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ABSTRACT 

 

This thesis is a fundamental study that was conducted experimentally to investigate the 

effects of different surface types on turbulent flows over forward facing steps. A particle 

image velocimetry technique was employed to conduct field velocity measurements at 

the mid-plane of the test channel at selected locations downstream to 68 step heights. 

Three surface conditions were investigated. A reference smooth acrylic step and two 

rough steps created using sandpaper 24-grits and 36-grits. Reynolds numbers based on 

step height and centerline mean velocities of 1200, 3600 and 4800 were employed. The 

results show that the mean reattachment length increases as Reynolds number increases 

over the smooth step. However, the mean reattachment length decreases with increasing 

surface roughness at a given Reynolds number. The mean velocities, Reynolds stresses, 

triple velocity products and production of Reynolds stresses are used to examine the 

effects of different surface types on the turbulent characteristics downstream. The results 

reveal that surface roughness reduced the turbulent quantities in the recirculation and 

early redevelopment regions. On the other hand, the effects on turbulent flow at 

downstream locations show no consistent trends. In addition, proper orthogonal 

decomposition (POD) was used to study the effects of roughness on the large scale 

structures downstream and to reconstruct flow structure. Results show that low order 

POD modes can capture up to 90% of the peaks of the Reynolds shear stress profiles 

using only the first 100 modes. Furthermore, the two-point correlation was employed to 

quantity the extent of larger scale structures embedded in the flow and how the 

turbulence is correlated. The results indicate that surface roughness generally decreased 

the extent of turbulence correlations in both the recirculation and redevelopment regions. 

 

 

 

Keywords: Turbulent Flow, Forward Facing Step, Surface Roughness, Particle Image 

Velocimetry, Proper Orthogonal Decomposition, Two-Point Correlation. 
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Nd:YAG         neodymium: Yttrium Aluminum Garnet  

PIV                     particle image velocimetry 
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CHAPTER 1 

INTRODUCTION  

 

1.1 Motivation  

Turbulent flow separation and reattachment phenomena are quite common in several 

industrial devices such as wide angle diffusers, heat exchanger, combustor, valves and  

cooling of nuclear reactors. Flow separation and reattachment phenomena are also of 

particular interest for wind engineering applications. A major concern in wind energy 

applications is optimal placement of wind turbines. When wind turbines are placed in the 

vicinity of costal cliffs and escarpments, for example, the flows over such terrains are 

highly complex and usually accompanied by flow separation and reattachment. 

Furthermore flow separation is encountered in many engineering applications such as 

turbomachinery, ground transport, buildings and so on. The investigation of the flow field 

over complex geometries has been a challenge in fluid mechanics, where significant flow 

recirculation regions arise as a consequence of flow separation. This results in dramatic 

changes in the turbulent transport and mixing process. In the automotive and aerospace 

industries, some causes of aerodynamically generated noise are associated with 

geometries similar to forward facing steps (FFS). Some of these geometries are by 

deliberate design, which could be power supply devices on top of the high-speed trains, 

wings of aeroplanes or wiper blades of a vehicle.  

 

Flow over a FFS in a parallel channel represents a typical example of flow separation and 

reattachment phenomena. The presence of a FFS on smooth surface separates the 

incoming boundary layer due to the existence of the leading edge of the step which 

reattaches to the step surface at some distance downstream. The separation and 

reattachment type flow changes the incoming equilibrium turbulent boundary layer and 

enhances more turbulent activity than what is observed over surfaces without a FFS 

(Farabee and Zoccola, 1998). In the reattachment region, the shear layer may be 

overwhelmingly distorted so that the usual thin layer approximations are not valid 

(Agelinchaab and Tachie, 2008). In this regard, separating and reattaching turbulent flows 
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can be used as prototypical flows to conduct fundamental research on complex turbulent 

shear flows.  

 

The separated and reattached flows have received extensive attention in the past decades 

due to its important fundamental and practical applications. Experimental methods such 

as particle image velocimetry (PIV), laser Doppler velocimetry (LDV), hotwire 

anemometry, wall flow visualization, particle tracking velocimetry (PTV) and numerical 

methodology such as direct numerical simulation (DNS), large eddy simulation (LES), 

and immersed boundary method (IBM) have been applied to study the characteristics of 

the separating and reattaching flows. 

 

As shown in Fig. 1.1 below, a wide range of simple laboratory geometries such as the 

backward-facing step (BFS), FFS, transverse ribs and fence have been used to study 

separated and reattached flows. Among these, the BFS flow is the most extensively 

investigated mainly due to its relative simplicity. It has only one recirculation region 

behind the step. Its counterparts, the FFS flows, are less studied due to the unsteady 

nature of the flow and the presence of two circulation regions (Eaton and Johnston, 1981). 

The fence and rib also separate the incoming flow and cause two recirculation regions. 

 

Flow separation can occur on either smooth or rough surfaces. Surface roughness is a 

distinctive feature of the separating and reattaching flows and plays an important role in 

engineering applications. While most of the previous research focused on smooth 

surfaces, roughness is the rule but not the exception. In fact, all natural surfaces become 

hydraulically rough when Reynolds number is infinite. Surface roughness can also be 

caused by erosion, impurity accumulation in pipeline over a period of time or even 

corrosion. They are also found responsible for the noise generated by turbulent boundary 

layers, and other properties such as the wall pressure fluctuations (Hersh and Jin Tso, 

1987; Hersh 1983; Howe 1984, 1986, 1988; Reutov and Rybushkina, 1986).  

 

The presence of surface roughness in typical turbulent boundary layer modifies flow 

structures and transport phenomenon near rough elements. However, the effects of 
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surface roughness on separating and reattaching flows are not fully understood, especially 

for a small step height to boundary layer thickness ratio. 

 

Although the FFS turbulent flows have been studied in the past and it is known that they 

have significant effects on the reattachment length and turbulent statistics in the early 

redveloping regions, the turbulent statistics over a rough FFS in the redeveloping and far 

downstream redevelopment regions have not been reported. Furthermore, in contrast to 

the large number of prior studies of turbulent flows over smooth FFS, our understanding 

(a) 

(b) 

(c) 

(d) 

Figure 1.1: Various geometries used to induce flow separation. (a) Backward facing step. (b) Fence. (c) Rib. 

(d) Forward facing step. 
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of effects of rough FFSs on turbulent shear flows is limited to only one experimental 

study as indicated in Chapter 2. However, that study only reported results in the 

recirculation region. 

 

1.2 Objective 

The main objective of current research is to investigate the effects of surface type or 

condition on turbulent flows over FFSs in the recirculation and redevelopment regions. 

Special interest is given to the impact of different surfaces on the Reynolds stresses, and 

turbulent production terms as well as large scale structures. An experimental 

methodology is applied to achieve this objective. In particular, detailed velocity 

measurements were conducted over FFSs with three surface conditions. These are a 

reference smooth surface step made from an acrylic plate and two steps with rough 

surfaces made of sandpaper 24-grits and sandpaper 36-grits (Fig. 3.4). A particle image 

velocimetry (PIV) technique was used to conduct the measurements in the streamwiseï

wall-normal (x-y) planes at the test section mid-plane and at several locations down to 68 

step heights.  

 

The velocity data obtained over the three surface types and Reynolds numbers are then 

post-processed to obtain the mean field velocities and turbulent quantities. In addition to 

the single point flow statistics, multiple point analyses such as proper orthogonal 

decomposition (POD) and two-point correlation functions were employed to study the 

coherent large scale structures in order to provide physical insight into the nature of these 

complex flows.  

 

1.3 Thesis Structure 

The thesis is organized into five chapters. The rest of the thesis is arranged as follows. 

The literature review of previous studies on separated and reattached flows over smooth 

and rough FFSs is presented in Chapter 2. Detailed experimental setup including test 

facilities, measurement procedures as well as the PIV technique used to conduct the 

measurements is reported in Chapter 3. Chapter 4 reports the results and analyses where 

the effects of surface condition, Reynolds number, Reynolds stresses, triple velocity 
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products and turbulent production terms are discussed in detail. In addition, POD and 

two-point correlation analysis of the effects of surface roughness on the coherent 

structures and large rotating structures are also reported. Finally, the summary and 

conclusions of the thesis and recommendations for future work are presented in Chapter 

5.   
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CHAPTER 2 

LITERATURE RIVIEW  

 

A brief introduction of forward facing step (FFS) flow and its distinctive features 

including the recirculation region and reattachment length (Xr) will be discussed in this 

chapter. In addition, an overview of previous relevant studies that used both experimental 

and numerical methodologies on smooth and rough FFSs will be reported. 

 

2.1 Characteristics of Flow over Forward Facing Step 

As indicated in Chapter 1, turbulent flows over FFSs have been studied extensively in the 

past due to their diverse applications including turbine blade cooling, heat transfer 

enhancement for electronic devices, and friction reduction in fluid machinery. Apart from 

their technical applications, FFS flows are also prototypical flows for investigating the 

physics of complex near-wall flows. Forward facing step flows raise significant practical 

interest in the industry and has been studied extensively as a result. 

 

Figure 2.1 is a schematic diagram of a flow over a FFS indicating some distinctive 

features of the flow. The Cartesian coordinate system is applied with the x-coordinate 

aligned with the streamwise direction and y-coordinate aligned with the wall-normal 

direction as indicated in the figure. Note that x = 0 corresponds to the leading edge of the 

step and y = 0 is at the top surface of the step. The turbulent flow with boundary layer 

thickness̆ ŭ̆ and free stream velocity, Ue, approaches from left to right over a FFS with 

step height, h, is shown in Fig. 2.1. The first recirculation region occurs upstream at the 

foot of the step. The flow is reported to separate at ~1.2h upstream and reattaches to the 

vertical step wall at ~0.6h above the ground surface downstream (Leclercq et al., 2001). 

For FFS, the leading edge of the step acts as the only one fixed separation point and it is 

not dependent on Reynolds number or any other conditions. According to Bowen and 

Lindley (1977), the velocity in the upstream recirculation region is nearly stagnant and 

acts as an equivalent ñslope angleò. The second recirculation region occurs above the step 

top surface extending from the leading edge to the reattachment point downstream. This 

is denoted as reattachment length, Xr in Fig. 2.1. Strong shear layers develop in the 
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recirculation region and vertical motion of flow was observed through flow visualisation 

techniques, which is often referred to flapping (Driver et al., 1987).  

 

 
Figure 2.1: A sketch of forward facing step and mean velocity profiles (Sherry, 2010). 

 

Generally, flow over FFS is divided into three major regions. These include the upstream 

region, recirculation region and redevelopment region. The upstream region is the region 

where turbulent boundary layer is fully developed before it is separated by the step. An 

important characteristic of a turbulent boundary layer is boundary layer thickness (ŭ), 

(Fig. 2.1), which is defined as the distance from the wall to where the streamwise velocity 

is 99% of Ue. Other parameters are also used to characterize turbulent boundary layers 

such as the displacement thickness (ŭ*), momentum thickness (ɗ), shape factor (Hf = ŭ 

*/ɗ), and skin-friction coefficient (Cf = 2(UŰ /Ue)
2, where UŰ is friction velocity. The 

recirculation region is created by the reverse flow close to the step surface interacting 

with the free stream flow, extending from the leading edge of the step to the point where 

the flow reattaches to the step surface. This results in the development of a strong shear 

layer between the low velocity recirculating flow and the mean free stream flow. This 

complex phenomenon elevates local mixing in the turbulent boundary layer. The region 

beyond the reattachment location is called the redevelopment region, where a new 

boundary layer redevelops. The recovery of new boundary layer may take more than 20 

step heights to develop according to Jovic and Driver (1995), and Simpson (1989). 
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Previous studies have shown that Xr depends on a number of parameters including the 

step length (L) to h ratio (i.e., L/h), the step width (W) to h ratio (i.e., W/h) and ŭ/h (Castro 

and Dianat, 1983). It was also observed that none of these parameters has been 

determined to independently affect Xu in a dominant fashion because of the complex 

interaction between the distinct separated regions in FFS flows (Bradshaw and Wong, 

1972). In addition, Largeau and Moriniere (2007) pointed out that in order to characterize 

the flow, a large enough L/h ratio is required. Also the W/h ratio determines the 

dimensionality of the recirculation region. It was further argued that the 

two-dimensionality of flows is enhanced if the W/h ratio is greater than 10 (Largeau and 

Moriniere, 2007).  

 

2.2 Previous Studies  

Extensive efforts have been made to study separated and reattached turbulent flows. 

Backward facing step (BFS) flows are more extensively studied mainly due to their 

relative simplicity compared to FFS flows. BFS studies have been comprehensively 

reviewed recently by Essel (2013) and will not be repeated in this thesis. Separated and 

reattached turbulent flows induced by surface mounted blocks of different geometries 

have also been reviewed in detail by Agelinchaab and Tachie (2008) and also will not be 

repeated here.  

 

2.2.1 Forward Facing Step Studies 

A number of prior research investigated turbulent flows over FFSs. A summary of the 

relevant literatures is listed in Table 2. 1, where Reh is Reynolds number based on h, and 

H is the test channel height. Also, U and V are the streamwise and wall normal velocities, 

respectively. For the fluctuating components, u, v, w, are streamwise, wall-normal, and 

perpendicular velocities in the x, y, z directions, respectively. The turbulent kinetic energy 

is k, Ů is dissipation, while cp, cf are pressure coefficient and friction coefficient, 

respectively. The Reynolds stresses uu, uv, vv are the streamwise Reynolds normal 

stresses, Reynolds shear stresses, and the wall-normal Reynolds normal stresses, 

respectively.  
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Table 2.1: Summary of relevant FFS studies. 

Study h (mm) h/H ŭ/h L/h Reh Xr Techniq-

ue 

Quantities 

Arie et al. 

(1975) 

10~70 0.083~ 

0.583 

1.96 4 - 2.5 - u, v, w 

uŰ 

Agelinchaab 

& Tachie 

(2008) 

6 0.03 9.3 6 1.92×10
3 

4.1 PIV u, v, U, V 

-uv, U+ 

Camussi et 

al. (2008) 

20 - 5 8 8.8~26.

3×103 

1.5~2.1 PIV U 

Castro & 

Dianat 

(1983) 

60 0.08 5.2 2 5×104 1.4 - cp, cf 

Farabee 

&Casarella 

(1986) 

14.2 0.023 2.4 >10 2.1×104 3 - prms 

Gasset et al. 

(2005) 

76 0.07 0.7 >6 5×104 5.0 RNG k-Ů u. k, Ů 

Hattori & 

Nagano 

(2010) 

- 0.11 0.33

~ 

0.66 

23.3 0.9~ 

3×103 

1.82~ 

2.04 

DNS U, -uv, k 

urms, vrms, 

wrms 

Largeau and 

Moriniere 

(2007) 

30,40,50 0.023~ 

0.039 

0.3 >9 2.88~12

.82× 

104 

3.5~5 PIV and 

wall flow 

visualizat

i-on 

uu, vv, uv 

Zhang 

(1994) 

75.37 0.097 0.7 32 - 4.02 k-Ů 

model 

U, k 

Bergeles & 

Athanassiadi

s (1983) 

25 0.02 0.48 4 2.7×104 3.75 Hot-Wire Lr 

Andrew. 

(2013) 

32.3~72.

75 

0.2222~

0.5 

- 33.3 - - VOF, 

DNS 

Pressure 

head 

Eloranta et 

al. (2002) 

11.2 0.5 0.25 11 960~55

00 

4 PIV uŰ, k 

Sherry et al. 

(2010) 

15~45 3.75×10
-2~0.1 

0.83

~ 2.5 

11.1~ 

33.3 

1400~ 

1.9×104 

2.4~3.3 PIV U, u, -uv, 

Xr 

Pearson et al. 

(2011) 

30 0.027 0.16 30 20.5×10
3 

3.1 PIV ŭ*, Ue 

Stüer et al. 

( 1998) 

20 0.25 _ _ 960~23

00 

_ Hydroge-

n bubble, 

PTV 

u, v, w 

 

Wu & Ren 

(2011, 2013) 

6.35 0.01 8 14 3450 0.9~1.5 PIV U, V, uu, 

uv, vv, 

Lanzerstorfer 

et al. (2012) 

_ 0.23 ~ 

0.965 

_ _ 680~ 

7700 

1.7 Finite 

volume 

method 

u, v, w 

Pearson et al. 

(2013) 

30 0.027 1.47 33 20000 - PIV, 

hot-wire 

U, u, v 

 

Tachie & 

Balachandar 

(2001) 

3 0.005 >10 162 960~ 

1890 

- LDA U, U+, urms, 

Hf 
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Motivated by the lack of experimental data on turbulent flows over FFSs, Camussi et al. 

(2008) investigated flow field and wall pressure fluctuations induced by quasi-2D 

incompressible turbulent boundary layers over a FFS in a water tunnel. The test 

conditions and boundary layer parameters of their study are reported in Table 2. 1. 

Pressure and velocity data were measured by pressure sensors and the PIV technique, 

respectively. The PIV measurement locations ranged from x/h = 0 to 5.5. The results 

showed that the recirculation region strongly depended on Reh. For example, the average 

location of the reattachment point moved from about 1.5h downstream of the step at Reh 

= 8.8×103 to about 2.1h at Reh = 26.3×103.  

 

Bergeles and Athanassiadis (1983) investigated the length of the recirculating region on a 

FFS step using a single hot wire. The experiments were carried out in an open circuit 

wind tunnel at a Reynolds number of 2.7×104 and a turbulence level of 0.5%. The step 

dimensions, and flow and boundary parameters including boundary layer thickness to 

height ratio of ŭ/h = 0.48 are indicated in Table 2.1. The lengths of the recirculating 

region for various step widths were determined qualitatively using flow visualization. 

Experimental results showed that the length of the recirculating region downstream 

decreases with increasing step width.  

 

Largeau and Moriniere (2007) performed comprehensive experiments in a subsonic wind 

tunnel to better understand the spatio-temporal wall pressure and flow fluctuations over a 

FFS. The Reynolds number and boundary layer thickness at x/h = -6 are reported in Table 

2. 1. Wall flow visualizations and particle image velocimetry (PIV) technique were used 

to analyze the flow topology. A multi-sensor approach using wall pressure probes and 

cross hot wire anemometry was carried out to ensure simultaneous measurement of wall 

pressure and velocity fields and the analysis of cross correlation between the velocity 

fields and wall pressure fields. Results confirmed that recirculation region decreased with 

increasing ŭ/h ratio. 

 

Agelinchaab and Tachie (2008) studied separated flow over two-dimensional (2D) 

transverse blocks of different geometries including a short FFS. The PIV technique was 
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used to conduct the velocity measurement down to x/h = 130 downstream beyond the 

reattachment point. The characteristics of approaching flow measured at x/h = -41.7 are 

reported in Table 2. 1. The study suggested that the upstream boundary conditions such as 

Reynolds number, boundary layer thickness, and turbulence level or measurement 

uncertainty could affect the reattachment length. In addition, it was also found that the 

y-values of dividing streamlines monotonically decrease with x, from 1.0 to 0.3 at various 

x-locations in the recirculation region. 

 

Sherry et al. (2010) performed one of the most comprehensive investigations on the 

velocity fields over FFSs immersed in turbulent boundary layers with different boundary 

layer ŭ/h ratios in a wind tunnel. Reynolds numbers based on h from Reh = 1400 to 19000 

were used. The velocity measurement were performed using particle image velocimetry 

(PIV) in the range x/h = 1.9 to 4. Detailed boundary layer parameters measured at 13.5 

mm upstream of the step over the entire velocity range are reported in Table 2. 1. The 

study found that for Reh less than 8500, the Xr value was heavily dependent on the 

Reynolds number and ŭ/h. However, for Reh more than 8500, there is no significant Reh 

dependence of Xr. The study also confirmed that irrespective of Reh, the reattachment 

length is strongly dependent on ŭ/h ratio. However, the study was limited because it did 

not report turbulent statistics beyond the reattachment region, and only the smooth step 

was investigated. 

 

Pearson et al. (2011) investigated the relationship between several defined flow 

parameters (as indicated in Table 2. 1) at the step face as well as the dependence of these 

parameters on the upstream and downstream flows. The experiments were performed in a 

wind tunnel with h = 0.03 m using PIV technique as indicated. Results show that by 

applying joint probability density functions and cross-correlations, a slower than average 

flow velocity above the step face results in an increase in the inclination of the flow 

above the step, an increase of the downstream vortices and an increase in the wall-normal 

extent of upstream reverse flow. 
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2.2.2 Studies on Rough Surfaces 

A comprehensive review of turbulent flow over the rough surface studies prior to 1990 

was performed by Raupach et al. (1991) and will not be repeated here. Subsequently, 

Schultz and Flack (2007) examined the effects of uniform packed spheres displaced in 

the turbulent boundary layer and compared to the effects of fine-scale grits and found out 

that spheres had more impacts on turbulence statistics. Mejia-Alvarez and Christensen 

(2010) conducted experiment over a rough surface with oil deposition in the turbulent 

boundary layer with zero pressure gradient (ZPG) at Reh = 11400. Low order modes of 5 

and 16 were selected. Both mode 5 and 16 low-order modes possessed turbulent 

boundary layer features outside the roughness sublayer, but not within the roughness 

sublayer. Ji and Wang (2010) studied acoustics in the turbulent flow using smooth FFS to 

model this discontinuity.  

 

Wu and Ren (2013) explored the impacts of realistic roughness on the turbulent boundary 

layer over FFS. The surface topographies of different scale resolutions were obtained 

from a novel multi-resolution analysis technique. PIV measurements were carried out in 

an open circuit, boundary layer wind tunnel at Reh = 3450. The mean velocity fields show 

that the large-scale but low-amplitude roughness in the FFS distorts the mean flow 

structure of the downstream recirculation region. The Reynolds stress downstream of the 

step shows little variation by the specific topographical features of the large-scale 

roughness over the step compared with the smooth step case. It also indicates that if the 

leading roughness profile has a negative slope, the effects on the FFS flows are negligible 

while a positive slope leading roughness profile has remarkable impacts on the FFS flows 

downstream. Their study, however, is also limited to only two step heights downstream in 

the recirculation region. Flow recovery in the redevelopment region is not reported.  

 

More recently, Sarkar and Mazumder (2014) investigated the features of turbulent flows 

over the trough of a pair of 2D forward facing dune shaped structures with two different 

stross-side slopes. The stross-side angles were respectively 50° and 90° upstream and 

have an equal base length with a common slope of 6° at downstream face. Experiments 

were conducted in a recirculating óclosed circuitô laboratory flumes (Mazumder et al., 

2009) using a 3-D Micro-Acoustic Doppler Velocimetry (ADV) to collect velocity data at 
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the flume centerline at Reh å 1.44Ĭ10
 5. Turbulent flow parameters show that the 

separation bubble and a thin shear layer between the reverse flow region and main free 

stream region are the main contributor to the turbulence production. It is also found that 

the structures with higher stross-side slope induced more flow resistance. 

 

2.3 Multi -Point Statistics 

Turbulence is characterized by disorderly fluctuations in time and three-dimensionality in 

space. However, it is generally accepted that there are repeating patterns of motion or 

organised motions (also known as coherent or large scale structures) embedded in 

turbulent flows. Coherent structures possess a substantial portion of the total turbulence 

kinetic energy (Hammad and Milanovic, 2009). Identifying these coherent structures is a 

challenge, in part because they are usually buried in massive chaotic data. The proper 

orthogonal decomposition (POD) technique is a powerful multi-point 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 shear layer. A brief overview of POD technique and two-point 

correlations is presented in Sections 2. 3. 1 and 2. 3. 2, respectively. 

 

2.3.1 Proper Orthogonal Decomposition 

As mentioned in Chapter 1, POD is a statistical technique for extracting coherent 

structures or energetically dominant modes in a flow. It decomposes a series of data into 

an optimal set of basic functions, which is also called an eigenfunction or orthogonal 

function (Holmes et al., 1996). It has been argued that POD is the most efficient 

technique for extracting the most energetic components of an infinite dimensional process 

with only a few modes (Adrian and Westerweel, 2000; Holmes et al., 1996). Proper 

orthogonal decomposition requires multi-points measurements such as data from PIV or 

hotwire rakes. 

 

Proper orthogonal decomposition has been used in various disciplines that include fluid 

mechanics, oceanography, and image processing (Cizmas et al., 2003). Compressive 

reviews of the application of POD to turbulent flows can be found in Holmes et al. (1996), 
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and Gordeyev (1999). Depending on the discipline, the same procedure for implementing 

POD goes by different names such as Karhunen-Loeve decomposition, principal 

components analysis, singular systems analysis, and singular value decomposition 

(Holmes et at., 1996). Proper orthogonal decomposition was first introduced to the field 

of fluid turbulence by Lumley (1967) as an unbiased method for extracting structures in a 

turbulent flow (Holmes et al., 1996). Lumley (1967) defined coherent structures in terms 

of the eigenfunctions with the associated turbulent kinetic energy (Hammad and 

Milanovic, 2009) and frame it as a maximization problem that results in an integral 

equation with fixed limits. This equation is also known as the Fredholm type integral 

equation with the correlation tensor as the kernel. The direct method of POD involves 

solving this equation (Shinneeb, 2006). Detailed presentation of the direct method was 

reported by Shinneeb (2006) and Kostas (2002). 

 

Sirovich (1987) argued that when the resolution of the spatial domain (M) is higher than 

the number of observations (N), computation by the direct method becomes inefficient. 

This is because the direct method requires (M 3 + M 2N) operations for completion. This is 

the case for PIV data where a large number of vectors can be obtained in each velocity 

field. A more computationally efficient technique called the snapshot method was 

implemented by Sirovich (1987). The snapshot method requires (N3 + N2M) for 

convergence. This method is simply a numerical technique which can compute the 

empirical eigenfunctions efficiently and give an equivalent solution to the direct method 

(Sirovich, 1987). Graftieaux et al. (2001) compared the direct and snapshot methods for 

unsteady turbulent swirling flows and found no significant differences in their results. 

Breuer and Sirovich (1991) observed that as the snapshots increases, the computed 

energy spectra approach the analytical spectra and the fidelity of the snapshot procedure 

improves. They also demonstrated that if N > M, spurious eigenvalues would be 

generated, however, if N < M, all the eigenvalues would provide valid approximation to 

the analytical spectra.  

 

One of the earliest applications of POD to turbulent flows was by Bakewell and Lumley 

(1967), who applied POD to a fully developed turbulent pipe flow. Subsequently, POD 
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has been implemented in many types of flows including free jets (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), channel flows 

( Reichert et al., 1994; Sen et al., 2007; Moin and Moser, 1998), boundary layer flows 

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

backward facing step flow (Kostas, 2002, 2005; Essel, 2013); and 3D turbulent wall jet 

(Hall and Ewing, 2005, 2007). Kostas et al. (2002, 2005) used POD to reveal the 

presence of vertical structures throughout the shear layer. They found more irregular 

structures at downstream locations than upstream locations which suggested that there is 

an increase in turbulent interactions with downstream distance. Low order representations 

of the turbulent intensities and Reynolds shear stressed suggest that large scale structures 

contribute more to u2 and ïuv than v2 in the flow downstream of the reattachment. For 

Reynolds numbers (based on the step height and freestream velocity) of 580 and 4660, 

they found that the structure of the smaller scales depend strongly on Reynolds number 

whereas the large scales do not. Sherry et al. (2010) applied POD to analyse shear layer 

dynamics, streamwise velocity perturbation, and Reynolds shear stress of FFS flows. 

Their results show that the experimental data they obtained were similar to previous 

studies, i.e. (Moss and Baker, 1980). Essel (2013) used POD to analyse turbulent flows 

over a BFS. The results indicated that the most dominant flow structures in the 

redevelopment region are more energetic than those in the recirculation region. 

 

The snapshot approach of POD introduced by Sirovich (1987) was employed in this study. 

The POD implementation was performed following the procedure explained by Meyer et 

al. (2007). This approach considers each instantaneous PIV realization as a snapshot of 

the flow. The snapshot method is the technique employed in this study and its 

implementation is described in detail in Appendix A. 

 

2.3.2 Two-Point Correlations 

Following Volino et al. (2007), the two-point correlation functions are defined for two 

arbitrary quantities A and B in a plane at reference points separated by ȹr1 and ȹr2 as 

follows: 
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                 Ὑ  ὃ ὶȟὶ ὄ ὶ ῳὶȟὶ ῳὶ  Ⱦ„„,         (2.1) 

where „ ÁÎÄ „ are the standard deviations of A and B, respectively, at positions 

 ὶȟὶ  and <ŀ> denotes the average. In this study, „ and „ represent the turbulent 

intensities, while A and B are the fluctuating velocities. In the x-y plane, for example, „ 

and „ are, respectively, the streamwise (u) and wall-normal (v) fluctuating velocities, 

respectively. It should be noted that Eqn. 2. 1 can also apply to autocorrelations. These 

are denoted by RAA or RBB. As mentioned earlier, two-point correlations can be used to 

determine the distance and time scales over which the turbulence field is correlated 

across the flow. It can also be used to estimate the integral as well as the Taylor micro 

length and time scales. For examples, the area under the two-point correlations has been 

used to study offset and wall jets previously.  

 

The two-point correlations have been used more extensively in boundary layer studies to 

quantify the average extent and shape of the hairpin-like vortex packets. 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). 

Based on direct numerical simulation (DNS) data, Moin and Kim (1985) concluded that 

the two-point correlations strongly support a flow model with hairpin-like vortices 

inclined at 45° to the wall in a channel flow. They also found that the size of vortices 

increased with wall-normal location. The angles of inclination of Ruu can be estimated by 

fitting least-squares through points farthest away from the self-correlation peak at 

different contour levels. Christensen and Wu (2005) determined that, for turbulent 

channel flow, the hairpin-like vortex packets are inclined at an angle of 11° to the channel 

wall. Their results are in good agreement with values of 12° and 13° reported by 

Christensen and Adrian (2001) for turbulent boundary layers at Reynolds number based 

on friction velocity of ReŰ = 547 to 1734. In an earlier study, Head and Bandyopadhyay 

(1981) reported inclination angles between 15° and 20° for 500 < Reɗ < 17500, where Reɗ 

is the Reynolds numbers based on momentum thickness. More recently, Tomkins and 

Adrian (2003) reported angles between 10° and 20° at Reɗ = 1015 and 7705, respectively. 

The results from the experimental studies show that, for canonical turbulent flows, the 

inclination of the hairpin-like vortex packets is approximately 15 ° ± 5  °. Pearson et al. 
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(2011) investigated the upstream and downstream separation regions in a FFS and 

reported statistical relations between the flow characteristics of the recirculation regions 

in the vicinity of the step face. The results showed that after a time delay, the upstream 

wall shear stress correlates to the upstream extent of separation is consistent with the 

average convection velocity of the lower boundary layer. Essel (2013) also employed the 

two-point correlation analysis technique to study flow structures of a BFS flow. The 

results show that the physical size of the spatial structures embodied in the streamwise 

auto-correlation increases as flow develops from recirculation region to the 

redevelopment region while in wall-normal direction, the size of spatial structures 

increases with streamwise distance.  

 

2.4 Summary 

In this chapter, a review of the relevant studies of turbulent flows over FFS is presented. 

From previous studies, it is known that Xr is highly dependent on L/h, W/h and Reh. In 

particular, when Reh is less than 8500, the Xr value was heavily dependent on the 

Reynolds number. However, for Reh more than 8500, there is no significant Reh 

dependence of Xr. A large enough L/h ratio is required to characterize the flow and also 

the W/h ratio determines the dimensionality of the recirculation region. It is evident that 

most of the previous studies focused on smooth FFS and one-point statistics such as mean 

flow velocities, Reynolds stresses are extensively investigated. Turbulent flows over 

rough FFSs in the open literatures are limited only to Wu and Ren (2011, 2013). Their 

studies were also limited to only 2 step height downstream. Therefore, the effects of 

surface roughness on the characteristics of turbulent flow over a FFS are not fully 

understood. In this thesis, turbulent flows over a FFS with different surface conditions are 

investigated. Turbulent statistics including Reynolds stresses and higher order moments 

will be reported.   
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CHAPTER 3 

EXPERIMENTAL SET -UP AND MEASUREMENT 

PROCEDURE 

 
In this chapter, the experimental setup, test conditions, the measurement procedures and 

freestream flow characteristics are discussed.  

 

3.1 Experimental Setup  

The experiments were conducted in a test channel that was inserted into a main 

recirculating water tunnel. Figure 3.1 shows a schematic diagram of the water tunnel used 

for this study. The test section was made of clear acrylic plate to facilitate optical access. 

The whole experimental facilities consist of a water tunnel and particle image velocity 

(PIV) system. These systems will be described in detail in the following sections. 

 

3.1.1 Water Tunnel 

The main water channel consists of flow conditioning unit (items 1-2), test section (item 3), 

a tank (item 4), a centrifugal pump (item 5), a variable speed drive (item 6), piping and 

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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valves, supporting framework and a filtering system.  

 

The recirculating flow is driven by the centrifugal pump through the flow conditioning unit 

at the inlet section of the water channel. The flow conditioning unit has a wide settling 

chamber fitted with perforated steel plates and honeycomb followed by a 6:1 contraction 

section to break down the large scale turbulence and make the flow uniform prior to 

entering the test section. A 24 HP variable speed drive motor regulates the speed of the 

pump.  

 

 

  

 

 
 

 

 

 

 

 

3.1.2 Test Section and Forward Facing Steps 

The test section of main water tunnel is shown in Fig. 3.2. It has dimensions of 2500 mm 

(length) × 200 mm (height) × 200 mm (internal width). The side and bottom walls of the 

test section are made of Super Abrasion Resistant ® (SAR) clear acrylic plate to facilitate 

optical access. The test channels, which were constructed with clear acrylic plates and 

installed on stainless steel bars, were screwed onto the bottom wall of the test section of the 

water tunnel (Fig. 3.2). A schematic drawing of the test channel is shown in Fig. 3.3. The 

Main water channel Laser 

CCD camera 

Laser 

generator 

Traverse 

Figure 3.2: Picture of the test section of the water tunnel and components of the PIV system. 

Stainless steel bars 

Test channel 
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test channels was fabricated from 6 mm thick acrylic plates and have dimensions of 2500 

mm (length) × 51 mm (height) × 186 (width).  

 

Fig. 3.3 shows the forward facing step (FFS) used to induce flow separation. It has nominal 

height of, h = 6 mm, length 1300 mm and width 185 mm. The step was screwed onto the 

bottom wall of the test channel. The upstream channel height is Hu = 51 mm and the 

channel height downstream of the trailing edge of the FFS is Hd = 45 mm. The test 

channel has an aspect ratio (AR = W/h) and expansion ratio (ER= Hd /Hu) of 31 and 0.864, 

respectively. The present aspect ratio of AR = 31 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 and Bradshaw, 1972). 

 

3.2 FFS and Surface Condition  

Three step surface conditions were used in this study. A replaceable reference smooth 

surface and two rough surfaces of different topography were placed on the step to study the 

effects of surface conditions on the flow structures within the recirculation and 

redevelopment regions. 

 

 

The smooth surface (hereafter denoted by SM) is simply the step described above without 

any surface treatment. The rough surfaces were made from sandpaper 36-grits (hereafter 

denoted by SP-36) and sandpaper 24-grits (hereafter denoted by SP-24) glued onto a 4.5 

mm acrylic plate and also spans 1300 mm from the trailing edge of the FFS. Each of the 

Figure 3.3: Schematic of sectional side view of the parallel test channels.  
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(a) (b) 

sandpapers has a mean sheet thickness of 1.5 mm, so that the combined thickness of the 

plate and roughness elements was 6.0 ± 0.1 mm.  

  

 

 

 

 

Figure 3.4: Pictures and contour plots of sandpaper 36 grits, SP-36 (a) and 24 grits, SP-24 (b) (Essel, 2013) 

 

 

Figure 3.4 shows the pictures of SP-36 and SP-24. Samples of the rough surface (SP-36 

and SP-24) were profiled by Essel (2013) with a Veeco Wyco NT9100 optical profilometer 

which utilizes white light interferometry with sub-micron vertical accuracy. The surface 

statistics are summarized in Table 3. 1. 

 

The average of maximum peak-to-trough roughness height is denoted by kt, while krms is 

the root-mean-square roughness height, Sk is the skewness and Ku is the flatness of the 

roughness probability density function. The equivalent sand grain roughness, ks of the 

each rough surface was estimated from the following formulation proposed by Flack and 

Schultz (2010): 

                        ks = 4.43krms (1+Sk)
1.37                          (3.1) 

Table 3.1: Surface statistics of rough surface (Essel, 2013) 

Type kt (mm) ks (mm) krms (ɛm) Sk Ku 

SP-36 1.12 1.37 161.07 0.61 3.23 

SP-24 1.29 1.70 239.93 0.41 2.39 
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For SP-36, ks is approximately 20% larger than kt. In the case of SP-24, the value of ks is 

approximately 30% larger than kt. The surface statistics also show that the value of kt of 

SP-24 is approximately 15% larger than that of SP-36 and values of the Sk imply that there 

are more peaks than troughs on SP-36 as compared to SP-24. 

 

3.3 PIV System and Measurement Procedure 

A particle image velocimetry technique was used to conduct detailed velocity 

measurements in x-y planes located at mid-span of the test channel. PIV is a whole-field 

non-intrusive velocity measurement technique that measures instantaneous velocity 

vectors simultaneously in a flow field. A detailed discussion on the basic principles and 

implementation of the PIV technique is provided in detail in Appendix B.  

 

In the PIV technique, the flow field is seeded with tracer particles and illuminated by 

pulse laser sheet that are separated by a time interval, ȹt. A couple-charged device (CCD) 

camera captures the light scattered by the seeding particles on two successive images 

(image pairs). To obtain the velocity statistics, each image pairs is divided into grids of 

interrogation area (IA) and for each IA, a numerical correlation algorithm is applied to 

statistically determine the local displacement vector, ȹs, of the particles between the first 

and second images. The average of the local displacement vector, ȹs, of all the particles 

within an IA, is then divided by the time, ȹt to obtain the velocity vector within the IA. 

The numerical correlation algorithm is repeated for all the IAs to obtain the velocity 

vector map of the entire flow field. PIV system and setup used in the present study is 

shown in Fig. 3.2. The basic components of the PIV system comprise a double pulsed 

laser, a CCD cameras and a synchronizer (not shown in Fig. 3.2).  

 

In the present study, the flow was seeded with 10 ɛm fluorescent polymer seeding particles 

(Rhodamine B) having a specific gravity of 1.19 and refractive index of 1.48. The size of 

the particles and the refractive index where chosen so as to ensure the seeding particles 

have good light scattering ability. Since the PIV technique measures the velocity of the 

particles and not the fluid velocity, it is essential to ensure that the particles follow the 

flow faithfully. To this end, the particle settling velocity and response time were 
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evaluated. The settling velocity, vs and response time, tr were calculated using the 

following expressions: 

   ὺ                            (3.2) 

ὸ ” 
 
,                          (3.3) 

where, ɟp is the particle density, ɟf is the fluid density, g is the acceleration due to gravity, 

dp is the diameter of the particle and ɛf  is the dynamic viscosity of the fluid. Using the 

approach centerline main mean velocity of Ue = 0.80 m/s, for example, the values of the 

settling velocity and response time of the particles were vs = 1.04 × 10-6 m/s and tr = 6.61 

× 10-6 s, respectively. This settling velocity is negligibly small compared with the 

approach centerline main mean velocity (Ue = 0.80 m/s). Similarly, the particle response 

time is negligibly small in comparison with the sampling time used in the present study. 

Based on these parameters, it was concluded that the seeding particles indeed follow the 

flow faithfully. 

 

The flow field was illuminated using a New Wave Solo Nd:YAG double-pulsed laser that 

emits green light at 120 mJ/pulse with 532 nm wavelength and 15 Hz repetition rate. The 

emitted light from the particles are captured by the 12-bit CCD camera with 2048 pixel × 

2048 pixel array and 7.4 ɛm pixel pitch. A synchronizer controlled the trigger rate of the 

laser and image capturing time of the CCD camera. The fluorescent seeding particles 

absorb the green laser light and emit orange light at 570 nm wavelength. The CCD camera 

was equipped with an orange filter with band-pass wavelength of 570 nm. The use of 

fluorescent particles and the orange filter significantly reduced surface glare at the 

interface between the working fluid (water) and the solid wall, thereby significantly 

improved the quality of the velocity vectors close to the wall.  

 

The data acquisition was controlled using commercial software (Dynamic Studio version 

3.41) supplied by Dantec Dynamics. Detailed measurements were obtained in an upstream 

plane (P0) at -20h to characterise the approach flow and 5 other downstream planes (P1 - 

P5) that start from 2 step heights upstream of the leading edge of the FFS to 68 step height 
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downstream (i.e., x* = x/h = -2 to 68) as illustrated in Fig. 3.3. The field of view of each 

measurement plane was set to 60 mm × 60 mm. Based on preliminary convergence tests 

(presented and discussed in Section 3. 6), 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. The adaptive correlation algorithm uses a multi-pass fast 

Fourier transform with a one-dimensional Gaussian peak-fitting function to determine the 

average particle displacement within the interrogation window to sub-pixel accuracy. 

 

The IA size was set to 32 pixels × 32 pixels with 50 % overlap in both the x and y 

directions. During the image acquisition, precautionary steps were taken to ensure that the 

maximum particle displacement was less than 1/4 of the IA size. Therefore, the maximum 

particle displacement in the streamwise direction was 8 pixels. With 0.1 sub-pixel accuracy 

and a maximum particle displacement of 8 pixels, the dynamic range is 80. The spacing 

between adjacent vectors was 0.47 mm or l = 0.078h in both the x and y directions. The 

Kolmogorov length scale (h) and Taylor micro-scale (l) were estimated in the upstream 

plane following the procedure used in prior turbulent boundary layer studies (Johansson 

and Alfredsson, 1983). Assuming local equilibrium (i.e., production = dissipation), the 

Kolmogorov length scale (h) and Taylor micro-scale (l) can be estimated from h = 

3ɜ/Ut and l = 150.5thUe, where th = h2/ɜ is the Kolmogorov time scale, ɜ is the kinematic 

viscosity, Ue is the approach centerline velocity and Ut is the friction velocity. It was 

determined that, in the upstream plane, the vector spacing corresponds to l/h = 1.09 and l/l 

= 0.155.  

 

This analysis demonstrates that the IA is larger than the smallest (Kolmogorov) scales. 

Since the Kolmogorov scales are responsible for dissipation of turbulent kinetic energy, the 

present resolution is not sufficient to accurately measure the dissipation rate. On the other 

hand, the IA is orders of magnitude larger than the Taylor micro-scale, hence the scales that 

contribute to the turbulence statistics reported in this thesis (e.g. Reynolds stresses and 

triple velocity correlations) are adequately resolved (Essel, 2013). 
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3.4 Test Conditions 

To enhance a rapid development of the turbulent boundary layer, two trips made from 

sandpaper 24-grits with dimensions of 70 mm (length) × 186 mm (width) were 

positioned at the inlet of the test section at the top and bottom wall (as indicated in 

Fig. 3.3) with the aid of a double sided tape. Six different test conditions were 

conducted as listed in Table 3.2. In order to ensure that the upstream boundary 

conditions were similar for all test cases, each experiment was conducted at the same 

approach centerline mean velocities of Um = 0 . 2 7 m/s,  0 . 5 4 m/s an d  0.80 m/s for the 

corresponding Reynolds number. These data were obtained after conducting 

measurements in plane (P0) centered at x = -20h upstream of the FFS to characterize the 

nature of the approach flow at Reynolds numbers based on the step height (h) of Reh = 

1600, 3200, and 4800 respectively. Note that Reh = Umh/n, where n is the kinematic 

viscosity of water. The experimental data were obtained in Planes 1 to 5, denoted as P1, 

P2,é, P5 over three different surface conditions. 

 

Table 3.2: Test conditions 

Test Reh Ue (m/s) Planes Surface Type 

1 1600 0.27 P0,P1 smooth 

2 3200 0.54 P0,P1 smooth 

3 4800 0.80 P0, P1-P5 smooth 

4 4800 0.80 P1* smooth 

5 4800 0.80 P1-P5 24-grits 

6 4800 0.80 P1-P5 36-grits 

Note: P1* = plane 1(P1) is offset (from the center of channel) by 3 step heights (3h). 

 

Some of the salient parameters of the upstream boundary layer (for Ue = 0.8 m/s) are as 

follows: The boundary layer thickness was estimated as ŭ å 28.1 mm; and displacement 

thickness was, ŭ* å 3.8 mm. Therefore the ŭ/h for Ue = 0.8 m/s is approximately 4.7. The 

ratio of boundary layer thickness to the step height, ŭ/h > 0.2 implies that the effect 

of upstream boundary layer on the reattachment length is minimal (Adams and Johnston, 

1988). The rest of the boundary layer parameters are listed in Table 3. 3. It should be 

emphasized that Tests 1, 2 and 3 were conducted on the same step surface type (i.e., 

smooth) but different Reynolds numbers in order to characterize the effects of Reynolds 

number on the reattachment lengths and turbulent flow. On the other hand, Tests 3, 5 and 6 
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were conducted at the same Reynolds number but on three surface types in order to study 

the effects of different surface conditions on the flow properties. 

Table 3.3: Boundary layer parameters 

Test ŭ ŭ* 

1 5.3 1.6 

2 11.4 2.5 

3 28.1 3.8 

4 28.1 3.8 

5 28.1 3.8 

6 28.1 3.8 

3.5  Measurement Uncertainty 

A careful measurement uncertainty analysis was undertaken following the AIAA  

standard described by Coleman and Steele (1995) and procedures described in Prasad et 

al. (1992) and Forliti et al. (2000) for analyzing bias and precision errors in PIV 

measurements. Detailed uncertainty analysis of the present study is presented in 

Appendix C. In view of the precautionary measures taken during the measurements, 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. The uncertainties in the 

Reynolds stresses and third order moments are estimated to be 8% and ±1 4%, 

respectively.  

 

3.6 Convergence Test 

Prior to obtaining the data for analysis, a convergence test was carried out to determine 

the sample size required to accurately compute the mean and higher order turbulent 

statistics. In general, the sample size required depends on the local turbulence level and 

turbulent statistics of interest. Also, the measurement uncertainty is known to decrease 

with a larger sample size. To this end, three sample sizes of N = 1000, 2000 and 4000 

were measured on the rough step (SP-24) and used to calculate the mean velocity and 

Reynolds stresses. The rationale for selecting SP-24 for the convergence test was the fact 

that the turbulent statistics on SP-24 are generally more complex.  
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Figure 3.5: Profiles of dimensionless streamwise men velocity (a), streamwise (b) Reynolds normal 

stresses, Reynolds shear stresses (c) and wall-normal (d) Reynolds normal stresses computed from sample 

size, N = 1000, 2000 and 4000 in the redevelopment region (P5) at x/h = 64.7 over SP-24. 

 

The quantities from the different N samples (1000, 2000 and 4000) are plotted as 

shown in Fig. 3.5.The error bars on selected data points represent the measurement 

uncertainty of the respective quantity. It is evident from the figures that the differences 

among the profiles from the sample sizes are within acceptable measurement uncertainty. 

 

The above results imply that N Ó 1000 is sufficient to obtain statistical convergence of 

the streamwise mean velocity and Reynolds stresses. Therefore, 4000 image pairs 

were acquired in each of the measurement locations for computing the mean velocity 

and higher order turbulent statistics reported in this study. The rationale for acquiring 
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the 4000 data pairs was to facilitate multiple point statistical analysis such as proper 

orthogonal decomposition and two-point correlation functions. The number of image 

pairs used in the present study is significantly much more than that used in previous FFS 

studies. For example, Sherry et al. (2010) used 400 image pairs and Ren (2010) 

employed 1000 image pairs. 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

 

This chapter will concentrate on the results and discussions of turbulent boundary layer 

flows over smooth and rough forward facing steps (FFSs). Contour plots of the 

recirculation region, profiles of mean velocity (streamwise and wall-normal) and 

turbulence statistics (Reynolds stresses, production terms and triple velocity products) at 

selected streamwise locations downstream over smooth and rough steps are presented. 

Contour plot is quite useful to visualize flow features especially in rapidly evolving 

regions such as the recirculation region. The distribution of turbulence statistics facilitates 

comparison of flow characteristics at selected locations. In addition, multiple turbulent 

statistics such as two-point correlation functions and proper orthogonal decomposition 

(POD) analysis results for selected modes will also be included, such as rotating 

structures, rotating size and numbers. This chapter is divided into three sections. In 

Section 4.1, the reattachment length of each test condition over smooth and rough FFSs is 

reported and discussed. In Section 4.2, the profiles of one-point turbulent statistics at 

selected locations downstream over the step will be presented and discussed. Sections 4.3 

and 4.4 contain analyses multi-point statistics including two-point correlation functions 

and POD analyses. To reveal the effects of surface conditions on the large scale structures 

in the recirculation and redevelopment regions. 

 

4.1 Reattachment Length 

The reattachment length, Xr is an important parameter for flow over a forward facing step. 

It is used to study other parameters such as vortex intensity and pressure gradient 

downstream (Xia and Liu, 2012). Following previous procedure (Essel, 2013), the 

reattachment lengths in this study are determined as the locations: (1) where the diving 

streaming line ɣ = 0; and (2) where the 50% forward fraction line reattaches to the top 

surface of the step. The mean reattachment length was determined as the average of the 

results obtained by the two definitions and normalized. The normalized mean 

reattachment length is denoted as Xr
*, as indicated in Table 4.1. 
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Table 4.1: Normalized reattachment length, Xr
*, for various test conditions. 

Test Reh 

Dividing 

Streamline 

(mm) 

50% forward 

fraction(mm) 

Average 

(mm) 
Xr

* 
Surface 

Type 

1 1600 _ 22.0 22.0 1.67 smooth 

2 3200 _ 23.0 23.0 1.83 smooth 

3 4800 25.31 25.7 25.5 2.25 smooth 

5 4800 19.19 18.6 18.9 1.15 24-grits 

6 4800 21.07 21.2 21.2 1.53 36-grits 

 Please note: Test 4 is measured at P1 offset 3mm from the mid-span of the channel. 

 

It was observed that the stream function in Tests 1 and 2 were not well defined so it was 

decided to exclude them in the estimation of Xr. Comparing Tests 1 to 3 in the table, the 

normalized reattachment length over the smooth FFS increased with increasing Reynolds 

numbers. This result is consistent with the previous study conducted by Sherry et al. 

(2010). As indicated in Chapter 2, the reattachment length is sensitive to several factors 

such as the channel width (W) to step height (h) ratio, the boundary layer thickness (ŭ) to 

h ratio and the step length (L) to h ratio. Tests 3, 5 and 6 are comparisons of reattachment 

length over the three surface conditions: a smooth FFS (SM), rough FFSs covered with 

sandpapers 24-grits (SP-24) and 36-grits (SP-36). Note that SP-24 is rougher than SP-36 

with the value of kt for SP-24 about 15% larger than that of SP-36. The results indicate that 

at a same Reynolds number, the reattachment lengths of SM, SP-24 and SP-36 were 

estimated to be Xr
*
 = 2.25, 1.15 and 1.52, respectively. These numbers show that the 

reattachment length decreased with increasing surface roughness. A recent study 

conducted by Ren and Wu (2013) indicated that the reattachment length obtained over a 

FFS with realistic surface roughness (krms = 640 ɛm) was estimated to be 0.99. For the 

current study, the root mean square roughness height for SP-24 and SP-36 is 240 ɛm and 

161ɛm as shown in Table 3.1, respectively. The results obtained in the current study is 

consistent with the previous study (Ren and Wu, 2013) although their experiment was 

conducted at a smaller Reynolds number of Reh = 3450. Therefore, a general conclusion 

can therefore be made that the reattachment length over a FFS decreases with increasing 

surface roughness.  
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4.2 Profiles of Mean Velocities and Turbulent Statistics  

This section examines the influence of FFS and its surface roughness on the distribution 

of turbulent statistics on approaching turbulent boundary layer at selected streamwise 

locations in the recirculation and redeveloping regions. For convenience, profiles are 

plotted at the following selected streamwise locations: x/h = 0.5, 2, 8, 16, 40 and 60. 

Among which, x/h = 0.5, and 2 are in the recirculation region; x/h = 8, 16, 40 and 60 are 

in the redeveloping region extending to far downstream locations. Note that the step 

height (h) is used as the length scale and the maximum upstream velocity (Um) is used as 

the velocity scale.  

 

4.2.1 Mean Flow Velocity 

The profiles of streamwise mean velocity U/Um, in the recirculation and redeveloping 

regions over smooth surface (SM), sandpaper 24-grits (SP-24) and sandpaper 36-grits 

(SP-36) at selected streamwise locations are shown in Fig. 4.1. For each test condition, 

the sudden contraction at the leading edge of the step does not impose an immediate 

effect on the flows over FFSs until 2h downstream, where flows are close to the step 

surface. For example, in the region y/h < 0.5, the streamwise mean flow velocity was 

decreased. The black curve, P0 represents upstream flow characteristics in this and the 

subsequent figures as a reference. 

 

As flow develops downstream, effects of surface roughness begins to show. As can be 

seen in Fig. 4.1e, from x/h = 16, the difference between SM, SP-24 and SP-36 is even 

more evident. The smooth surface was observed to have the largest streamwise velocity 

with SP-24 having the smallest. This is expected since there is more wall friction for 

rough step compared to the smooth step and SP-24 is rougher compared to SP-36 as 

indicated in Chapter 3. Beyond y/h > 1, streamwise flow velocity for each test condition 

is very close to the freestream velocity. This study also reports the most downstream 

profiles that can be found in the open literature. As can be seen, the profiles do not show 

any self-similarity. 
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Figure 4.1: Profiles of streamwise mean velocity U/Um, in the recirculation and redeveloping region over 

smooth surface (SM), sandpaper 24-grits (SP-24) and sandpaper 36-grits (SP-36).  

 
 

The difference between the profile is not significant from x/h = 0.5 to 8. This implies that 

in the recirculation region and early redeveloping regions, surface roughness has no 

significant impact on the streamwise mean velocity. Similar observations had been 

reported in previous rough-wall turbulent boundary layer studies (Krogstad et al., 1999; 

Essel, 2013). By the furthest measurement location (x/h = 60) in Fig. 4.1f, the streamwise 

velocity of SP-24 and SP-36 at 1 step height above the step surface is reduced by 

approximately 22% and 20%, respectively, compared to the corresponding value of the 

smooth surface. In addition, it can be observed from Figs. 4.1d-f that, close to the step 

surface, the mean flow velocity was reduced compared to upstream velocity P0. However, 

the mean velocity of smooth step was higher than the upstream velocity. This result 

suggests that the surface roughness significantly reduces the streamwise velocity close to 

the step surface downstream after 16 step heights downstream.  
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Profiles of wall-normal mean or vertical velocity V/Um, are also reported in Fig. 4.2. The 

profiles adjacent to the leading edge of the step (x/h = 0.5), in Fig. 4.2a, are positive. The 

smooth surface has the strongest positive flow compared to SP-24 and SP-36. However, 

the peak values of SM decreased sharply by 2h downstream and changed signs close to 

the step by x/h = 2 (Fig. 4.2b), (to negative) but are predominantly negative close to the 

step surface (y/h < 1). For SP-24 and SP-36, however, the vertical motion was not 

reduced as dramatically as in SM. In fact, it was strongest over SM followed by SP-36 

and SP-24. This indicates that there is strong interaction between the freestream flow and 

reverse flow in the recirculation region. The surface roughness appears to reduce vertical 

motion close to the leading edge of step even in the recirculation region. 

 

Figure 4.2: Profiles of wall-normal mean velocity V/Um, in the recirculation and redeveloping region over 

smooth surface (SM), sandpaper 24-grits (SP-24) and sandpaper 36-grits (SP-36). 

 

As the flow develops further downstream, wall-normal velocities of each test condition 

are relatively smaller than those values in the recirculation and early redeveloping regions. 

Beyond x/h = 8, the vertical motion of all step conditions are comparable. At x/h = 8 (Fig. 
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4.1e), peak values of SM, SP-24 and SP-36 collapse on upstream (P0) profile and 

continue to reduce downstream.  

 

Close to the leading edge region, in the recirculation and early redeveloping regions, 

surface roughness appears to supress vertical motion of the flow. However, in 

downstream redeveloping region, the effect of surface roughness is not significant 

compared with the SM case. In general, it was observed that surface roughness elevated 

wall -normal velocity beyond y/h > 1 after 8 step heights downstream. 

 

4.2.2 Reynolds Stresses 

Profiles of Reynolds stresses in the recirculation and redeveloping regions over smooth 

surface (SM), sandpaper 24-grits (SP-24) and sandpaper 36-grits (SP-36) are presented in 

Fig. 4.3, Fig. 4.4 and Fig. 4.5, respectively. Profiles show that irrespective of surface 

conditions, peak values of Reynolds stresses are generally higher close to the 

recirculation region than downstream regions. In addition, peak values at selected 

locations are higher close to the step surface, in the region y/h < 1. Figure 4.3 shows that 

peak values of each test condition occur at around 0.5 step height and decreased 

downstream as expected and by x/h = 60, peak value locations for all test conditions are 

at y å 0.2h.  

 

Within 8h downstream, peak values of SM are higher than SP-24 and SP-36, indicating 

that surface roughness suppresses streamwise Reynolds normal stresses in this region. 

The peak values are highest for the smooth step and lowest for the rougher step (SP-24) 

due to surface friction. Interestingly the SM profiles rather decay so fast that by x = 8h 

(Fig. 4.3c), the peaks of all test conditions are comparable. By x/h = 40, the streamwise 

Reynolds normal stresses appear to be elevated, with SP-24 having the strongest 

streamwise Reynolds normal stresses, followed by SP-36 and then SM. By x = 60h (Fig. 

4.3f), SP-24 collapses onto upstream profile (P0), but not the SM and SP-36 profiles. 
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Figure 4.3: Profiles of streamwise Reynolds normal stress <uu>/Um
2, in the recirculation and redeveloping 

region over smooth surface (SM), sandpaper 24-grits (SP-24) and sandpaper 36-grits (SP-36). 

 

However, by x/h = 60, SP-36 has the strongest streamwise Reynolds normal stresses 

while SP-24 has the lowest. There is no consistent effect of surface roughness on the 

turbulent boundary layer faraway downstream and there is no similarity in the results. 

Tachie et al. (2001) also reported lack of similarity even at 100h although their Reynolds 

number was much lower than in the present study. As the shear layer grew, the peak value 

locations for streamwise Reynolds normal stresses increased from y = 0.3h at x = 0.5h to 

y = 0.5h at x = 8h, which is consistent with the growth of turbulent boundary layer. 

 

The profiles of the other Reynolds stresses (Reynolds shear stresses, -<uv> and 

wall-normal Reynolds normal stresses, <vv>) have trends similar to those described for 

streamwise Reynolds normal stresses, <uu> above, except that <vv> profiles shows more 

effects in the y direction as expected.  
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Figure 4.4: Profiles of streamwise Reynolds stress -<uv>/Um
2, in the recirculation and redeveloping region 

over smooth surface (SM), sandpaper 24-grits (SP-24) and sandpaper 36-grits (SP-36) 

 

One major difference in the profiles of -<uv> is that at x/h = 0.5, unlike the Reynolds 

normal stresses, the Reynolds shear stresses in this region are negative regardless of the 

surface conditions. Both <vv> and -<uv> appear to need more downstream distances to 

collapse compared with <uu>. 

 

4.2.3 Triple Velocity Products 

The triple velocity products are important turbulence statistics because their gradients 

constitute the turbulence diffusion terms in the transport equations for the turbulence 

kinetic energy. Thus, profiles of the triple velocity products would provide guidance for 

modeling the turbulence diffusion term in the turbulence kinetic energy transport 

equations. For example, Ö(u3 + uv2)/Öx and Ö(u2v + v3)/Öy are associated with the 

transport of turbulence kinetic energy in the streamwise and wall-normal directions, 

respectively.  
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Figure 4.5: Profiles of streamwise Reynolds stress <vv>/ Um
2, in the recirculation and redeveloping region 

over smooth surface (SM), sandpaper 24-grits (SP-24) and sandpaper 36-grits (SP-36). 

 

To provide a further insight into the transport of turbulent kinetic energy, the profiles of 

(u3 + uv2) and (u2v + v3) in the recirculation and redeveloping regions over smooth 

surface (SM), sandpaper 24-grits (SP-24) and sandpaper 36-grits (SP-36) are presented in 

Fig. 4.6 and Fig. 4.7. The profiles show that the triple velocity products are generally 

larger close to the step surface and the reattachment region. The profile of (u3 + uv2) is 

predominantly negative except for regions within 2 step heights from the leading edge of 

the step (x/h < 0.5), with some positive gradients close to the step surface. 

 

These trends in the profiles indicate that there is negative transport of turbulent kinetic 

energy close to the step and positive transport of turbulent kinetic energy away from the 

step. Surface roughness appears to reduce the level of transport of turbulent kinetic 

energy in the streamwise direction in the recirculation region and redeveloping region, 

especially for SP-24. For example, at x/h = 2, y/h = 0.5 in Fig. 4.6b, the triple velocity for 

SM is approximately twice larger than that of SP-24.  
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Figure 4.6: Profiles of <u3 + uv2> Um

3, in the recirculation and redeveloping region over smooth surface 

(SM), sandpaper 24-grits (SP-24) and sandpaper 36-grits (SP-36). 
 

As flow evolves further downstream, the effect of surface roughness on the triple 

velocities is reduced. The profiles of the (u2v + v3) as shown in Fig. 4.7 are generally 

positive except for the regions close to the step surface (y/h < 0.5) within 2 step heights 

downstream. However, for further measured downstream locations, profiles of each test 

condition fluctuate. This trend also suggests that there is negative transport of turbulent 

kinetic energy in the transverse direction close to the step and positive transport away 

from the step. It was observed that surface roughness reduced the transverse transport of 

turbulent kinetic energy in the recirculation region and early redeveloping regions 

compared to SM surface. At far downstream locations, no significant effect of surface 

roughness on turbulent flows was observed on the transverse transport of turbulent 

kinetic energy. This indicates that the effect of surface roughness is only limited to the 

region close to step surface and the reattachment region(x/h < 2). After 16 step heights, 

profiles of SM, SP-24, SP-36 were nearly zero and close to P0 profile except for SP-24 at 

x/h = 40 (Fig. 4.6e).  
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Figure 4.7: Profiles of <u2v + v3>/Um
3, in the recirculation and redeveloping region over smooth surface 

(SM), sandpaper 24-grits (SP-24) and sandpaper 36-grits (SP-36). 

 

4.2.4 Turbulent Productions 

The normalized profiles of the production of turbulence kinetic energy, Pk
* = Pk *h/Um

3 in 

the recirculation region and redeveloping regions at selected locations downstream over 

SM, SP-24 and SP-36 are presented in Fig. 4.8. Since a two-component planar particle 

image velocimetry (PIV) was employed in the present study, the production terms in the 

transport equations for the turbulence kinetic energy, k, were estimated as follows: Pk = 

-[uvÖU/Öy + uvÖV/Öx + u2ÖU/Öx + v2ÖV/Öy].  

 

Generally, high values are observed close to the step surface in the region (y/h < 0.5) 

regardless of surface conditions. Close to the step leading edge x/h =0.5 in Fig. 4.8a, 

production of turbulent kinetic energy is negative. However, strong positive turbulent 

kinetic energy production was observed at x/h = 2 for all surface conditions. This 
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production peeked at x/h = 2 and started to decay downstream as expected. The decay 

process for SM is more rapid compared with those of SP-24 and SP-36. 
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Profile of SM collapsed on upstream profile P0 at x/h = 40 (Fig. 4.8e), while SP-24 and 

SP-36 need more distance to collapse. At x/h = 2 (Fig. 4.8b), which is in the recirculation 

region, there is high positive production of turbulent kinetic energy. This may be 

attributed the the fact that the mixing of freestream flow and reverse flow elevated the 

production of turbulent kinetic energy. It is observed that the rough surfaces seem to 

suppress turbulent kinetic energy production compared to the smooth surface in the 

recirculation region (x/h = 2). For example, peak production of SM is approximately 55% 

and 170% larger than the corresponding value of SP-36 and SP-24, respectively. By the 

furthest measurement location at x/h = 60, production of SM at y/h = 1 is approximately 

60% less than the corresponding values of SP-24 and SP-36. There is, however, no 

significant difference between SP-24 and SP-36. This result indicates that surface 

Figure 4.8: Profiles of production of turbulent kinetic energy, Pk*h/Um
3, in the recirculation and 

redeveloping region over smooth surface (SM), sandpaper 24-grits (SP-24) and sandpaper 36-grits 

(SP-36). 
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roughness may enhance production of turbulent kinetic energy in the fully developed 

region downstream. 

 

Profiles of production of the Reynolds stresses in the recirculation and redeveloping 

region over smooth surface (SM), sandpaper 24-grits (SP-24) and sandpaper 36-grits 

(SP-36) are presented in Figs. 4.9-4.11.  
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Figure 4.9: Profiles of production of streamwise Reynolds stress, Puu*h/Um
3, in the recirculation and 

redeveloping region over smooth surface (SM), sandpaper 24-grits (SP-24) and sandpaper 36-grits (SP-36). 

 

Profiles of Puu (Puu = -[-u2ÖU/Öx - uvÖU/Öy]) shows that close to the leading edge of the 

step (x/h = 0.5), profiles for rough surfaces are significantly modified. Peak value 

locations of rough surfaces are lowered compared to smooth surface. Close to the step 

surface, there is strong negative production of streamwise Reynolds normal stress. In the 

recirculation region (x/h = 2), strong positive production of Puu is observed in the region 

adjacent to step surface (y/h < 0.5).  
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As the flow evolves downstream, production of streamwise Reynolds normal stresses 

spread, which is consistent with the growth of turbulent boundary layer. After 16 step 

heights, the profiles of the production of streamwise Reynolds normal stresses appear to 

increase monotonously as flow develops downstream.   

 

Figure 4.10: Profiles of production of Reynolds shear stress Puv*h/Um
3, in the recirculation and 

redeveloping region over smooth surface (SM), sandpaper 24-grits (SP-24) and sandpaper 36-grits (SP-36). 

 

Furthest downstream x/h = 60 (Fig. 4.10f), the streamwise production of Reynolds 

normal stresses values of the rough surfaces are higher than the smooth surface. For 

example, at y/h = 1 and x/h = 60, the value of SP-36 is approximately 25% higher than 

the corresponding value of SM. Profiles of SM was close to upstream flow characteristic 

at x/h = 60. 

 

For the profiles of production of Reynolds shear stresses, Puv (Puv = -[uvÖV/Öy + uvÖU/Öx 

+ u2ÖV/Öx + v2ÖU/Öy]), surface roughness appears to suppress the production in the 

recirculation region, SP-24 reduced the production most, followed by SP-36 and SM.  


































































































