refinement to 

capture the wall effects recirculation region as shown in Fig. 3.4. The coarseness of the 

mesh was gradually increased. Inflation layers were introduced at the bottom and upper 

walls. Mesh quality was checked based on the quality histogram. The present results show 

that less than 0.01% of the elements have a quality below 0.2 indicating that quality is good 

as shown in Appendix B (Fig. B.4). In general mesh that consists of elements above a 

quality of 0.2 is considered acceptable (ANSYS, CFX-5 Manual). To ensure that numerical 

results are mesh independent, grid independence tests were conducted. As shown in 

Appendix B, there is negligible effect in the reattachment points was observed for mesh 

elements greater than 10 million. Based on this analysis, the computational grid consisting 

of around 14 million elements was employed in this study. 
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3.2.3 Boundary conditions and working fluid 

RANS models available in Fluent were used with enhanced wall treatment (y+=1) 

as the near wall function. A uniform freestream velocity inlet boundary condition for 

incompressible flow was applied upstream of the step. Average velocity was applied at the 

inlet using a derived relation valid for channel flows (Fox & McDonald, 2014). Inlet and 

outlet boundary conditions are set based on the turbulent intensity and turbulent length 

scale (Fluent Manual, 2009). Turbulent intensity of 5% was used to be consistent with the 

value obtained by the experimental study. Pressure outlet boundary condition was applied 

at the outflow surface and was located far downstream of the step to reduce the influence 

of the outflow conditions and on all other surfaces the no-slip boundary condition was 

applied. The flow was considered incompressible, steady state and turbulent. Water was 

chosen as the working fluid with a density of 998.2 kg/m3 and dynamic viscosity of 1.002 

x 10-3 N s/m2.  

 

 

Figure 3.4: Mesh refinement layout with step inclination angle, γ. 
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3.2.4 Turbulence Models  

Standard k-ε model is a two equation model in which two partial differential transport 

equations are solved for turbulent kinetic energy and turbulent dissipation rate. This model 

is known for its robustness and economy, however it performs poorly (Yang et al., 2005) 

when applied for the non-equilibrium boundary layers with adverse pressure gradients. The 

RNG k-ε model (Lien & Leschziner, 1994) includes the effect of swirl on turbulence by 

modifying the turbulent viscosity. The RNG k-ε model is known to give better results for 

stalled, complex, heavily deformed, recirculation and unsteady flow (Gasset et al., 2005; 

Launder & Spalding, 1974). This model is more computationally expensive than standard 

k-ε model due to additional term in the ε equation. The SST model uses a blending function 

which activates k-ω model near the wall but switches to k-ε model away from the wall. 

Among eddy-viscosity models, this model performs fairly well in many applications 

(Anwar-ul-Haque et al., 2007). For this study, a number of turbulence models including 

RNG k-ε, Realizable k-ε, STD k-ε, k-ω, Transition SST were initially applied the flow and 

the experimental data was used to validate the results. The results consistently showed that 

the RNG k-ε provided the best results for the present setup and boundary conditions. Based 

on this, the RNG k-ε was subsequently used for the numerical analysis in this thesis. A 

brief overview and governing equations are presented below.  
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3.2.5 Overview of the RNG k-ε model 

The RNG k-𝜖 model (Yakhot et al., 1992) was derived using a statistical technique 

(called renormalization group theory) from the standard k-𝜖 model (Launder & Sharma, 

1974) in order to close the turbulent model.  

The turbulent kinetic energy transport equation is (Gasset et al., 2005) 

𝛛𝑘

𝜕𝑡
+ �̅�𝑗

𝜕𝑘

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑗
[(𝑣 +

𝑣𝑡

𝜎𝑡
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝑃 − 𝜀                    (3.3) 

where  

𝑃 = −𝑅𝑖𝑗
𝜕𝑈𝑖

𝜕𝑥𝑗
                                            (3.4) 

𝑣𝑡 = 𝐶𝜇
𝑘2

𝜀
  ,                                               (3.5) 

and k is turbulent kinetic energy, v is the laminar viscosity, vt is turbulent viscosity, 𝐶𝜇is 

constant, P is the averaged gradient production, 𝜀 is the turbulent dissipation rate, 𝜎𝑡 is 

closure constant determined experimentally. 

The transport equation for turbulent dissipation rate 𝜖 is: 

                     
𝛛𝜀

𝜕𝑡
+ 𝑈𝑗

𝜕𝜖

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑘
[(𝑣 +

𝑣𝑡

𝜎𝜀
)

𝜕𝜖

𝜕𝑥𝑘
] +

𝜀

𝑘
(𝐶1𝜀𝑃 − 𝐶2𝜀𝜖)    (3.6) 

where 𝐶1𝜀,  𝐶1𝜀, 𝜎𝜀 are closure constants determined experimentally 

In RNG k-𝜀  only 𝜖 is modified. 
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𝛛𝜀

𝜕𝑡
+ �̅�𝑗

𝜕𝜖

𝜕𝑥𝑗
=

𝜕

𝜕𝑥𝑘
[(𝑣 +

𝑣𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑘
] +

𝜀

𝑘
((𝐶1𝜀 − 𝐶1𝑅𝑁𝐺)𝑃 −  𝐶2𝜀𝜀)                (3.7) 

𝐶1𝑅𝑁𝐺 =
𝜂(1−

𝜂

𝜂𝑜
)

1+𝛽𝜂3
                                                         (3.8) 

𝜂 = (
𝑃

𝑣𝑡
)1/2 𝑘

𝜀
                                                             (3.9) 

where 𝜂𝑜 and 𝛽 are additional constants. 

A number of commercial CFD software are available (e.g., STAR-CD, COMSOL, 

Fluent, and CFX), however, Fluent was employed in this study based on its availability and 

industry leading capabilities. It was ensured that the normalized numerical residuals of 

continuity, momentum and energy were in the order of magnitude 10-6 and solution was 

considered converged as numerical residuals reached the convergence criteria. The solution 

did not change much after this criteria was achieved.  

 

3.3 Multi-Point Analysis 

In addition to signal point analysis, multi-point analysis such as proper orthogonal 

decomposition and two-point correlation were applied to study the coherent structures in 

the flow. This section provides the overview of the POD two-point correlation techniques 

employed in this thesis. 
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3.3.1 Proper orthogonal decomposition   

In this section implementation of POD is discussed. POD is a post processing 

technique. POD was first introduced in context of fluid mechanics by Lumley (1967). It 

takes a given set of data and extracts basis functions that contain as much “energy” as 

possible. Maximum energy is contained in large scale structures. It should be noted that 

scales refer to the vortices or eddies. 

 

The snapshot method for POD proposed by Sirovich (1987) is employed in this 

study and the procedure proposed by Meyer et al. (2007) was implemented. By this method, 

the total number of velocity vectors in each PIV snapshot is indicated as M and the total 

number of snapshots is indicated as N.  This approach considers the fluctuating parts of the 

velocity components (𝑢𝑗
𝑛 ,𝑣𝑗

𝑛), where u, and v denote the fluctuating part of each of the two 

velocity components in streamwise and wall-normal directions, respectively. The index i 

runs through N snapshots (i.e., i = 1,…, N), while j runs through M positions of velocity 

vectors in a given snapshot (i.e., j =1,…,M). A detailed overview of the snapshot POD has 

been discussed by Shah and Tachie (2009). 

 

The POD snapshot method as introduced by Sirovich (1987) is applied in this study. 

Sirovich (1987) discussed that, if the number of snapshots N is less than the total velocity 

vectors in a given snapshot donated by M, i.e. if N < M, it is inefficient to compute by the 

direct integral method. This is because that the direct integral method involves (M 3 + M 

2N) operations for convergence which is a fairly large number. One such example is data 

from PIV, where the number of vectors is larger than the number of observations. Sirovich 
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(1987) introduced and implemented a snapshot method which is less time consuming and 

computationally efficient as compared to the direct method. The snapshot method requires 

(N3 + N2M) for convergence. Empirical eigenfunctions can be efficiently computed using 

the snapshot method which is a numerical technique and gives comparable results to the 

integral method (Sirovich, 1987). Graftieaux et al. (2001) tested and compared both 

methods in their study of unsteady turbulent swirling flows and found no significant 

differences in their results.  

 

It was observed by Breuer and Sirovich (1991) that the reliability of the snapshot 

procedure improves as the number of snapshots N increases and the computed energy 

spectra approaches the analytical spectra. Furthermore, if N > M, false eigenvalues would 

be generated. However, eigenvalues would provide valid approximation to the analytical 

spectra if N < M.  

 

The snapshot based procedure outlined by Meyer et al. (2007) is implemented and 

is described below. 

 

The ensemble average velocity for N number of snapshots is given by: 

�̅� =
1

𝑁
∑ �̂�𝑛𝑛

𝑖=1                                    (3.10) 

 

The fluctuating part of velocity is given as 

𝑢 =  �̂� − �̅�                         (3.11) 
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where �̂� is the instantaneous velocity. 

All fluctuating velocity components from the N snapshots are arranged in a matrix U as 

follows: 

                                U= [𝑢1 𝑢2     … 𝑢𝑁] = 

[
 
 
 
 
 
𝑢1

1 𝑢1
2

⋮ ⋮
𝑢𝑀

1 𝑢𝑀
2
    

⋯ 𝑢1
𝑁

⋮ ⋮
⋯ 𝑢𝑀

𝑁

𝑣1
1 𝑣1

2

⋮ ⋮
𝑣𝑀

1 𝑣𝑀
2
    

⋯ 𝑣1
𝑁

⋮ ⋮
⋯ 𝑣𝑀

𝑁 ]
 
 
 
 
 

                                    (3.12) 

 

The N × N auto covariance matrix is obtained from  

𝐶 = 𝑈𝑇𝑈             (3.13) 

 

A set of N eigenvalues 𝜆𝑖, and corresponding set of orthonormal eigenvectors,  𝐴𝑖 which 

satisfy the relation, 

                                                    C𝐴𝑖 = 𝜆𝑖𝐴𝑖                                                  (3.14) 

 

It can be evaluated from the auto covariance matrix, where i = 1,..., N. Here the eigenvalues 

are ordered by decreasing value: 

𝜆𝑖 > 𝜆𝑖 > ⋯𝜆𝑛 > 0                                        (3.15) 

 

An eigenvector is a vector whose direction remains unchanged when a linear 

transformation is applied to it. The normalized POD modes (𝜙𝑖)are constructed from the 

projection of the eigenvectors (𝐴𝑖) of equation (3.14) on the original fields as follows: 

                    𝜙𝑖 =
∑ 𝐴𝑛

𝑖 𝑢𝑛𝑁
𝑛=1

‖∑ 𝐴𝑛
𝑖 𝑢𝑛𝑁

𝑛=1 ‖
     i= 1,…..,N,                              (3.16) 
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where, the 𝐴𝑛
𝑖 is the nth eigenvector corresponding to 𝜆𝑖 from equation (3.14). Here ‖  . ‖ is 

the L2- norm defined as  

‖𝑦‖ = √𝑦1
2 + 𝑦2

2 + ⋯+ 𝑦𝑀
2                                        (3.17) 

 

The function 𝜙𝑖are called empirical eigenfunctions, coherent structures, or POD 

modes. Note that the eigenvalues represent the kinetic energy associated with each POD 

mode. The total energy for N POD modes is given by the sum of all the eigenvalues as  

𝐸 = ∑ 𝜆𝑖𝑁
𝑖=1                                                  (3.18) 

  

Meanwhile the energy fraction associated with ithmode is given by 

𝐸𝜆 =
𝜆𝑖

𝐸
                                                     (3.19) 

  

The expansion or POD coefficients, ai, of each mode were calculated by projecting 

the data set corresponding to the fluctuating part of velocity onto the calculated 

eigenfunctions: 

𝑎𝑛 = 𝜓𝑇𝑢𝑛                                                  (3.20) 

 

where, 𝛙 = [∅1   ∅2 … .∅𝑁] 

 

The fluctuating velocities can be restructured using: 

𝑢𝑛 = ∑ 𝑎𝑖
𝑛∅𝑖 = 𝜓 𝑎𝑛𝑁

𝑖=1                                         (3.21) 
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3.3.2 Two-point correlation  

The turbulence field can be related by both distance and time scale, depending on 

whether the flow field is time resolved or steady. Two-point correlation can also be used 

to estimate the integral as well as the Taylor micro length and time scales. Turbulent 

boundary layers have been comprehensively studied using two point correlations.  

 

The two-point correlation function is defined as follows (Volino et al., 2007): 

 

                             RAB=
<𝐴(𝑟1,𝑟2)𝐵(𝑟1+𝛥𝑟1  ,  𝑟2+𝛥𝑟2)>

𝜎𝐴𝜎𝐵
 ,                                       (3.22) 

 

where, A and B are the quantities of interest at two locations separated in the 

streamwise and wall-normal directions by Δr1 and Δr2, and σA and σB are the standard 

deviations of A and B based on total vector fields in the x-y plane. The symbols <...> denote 

the average. In the present study, σA and σB represent the turbulent intensities I where A 

and B are the fluctuating velocities u and v, respectively. This equation can be applied to 

both autocorrelation or cross correlations. For example, the autocorrelation function for 

uu is defined as  

 

               Ruu=
<𝑢(𝑟1,𝑟2)𝑢(𝑟1+𝛥𝑟1  ,  𝑟2+𝛥𝑟2)>

𝐼𝑢𝐼𝑢
                                 (3.23) 

 

Similarly, the autocorrelation function for vv is defined as 
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      Rvv=
<𝑣(𝑟1,𝑟2)𝑣(𝑟1+𝛥𝑟1  ,  𝑟2+𝛥𝑟2)>

𝐼𝑣𝐼𝑣
                                (3.24) 

 

Moreover, to compute the qualitative observations made in the previous section, 

the streamwise and wall-normal extent of the auto-correlation contours are estimated. In 

accordance with Volino et al. (2007), the streamwise length of Ruu (Lxuu) defined as two 

times the distance from the self-correlation peak to the most downstream point on the 0.5 

contour level. On the other hand, the wall-normal length of Ruu (Lyuu) is defined as the 

distance between the closest and furthest points on the 0.5 contour level from the step 

surface. Similarly, the streamwise length of  Rvv (Lxvv) is defined as the streamwise distance 

between the most upstream and downstream points on the 0.5 contour level while wall-

normal length of Rvv (Lyvv) is the wall-normal distance between the closest and furthest 

points on the 0.5 contour level from the step surface. It should be noted that in the 

subsequent sections (i.e., Section 4.4) the superscript (*) denotes normalization by the step 

height (h). 

 

Two point correlations can used to identify the shape and size of these hairpin like 

vortex packets (Volino et al., 2007). For example, the angle of inclination of the spatial 

autocorrelation in the streamwise direction, Ruu(x), can be interpreted as the average 

inclination of the hairpin packets (Volino et al., 2007). The angles of inclination of Ruu 

were estimated by fitting least-squares through points farthest away from the self-

correlation peak at contour level of 0.5. 
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4 CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Mean Flow 

4.1.1 Reattachment length 

4.1.1.1 Experimental results 

For the experimental work, the reattachment lengths (XL) as defined in Fig. 1.2 

(Chapter 1) were determined as the average of two identifying techniques: (1) the point 

where the dividing streamline indicated in Fig. 1.2 is zero (i.e., ψ = 0); and (2) the point 

where the 50% of the forward fraction line reattaches to the top surface of the step after 

separation. An in-house Matlab code was developed to extract these quantities. The 

normalized mean reattachment length (XL
*) obtained from the experiments for each test 

condition are listed in Table 1. The error in estimating XL is 0.1h. From the data in the table, 

it is observed that for APG-0, increasing the Reynolds number (Reh) from 1600 to 4800, 

increased the values of XL
*. This is expected since increasing the Reh increases the flow 

momentum allowing it to travel a farther distance before reattachment. These results are 

also consistent with previous studies (Largeau & Moriniere, 2007; Sherry et al., 2009, 

2010; Hattori & Nagano, 2010). For example, Sherry et al. (2009, 2010) reported that XL
*
 

increases linearly with Reh up to 8,500. However, when the APG is increased in the present 

study as is the case of APG-2 and APG-4, there is no significant increase in the XL
* values 

with an increase in the Reh. This implies that the increase in APG basically nullifies the 

effect of the increase in the Reh observed in the APG-0 case. Note that APG-0 represents 

the case of parallel channels. 



44 
 

 

Table 4.1: Reattachment length (XL) values for Reh = 1600, 3200 and 4800; and APG-0, 

APG-2 and APG-4 

Test Angle 

α (o) 

Reynolds 

number  

Reh 

Reattachment 

length 

XL
* 

 

APG-0 

 

 

0 

 

1600 1.7 

3200 1.8 

4800 2.3 

 

APG-2 

 

 

2 

1600 1.9 

3200 1.8 

4800 1.9 

 

APG-4 

 

 

4 

1600 2.1 

3200 2.2 

4800 2.2 

        Note: XL
*= XL/h; Reh = Umh/ 

 

4.1.1.2 Numerical results 

In addition to the experimental data, CFD studies were first conducted on step 

heights of 6 mm with varying Reh values using RANS models (i.e., RNG k-ε, Realizable 

k-ε, STD k-ε, k-ω, Transition SST) and compared with the experimental results. The 

reattachment lengths (XL) were determined as the average of two techniques: (1) the 

distance from the leading edge of the step to the point where the first dividing streamline 

reattaches to the top of the surface; and (2) where the wall shear stress changes its sign 

from negative to positive. It was observed that the XL
* values obtained from RNG k-epsilon 

were in good agreement with the experimental values. The experimental and numerical 

results are consistent with only 3% difference. Furthermore, this observation is consistent 
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with Gasset et al. (2005). Therefore, the RNG k-ε was employed to study the XL
* values for 

step heights of 3 mm, 6 mm, 9 mm, 12 mm and 15 mm, which resulted in blockage ratios 

(h/H) of 5.88%, 11.76%, 17.6%, 23%, and 29.5 %, respectively. The Reh in the range of 

1600 to 8000 was used. This study is therefore an extension of the blockage ratios reported 

by Sherry et al. (2010) from 3.2% to 9.73%. The CFD results for increasing step heights 

are reported in Table 2. The results show that as Reh is increased from 1600 to 8000, the 

reattachment also increased because of the corresponding increase in the flow momentum. 

It was observed that increasing the step height h at a constant Reh, the XL
* values decrease. 

 

Table 4.2: Reattachment length (XL) values for Reh in the range 1600 to 8000; and APG-

0, at step heights of 3 mm, 6 mm, 9 mm, 12 mm and 15 mm. 

Note: XL
*= XL/h; Reh = Umh/    

 
Furthermore, the RNG k-ε was also employed to study the XL

* values for step 

inclination angles (γ) of 22.5o to 125o at 22.5o increment for a constant Reh of 4800. It was 

observed that as step inclination angle is increased from 22.5o to 125o, the XL
* values 

decreased from 3.45 to 1.76. This is consistent with the fact that as the leading edge of the 

step changes its angle from acute to obtuse, the XL
* also decrease. For example as in case 

 

 

Reynolds 

number 

Reh 

Reattachment Length 

XL
* 

Experiment RNG k-ε 

Step height, h 

6 mm 3 mm 6 mm 9 mm 12 mm 15 mm 

1600 1.70 1.86 1.75 1.55  1.45  1.27 

3200 1.80 2.10 1.83 1.57  1.47  1.32 

4800 2.30 2.50 2.35 2.27  2.08  1.80 

6400 - 3.13 2.95 2.68 2.50 2.26 

8000 - 3.66 3.50 3.11 3.10 2.53 
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of γ = 125o, flow comparably moves smoothly over the step resulting in less XL
*. It should 

be noted that XL
* values are from the leading edge of the step to the point of reattachment.  

 

Table 4.3: Reattachment length (XL) values for Reh = 4800; and APG-0 at different step 

inclination angles (γ) as indicated in Fig. 3.4. 
 

Test: APG-0 

Step Inclination angle (γ) XL
* 

22.5o 3.45  

45 o 3.10  

67.5 o 2.75  

90o 2.35  

112.5 o 1.98  

135 o 1.76  

           Note: XL
*= XL/h; Reh = 4800, Model: RNG k-ε 

 
 

4.1.2 Profiles of mean velocities 

4.1.2.1 Reynolds number effect 

As discussed earlier, the data were obtained up to 68 step heights downstream of 

the leading edge of the step For Reh effect, in this and subsequent sections; the first three 

locations (a)-(c) are used to study the flow in the recirculation region and the other three 

locations (e)-(f) are used to study the evolution of the flow in the reattachment region and 

immediately after reattachment. At each location, five profiles are shown. The profiles for 

APG-0 at Reh = 1600, 3200, and 4800 are used to reveal the effect of increasing Reh. 

Furthermore, two profiles, namely P0 at Reh = 1600, and 4800 obtained at -20h upstream 

are plotted as the baseline profiles. It should be noted that all quantities in this and 
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subsequent figures are made dimensionless using maximum velocity Um of the approach 

flow, which was measured at x = -20 h upstream of the leading edge of the step. 

 

The profiles of normalized streamwise mean velocities are reported in Fig. 4.1 and 

show that the overall mean velocities for APG-0 at Reh = 1600, APG-0 at Reh = 3200 and 

APG-0 at Reh = 4800 collapsed beyond x/h =2, indicating no significant effect of increasing 

the Reh on the mean flow beyond the recirculation bubble. However, at x/h = 2 for APG-

0, the velocity profiles are larger for higher Reh, which is also consistent with the 

reattachment lengths reported in Table 1. Moreover, the profiles of the mean velocities for 

Fig. 4.1 (a)–(c) show negative velocities in the region close to the wall, which corresponds 

to the recirculation bubble.  

 

Figure 4.2 shows the profiles of the normalized wall-normal mean velocities V/Um.  

The values are generally positive for Fig. 4.2 (a)-(b) indicating vertical motion of the flow 

away from the wall at y/h = 0. However, in Fig. 4.2 (c)-(e), there is a vertical flow towards 

the wall as indicated by negative values in the region y/h < 1.0. At y/h ≈ 8.0, which 

corresponds to the early boundary layer redevelopment region and beyond, the negative 

flows no longer exist. In the region x/h ≤ 1.0, the magnitude of the vertical profiles increase 

with increasing Reh. However, in the region x/h > 2.0, the trend reversed because as the 

boundary layer develops the vertical flow is expected to have an inverse relationship with 

the Reynolds number based on the mean streamwise velocity. As such, the profiles of APG-

0 at Reh = 4800 are larger compared to APG-0 at Reh = 1600, indicating that higher Reh 

flow has more momentum. 
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Figure 4.1: Profiles of streamwise mean velocities U at selected locations normalized by 

Um for APG-0; Reh = 1600, 3200 and 4800 at selected locations. 
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Figure 4.2: Profiles of wall-normal mean velocities V normalized by Um for APG-0; Reh = 

1600, 3200 and 4800. 
 

4.1.2.2 Adverse pressure gradient effect 

As discussed earlier the data was obtained up to 68 step heights downstream of the 

leading edge of the step but the profiles of mean velocities are reported up to 64h 

downstream. For APG effect, in this and following sections, the first three locations (a)-(c) 

are used to study the flow in the recirculation region, locations (e)-(f) are used to study the 

evolution of the flow in the reattachment region and immediately after reattachment and 

the other three locations (g)-(i) are used to study the evolution of flow in far downstream 
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region. At each location four profiles are shown. The profiles for APG-0, APG-2, and 

APG-4 at Reh = 4800 are used to study the effect of APG. Furthermore, P0 at Reh = 4800, 

extracted at -20h upstream is also plotted as the baseline profile. 

 

The profiles of normalized streamwise mean velocities are reported in Fig. 4.3 and 

show that increasing APG has a corresponding decrease in the mean velocities, as indicated 

in the profiles of APG-0, APG-2, and APG-4 at Reh = 4800. As the flow evolves 

downstream, differences in the profiles of APG-0 at Reh = 4800, and APG-4 at Reh = 4800 

become more pronounced due to the increasing APG. This is consistent with previous 

studies (Shao & Agelin-Chaab, 2014). By x = 64h, the differences in the profiles are 

dramatic, as shown in Fig. 2(i), due to the significant differences in APG downstream. For 

example, at location x/h = 64 in Fig. 2(i), the streamwise velocity of APG-2 and APG-4 at 

1h above the step surface is reduced by approximately 33% and 50%, respectively, 

compared to the corresponding values of APG-0. 

 

On the other hand, the profiles of normalized wall-normal mean velocities of APG-

0 at Reh = 4800 are consistently higher than APG-4 at Reh = 4800 in the recirculation 

region, as APG-0 flow has more momentum.   

 



51 
 

0.0 0.4 0.8 1.2

0.0

0.5

1.0

1.5

2.0

 APG-0 

 APG-2 

 APG-4 

  P0 @ 4800

0.0 0.4 0.8 1.2

0.0

0.5

1.0

1.5

2.0

0.0 0.4 0.8 1.2

0.0

0.5

1.0

1.5

2.0

0.0 0.4 0.8 1.2

0.0

0.5

1.0

1.5

2.0

0.0 0.4 0.8 1.2

0.0

0.5

1.0

1.5

2.0

0.0 0.4 0.8 1.2

0.0

0.5

1.0

1.5

2.0

0.0 0.4 0.8 1.2

0.0

0.5

1.0

1.5

2.0

x=16h(g) x=32h(h) (i) x=64h

0.0 0.4 0.8 1.2

0.0

0.5

1.0

1.5

2.0

y/h y/h

y/hy/hy/h

y/h

0.0 0.4 0.8 1.2

0.0

0.5

1.0

1.5

2.0

y/hy/h

U/U
m

U/U
m

U/U
m

U/U
m

U/U
mU/U

m
U/U

m

U/U
m

y/h

U/U
m

x=0.25h(a) x=0.5h(b) (c) x=1h

x=2h(d) x=4h(e) (f) x=8h

Figure 4.3: Profiles of streamwise mean velocities U at selected locations normalized by 

Um for APG-0, APG-2, and APG-4; Reh = 4800 at selected locations. 
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Figure 4.4: Profiles of wall-normal mean velocities V normalized by Um for APG-0, APG-

2, and APG-4; Reh = 4800 at selected locations. 

 

However the trend at x = 2h, and beyond is reversed and the profiles are suppressed 

due to presence of increasing APG. The profiles of APG-0 at Reh = 4800 show highest 
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negative velocities at x = 2h and x = 4h. Beyond x = 4h, there is no negative velocities 

indicating no downward vertical velocities. 

 

4.2 Turbulent Quantities 

4.2.1 Profiles of Reynolds stresses 

Profiles of Reynolds stresses, as reported in Figs. 4.5 to 4.10, and define the 

evolution of the turbulent quantities. Figures 4.5 to 4.7 are used to study the Reynolds 

number effect; while, Figs. 4.8 to 4.10 are used to study the APG effect. 

 

4.2.1.1 Reynolds number effect 

In general, as shown in Fig. 4.5, turbulent quantities show peaks that are limited to 

the region y/h < 1.0 for flow in the recirculation and reattachment regions, i.e., for x/h ≤ 2.  

The profiles show highest peak values at x=0.25h which decrease downstream as the flow 

develops. Beyond the reattachment region, i.e., for x/h > 2, the peaks become broader 

downstream and tend to spread to the region (y/h > 1.0) due to increased mixing and 

entrainment. The profiles also show distinct double peaks at x = 8h, which is consistent 

with the shear layer in that region. The <uu> values show that peak values increase with 

the Reynolds number as indicated by higher values of APG-0 at Reh = 4800 compared with 

APG-0 at Reh = 1600. This can be attributed to the higher energy associated with higher 

Reynolds numbers.  
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Figure 4.5: Profiles of streamwise Reynolds normal stresses <uu> normalized by Um for 

APG-0; Reh = 1600, 3200 and 4800 at selected locations. 

 

Figure 4.6 illustrates the profiles of Reynolds normal stresses in the vertical 

direction (i.e., <vv>) with trends similar to those described for <uu> earlier, except that the 

values are smaller; about half of those for <uu>. This is expected since the flow is driven 

more in the streamwise direction.  
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Figure 4.6: Profiles of wall-normal Reynolds normal stresses <vv> normalized by Um for 

APG-0; Reh = 1600, 3200 and 4800 at selected locations. 

 

Profiles of normalized Reynolds shear stress, -<uv> are shown in Fig. 4.7, where 

there are no differences in the values in the recirculation region but in the reattachment 

region and beyond, the profiles of APG-0 at Reh = 4800 are higher than the profiles of 

APG-0 at Reh = 1600. 
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Figure 4.7: Profiles of Reynolds shear stresses -<uv> normalized by Um for APG-0; Reh = 

1600, 3200 and 4800 at selected locations. 

 

4.2.1.2 Adverse pressure gradient effect 

The <uu> values show that the peak values increased with APG as indicated by the 

higher values of APG-4 at Reh = 4800 compared with APG-0 at Reh = 4800 in Fig. 4.8. For 

example, at x = 8h for y/h = 0.5, the value of <uu> for APG-0 is 0.026 as compared to 

0.036 for APG-4. This is consistent with previous studies (Shao & Agelin-Chaab, 2014). 

The profiles show dual peaks at x = 8h consistent with new shear layer in that region. 
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Figure 4.8: Profiles of streamwise Reynolds normal stresses <uu> normalized by Um for 

APG-0, APG-2, and APG-4; Reh = 4800 at selected locations. 

 

Figure 4.9 shows the profiles of Reynolds normal stresses in the vertical direction 

(i.e., <vv>) with trends similar to those previously described for <uu> for the reason 

described previously in Section 4.1.2.1.  
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Figure 4.9: Profiles of wall-normal Reynolds normal stresses <vv> normalized by Um for 

APG-0, APG-2, and APG-4; Reh = 4800 at selected locations. 

 

Figure 4.10 shows the profiles of Reynolds shear stresses (i.e., -<uv>). It can be 

observed that for the APG, the Reynolds shear stresses for APG-4 followed by APG-2 are 

slightly higher than APG-0 close to the step surface.  
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Figure 4.10: Profiles of Reynolds shear stresses -<uv> normalized by Um for APG-0, APG-

2, and APG-4; Reh = 4800 at selected locations 

 

The profiles show negative peaks at x=0.25h, 0.5h, and 1h. As the flow evolves 

the peaks become positive and the effect of the APG dramatically minimizes by x = 8.0h. 

Beyond x = 8h, the profiles fall within 37% of the upstream profile at 64h. This is 

consistent with previous studies on FFS in a closed channel (Essel et al., 2014). 

 



60 
 

4.2.2 Triple velocity products 

The triple velocity products constitute the gradients of the turbulent diffusion terms 

∂(u3+uv2)/∂x and ∂(v3+u2v)/∂x, and hence would provide guidance in modeling the 

turbulence diffusion terms present in the turbulence kinetic energy transport equations.  

The profiles of streamwise triple velocity products uk = u (u2 + v2) = (u3 + uv2) in Fig. 4.11 

show negative and positive peaks in the recirculation region, x/h < 2.0, close to the wall, 

and y/h < 1.0. However, the profiles have predominantly negative peaks in the 

redevelopment region, x/h > 2 and spread out from the wall. In general, there is no 

significant effect of APG in the region x/h < 1.0, but only at x/h = 1.0 the flow with the 

highest momentum showed the highest peak values. In addition, the Figs. show that the 

triple products are generally larger close to the reattachment region but decrease 

downstream. In the region x/h < 2.0, the profiles have predominantly positive gradients in 

the region y/h < 0.25. This implies that there is positive transport of turbulence kinetic 

energy in the streamwise direction in this region close to the wall. On the other hand, for 

the region x/h ≥ 2.0, the profiles have predominantly negative gradients for y/h < 0.20. This 

implies that there is negative transport of turbulence kinetic energy in the streamwise 

direction in this region close to the wall. This information demonstrates that turbulence is 

transported in different directions close to the step surface depending on the downstream 

location. 
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Figure 4.11: Profiles of streamwise triple velocity products normalized by Um for APG-0, 

APG-2, and APG-4; Reh = 4800 at selected locations. 

 

On the other hand, the profiles of wall-normal triple velocity products vk = v (u2 + 

v2) =  (v3+u2v) in Fig. 4.12 have positive gradients close to the wall in the region x/h < 1.0 

but negative gradients beyond that region. Another difference in the triple products in the 

wall-normal direction is that the profiles are predominantly positive in the region 1.0 ≤ x/h 

≤ 8.0. However x/h ≥ 16, the profiles of APG-2 and APG-4 are dispersed and can be 
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attributed to APG effects. In addition, the profiles of APG-0 collapse with the upstream 

profiles at x = 64h. 
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Figure 4.12: Profiles of wall-normal triple velocity products normalized by Um for APG-

0, APG-2, and APG-4; Reh = 4800 at selected locations. 
 

4.3 Proper Orthogonal Decomposition Analysis 

As mentioned in literature review (Chapter 2), POD is a powerful technique for 

studying coherent structures in turbulent flows. In this section, the results of POD 

convergence tests, energy spectra and POD modes are discussed.  The technique 
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decomposes a series of data into an optimal set of basic functions and captures the most 

energetic mode in the first few modes, hence the large scale structures of the flow. POD 

was first introduced to fluid mechanics by Lumley (1967) and has since been extensively 

used to study turbulent boundary layer flows (Alfonsi & Primavera, 2006). Separated and 

reattached flows caused by blunt obstacles have also been studied using the POD technique 

(Shah & Tachie, 2009).  

 

4.3.1 Energy spectra 

The ratio of energy captured by individual modes to the total energy captured by 

all modes, also known as fractional energy, was analyzed for the first 100 modes for 

different N values. The POD setup was performed in a window that ranges from x = 0 to 

8h and y = 0 to 4h, where y = 0 is at the top surface of the step. Figure 4.13a shows the 

energy fraction for N samples for APG-0 at Reh = 4800. It is evident from the profiles that 

the energy fraction varies with N until N >1500, where there is no significant variation. 

The energy spectra for APG-4 at Reh = 4800 was also studied and the profiles (not shown) 

show similar trends as Fig. 4.13a. Based on these profiles, it was decided that N = 4000 is 

sufficient for performing POD analysis.  
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Figure 4.13: (a) Energy fraction for N samples for APG-0 at Reh =4800 in plane P1, (b) 

cumulative energy fraction for APG-0 & APG-4 for Reh =4800 in planes P1, and P3. 

 
 

This number is much higher than those used in previous POD studies for separated 

flow (Shah & Tachie, 2009; Sherry et al., 2010; Alfonsi and Privmavera, 2007; Kostas et 

al., 2005; Durgesh et al., 2013) but consistent with the value used by Weijie and Agelin-

chaab (2014, 2016). For example, Sherry et al. (2010) employed 1000 snapshots to 

implement POD analysis over a forward facing step in the recirculation region zone. 

Additionally, Shah and Tachie (2009) used 2040 snapshots to study flow over a backward 

facing step. Similarly, Alfonsi and Privmavera (2007) applied 2000 snapshots to perform 

POD analysis over smooth and rough turbulent boundary layers. Therefore, Fig. 4.13 

demonstrates that for the current study, N = 4000 was sufficient to perform the POD 

analysis.  

 

The profiles in Fig. 4.13b show cumulative energy fraction for APG-0 and APG-4 

at Reh = 4800 in planes P1 and P3 using N = 4000. It should be noted that the window size 

for the POD analyses was maintained the same throughout. Comparing the cumulative 

energy of planes P1 (0 ≤ x/h ≤ 8) and P3 (18 ≤ x/h ≤ 26), it can be observed from the figure 
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that the cumulative energy generally increases with downstream distance. In addition, the 

cumulative energy of APG-4 is higher than that of APG-0. This indicates that APG results 

in more energetic cumulative modes. Table 4.3 displays quantitative values of how the 

cumulative energy varies with the number of modes and measurement planes. It is evident 

from the table that at the lower modes (25 and 50) the cumulative energy increases more 

dramatically with downstream distance or planes with the APG having a significant effect 

on the cumulative energy values.  

 

Table 4.4: Cumulative energy (%) for Mode 25, 50, 100, 200, 500, 1000, 2000 & 4000 

for different APG conditions at planes P1 and P3. 

 

    Modes 

Cumulative Energy (%) 

APG-0,             

P1 

APG-0,            

P3 

APG-4,            

P1 

APG-4,      

P3                                           

25 33.5 45.9 36.2 59.6 

50 42.7 53.8 45.1 66.0 

100 53.1 61.9 55.0 72.0 

200 64.8 69.9 65.9 78.3 

500 79.9 80.6 80.1 87.2 

1000 89.5 88.9 89.6 93.3 

2000 96.7 96.2 96.8 97.7 

4000 100 100 100 100 

 

 

For example, there are increases of 37% and 64% from P1 to P3 for APG-0 and 

APG-4, respectively. However, at the higher modes (200 and 500), the increase in the 
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cumulative energy between the planes is less than 10%. Therefore, these results revealed 

that the cumulative energy increases downstream but the APG increases it more 

dramatically. Furthermore, the changes in the cumulative energy beyond P3, such as at P5 

(58 ≤ x/h ≤ 66), was estimated to be less than 10% (not shown) even for the lower modes, 

which indicates that beyond P3 there is no significant growth of the large scale structures. 

   

4.3.2 POD mode shapes 

The isocontours of the low order mode shapes (φu and φv) for the streamwise and 

wall-normal velocity components, respectively, were extracted and are shown in Figs. 4.14 

- 4.16. The low order modes were used to demonstrate some features of the large scale 

structures present in the flow. POD modes 1, 3, 5 and 10 were selected to study the effect 

of Reynolds numbers on the large scale structures. In addition, three planes are used to 

show the downstream evolution of the large scale structures.  

 

Figures 4.14 - 4.15 show the isocontours of POD mode shapes for Reh = 1600 and 

4800 at APG-0. Irrespective of the Reynolds number, the number of visible structures as 

indicated by the isocontours increases as the number of modes increase, but the structures 

decrease in sizes. For the streamwise mode shapes (φu), the number of large scale structures 

are largely similar but not identical. The structures in Reh = 4800 appear more defined and 

organized closer to the surface of the step in response to the higher Reynolds number. 

However, for the lower Reynolds numbers (Reh = 1600), the well-defined large scale 

structures spread out with different shapes and orientations.  
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In addition, the wall-normal mode shapes (φv) (Fig. 4.15) clearly show differences 

in the number, shape and organization of the large scale structures for the two Reynolds 

numbers. This can be attributed to the reasons mentioned earlier.  

 

Figure 4.14: Isocontours corresponding to streamwise POD modes φu in the region:   0 < 

x/h < 8, (a),(c),(e),(g) APG-0; Reh = 1600; (b),(d),(f),(h) APG-0; Reh = 4800. 
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Figure 4.15: Isocontours corresponding to wall-normal POD modes φv in the region: 0 < 

x/h < 8, (a),(c),(e),(g) APG-0; Reh = 1600; (b),(d),(f),(h) APG-0; Reh = 4800. 
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Figure 4.16 shows the large scale structures evolve downstream from the leading 

edge of the step for APG-0. The wall-normal mode shapes are selected to show more 

distinct results using only one figure, which shows that there is a dramatic increase in the 

sizes of the structures in P1, whereas the increase is less significant in P3. Furthermore, 

the growth in the sizes of the structures is not significant in P5. These results confirm the 

observation in Table 4.3 from the cumulative energy that beyond P3 there is no significant 

growth of the large scale structures.  

 

 
Figure 4.16: Downstream POD modes φv of planes P1, P3, P5 in the region 0 < x/h < 66. 
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4.4 Two-point Correlation Analysis 

As mentioned in Chapter 3, two-point correlation analysis is used to study the 

coherent structures present in the flow. In this section, two-point correlation were extracted 

at a number of locations to study the iso-contours, spatial sizes of the auto-correlation 

functions and angle of inclination of the two-point iso-contours.   

 

4.4.1 Iso-contours 

Isocontours of streamwise velocity auto-correlations (Ruu) and wall-normal 

velocity auto-correlations (Rvv), obtained close to the reattachment region at x =5h and in 

the far downstream region at x = 61h, are presented in Figs. 4.17-4.18. In each figure, 

data were extracted at three different wall-normal locations above the step surface, at y/h 

= 0.5, 1 and 5, to examine the effects of pressure gradient (i.e., APG-0 and APG-4) across 

the channel. As shown in the figures, the auto-correlation levels range from 0.5 to 1, with 

an increment of 0.1 level. The contour level range of 0.5 to 1 used in this study is 

consistent with Volino et al. (2007). 

 

 Figure 4.17 shows that close to the reattachment point, the size of the contour of 

the streamwise auto-correlation (Ruu) at y/h = 0.5 is smaller, but increasing away from the 

wall to a maximum at y/h = 5 and beyond this, it decreases again as the upper wall is 

approached. This can be attributed to the strong interaction between the shear layers in 

the lower and upper boundary layer of the channels. Similar trends were observed in the 

far downstream region at x = 61h, where the contour of Ruu for the APG-0 at y/h = 5 is 

roughly four times of the value at y/h = 0.5.  
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Figure 4.17: Contour plots of streamwise auto-correlation function (Ruu) at x = 5h for 

APG-0 (a, c, e) and APG-4 (b, d, f). 
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Figure 4.18: Contour plots of streamwise auto-correlation function (Ruu) at x = 61h for 

APG-0 (a, c, e) and APG-4 (b, d, f). 
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This trend is irrespective of the pressure gradient. Adverse pressure gradient 

increased the size of contours of Ruu both in the region close to the reattachment point and 

far downstream locations. However, the effect of APG is stronger in the downstream 

region (i.e., x/h = 61). In fact the Ruu contours increased in size as the flow developed 

downstream. The increase is more dramatic at locations away from the wall. Generally, 

the contour shapes at y = 5h are more elongated suggesting that the two-point auto-

correlation in the streamwise direction is more organized than in the wall-normal 

direction.  

 

4.4.2 Spatial sizes of the auto-correlations functions 

In general, the trends observed show that spatial sizes of auto-correlations functions 

increase with increase in APG, i.e., the lengths of auto correlation functions of APG-4 are 

higher compared to APG-0. The average lengths of the auto-correlation contours at selected 

x-locations (x/h =1; 3; 23; and 63) for APG-0 and APG-4 were obtained for various y/h 

values, as shown in Figs. 4.19-4.20. Close to the reattachment region (x/h = 3), the values 

of Lxuu
* for APG-0 (Fig. 4.19a-b) gradually increased with y/h and peaked at y/h = 3, and 

continue to decrease. However, as the flow evolves to the early redeveloping region (x/h = 

23) and far downstream location (x/h = 63), Lxuu
* values of APG-0 showed a gradual climb 

to a peak value of 3.5 at y/h = 4 and onwards decrease. The increase in size of contours as 

the flow develops downstream can be attributed to the presence and growth of hairpin 

packets. According to Adrian and Balachandar (2001), the packets grow longer in 

streamwise direction by continually spawning new hairpins. On the other hand, APG 

appears to increase Lxuu*, irrespective of measurement locations. For example, the value 
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of Lxuu
* for APG-0 at x/h = 63, y/h = 4 is approximately 50% smaller than the corresponding 

value for APG-4.  

 

In terms of Lyuu
*, the values have the same trend as Lxuu

* at x/h = 3 for both APG-

0 and APG-4. As the flow evolves to the early redeveloping region (x/h = 23), Lyuu
* values 

of APG-0 and APG-4 peaked to a value of 1.25 (at y/h = 4 for APG-0) and a value of 1.5 

(at y/h = 5 for APG-4) and thereafter decreased. In the far downstream region (x/h =63), 

Lyuu
* for both APG-0 and APG-4 dramatically grew with y/h and peaked at y/h = 4 and 5, 

respectively. Beyond that, they both significantly decreased, irrespective of pressure 

gradients.  
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Figure 4.19: Streamwise length, Lxuu
* (a,b) and wall normal length Lyuu

*(c,d) of the 

streamwise auto correlation function Ruu at selected locations for APG-0 and APG-4 
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Comparing the values of Lxuu
* and Lyuu

*, it shows that the contours are more 

elongated in the streamwise direction than the wall-normal direction, irrespective of 

pressure conditions and y/h locations. For example the value of Lxuu
* for y/h =4 at x= 63h 

is 4.0 whereas for Lyuu
* the value is 1.5 for the same. This suggests that the flow is more 

organized in a stream wise direction.  Generally, both Lxuu
* and Lyuu

* show a consistent 

growth as the flow evolves downstream. The results also suggest that Lxuu
* and Lyuu

* 

generally increase as flow evolves from the reattachment region to the redevelopment 

region.  

.
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Figure 4.20: Streamwise length, Lxvv
* (a,b) and wall normal length Lyvv

*(c,d) of the wall-

normal auto correlation function Rvv at selected locations for APG-0 and APG-4 
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The distributions of the streamwise (Lxvv
*) and wall-normal (Lyvv

*) extents of the 

wall-normal auto-correlation function (Rvv) are shown in Fig. 4.20. At the upstream 

locations close to the reattachment region (x/h = 3), the Lxvv
* for APG-0 peaked at y/h = 4. 

At x/h = 23, Lxvv
* for APG-0 peaked at y/h = 5. At the downstream location (x/h = 63), 

Lxvv
* for APG-0 increased to their peak at y/h = 4 and thereafter decreased. For APG-4, at 

x/h = 3, 23, and 63, the values of Lxvv
* peaked at y/h = 4~5 and generally decreased as y/h 

increased to 7. In the region y/h > 4, Lxvv
* for APG is larger than those for APG-0. 

 

The Lyvv
* values for APG-0 and APG-4 slightly increased compared to the upstream 

values and the values of APG-4 are higher as compared to APG-0 at that location. The 

values of Lyvv
* have a similar trend as Lxvv

*, irrespective of pressure gradient conditions. In 

addition, the values of Lxvv
* and Lyvv

* at the locations x/h = 23 are slightly higher compared 

to x/h = 63 and is not understood.  It is evident from the figures that APG increased Lxvv
* 

and Lyvv
* of Rvv at all the locations. 

 

4.4.3 Angles of inclination of two-point coherent structures 

As mentioned earlier, two point correlations can be used to identify the shape and 

size of these hairpin like vortex packets (Volino et al., 2007). For example, the angle of 

inclination of the spatial autocorrelation in the streamwise direction, Ruu(x), can be 

interpreted as the average inclination of the hairpin packets (Volino et al., 2007). These 

angles of inclination (θ) of Ruu were estimated by fitting least-squares through points 

farthest away from the self-correlation peak at contour level of 0.5 as explained earlier. 

Figure 4.21 shows angles of inclination (θ) of Ruu at several locations away from the wall 
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Figure: 4.21: Angle of inclination (θ) of streamwise auto-correlation function (Ruu) at 

selected locations downstream for APG-0 and APG-4. 

and downstream. The largest measured angle in the case of APG-4 flow is 16o, which is 

consistent with previous studies. Mayam and Maciel (2007) reported inclination angle of 

17o in a turbulent boundary layer subjected to strong APG. The figure shows that the 

inclination angles of two-point coherent structures increase with the wall-normal direction 

and peak at y/h = 3~4 for APG-0 and y/h = 4~5 for APG-4 and decrease onwards. The 

profiles also show angle (θ) increase with the downstream distance.  
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5 CHAPTER 5 

SUMMARY AND CONCLUSIONS 

This thesis reports an investigation of the effects of Reynolds number and 

adverse pressure gradient (APG) on turbulent flows on forward facing steps (FFS). A PIV 

technique was used to conduct velocity measurements at several locations downstream to 

68 step heights. The velocity data for each test condition were analysed to obtain mean 

flow quantities and turbulent statistics, including the Reynolds stresses and triples velocity 

products. These statistics were used to analyse the effects of APG on the turbulent flow 

over FFS. Moreover, two-point correlation functions and proper orthogonal decomposition 

(POD) were employed to study the effects of APG on the large scale structures in the 

recirculation and reattachment regions, as well as far downstream redevelopment regions. 

Furthermore, numerical procedure was applied to investigate the effect of blockage and 

step inclination angles on the reattachment length. The results obtained from the study are 

summarized below. 

 

5.1 Summary of Results 

The main observations of results obtained from the study are as follows:  

1. The mean reattachment length (XL) increases with the increase in Reynolds number 

without adverse pressure gradient (APG). However, for the APG use in the study, 

XL remains nearly constant for increasing APG. This implies that the APG created 

for this study have no significant effect on the XL.  
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2. Furthermore, increasing the h at constant Reynolds number, the XL values decrease. 

In addition, the numerical results show that as step inclination angle is increased 

from 22.5o to 135o, XL decreases. 

3. The mean streamwise velocities are dramatically reduced by the APG and the 

differences between the profiles increased with increasing downstream distance. 

The results also confirm that the boundary layer thickens in the presence of APG. 

Moreover, the streamwise velocity of APG-2 and APG-4 is reduced by 

approximately 33% and 50%, respectively, compared to the corresponding values 

of APG-0.     

4. The profiles of Reynolds stresses show an increase in the divergent wall case in the 

recirculation region. It is observed that beyond the reattachment region, the peaks 

become broader downstream and tend to spread to the region (y/h > 1.0) due to 

increased mixing and entrainment. 

5. The results from the triple velocity products  showed positive transport of 

turbulence kinetic energy in the streamwise direction in the region x/h < 2.0 close 

to the wall but negative transport of turbulent kinetic energy in the region x/h ≥ 2.0. 

This information demonstrates that turbulence is transported in different directions 

close to the step surface depending on the downstream location.  

6. It was observed that the cumulative energy generally increases with downstream 

distance but the increases in APG is more dramatic. The POD results confirmed 

that higher Reynolds numbers make the large scale structures more defined and 

organized, closer to the surface of the step.  
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7. The POD results also revealed that the large scale structures grow downstream and 

so the cumulative energy increases downstream but the increase is more dramatic 

in the redevelopment regions. In addition, the APG magnifies these trends.  

8. The contours of two-point correlations show, that irrespective of pressure 

conditions, the physical size of coherent structures embodied in both the streamwise 

auto-correlation function and wall-normal auto-correlation function increased as 

flow develops from the reattachment region to the redevelopment region. Adverse 

pressure gradient increased the size of both streamwise and wall-normal auto-

correlation functions in the reattachment region and far downstream.  

9. The angles of two-point coherent structures increase with the wall-normal direction 

and downstream distance. The maximum measured angle of the coherent structures 

in case of APG-0 and APG-4 flow is 15o and 18o, respectively. 

 

5.2 Contributions / Limitations 

   As stated earlier, this is the only study available in the open literature to the best of 

the author’s that considers the effects of APG on FFS. It is also the most extensive FFS 

study in closed channel. The comprehensive experimental data obtained in this thesis are 

therefore invaluable benchmarks data for validating and calibrating future advanced 

turbulence models for fluid engineering applications. In addition, these data can provide 

insights for wind turbine placement along coastal cliffs or rooftop wind turbine placement. 

The results show that high Reynolds stresses close to the step surface in the recirculation 

region and far downstream locations can induce fluctuating loads. Therefore, these regions 

are not desirable for wind turbine installation and a balance should be maintained between 
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higher power generation and unfavorable fluctuating loads. The flow over electronic devices 

also encounter separation and reattachment and can lead to non-uniform cooling on surfaces 

of such devices. The data from this study can therefore be used for validation of thermal 

management model. The coherent structures studied will help designers to design practically 

efficient systems. The coherent structures can be modified for drag reduction, heat transfer 

and mixing enhancement and to control noise. On the other hand it must be stated that this 

study was performed in ambient conditions and is not applicable to non isothermal 

conditions. The Reynolds number tested for this study are in the turbulent flow regime. The 

results reported in this thesis do not cover laminar flows.  

 

5.3 Recommendations for Future Work 

Since turbulent flows are greatly influenced by surface roughness, it is 

recommended that this study be extended by studying different types of rough surfaces in 

the presence of APG, including more realistic roughness such as sand grains and gravels. 

Extensive experimental data will facilitate the development of robust correlations and also 

provide high quality experimental database for validation of advanced numerical models. 

Although numerical studies are conducted for step inclination angles and blockage, 

experimental studies  should conducted to validate the computation results and also 

develop correlations for predicting the flow details.  
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APPENDIX A 

ERRORS AND ERROR ANALYSIS IN PIV 

  In this section error analysis techniques used to determine the errors present in 

PIV measurements are presented.  

 

A.1 Error Estimation 

The accuracy of a measurement depends on the relative closeness between an 

experimentally determined value and its true value. The difference between the two 

quantities is known as measurement error. An estimation of the error is known as 

uncertainty. A detailed methodology on how to estimate the uncertainty is presented by 

Coleman & Steele (1995). Generally, total error is composed of precision error and bias 

error, denoted as P and B, respectively. Coleman & Steele (1995) classified error as bias 

error if there is a systematic error, and precision error if it contributes to the scatter of the 

data. Comprehensive guidelines were provided by Stern et al. (1999) for the application 

of uncertainty assessment methodology into the test process and documentation of results. 

Furthermore, Gui et al. (2001) calculated the assessment of bias uncertainty in PIV 

measurements and its contribution to the total measurement uncertainty. Forliti et al. 

(2000) reported that by effectively using Gaussian digital masks on the interrogation 

window the evaluation bias and gradient of the evaluation bias can both be minimized 

inorder to reduce the measurement uncertainty. There could be number of sources of error 

including: inaccurate selection of time between image pairs, sub- pixel displacement bias, 

small sample size, effect of velocity gradients, spatial resolution, These uncertainties 
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include particle response to fluid motion, laser light sheet positioning, laser light pulse 

timing, and the error arising from the peak-finding algorithm to determine the average 

particle displacement. 

 

It was proved by Adrian (1991) that random influences can be summed into a single 

error, and it can be found by repeating the measurement. However, Prasad (2000) reported 

that random influences in PIV can be calculated as a function of the particle image 

diameter as: 

 σrandom = cde                                                                                  (A.1) 

 

where, de  is the effective particle diameter and c is a constant whose value is between 

0.05 and 0.10, depending upon experimental conditions. The uncertainty analysis of the 

present measurement follows the AIAA standard derived and explained by Coleman & 

Steele (1995). A complete uncertainty analysis of the PIV measurement involves 

recognizing and computing both the bias and the precision errors. 

 

A.1.1 Biased error 

In PIV measurements, for any interogation area, the instantaneous velocity at any 

point is the average fluid velocity is given by the following equation in Gui et al. (2001). 

  

               Ui = 
𝛥𝑠𝐿𝑜

𝛥𝑡𝐿𝐼
                                   

(A.2) 
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where i equals 1 and 2 for the x and y coordinates, respectively, ∆t is the time lapse 

between laser pulses, ∆s is the particle displacement from the correlation algorithm, L0 is 

the width of the field of view, and LI is the width of the digital image resolution. The bias 

limit of the measured velocity is determined with a root-sum-square (RSS) of the 

elementary bias limits based on the sensitivity coefficients given as: 

 

BUi
2 = θLo

2BLo
2+θLI

2BLI
2+θ2

ΔsB
2

Δs+ θ2
ΔtB

2
Δt                     (A.3) 

 

where the sensitivity coefficients, θx, are defined as 

 

 𝜃𝑥 =
𝜕𝑈𝑖

𝜕𝑋
 , X= (Lo  , LI , Δt , Δs)                              (A.4) 

 

The classification of bias error sources and contribution to the bias limits for 

streamwise and wall-normal mean velocities were performed at the near wall region (y/h = 

0.2) within the redeveloping region (x/h = 60) over the smooth wall (APG-0). The results 

of the bias error analysis are shown in Table A.1 and A.2. The bias limits of Δs and Δt were 

obtained from the PIV system manufacturers specifications. However, calibration 

procedure is used to determine the bias limit for LO. 
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Table A.1: Bias limits of the local streamwise mean velocity (U) at x = 60, y=0.2 at Reh = 

4800 for APG-0. 

 

Variable Magnitude Bx     θx Bxθx (Bxθx)
2

 

Lo  (m) 6.00E-02 5.00E-04 5.96E-01 2.98E-04 8.87E-08 

LI (pix) 2.05E+03 5.00E-01 -1.74E-05 -8.72E-06 7.60E-11 

Δt (s) 4.70E-04 1.00E-07 -7.61E+01 -7.61E-06 5.78E-11 

Δs (pix) 5.74E-01 1.27E-02 6.23E-02 7.91E-04 6.25E-07 

U (m/s) 3.57E-02     

      Σ(Bxθx)
2 

= 

Bias error = 

7.14E-07 

8.54E-04 
      %Bias error = 2.20% 

    

 

Table A.2: Bias limits of the local wall-normal mean velocity (V) at 60, y=0.2  at Reh = 

4800 for APG-0. 

 

Variable Magnitude Bx θx Bxθx (Bxθx)
2

 

Lo  (m) 6.00E-02 5.00E-04 2.22E-01 1.11E-04 1.23E-09 

LI (pix) 2.05E+03 5.00E-01 -6.50E-06 -3.25E-06 1.06E-11 

Δt (s) 4.70E-04 1.00E-07 -2.84E+01 -2.84E-06 8.04E-12 

Δs (pix) 2.14E-01 1.27E-02 1.80E-01 7.91E-04 6.25E-07 

V (m/s) 1.33E-02     

      Σ(Bxθx)
2 

= 

Bias error = 

6.38E-07 

7.99E-04 
      %Bias error = 2.24% 

 

A.1.2 Precision error 

For a measured variable, X, the precision error, P is written as 

 

Px =  
𝐾.σ

√𝑁
      (A.5) 
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In Eqn, A.5, K is the confidence coefficient with a value of 2 for a 95% confidence 

level and sample size of N images (N = 4000). Here σ is the standard deviation of the 

sample of n readings of the variable X, and is given as: 

 

σ= 
√ 1

𝑛−1
 ∑ (𝑋𝑘 − �̅�)

𝑛

𝑘=1

2
                             (A.6) 

 

 

where   �̅�  is the mean and can be evaluated as: 

 

 

�̅� = 
1

𝑛
∑ X𝑛

𝑛
𝑘=1        (A.7) 

 

 

For the PIV images, large storage capacity is required, so ten thousand images 

were attained and distributed into 10 sub-data sets of one thousand per set, in order to 

calculate the standard deviation in Eqn. A.6. This means the number of readings in this 

case is n = 10. From each of the 10 data sets the standard deviations of U and V were 

obtained at the same locations in the inner and outer regions to compute the final σ from 

Eqn. A.6. In the inner region, for example, the standard deviation for U and V of 

approximately 30% and 21%, respectively, were obtained. From Eqn. A.5, the precision 

errors of approximately 1.6% and 0.9% were estimated, respectively. 
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A.1.3 Total error 

The total uncertainty, E, in the result Ui  is the RSS of the bias and precision limits, given 

by 

                                        

 𝐸𝑥  = √𝐵𝑥2 + 𝑃𝑥2                                                           (A.8) 

    

 

 The total uncertainty was attained from the values of the bias and precision errors 

found earlier and equation A.8 to be ± 2.7% and ± 2.4% for U and V, respectively, in the 

near wall region. The uncertainties in the Reynolds shear stress is estimated to  be  

± 8% of the peak values. The uncertainty in the triple velocity products and energy budget 

terms is estimated to be of the order ±14%. 
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APPENDIX B 

Table B.1: Mesh Independence Test for RNG k-ε. 

 

Mesh Size No. of Elements (million) XL
* 

0. 5 mm (Coarse) 7.6 million 2.40  

0.4 mm  (Medium) 10.1 million 2.32  

0.3 mm (Fine) 15.9 million 2.35  

0.25 mm (Finer) 20 million 2.29  

Note: XL
*= XL/h, h = 6 mm, y+ =1, Reh = 4800 

 
 

 

 

 

 

 

 
Figure B.1: 3-D CAD model of parallel channel step. 
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Figure B.2: CFD process flow diagram 
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Figure B.3: Mesh cut plane consisting of volume 

 

 

 

 

 

 

 
Figure B.4: Mesh quality histogram (APG-0, h = 9 mm) 
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Figure B.5: Convergence plot of APG-0 (h = 6 mm) 

 

 

 
Figure B.6: Vector plot of parallel channel step flow (h = 12 mm). 
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Figure B.7: Velocity magnitude contours of RNG k-ε model solution (h = 6mm) 
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APPENDIX C 

Figure C.1: Contours corresponding to streamwise POD modes φu in the region: 0 < x/h < 

8, (a),(c),(e),(g) APG-0; Reh = 4800; (b),(d),(f),(h) APG-4; Reh = 4800 
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Figure C.2: Contours corresponding to wall-normal POD modes φv in the region: 0 < x/h 

< 8, (a),(c),(e),(g) APG-0; Reh = 4800; (b),(d),(f),(h) APG-4; Reh = 4800 
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Figure C.3: Contour plots of wall-normal auto-correlation function (Rvv) at x = 5h for 

APG-0 (a, c, e) and APG-4 (b, d, f). 
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Figure C.4: Contour plots of wall-normal auto-correlation function (Rvv) at x = 61h for 

APG-0 (a, c, e) and APG-4 (b, d, f). 
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Figure C.5: Downstream POD modes φu of planes P1, P3, P5 in the region 0 < x/h < 66. 

 

 

 


