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Summary 

 

The present study investigates the effect that an array of dimples has on turbulent 

drag reduction. Although dimples have shown drag reduction in some cases, this drag 

reduction is usually of the order of a few percent, making quantifying the drag 

reduction accurately a challenging task. For this purpose, a channel flow is used to 

allow accurate control of the flow over an array of dimples. A novel method 

involving the use of measuring relative changes in the mean streamwise pressure 

gradients within the different sections of the channel was developed to obtain the 

accuracy required to quantify the effect that the dimples have on drag. 

 

Arrays of shallow axisymmetric circular dimples with depth to diameter ratios of 

1.5% and 5% are studied in a turbulent channel flow at Reynolds numbers between 

3,300 and 37,000. Pressure measurements show that drag reduction of up to 3% is 

possible at a Reynolds number of 37,000. Single element hot-wire velocimetry is also 

carried out to measure the streamwise velocity of the flow over the dimple array. 

Investigation of the flow was further carried out using Detached Eddy Simulation 

(DES) of the same dimple geometry as the experiments. This allowed the DES and 

the experiments to compliment as well as validate each other’s findings.  

 

The most significant finding of the study is that the mechanism of skin friction drag 

reduction with dimples is the same as that observed using active methods such as 

spanwise wall motions or transverse wall jets over flat plates. The three dimensional 

dimples introduce streamwise vorticity into the flow which results in spanwise flow 

components near the wall. The DES shows that although the streamwise vorticity 

introduced is weak, it is concentrated near the dimple surface, and generates 
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significant spanwise flow components near the dimple surface. The result is that the 

normal energy cascade to the smaller scales is suppressed, which leads to a reduction 

in turbulent skin friction drag because of the stabilized flow. This suppression is 

supported by the spectral analysis of the hot-wire velocimetry as well as the turbulent 

budget and Reynolds stress analysis of the DES. Peaks in the spectral distribution are 

observed to shift towards the lower frequencies, and reductions in the peaks of the 

various energy budget terms and Reynolds stress terms are observed with drag 

reduction. Increasing the dimple depth from 1.5% to 5% of its diameter increases the 

streamwise vorticity introduced, which leads to a greater reduction in skin friction. 

However, increasing the dimple depth also results in flow separation which increases 

pressure or form drag. The DES shows that flow separation is dependent on both the 

dimple depth and flow Reynolds number. The net effect to the total drag depends on 

the relative dominance between the drag reducing streamwise vorticity and the drag 

increasing flow separation. The region of flow separation can shrink with increasing 

Reynolds number, so that at sufficiently high Reynolds numbers, the flow separation 

region can shrink and may disappear completely, consequently leading to a larger 

drag reduction.  
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Chapter 1        

Introduction 
 

Fluid drag is most commonly encountered in two forms, pressure drag and skin 

friction drag. Pressure drag, also known as form drag refers to the drag encountered 

when a solid body moves fluid apart and around it as it is moves through the fluid. 

The energy required to do this is experienced as drag and is the dominant form of 

drag for bluff bodies. To minimise this form of drag, the body moving through the 

fluid can be made more streamline in shape. Through streamlining, the fluid is 

moved apart and around the solid body as smoothly as possible, thus minimizing the 

associated energy losses. For streamlined bodies, the dominant form of drag comes 

from skin friction drag. While form drag can be reduced significantly by simply 

streamlining a body, no such simple method exists to reduce skin friction drag by a 

comparable amount. Vast amounts of time and resources have been channelled over 

the past century to the study of the problem of skin friction drag reduction, and in 

particular turbulent skin friction drag reduction since many practical engineering 

applications involve the turbulent flow regime. For aircraft, as much as 48% of its 

total drag arises from skin friction alone (Dean and Bushan 2010). There is much 

gain from its reduction, particularly when one considers that a 1% drag reduction can 

reduce the operating cost of a large transport aircraft by 0.2% or increase its carrying 

capacity by 1.6 tons, or 10 passengers (Reneaux 2004). Further benefits include 

reduced carbon emissions in the present environmentally conscious age. Considering 

also that overcoming skin friction forms a large portion of the energy expenditure in 

many other forms of transportation, including land and water transport systems, and 

many diverse industrial applications, one can only conclude the tremendous 

importance of any form of technology that reduces turbulent skin friction drag.  
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1.1 Near wall fluid motion 
Although once thought to be completely random, studies of turbulent fluid flow has 

shown that organized structures do exist within the fluid, particularly in the viscous 

layer very near the wall (Kline et al. 1967). In a fully developed turbulent boundary 

layer, the fluid layer near the wall is covered with numerous high and low speed 

streaks spaced alternately along the spanwise direction. These unsteady near wall 

streaks are scaled with the wall unit length scale v/uτ, where v is the kinematic 

viscosity and uτ is the friction velocity. The streaks are observed to have average 

spanwise spacing Δz+ ≈ 100 (Kline et al. 1967), and streamwise extents Δx+ ≈ 1000 

(Blackwelder 1978, Jimenez and Moin 1991). These streaks were later found to be 

the result of quasi-streamwise vortices bringing high speed fluid from above the wall 

downwards and low speed fluid from near the wall upwards (Blackwelder and 

Eckelmann 1979). Together with these streaks and quasi-streamwise vortices, 

another common observation in the flow region near the wall are what have been 

commonly called ejections and sweeps. Ejections denote events that involve the 

outward movement from the wall of low speed fluid and occur intermittently and 

violently. Sweeps refer to downward motions of high speed fluid towards the wall at 

relatively shallow angles and these usually accompany ejection events (Cantwell 

1981). Sweeps in particular, are known to be responsible for causing high skin 

friction due to the increased velocity gradient that result from their bringing high 

speed fluid down towards the wall (Choi 1989, Orlandi and Jimenez 1994). Based on 

the quadrant-splitting scheme of Wallace et al. (1972) and Willmarth and Lu (1972), 

ejections and sweeps correspond to (uv)2 and (uv)4 motions respectively and 

contribute significantly to the Reynolds shear stresses. These ejections and associated 

sweep motions usually occur near the wall (Wallace et al. 1972), and are commonly 

referred to as bursting. 
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Further studies revealed that the streamwise vortices observed near the wall are part 

of hairpin vortices, or sometimes also referred to as horseshoe vortices based on its 

relative physical proportions (Head and Bandyopadhyay 1981). Much of these early 

vortex models are extensively reviewed by Robinson (1991). While these earlier 

models proposed were symmetric in nature, the advancement of computing power 

and the ability to carry out numerical simulations at higher Reynolds numbers shows 

that many of these hairpin vortices are often non symmetric, appearing more like a 

cane than a hairpin with two symmetric “legs” (Guezennec and Choi, 1989). 

Nonetheless, the concept of such hairpin structures populating the near wall flow 

explains much of the observations encountered in this flow region. Zhou et al. (1999) 

summarized this point very well: the long quasi-streamwise legs of such structures 

explain the cause of the high and low speed streaks observed near the wall. The rapid 

lifting of the hairpin head and the fluid in between the hairpin legs give rise to the 

observed violent ejection events. Even the characteristic spanwise spacing of the near 

wall streaks can be explained by the spanwise width of the hairpin legs. Another 

common observation of near wall turbulent structures, the 30º to 50º angle of 

inclination of these structures can be traced to the angle of inclination of the hairpin 

head as it is lifted and rises from the wall.  

 

1.2 Review of drag reduction techniques 
 

While there is some consensus in the existence of hairpin structures near the wall, the 

process by which they cyclically regenerate is still open to much debate. One thing 

that is agreed upon is that due to the –u’v’ contribution of the ejections and sweeps in 

burst events observed with these near wall structures, and the mass and momentum 

transfer in the vertical wall normal direction that results, these structures contribute 

significantly to the production and distribution of turbulent energy in wall bounded 

flows. Lu and Willmarth (1973) estimate that up to 80% of turbulent energy is 
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produced by such bursting events. The increased production and distribution of 

turbulent energy manifests itself in increased turbulent drag. 

 

One way to effectively reduce this turbulent drag over the wall is to suppress or 

interfere with the generation and sustainment of these near wall turbulent structures. 

Turbulent drag reduction technologies typically do this in broadly two ways: active 

and passive methods. In active drag reduction techniques, additional energy is 

required to reduce the turbulent drag. This may be achieved by some form of mass 

transfer or wall movement at the solid/fluid boundary. For the system to be effective, 

the added energy should be less than the energy saved from the reduced drag, so that 

the overall system requires less energy to operate than if the active drag reduction 

system is absent. Passive drag reduction methods achieve drag reduction without 

additional input of energy. This form of drag reduction usually employs surface 

contouring, modification of surface microstructure or compliance, or the addition of 

some surface attachments to perturb the flow favourably. 

 

1.2.1 Active drag reduction 

The most direct way to reduce turbulent drag is to target the near wall structures 

themselves. Various schemes employing closed-loop control attempt to do this with 

varying success. In such closed-loop systems, the location of the near wall structures 

are sensed in 3D space using chosen flow parameters associated with them, and the 

flow is acted upon using actuators or controls that are not necessarily located at the 

same position where the sensing is carried out. Most have only been carried out 

numerically (Choi et al. 1994, Bewley et al. 2001) due to the very small length and 

times scales of the turbulent structures.  As such, the physical actuators required for 

these control schemes are very small and prohibitively expensive to implement in the 

large numbers and high density required to cover a solid surface effectively. Physical 
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implementation of control schemes targeting such near wall structures, though 

implemented over a relatively small surface using a small number of sensors have 

shown these methods to be effective in reducing skin friction drag (Kerho 2002, 

Rathnasingham and Breuer 2003). Open-loop flow control for drag reduction 

overcomes part of the problem of closed-loop system by simply removing the sensor 

portion of the control system. This makes the system simpler to implement since the 

large number of sensors required for closed-loop control is simply done away with. 

Despite not sensing the presence of the individual streaks, this approach has also 

been shown to be successful in suppressing the streaky structures in the turbulent 

near-wall flow (Zhang et al. 2010). However, like the closed-loop system, this 

method still suffers from the need to have a very high density of very small control 

actuators to target individual streaks at moderate to high Reynolds numbers since the 

streaks scale with wall variables. 

 

Instead of targeting individual streaks, it may be more practical to implement open-

loop controls that affect a relatively large area which encompass many streaks. Not 

only does such a control system do away with the large number of sensors needed, it 

also does away with the large number of physically small actuators needed to target 

individual streaks. Such an approach was considered numerically by Schoppa and 

Hussain (1998) using counter-rotating vortices and colliding spanwise wall jets as 

actuators with spacings several times that of the near-wall streak spacing in a channel 

flow simulation. Using Direct Numerical Simulation (DNS) for a fully developed 

channel flow at Reynolds numbers of 1800 and 3200, they were able to show that 

with an actuator spacing of 400 wall units, about four times that of observed streak 

spacing, and with a control amplitude of only 6% of the channel centreline velocity, 

they were able to obtain a very significant 20% average drag reduction with the 

counter-rotating vortices and 50% for the colliding spanwise wall jets. The drag 

reduction ability of large scale streamwise vortices in a channel flow was confirmed 
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experimentally by Iuso et al. (2002) where local skin friction reductions of up to 30% 

were found. The large scale streamwise vortices, with their centers located along the 

channel centreline, produced significant spanwise fluid motions near the wall. 

 

Many others have successfully demonstrated the use of spanwise forcing to reduce 

turbulent skin friction drag. While both Schoppa and Hussain (1998) and Iuso et al. 

(2002) used large scale streamwise vortices to introduce spanwise moving flow 

components near a stationary wall to achieve drag reduction, others have 

implemented spanwise forcing by using a spanwise oscillating wall in both channel 

flows (Quadrio and Ricco 2004, Choi et al. 1998, Choi et al. 2002) and pipe flows 

(Orlandi and Fatica 1997, Quadrio and Sibilla 2000) and obtained comparable levels 

of drag reductions. Similar results are also obtained using spanwise travelling waves 

(Du and Karniadakis 2000, Du et al. 2002) and spanwise forcing using Lorentz force 

(Lim et al. 1998, Berger et al. 2000). DNS studies show that with spanwise wall 

oscillations, a maximum drag reduction of up to 40% under optimised conditions can 

be achieved (Jung et al. 1992, Quadrio and Ricco 2004). In their oscillating wall 

experiment, Choi et al. (1998) obtained a maximum local drag reduction of 45% near 

the center of the oscillating section. They also showed that this decrease in the 

turbulent skin friction scales with the mean spanwise wall velocity wocs
+, the product 

of wall displacement amplitude ∆Z and circular oscillation frequency ω, normalised 

by the friction velocity uτ, (wocs
+ = ∆Z·ω/2uτ) and that the skin friction decreases 

steadily as the wall velocity increases from zero as Figure 1 shows.  
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Figure 1. Dependence of turbulent skin friction reduction on the non-dimensional wall velocity as 
shown in Karniadakis and Choi (2003). 

 

Based on the growth mechanism of the near wall streaks provided by Schoppa and 

Hussain (2002), Karniadakis and Choi (2003) suggest that such spanwise forcing 

may suppress the natural growth of the streamwise vortices by disrupting the phase 

locking of the near-wall streaks and regenerated near-wall streamwise vortices. By 

disrupting this natural growth and the subsequent generation of new near-wall 

streamwise vortices, the associated phenomena of bursting events near the wall, for 

which up to 80% of the total turbulent energy is attributed to (Lu and Willmarth 

1973) is significantly reduced, and with it, the turbulent skin friction drag it results 

in.  

 

While active systems boast levels of drag reductions as high as 40% or even more 

(Jung et al. 1992, Quadrio and Ricco 2004, Choi et al. 1998), some energy must be 

employed to operate the drag reduction system. In the case of an oscillating wall, 

when the energy used to oscillate the wall is taken into account, Quadrio and Ricco 

(2004) estimates a net energy saving of up to 7% in their DNS study of a turbulent 

channel flow. The use of an active system also adds significant complexity and cost 

into the design and operation of the device. With only about 10% net drag reduction 

ωosc
+ 
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attainable after accounting for the energy required for the active system to operate, 

the alternative of passive drag reduction methods become attractive, particularly 

when one considers that passive methods have also demonstrated similar drag 

reduction levels, but without the added cost and complexity of active systems.  

 

1.2.2 Passive drag reduction 

As mentioned before, passive drag reduction methods do not require energy for the 

drag reduction to be active. The drag reduction is usually achieved by some 

modification to the surface geometry that targets and suppresses the near wall 

streamwise vortices and drag inducing burst events. 

 

Several methods to do this passively exist, one of the earlier ones being via the use of 

Large Eddy Break Up (LEBU) devices (Savill and Mumford 1988). This involves 

positioning small stationary aerodynamic devices, usually in the form of a flat or 

airfoil shaped ribbon within the boundary layer. These are placed either in single or 

tandem configurations and their wakes interact with the turbulent boundary layer 

structure to effect a reduction in normal component of the velocity downstream of 

these devices (Balakumar and Widnall 1986, Graham 1998). This suppressed motion 

of the turbulent flow results in a reduction in the skin friction in the region 

immediately downstream of it. A large spread is observed in the skin friction 

measurements reported, with values of skin friction reductions of up to 40% reported 

(Sahlin et al. 1988). However, the difficulty and inaccuracies in measuring the skin 

friction through indirect methods at the relatively low Reynolds numbers studied cast 

some doubt on these measurements (Savill and Mumford 1988). This, together with 

the idea that if these devices reduce skin friction by breaking up the large scales, then 

their effectiveness should decrease at practically large Reynolds numbers, prompted 

Sahlin et al. (1986, 1988) to carry out direct force measurements of the skin friction 
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with LEBU devices at Reynolds numbers up to 260,000. Their investigation covered 

a wide range of parameters and included both single and tandem LEBU 

configurations. Although skin friction reductions as high as 8% were measured in 

regions downstream of the LEBU device, when the additional drag of the LEBU 

device was considered, no net drag reduction was found among the many cases 

considered. Despite significant differences in the drag of the LEBU device itself, the 

total drag obtained from all the configurations studied showed only a small variation, 

between about 0% to 3% more than the baseline case without the LEBU device. This 

led them to conclude that the use of LEBU devices for drag reduction at practical 

Reynolds numbers seem implausible. 

 

One of the more notable methods of passive drag reduction is the use of riblets (Choi, 

1989). These are small surface protrusions that are aligned in the streamwise 

direction with respect to the flow over the surface (Garcia-Mayoral and Jimenez, 

2012). Walsh and his colleagues (Walsh 1980, 1982, 1990) at NASA Langley 

Research Center studied a variety of riblet geometries, and found that the 

effectiveness of riblets for drag reduction scales with the near-wall scales. The drag 

was observed to reduce when the riblet spacing s+ = suτ/v, where uτ = (τw/ρ)½, is 

about 15. However, drag increase occurs when s+ > 30 and when the riblet height h+ 

(= huτ/v) is greater than 25, possibly due to the increased wetted area that riblets 

introduce to the wall. Under optimal conditions, Walsh found that up to 8% drag 

reduction can be achieved with the riblets. While blade shaped riblets showed more 

favourable drag reduction (Berchet et al. 1997), they were less practical from a 

structural standpoint than shapes such as triangular and trapezoidal riblets, which are 

seen as more practical alternatives. 
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Both experiments (Bacher and Smith 1986, Choi 1989) and numerical simulations 

(Karniadakis and Choi 2003) show that the near-wall streaks that form above a riblet 

surface are wider and show significantly less lateral movement than those that form 

above a flat surface, while the flow between the riblets is slow and relatively quiet. 

Choi (1989) argues that this restriction of the lateral movement of the near wall 

streaks and their associated streamwise vortices is a prime reason for the reduction in 

drag. Significant wall shear stress is produced by the “sweeps” involving high 

momentum fluid being pushed towards the wall at the end of the burst cycle. As this 

occurs, the “legs” of the ejecting hairpin vortices experience streamwise stretching 

and lateral motion. The riblets restrict this lateral motion, subsequently hampering 

the streamwise stretching of the vortices, and ultimately reducing the intensity of the 

downward sweeps responsible for the high wall shear stress. In this way, riblets exert 

some kind of passive spanwise flow constraint to the near-wall flow over them to 

achieve the drag reduction. Similar mechanisms relating the reduced spanwise 

motion of the streamwise vortices above the riblets to the drag reduction that results 

have been proposed by Wallace (1982) and Berchert et al. (1986). 

 

Unlike many other drag reduction methods, riblets have enjoyed greater success as a 

method of drag reduction outside of laboratories. Riblets have been successfully used 

in the U.S. men’s rowing boat at the 1984 Olympic Games, as well as by the racing 

yacht Stars and Stripes to win the America’s Cup in 1987. Airbus test flew a 

commercial jet with riblets covering its wings and fuselage and concluded that there 

was about 2% of drag reduction with the riblets. Swimsuits utilizing riblet technology 

was also successfully used in the 2008 Olympic Games in Beijing to set records and 

win many gold medals. The fact that their effectiveness scales with the near-wall 

parameters means that their physical size shrinks with increasing Reynolds number. 

For a fast commercial jet, the size of riblets typically needs to be between 30 to 50 

µm to be effective for drag reduction (Karniadakis and Choi 2003). Their very small 
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physical size when used in such high Reynolds number applications introduces wear 

and maintenance problems that make them less practical for widespread application. 

The effectiveness of riblets is also dependent on the flow direction over the riblets. 

When the local flow is not parallel to the riblets, drag increase can result 

(Grüneberger and Hage 2011), making them unsuitable in applications where either 

the flow direction is unknown, or changes significantly over time. 

 

1.2.3 Flow over dimples 

Recently, there has been interest in the use of dimples for the purpose of drag 

reduction (Alekseev et al. 1998, Lienhart et al. 2008, Tay 2011). In the past, dimple 

geometries have been widely studied and used in heat transfer applications where 

they enhance heat transfer for a relatively small pressure drop when compared to 

other more traditional heat transfer devices (Won et al. 2005). For turbulent drag 

reduction applications however, much fewer studies have been published compared 

to those for heat transfer enhancement applications. Even among the few published 

works, there are inconsistencies in the reported results for the use of dimples for drag 

reduction. Some studies such as Alekseev et al.’s (1998) report drag reduction of up 

to 20% compared to flat surfaces, while others like Lienhart et al.’s (2008) report 

little to no drag reduction in their studies of dimples in both open and internal 

boundary layers. No clear reason has been found to explain such significant 

differences in the results. 

 

Flows over dimpled surfaces are complex, and are influenced by a variety of dimple 

and flow parameters. Most significant of these parameters is the dimple depth, often 

non-dimensionalized by the dimple diameter. The effect of the dimple depth to 

diameter ratio has been well studied both experimentally (Won et al. 2005, Burgess 

and Ligrani 2005, Kovalenko et al. 2010, Ligrani et al. 2001, Kwon et al. 2011) and 
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numerically (Isaev et al.  2003, Wang et al. 2006), and typically range between 5% 

and 50% in most reported studies. Flow visualization experiments commonly show 

the generation of streamwise vortices, periodic in some cases, from the dimple 

depression (Ligrani et al. 2001, Won et al. 2005, Kovalenko et al. 2010, Tay et al. 

2014), similar to that illustrated in Figure 2. 

 

Figure 2. Flow structures observed by Ligrani et al. (2001) for dimples with depth to diameter 
ratio of 20% in a channel flow. 

These flow structures are also observed in numerical studies (Isaev et al. 2000) and 

depend not only on the depth to diameter ratios of the dimples but also on the flow 

Reynolds number (Kovalenko et al. 2010, Tay et al. 2014, Isaev et al. 2003). Flow 

separation is observed for dimples with depth to diameter ratios greater than 10% 

(Kovalenko et al. 2010, Tay et al. 2014) with increased mixing and heat transfer 

(Burgess and Ligrani 2005). Dimples with sharp edges also encourage such flow 

separation, with its associated mixing and heat transfer enhancement (Tay et al. 

2014). Most of the studies reported in the literature involve dimples in a channel flow 

environment, and many empirical relations have been proposed relating practically 

useful parameters such as Nusselt numbers and friction factors with the dimple depth 

to diameter ratio, Reynolds number, channel turbulent intensity, channel height and 

even the channel aspect ratio (Burgess and Ligrani 2005; Mahmood and Ligrani 

2002; Ligrani et al. 2005; Isaev et al. 2010; Chen et al. 2013).  
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Although most reported studies focus on the heat transfer enhancement aspect of 

dimples and have limited direct application to the use of dimples for drag reduction, 

the results for friction factors in these studies may still serve as a useful guide for 

identifying possible trends for minimizing drag. There is a general consensus that 

increasing the dimple depth to diameter ratio increases the friction factor for the 

range of dimple depth to diameter ratios typically studied, usually greater than 10% 

(Burgess and Ligrani 2005, Isaev et al. 2010, Chen et al. 2012). For dimples with 

depth to diameter ratios of 30%, Burgess and Ligrani (2005) found that the friction 

factor increases with Reynolds numbers, though it shows little variation for dimple 

depth to diameter ratios of 10% and 20%. Numerical results and flow visualization 

both show that flow separation, which usually increases drag is minimised with 

decreasing dimple depth (Isaev et al. 2003, Tay et al. 2014). Isaev et al. (2003) found 

numerically that shallow dimples with depth to diameter ratios of less than 6% have 

no separated flow, though Tay et al. (2014) shows that the occurrence of flow 

separation within a dimple is dependent on both the depth to diameter ratio and the 

flow Reynolds number. Among the few studies relating dimples to drag reduction, 

both Veldhuis and Vervoort (2009) and Alekseev et al. (1998) reported drag 

reduction with dimples having depth to diameter ratios of about 5% and less. 

Dimples with depth to diameter ratio of 5% were also studied by Lienhart et al. 

(2008) for drag reduction both experimentally and numerically, one of the more 

comprehensive studies reported in the literature. 

 

The extensive study carried out by Lienhart et al. (2008) included both experiments 

in a turbulent channel flow and zero pressure gradient open boundary layer flow over 

a flat plate, as well as DNS simulations of turbulent channel flow with dimples 

covering one wall and both walls of the simulated channel. The dimples studied had 

depth to diameter ratios of 5% and below with relatively sharp edges.  The channel 

flow experiments were carried out over a range of Reynolds numbers from 10,000 to 
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65,000 based on the channel bulk velocity and half channel height, while the channel 

simulations were carried out at a Reynolds number of about 11,000 (Reτ = 590). The 

regularly staggered dimple arrangement used had an area coverage ratio of 22.5%, 

the area coverage ratio being defined as the horizontal area occupied by the dimples 

as a percentage of the total plan area of the dimpled wall. Interestingly, Wu and Yeo 

(2011) carried out DNS for arrangements of dimples with depth to diameter ratio of 

10% in a channel flow with varying coverage ratios for a much lower Reynolds 

number (Reτ = 180) and found that dimple arrangements with coverage ratios of less 

than about 70% resulted in drag increase. Their results only showed drag reduction 

when the coverage ratio is greater than 70%.  

 

Lienhart et al. (2008) used static pressure measurements to determine the pressure 

drop and flow resistance of the dimple with respect to a plane channel flow. A 

boundary layer rake downstream of the dimples was used to measure the velocity 

profile and determine the momentum thickness and skin friction coefficient for the 

open boundary layer case. Unfortunately, the changes in drag due to the dimples were 

so small that it fell within the margins of uncertainty for both the channel and open 

boundary layer flow experiments. Their numerical results confirmed these very small 

changes in drag, showing that the dimple arrangement when covering one wall of the 

channel increased the drag by 2% over a flat channel. When the dimples covered both 

the top and bottom walls of the channel, drag was increased by about 4%, suggesting 

minimal flow interaction with the opposite wall of the channel and that the drag 

increase due to the dimples varies proportionally to the area covered by the dimples. 

The simulations also showed that the dimples actually caused a 2% reduction in the 

spatially averaged skin friction, but caused a 4% increase in pressure drag, so that the 

total drag rises by about 2% for each of the channel walls covered with the dimples.  
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1.3 Objectives and scope 
The objective of the present study is to investigate the effect of passive dimples for 

the purpose of drag reduction with the aim of understanding the mechanism behind it. 

Shallow dimples with smooth rounded edges and depth to diameter ratios of 1.5% 

and 5% and coverage ratios of 40% and 90% are investigated experimentally in a 

turbulent channel flow. Due to the streamwise vortices generated by the dimples, the 

flow component near the surface has a spanwise component imparted to it (Isaev et 

al. 2003, Mitsudharmadi et al. 2009). Schoppa and Hussain (1998) and Iuso et al. 

(2002) have demonstrated that drag reduction can be achieved by using streamwise 

vortices or transverse jets to introduce spanwise flow components into the near wall 

flow. The spanwise component required for drag reduction is found to be relatively 

small (Schoppa and Hussain 1998, Karniadakis and Choi 2003). The present study 

attempts to establish if the streamwise vortices generated by an array of regularly 

arranged dimples is sufficient to reduce the skin friction and produce a net drag 

reduction in a similar way. 

 

Pressure measurements to determine the streamwise pressure gradient will be made 

to evaluate the change in drag due to the dimples, and hot-wire anemometry will be 

used to study the flow over the dimples in further detail. Single hot-wire anemometry 

is chosen over double and triple hot-wires because of the relatively narrow height of 

the channel as well as the poorer spatial resolution in the wall-normal direction of 

these double and triple wires. The spatial resolution in the wall normal direction is 

important since hot-wire measurements will be made at positions near the wall where 

the velocity gradient in the wall normal direction is high (Khoo et al. 1997; Chew et 

al. 1998). Unlike other popular measurement methods such as Laser Doppler 

Anemometry or Particle Image Velocimetry, the high temporal resolution of the hot-

wire also allows the frequency spectra of the velocity signal to be accurately 

analysed. Turbulent drag reduction is usually accompanied by changes in the near 
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wall flow structures, which are too small to be effectively studied using most velocity 

measurement methods. However, their modification of the frequency spectra of the 

velocity signal near the wall (Iuso et al. 2002, Den Toonder et al. 1997, Li et al. 

2004) can be detected using methods with high temporal resolution such as hot-wire 

anemometry. 

 

Although Direct Numerical Simulation (DNS) can be used to study the flow in great 

detail, it is computationally very costly to resolve all flow features for such a channel 

flow with dimples. The main reason for this very high computational cost is due to 

the relatively high Reynolds number requiring a dense grid spacing to resolve the 

small flow features, and the minimum domain size required to contain a sufficient 

number of dimples in the domain to accurately simulate the flow over a dimple array. 

The dense grid spacing together with a large domain results in a very large number of 

simulation grid points that makes the DNS very costly. A reasonable compromise is 

to simulate the flow using Detached Eddy Simulation (DES). By modelling the near-

wall flow using Reynolds Averaged Navier-Stokes (RANS) methods and resolving 

only the much larger vortices generated by the dimples higher above the wall, the 

requirement of a high mesh density can be relaxed, making the simulation of the 

turbulent flow over the dimpled channel more practical. The experiments 

compliments the DES, providing data to validate the DES, while the DES is able to 

provide quantitative data such as turbulent kinetic energy budgets, Reynolds stresses, 

skin friction and pressure data of which it is very difficult to measure experimentally, 

to give further insights into the flow development. 
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Chapter 2        

Experimental details 

2.1 The fully developed channel flow 
When a viscous flow enters a duct, it begins to develop as the flow immediately next 

to the walls of the duct slow down due to the formation of the boundary layer and the 

no slip condition at the wall. This occurs while at the center of the duct, the flow is 

still free of the effects of viscosity. As the flow continues through the duct, the 

boundary layer along the walls of the duct continue to grow and thicken until their 

thickness reaches half the height of the duct and the boundary layer from the upper 

wall meets that of the lower wall. Eventually, the flow stops developing further and 

reaches what is called a “fully developed” state. When this happens, the streamwise 

pressure gradient becomes constant and is determined by the hydraulic resistance of 

the walls of the duct. 

 

For a duct with flat walls, this hydraulic resistance is due to the skin friction acting 

on the walls of the duct. If the walls of the duct is not flat but vary in the vertical 

direction, then the hydraulic resistance comprises of both skin friction and form drag 

components. In both cases, the hydraulic resistance of the duct can be determined 

relatively easily and accurately by the measurement of the streamwise pressure 

gradient. In the case of a narrow channel where the spanwise dimension is much 

greater than its height, the flow at the center of the channel approaches that of a two 

dimensional flow and becomes relatively independent of the side walls of the 

channel. The study of the flow behaviour also becomes relatively easier since the 

effect of the side walls no longer need to be considered. Due to these characteristics 

of the fully developed channel, such a flow is chosen for the present study. 

Determination of the streamwise pressure gradient can be used to accurately quantify 

the hydraulic resistance, or drag due to the walls of the channel. To ensure that the 
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flow is fully developed within the channel, a relatively long channel is used. A 

narrow but wide channel is chosen to achieve relative two dimensionality of the flow 

at the center of the channel. 

2.2 Test channel and dimple geometries 
The channel flow experiments were conducted in an aluminum air channel measuring 

20mm in height by 400mm wide, for an aspect ratio of 20. A bellmouth, honey comb, 

screens and a 16:1 contraction conditions the flow at the channel entrance. This is 

followed by a 3.2m long flat channel section, before a 2.4m long test section. The 

length of the flat section upstream of the test section is equivalent to 160h, where h is 

the channel height and allows the flow to become fully developed before it reaches 

the test section immediately downstream of it (Lien et al. 2004). The modular design 

of the channel allows the walls of the 2.4m (120h) long test section to be 

disassembled and flat or dimpled plates to be installed to form part of the channel 

wall. Immediately downstream of the test section is another 2.4m length of flat 

channel section before the downstream end to minimize any exit effects. The total 

length of the channel, at 8m or 400h in terms of channel height, is significantly 

longer than most used in the literature (Ligrani et al. 2005, Lienhart et al. 2008, 

Kwon et al. 2011). A centrifugal fan driven by a variable speed controller is located 

downstream of the channel to provide power to drive the flow over a range of 

Reynolds numbers. In the present study, the flow speed is varied to obtain Reynolds 

numbers ranging from about 3,000 to over 35,000. The Reynolds number is based on 

the half channel height h/2 and the channel centerline velocity. Figure 3 shows a 

schematic of the channel flow experimental set-up.  
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Figure 3. Schematic of channel set-up with coordinate system used. 

 

Three different dimple array geometries are studied in the current work. Regularly 

arranged arrays of circular axisymmetric dimples are machined onto aluminum plates 

which form part of the channel test section floor when installed. The dimples cover 

the whole 2.4m of the test section floor, and have diameters, D of 50mm, and depths, 

d of 2.5mm and 0.75mm, giving dimple depth to diameter ratios of 5% for the deeper 

dimples, and 1.5% for the shallower ones. These dimples, when compared to those 

regularly studied in the literature are relatively shallow (Isaev et al. 2003, Burgess 

and Ligrani 2005, Won et al. 2005, Tay et al. 2014). The dimples have smooth 

rounded edges that meet the flat surfaces around it tangentially and are arranged so 

that the centers of adjacent dimples in the array form isosceles triangles with each 

other. This arrangement is shown in Figure 4, together with their cross section of the 

dimples across their diameter. The results of Veldhuis and Vervoort (2009) suggest 

that this configuration is more promising for drag reduction than one with the flow 

direction turned 90 degrees from that shown in Figure 4. The distance λ between the 

dimple centers in Figure 4 determine the area coverage ratio, defined as the 

horizontal area occupied by the dimples as a percentage of the total plan area. When 

the coverage ratio is 90%, the adjacent dimple edges touch each other, and no further 
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increase in the coverage ratio is physically possible with such a dimple arrangement. 

Two different coverage ratios, 40% and 90% are investigated in the current work. A 

summary of the dimple parameters for the three cases is given in Table 1. 

 

Figure 4. Dimple cross section and arrangement 

 

Table 1. Dimple parameters 

Case D (mm) d (mm) R1 (mm) R2 (mm) d/D λ (mm) Coverage 
ratio 

1 50 2.5 42 84 5% 75 40% 
2 50 2.5 42 84 5% 50 90% 
3 50 0.75 150 267 1.5% 50 90% 

 

2.3 Pressure measurements 
In a fully developed channel flow, the flow is driven by a steady mean streamwise 

pressure gradient, and the drag on the solid walls exactly balance the driving force 

provided by the mean pressure gradient. Measurement of the mean streamwise 

pressure gradient allows the accurate determination of the total drag on the solid 

walls. For this purpose, static pressure taps of 1mm diameter are located along the 

length of the channel between xi/h = 27.5 and 367.5, where xi is the distance from the 

channel inlet, to allow the streamwise static pressure along the channel to be 
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measured. The pressure tapings are spaced at 50mm apart (Δx/h = 2.5), and line the 

length of the channel except within the test section located between xi/h = 160 and 

280. The static pressures are obtained using a multiplexer with a single Setra model 

239 pressure transducer sampling at 1000Hz for about 215 samples, giving a sampling 

time of about 33 seconds. The flow speed along the channel centerline is measured 

by a total pressure tube in conjunction with a static pressure tap, both located at xi/h = 

367.5, far downstream from the test section to minimize its effect on the flow in the 

test section. Besides the streamwise pressure tapings, pressure tapings are also 

available along the spanwise directions at xi/h = 147.5 and 297.5, just upstream and 

downstream of the test section to ensure that the flow within the test section is 

relatively two-dimensional. All static pressure tapings are measured using a single 

pressure transducer connected via a computer controlled multiplexer. The use of a 

single pressure transducer ensures that no errors are introduced due to minor 

variations in the calibration of different separate pressure transducers used for 

pressure measurement.  

 

2.4 Hot-wire velocimetry 
While a fixed channel roof is used for pressure measurements, the modular design of 

the channel allows the installation of a sliding roof system and access for a hot-wire 

probe for velocity measurements within the channel. With the dimpled array installed 

on the channel floor, the computer controlled sliding roof system allows the 

positioning of a hot-wire probe at any point within the three-dimensional space over 

the dimple array for flow velocity measurement. A photograph of the 3-axis 

positioning system used is shown in Figure 5. Spanwise motion is provided for by the 

spanwise sliding roof, while a vertical actuator connected to the hot-wire probe 

controls the vertical position of the hot-wire probe. The hot-wire probe, together with 

its vertical position actuator rests on a rotating circular disc on the sliding roof. The 
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rotation of this disc, in conjunction with the spanwise motion of the sliding roof, 

allows the hot-wire probe to be moved in the streamwise direction. A computer 

controls the vertical motion actuator, spanwise motion actuator and rotation of the 

disc to position the hot-wire probe along all 3 axes within the sealed channel 

environment. An alignment bar keeps the hot-wire probe aligned along the coordinate 

axis at all times while the disc rotates to position the probe. While the vertical motion 

and spanwise motion actuators use lead screws with negligible backlash, the rotating 

disc uses a set of pinion and spur gears to control rotation and these have significant 

backlash, introducing inaccuracies in the positioning system if not accounted for. To 

eliminate the effect of this backlash, the last rotation made by the disk before 

measurements are made with the hot-wire probe is always clockwise. This means that 

if an anti-clockwise rotation is required to position the probe, the disc will be rotated 

anti-clockwise until it overshoots the desired position by an amount that is greater 

than the gear backlash. A final clockwise rotation is then made to bring the probe to 

the desired measurement position. A Dantec 55P15 boundary layer type probe was 

used to allow velocity measurements to be made very near the dimple surface. This 

probe uses a 5 micron tungsten wire with a length of 1.2mm as its sensing element. A 

overheat ratio of about 1.7 was used for all the experiments. Further details regarding 

the spatial resolution of such probes may be found in Khoo et al. (1997, 1998). 
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Figure 5. 3-axis hot-wire probe positioning system. 

 

2.5 Wall detection with hot-wire 
The channel was constructed out of aluminium to limit the channel deformation at 

high flow speeds due to the low pressure inside. It is estimated that the height of the 

aluminium channel reduces by about 0.8% at the test section location at the 

maximum Reynolds number of 35,000. The use of aluminium however, renders the 

channel opaque and makes the determination of the hot-wire probe distance from the 

wall impossible by direct optical means. An initial attempt was made to detect the 

position of the aluminium wall by monitoring the prongs for an electrical short across 

them. It was thought that when the prongs supporting the hot-wire element contacted 

the wall, the conductive aluminium wall will cause an electrical short across the 

prongs. Detection of this electrical short by monitoring the voltage across the prongs 

may be used to establish contact of the hot-wire probe with the wall. However, it was 

found that no electrical short resulted even when the hot-wire prongs were depressed 

against the wall, most likely due to the naturally occurring layer of non-conductive 

aluminium oxide on the aluminium surface. 

 

To overcome this problem, the response of the hot-wire signal as the hot-wire probe 

approaches a solid wall was used to determine the distance of the hot-wire probe 
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from the wall instead. This method is described in Tay et al. (2012) and exploits the 

distinct change in the hot-wire voltage signal as the hot-wire probe comes into close 

proximity with a solid wall. Figure 6(a) shows the variation in the hot-wire mean 

voltage signal V at various distances from the wall as measured on three separate 

occasions on three different days at zero flow speed. This variation is typical and well 

documented in the literature (Shi et al 2003, Chew et al, 1995, Khoo et al 1998, 

Turan and Azad 1987). The variation among the three curves also shows the effect of 

electronic drift, a common occurrence in the use of constant temperature hot-wire 

probes such as the one currently used (Bruun 1995). The drift significantly affects the 

repeatability of the hot-wire voltage signal variation with its distance y from the wall. 

Figure 6(b) shows the same data, but plotted so that the spatial gradient of the voltage 

signal ΔV/Δy is plotted against the distance from the wall. The curves collapse 

together very well when plotted in this way. 

 
         
  
(a) (b)  

 
Figure 6. Effect of a solid wall on the hot-wire voltage signal (a) and the spatial gradient of the 

hot-wire voltage signal (b). Circles: day 1, squares: day 3, triangles: day 5. 
 

The method described by Tay et al. (2012) relies on the use of this variation in the 

spatial gradient of the hot-wire voltage signal to determine the distance of the hot-

wire probe from the wall. The output voltage response for a particular hot-wire probe 

is first determined and plotted in a similar manner to Figure 6(b) to obtain a 

calibration curve. This is done externally from the aluminium channel in a Perspex 

enclosure to ensure zero airflow around the hot-wire probe during the calibration 
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process. The transparent Perspex enclosure also allows optical access to visually 

determine the distance of the hot-wire probe from the wall using a travelling 

microscope. The wall material used in this calibration exercise is the same aluminium 

material that the channel is made from. During this calibration process, the hot-wire 

probe is lowered towards the wall in small steps and the mean signal from the hot-

wire is recorded at each step until a curve similar to that in Figure 6(b) is obtained. 

 

Once the external calibration of the hot-wire probe is done, the probe can be 

reinstalled into the aluminium channel for determination of the wall location and 

measurement of the flow velocity. The determination of the wall location is first 

carried out before the start of the experiment. This is done with the drive fan still off 

and with zero air flow. The detection process starts by the lowering of the hot-wire 

probe towards the wall in small steps similar to those carried out during the 

calibration procedure. Although the distance of the hot-wire from the wall can be 

visually determined during the calibration, its position from the wall when inside the 

aluminium channel has to be determined from the hot-wire voltage signal. During the 

wall distance detection procedure, the hot-wire is lowered towards the wall in the 

same manner as during the calibration procedure. A reference height is arbitrarily 

chosen and the movement of the hot-wire probe towards the wall is measured with 

respect to this reference height. To avoid the fragile hot-wire from coming into 

contact with the wall and possibly damaging it, an arbitrary reference value of ΔV/Δy 

is selected based on the calibration curve, and the movement of the hot-wire towards 

the wall is terminated when ΔV/Δy exceeds this selected value. This value of ΔV/Δy 

is chosen so that the hot-wire is very near the wall but not touching it when the 

procedure terminates.  

 

The voltage signal from this detection procedure is then compared with that obtained 

from the calibration procedure. Figure 7 shows the comparison of ΔV/Δy obtained 
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from the calibration and detection procedure with a quadratic curve fitted to each. 

Because the variation in ΔV/Δy due to the response of the hot-wire as it moves 

towards the solid wall is identical for both the calibration and detection procedures, 

the two quadratic curves shares the same coefficients a and b. Only the last 

coefficient, which determines the vertical intercept, or the distance of the reference 

height above the wall differs, is as shown in Figure 7. A least-squares fit of the points 

can be used to identify the values a, b, c1 and c2 of the quadratic curves shown in 

Figure 7.  

 

 

Figure 7. Comparison of hot-wire voltage signal from calibration and detection procedures. 
Squares: data from calibration procedure, circles: data from detection procedure. 

 

Using a least-squares fit, the coefficients a, b, c1 and c2 can be shown to satisfy the 

following matrix: 
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where  σ  = ΔV/Δy, y is the distance from the reference height at which the mean 

voltage gradient σ  is obtained, and the subscripts c1 and c2 refer to the coefficients of 

y=a(ΔV/Δy)2+b(ΔV/Δy)+c1 

y=a(ΔV/Δy)2+b(ΔV/Δy)+ c2 
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the quadratic curves shown in Figure 7 for the calibration and detection procedure 

respectively. The distance of the reference height above the wall is then the 

difference between the values of the vertical intercepts c1 and c2. 

 

As mentioned before, the calibration and detection procedure is carried out under 

zero flow conditions before the actual experiments begin. There may be some 

concern that with a flow present, inaccuracies may be introduced due to the hot-wire 

probe bending in the presence of a flow. A simple analysis was carried out by 

modelling the hot wire probe holder as a hollow stainless steel tube with 4mm 

outside diameter and 0.1mm wall thickness. The internal components are assumed to 

have no contribution to the stiffness of the probe holder. A top hat profile is assumed 

of the velocity profile within the channel at maximum Reynolds number, and a 2D 

drag coefficient of 1.1 is assumed for the tube (Sumer and Fredsøe, 1997). Figure 8 

shows the geometry considered, but with the deformation angle α greatly 

exaggerated. Even with these conservative assumptions giving an over-estimation of 

the resulting probe holder deflection in the presence of the flow, the resulting error δe 

introduced to the wall detection is only about 0.002mm at the maximum Reynolds 

number condition.  
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Figure 8. Flow induced deflection of hot-wire probe holder. Angles are greatly exaggerated for 
illustration. 

2.6 Temperature compensation for hot-wire 
As the experiment is not carried out in a temperature controlled air-conditioned 

environment, there is a concern that ambient temperature fluctuations can affect the 

accuracy of the hot-wire measurements. This is particularly so since hot-wire 

anemometry is well-known to be affected by changes in the fluid temperature (Bruun 

1995, Abdel-Rahman et al. 1987). To reduce the errors due to ambient temperature 

changes, the ambient temperature was measured by a type T thermocouple in 

conjunction with a thermistor for cold junction reference temperature measurement. 

This ambient temperature measurement is done with the thermocouple located near 

but outside of the aluminium channel. Since the channel is an open type with a 

suction motor at the downstream end, and not the re-circulatory type, the ambient air 

temperature outside of the channel is representative of the fluid temperature inside 

the channel. The temperature measurements allowed the effect of any changes in the 

ambient temperature on the hot-wire measurements to be compensated according to 

equation (1) (Bruun 1995). 
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where Ec is the corrected voltage signal, Em is the measured voltage signal, Tw is the 

wire temperature, Tr is the reference temperature, taken as the temperature during the 

hot-wire calibration and Ta is the ambient temperature at which the velocity 

measurement was carried out. 
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Chapter 3            

Experimental results 

3.1 Channel validation 
Before experiments with the dimples began, the flow within the air channel was first 

validated with known results from the literature. A smooth flat channel floor was 

installed within the test section and pressure and velocity measurements were made 

for the validation. The static pressures measured with the various streamwise 

pressure taps are presented in Figure 9 for a range of Reynolds numbers. Figure 9(a) 

shows the streamwise variation in the static pressures referenced to that measured at 

xi/h = 27.5, where xi is the length measured from the inlet of the channel. A solid line 

fitted over the linear portion of the streamwise pressure variation shows that the 

streamwise pressure gradient within the channel has reached a constant value well 

before the test section located at xi/h = 160. Although there is some debate whether 

the constant streamwise pressure gradient implies that the flow is fully developed 

(Lien et al. 2004), the relatively long entrance length used in the present channel is 

beyond even the conservative estimation of 130h suggested by Lien et al. (2004) 

required to attain fully developed flow in a channel. The constant streamwise 

pressure gradients obtained with the current channel at various Reynolds numbers is 

also in excellent agreement with that predicted by the Colebrook-White equation 

(Mott, 1994) for fully developed flows in conduits, as shown in Figure 9(b). 

 

Static pressure measurements obtained using the pressure taps at xi/h = 147.5 and 

297.5 distributed in the spanwise direction are shown in Figure 10. The 

measurements show that the flow is relatively 2-dimensional immediately upstream 

and downstream of the test section located between xi/h = 160 and 280.  
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        (a)        (b) 

Figure 9. Streamwise static pressure measurements without dimples. 

 

                

                                (a)          (b)  

Figure 10. Spanwise static pressure measurements without dimples. (a) xi/h = 147.5, (b) xi/h = 
297.5. 

 

 

The profile of the streamwise velocity within the smooth flat test section without 

dimples was measured using hot-wire anemometry at various Reynolds numbers. 

Figure 11 shows that the results obtained compares favorably with that of Johansson 

and Alfredsson (1982). The good agreement further supports the accuracy of the wall 

detection method used in the present study even in the presence of the flow. 
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Figure 11. Channel velocity profiles.  Dashed line: u+ = y+, solid line: 5.5)ln(
41.0
1

+= ++ yu   

3.2 Pressure measurements 

3.2.1 Drag measurement detailed methodology 

Traditionally, the determination of drag can be obtained by measuring the mean 

streamwise pressure gradient in the fully developed portion of a channel flow (Chen 

et al. 1986, Itoh et al. 2006). However, reports from the literature suggest that the 

drag reduction by circular dimples may be small and not easily determined by 

measurement of the mean streamwise pressure gradient (Lienhart et al. 2008). In the 

course of the experiments, whenever the channel configuration had to be changed 

from a dimpled to a non-dimpled one, the fan powering the channel flow had to be 

shut down as the very low pressure within the channel while the fan is running makes 

removal and installation of the test plates very difficult, particularly at high flow 

speed. The finite accuracy of the motor speed controller resulted in small changes in 

flow speed even for consecutive experimental runs, leading to a small but finite 

change in the flow Reynolds number. An example of such a change in Reynolds 

number that occurs can be observed in the two runs shown in Figure 12. A simple 

analysis was carried out to estimate the significance of this small change in the 

Reynolds number. 
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Figure 12. Streamwise static pressure measurements with and without Case 1 dimples. 

 

As Figure 9(b) shows, the mean streamwise pressure gradient Pg may be assumed to 

be a function of the Reynolds number Re of the flow, and can be expressed as: 

(Re)fPg =       (2) 

where the function f is the Colebrook-White equation in Figure 9(b). 

Differentiating with respect to the Reynolds number gives: 

(Re)'
Re

f
Pg =

δ
δ

     (3) 

For a small change in the Reynolds number, 

gg

g

P
f

P
P Re(Re)' δδ

≈      (4) 

Figure 13 shows the percentage change in the mean pressure gradient when the 

Reynolds number changes by 500, ie. δRe = 500, which is approximately the 

difference in Reynolds number between the two cases presented in Figure 12. The 

effect varies with the Reynolds number, and is as high as 14% at a Reynolds number 

of 5,000, but decreases to 3.6% at a Reynolds number of 20,000. At a Reynolds 

number of 40,000, the effect on the mean pressure gradient reduces further to about 

1.8%. These percentage changes are deemed to be significantly large as the expected 

changes in drag due to the dimples are very small and may be of the order of a few 

50           100           150           200          250          300           350          400 
xi/h 
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percent (Lienhart et al. 2008). The analysis suggests that the traditional method of 

changing the test plates and comparing the drag results obtained is not possible due to 

the high accuracy required.  

 

Figure 13. Effect on mean pressure gradient with a Reynolds number change of 500. 

 

An alternative method needs to be found to determine any change in drag due to 

dimples. To overcome this difficulty, the method of Tay (2011) was employed since 

the channel used is sufficiently long. This method does not quantify the absolute drag 

due to the dimples in the channel, but gives the relative difference in the drag 

compared with that for a flat channel flow. 

 

Consider again the mean streamwise pressure variation shown in Figure 12 for the 

cases with and without dimples installed in the channel test section at comparable 

Reynolds number. The pressure variation is practically indistinguishable for both 

these cases, showing that any change that the dimples have on the drag is indeed very 

small. Because the section after the test section in the channel is also flat, it is 

expected that the mean streamwise pressure in this section should be the same as that 

in the flat section upstream of the test section. It may be observed in Figure 9 that the 

streamwise pressure variation is already linear from xi/h = 100 onwards, indicating 

that the fully developed mean streamwise pressure gradient has been attained. 
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Although some debate exist about the minimum length required for the flow to reach 

its fully developed state, and what “fully developed’ actually entails (Lien et al. 

2004), it is known that even before the flow reaches its fully developed state, the 

mean streamwise pressure gradient will reach its fully developed value first (Potter 

and Foss 1983). Barbin and Jones (1963) estimates that for a circular pipe, the mean 

streamwise pressure gradient reaches its fully developed state within 15 pipe 

diameters from the pipe entrance. The sections within the present channel are much 

longer in terms of the channel height h, which is analogous to the diameter of a 

circular pipe. The section upstream of the test section is 160h in length, the test 

section is 120h in length, and the section downstream of the test section is also 120h 

in length. Thus, it is assumed that for most of the flow within these three sections, the 

mean pressure gradients are those of the fully developed values. 

 

Figure 14 illustrates this assumption graphically using a hypothetical case. In this 

hypothetical case, the measurement points are shown by crosses, and the dimpled test 

section is located between xi/h = 160 and xi/h = 280. The linear pressure variation of 

the flat sections upstream and downstream of the test section is represented by 

dashed lines in Figure 14 and share a common gradient m. Any change in the mean 

pressure gradient from that of the flat sections due to the dimples results in a vertical 

shift of the dashed lines so that they remain parallel but are not co-linear and have 

different intercepts on the vertical pressure axis given by P1 and P2. A vertical shift 

upward, or if P2 > P1 means a reduction in the mean pressure gradient in the dimpled 

test section signaling a decrease in drag by the dimples. A downward shift or P2 < P1 

means a drag increase by the dimples. If the difference in P1 and P2 are known, the 

effect of the dimples on the drag compared to the flat sections can be determined 

quantitatively. 
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Figure 14. Hypothetical static pressure distribution with dimples present. Bold dashed 
line: test section location. 

 

The equations for the dashed lines can be estimated from actual measurements by 

least squares fitting. The sum of the squares for the points upstream of the test section 

is given by: 
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where the subscript u refers to data points upstream of the test section. Similarly, the 

sum of the squares for the points downstream of the dimples is given by: 
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where the subscript d refers to data points downstream of the test section. The total 

sum of squares for all the data points is given by summing these two expressions. 

Minimizing this total sum yields the following:  
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where P is the measured static pressure, n is the number of measurements and the 

subscripts u and d are defined as before.  The change in drag Δd due to the dimple 

array is then given by: 

mL
PP

D
d

)( 21 −
=∆     (10) 

where LD is the length of the dimple array. A negative value represents a drag 

reduction and a positive value represents a drag increase when compared to the 

smooth flat sections of the channel, used as the baseline for the comparison.  Using 

this method, separate static pressure measurements for a flat wall case and a dimpled 

case is not required, as the comparison is done directly through the measurement of 

the streamwise pressure variation for a single channel configuration, using the flat 

sections of the channel upstream and downstream of the dimple array in the test 

section as the baseline for the comparison. 

 

This method relies on the assumption that the channel sections are sufficiently long 

so that the mean streamwise pressure gradients in the flat sections upstream and 

downstream of the test section is the same. An investigation was carried out to find 

out if this is the case and so verify the assumption. With a flat wall installed in the 

test section, the difference between the actual measured static pressures and that 

given by their respective equations represented by the dashed lines in  
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Figure 14, was normalised by the dynamic pressures and plotted in Figure 15 for a 

range of Reynolds numbers.  

 

Figure 15. Variation of difference in measured static pressures from least squares fit for flat wall 
case. 

 

Small deviations of the actual measurements from the best fit line described by the 

equations in Figure 14 are observed along the channel due to the imperfect nature of 

real physical channel flow facilities. The deviations are small and well within the 

experimental errors expected of real experiments, and may be caused by 

imperfections in wall smoothness, small changes in the channel height due to 

machining imperfections, finite accuracy of the measurement system and other 

factors of which are not possible to control.  It is important to note that the deviations 

are not random with time, but are highly repeatable even as the Reynolds number 

varies.  This allows the deviations to be corrected. 

 

A similar plot was made with a dimpled section installed. This time a shift in the 

static pressure measurements downstream of the test section is expected, similar to 

that shown in Figure 14, and P1 ≠ P2. Plotting only the difference with respect to the 
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equation P = mx + P1 yields the plot in Figure 16. Note that for the flat wall case, it 

is expected that P1 = P2. It is obvious that for the dimpled wall case, all the points 

downstream of the dimpled test section are shifted vertically up in Figure 16, while 

the points upstream of the test section is hardly affected by the presence of the 

dimples. The upward shift of the points downstream of the test section is the same for 

all the points, thus preserving the trend in the streamwise variation. This means that 

the actual pressures are only shifted vertically due to the dimples in the test section, 

while the mean pressure gradient of the flat section downstream of the test section 

remains the same as the other flat sections of the channel. The value of the mean 

streamwise pressure gradients in the flat sections are also not affected by the presence 

of the dimples in the test section. The assumption that the channel is sufficiently long 

so that the mean streamwise pressure gradients of the flat sections before and after 

the test section are the same is thus valid.  

 

Figure 16. Variation of difference in measured static pressures from least squares fit for flat and 
corresponding dimpled wall case. 

 

Applying equations (7) to (10) to the data used to plot Figure 16 gives a drag 

reduction of about 0.5% for the dimpled case. It may be noted that Figure 16 actually 
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shows data taken from three consecutive runs, and very limited scatter is observed in 

the measurements obtained from these three runs. The same observation about the 

very limited scatter in the data can also be made for Figure 15, which shows data 

from three consecutive runs at each Reynolds number, showing the high consistency 

of the measurements over a range of Reynolds numbers. Although the change in drag 

is only about 0.5% for the case presented in Figure 16, the vertical shift is clearly 

prominent and much larger than the scatter in the data. 

 

The magnitude of the non-dimensional vertical shift Δp = 2
12 2

1 UPP ρ−  is mainly 

affected by the length of the dimpled test section LD, the change in drag due to the 

dimples Δd and the mean streamwise pressure gradient given by m according to the 

following equation: 

2

2
1 U

mLDd
p

ρ

∆
=∆      (11) 

where ½ρU2 is the dynamic pressure, U being the mean centerline velocity.  From the 

Colebrook-White relation shown in Figure 9(b), it may be inferred that the fully 

developed mean streamwise pressure gradient is related to the dynamic pressure if 

the density ρ remains constant. Increasing the length of the dimpled test section LD 

will result in an increase in the magnitude of the vertical shift for a given change in 

drag, thus increasing the sensitivity of the experiment and allowing very small 

changes in drag to be measured confidently. The relatively long dimpled test section 

of 2.4m in the present channel flow facility thus contributes significantly to the high 

sensitivity of the present experiment. An estimate was made of the uncertainty of this 

method based on the pressure transducer used and this was found to vary from about 
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3% at low Reynolds numbers to 0.2% at the higher Reynolds numbers involved in 

the present study. 

 

3.2.2 Drag results 

The described method gives the change in drag due to the dimples in the test section 

compared to the flat channel sections used as a baseline. The effect on drag by the 

three different dimple configurations compared to the flat channel case is plotted in 

Figure 17 up to the maximum Reynolds number of about 37,000 that the present 

channel set-up can deliver. d/D in the legend of the figure refers to the dimple depth 

to diameter ratio, while CR refers to the area coverage ratio previously defined in 

Figure 4. The experiment is repeated several times to obtain confidence in the results. 

The consistency of the measurements is such that the scatter within the data is small 

compared to the percentage changes in drag shown by the dimple arrays. It is clear 

that for the deeper 5% d/D dimples of cases 1 (CR = 40%) and 2 (CR = 90%), their 

effect on drag varies with the Reynolds number. However, their dependence on 

Reynolds number decreases as the Reynolds number increases.  In fact for Case 1, 

beyond Re= 20,000, its effect on drag stays almost constant up to the maximum 

Reynolds number of 37,000. For the shallow 1.5% d/D dimples of Case 3, their effect 

on drag is almost independent of the Reynolds number. It appears that reducing the 

dimple depth and the dimple area coverage ratio result in reduced dependence on 

Reynolds number. 

 

At low Reynolds numbers, Case 1 and 2 dimple configurations show drag increases 

compared to the flat wall, while the opposite is true at higher Reynolds numbers 

where both show drag reductions. The cross over point where the dimples begin to 

show drag reductions vary for the two cases. Case 1 with coverage ratio of 40% have 

its cross over point at a Re = 8,000 while the Case 2 dimples with coverage ratio of 
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90% crosses over to drag reduction at about Re = 13,000.  Despite the late cross over 

point for Case 2, the drag reduction steadily increases to almost 3%, which is greater 

than the other two cases at a Reynolds number of 37,000.  Case 1 shows a near 

constant drag reduction of slightly less than 2% at almost all Reynolds number after 

its cross over point. Case 3 shows a drag reduction of about 2% over the range of 

Reynolds numbers studied here. Increasing dimple depth and coverage ratios appear 

to increase the maximum drag reduction at high Reynolds numbers, possibly due in 

part to its higher dependence on the Reynolds number.  Shallow dimples show drag 

reduction even at lower Reynolds numbers, and may be favoured if reduced drag is 

desired at low Reynolds numbers.  

 

Drag increases at the lower Reynolds number range also varies with the three cases. 

Although Case 2 shows the greatest drag reduction at high Reynolds numbers, it also 

shows the greatest drag increase at low Reynolds numbers. A maximum of almost 

4% increase in drag is observed at the lower Reynolds number range before transition 

effects make accurate measurements difficult. As the main focus of the present study 

was for the higher Reynolds number range, further examination of the drag increases 

at the lower Reynolds numbers was not carried out. 
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Figure 17. Effect on drag by various dimple configurations compared to the flat channel without 
dimples. 

  

The above measurements were mainly carried out with the static pressure taps and 

the dimpled array installed on the roof of the channel. This allowed easy access to 

both the dimpled plate and the static pressure taps during the experiments. Some 

concern arose whether the dimples being on the same side as the pressure taps, would 

affect the measured results. If the flow within the channel was not symmetrical about 

the centerline, the conclusions drawn from the previously measured static pressure 

variation might be inaccurate. 

 

To investigate this matter, several runs were carried out with the static taps on the 

roof of the channel while the dimple array was installed on the floor of the channel. 

This was carried out only for Case 3 to verify this concern. It is assumed that if the 

result is valid for any one case, it would make the other cases equally valid. The 

result from this test is shown in Figure 18. It shows that similar results are obtained 

regardless of whether the pressure taps are located on the same side of the dimples or 

Case 1 (d/D=5%, CR=40%) 
Case 2 (d/D=5%, CR=90%) 
Case 3 (d/D=1.5%, CR=90%) 
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not.  This gives greater confidence in the previous pressure measurements. For a 

better comparison, the results presented in Figure 18 are also included in Figure 17. 

 

Figure 18. Effect on drag with dimples installed on different sides of the channels 

 

3.3 Hot-wire velocity measurements 

3.3.1 Initial hot wire measurements at low spatial resolution 

Detailed hot-wire measurements were made for cases 2 and 3 since these show 

greatest drag reduction at high and low Reynolds numbers respectively. Velocity 

measurements were made at Reynolds numbers (based on the half channel height and 

centreline velocity) of about 10,000, 15,000, 23,000 and 35,000. The coordinate 

system used in these hot-wire measurements has its origin (x/D = 0, z/D = 0) centered 

at the center dimple of the 11th row of the dimple array. An initial measurement with 

the hot-wire was sampled at 3,000 Hz for about 80 seconds at (x/D = 0, y/h=0.05, z/D 

= 0) for all four Reynolds numbers. From this velocity time history, the average 

velocity Uaverage obtained from t = 0 to t = t1 was plotted by varying t1 in steps of 0.1s. 

This can be expressed mathematically as:  
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The mean velocity U obtained from the complete time history is assumed to be 

accurate, and the percentage difference between Uaverage and U is plotted against t1 in 

Figure 21. Because the percentage difference, or error in the sampling time falls 

rapidly as the sampling time t1 increases, only the portion of the plots for t1 ≤ 10s is 

shown. With a sampling time of 5s, the percentage difference has reduced to below 

0.1% for all Reynolds numbers. 

 

 

Figure 19. Error in average velocity with sampling time. 

 

As such, all the hot-wire measurements were sampled at 3,000 Hz for 214 points, 

giving a sampling duration of about 5.5 seconds at each location. Only those used to 

subsequently measure the spectral distributions of the velocity fluctuations were 

sampled at a higher sampling rate and over a longer period. This will be discussed 

further in the subsequent appropriate section.  

 

Initial measurements were made within the measurement volume -0.8D ≤ x ≤ 0.8D 

and -1.0D ≤ z ≤ 1.0D from near the dimpled surface to the channel centerline to gain 

a basic idea of the flow and identify any possible areas of interest for a more detailed 

study. Figure 20 shows the location of the measurement grid relative to the dimples 

in the array. The dashed circles indicate the position of the dimples.  
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Figure 20. Hot-wire measurement grid. 

 

The measurement grid spacing for these early measurements is relatively coarse with 

Δx ≈ 0.20D and Δz ≈ 0.20D. The measurement grid spacing in the vertical y direction 

is not uniform but is smaller near the wall and increases as the measurement location 

rises above the dimpled surface. As shown in Figure 3 previously, the y coordinate is 

measured from the flat areas between the dimples. Not too surprisingly, the deeper 

Case 2 dimples affects the flow up to a greater distance above the wall than the 

shallower Case 3 dimples. This is shown in Figure 21, where the velocity variation in 

the spanwise direction for the Case 2 and Case 3 dimples are shown, together with 

the relative position of the dimples indicated by the black lines. The figure shows that 

the deeper Case 2 dimples affect the flow up to a height of y/h = 0.3, while at a height 

of y/h = 0.1, the velocity is nearly constant for the shallower Case 3 dimples. A 

velocity peak is observed along the centerline of the shallower Case 3 dimples at all 

heights below y/h = 0.1, but the velocity peak only extends to a height of y/h = -0.04 

within the dimple depression for the deeper Case 2 dimples. Above this height, a 

local minimum in the velocity is observed up to at least y/h = 0.3. This difference in 

velocity peaks for these two dimple cases are also similarly observed at the other two 

Reynolds numbers of 10,000 and 35,000. 
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(a)          (b) 
 

Figure 21. Normalised mean streamwise velocity plots at various heights over dimple 
arrays, Re ≈ 15,000, x/D = 0. (a) Case 3 (d/D = 1.5%), (b) Case 2 (d/D = 5%). Bold lines 

show the locations of dimples and are exaggerated to show their relative depth. 
 

The flow pattern over the dimples may be more easily appreciated if the velocity 

contours in the x-z plane over the dimples are presented. However, one problem is 

inherent in using the coarse measurement grid shown in Figure 20 for presenting u-

velocity contours in the x-z plane. The grid spacing in Figure 20 is regular at 10mm 

in both the x and z directions, resulting in the measurement points being not in phase 

with the streamwise or spanwise spatial wavelengths of the dimple array.  The result 

of this, together with the coarse measurement grid spacing, on the velocity contours 

is shown in Figure 22 at y/h=0.05. The plot shows the contours of the mean 

streamwise velocity normalized by the channel centerline velocity. While the velocity 

contours over the central dimple in Figure 22 appears symmetric about the dimple 

centerline, a careful observation of the velocity contours for the row of dimples 

upstream and downstream of this central dimple are not. The reason for this apparent 

asymmetry is due to the coarse measurement grid not being in phase with the spatial 

wavelengths of the dimple array and when the contours are interpolated over the 

coarse grid, the interpolation errors result in the asymmetric contours. The difference 

in the relative measurement points with respect to each dimple is responsible for the 

observed difference in the mean interpolated u-velocity contours.  
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To confirm this hypothesis and further observe how similar the velocity contours are 

over adjacent dimples in the array, the measurement grid was expanded to −0.87 ≤ 

x/D ≤ 2.0 and −1.50 ≤ z/D ≤ 1.50. The spanwise grid spacing was set at 0.1D, 

equivalent to 1/10th the spanwise wavelength of the dimple array, and the streamwise 

grid spacing was set to 0.0872D, equivalent 1/20th the streamwise dimple array 

wavelength. In this way, the measurement points relative to each dimple centre are 

kept the same for all dimples in the array as shown in Figure 21. This grid spacing 

effectively also doubles both the spanwise and streamwise spatial resolution 

compared to that shown in Figure 22. The previous measurements with the coarser 

grid over the smaller region of −0.8 ≤ x/D ≤ 0.8 and −1.0 ≤ z/D ≤ 1.0 shown in Figure 

22 included measurements at various heights above the dimple array. This allowed 

plots such as Figure 21 to be carried out. However, with the new denser grid with 

increased spatial resolution, measurements at various heights within the channel 

would take an impractically long time. Measurements with this denser grid were only 

carried out at one height, y/h = 0.05 to allow comparison with Figure 22.  

 

The result for Case 2, Re ≈ 15,000 with the denser measurement grid is shown in 

Figure 23 with the mean streamwise velocity and the root-mean-squares of the 

streamwise velocity fluctuations normalized by their respective values at the channel 

centerline. Since the measurement points are the same relative to each dimple center, 

similar contours are observed over each dimple. Similar general observations can be 

made for both Figure 22 and Figure 23(a).  
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Figure 22. Normalised mean streamwise velocity contours in the x-z plane for Case 2 
dimples, Re ≈ 15,000, y/h = 0.05.  

 

 

           

 

 

        (a)              (b)  

Figure 23. Normalized mean streamwise velocity contours with expanded measurement grid for 
y/h = 0.05, Case 2 (d/D = 5%), Re ≈ 15,000. Flow direction is from top to bottom, vertices of grid 
show measurement locations. (a) Mean streamwise velocity contour, U. (b) Root-mean-square of 

streamwise velocity fluctuations, urms.  
 

 

Both figures show low speed regions at the dimple center as well as at the left and 

right edges of the dimples. Streaky high speed regions flow between these low speed 

regions and connect between adjacent dimples. These similarities between Figure 22 
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and Figure 23, the latter being more accurate due to the denser measurement grid 

resulting in less interpolation errors, serves to confirm what was discussed earlier. 

 

The similarity of contours for both the mean streamwise velocity and root-mean-

square (rms) of the velocity fluctuations over all the dimples in the measured area 

also suggests that the flow has reached an equilibrium state by the time the flow 

reaches the 11th row of dimples in the array where the measurements were made. The 

contours over each dimple is similar regardless of its location within the array, 

allowing the conclusions drawn from the detailed study of the flow over a single 

dimple to be applicable to the rest of the dimples within the array, except for perhaps 

the first few rows of dimples, when the flow is transitioning to the dimpled 

equilibrium state. Since there are 54 rows of dimples within the present channel test 

section, the flow over most of the dimples within the present array may be considered 

to be in the equilibrium state. It is worth noting that the “equilibrium” used here does 

not refer to the fully developed flow state where flow properties do not vary with 

streamwise position. Instead, the “equilibrium” state used here only refers to the flow 

properties being the same at the same relative position of each dimple, independent 

of the actual position of the dimple in the test section.  

 

3.3.2 Detailed hot-wire measurements over dimples 

3.3.2.1 Hot-wire measurements over Case 2 deep dimples 

To study the flow over each dimple further, measurements were taken at an even 

higher spatial resolution again about the dimple located at (0, 0). Measurements were 

made for −0.87 ≤ x/D ≤ 0.87 and -0.60 ≤ z/D ≤ 0.60 with spatial resolutions in the x 

and z directions of 0.0432D and 0.05D respectively. Measurements were made at Re 

= 10,000, 15,000, 23,000 and 35,000. Figure 24 shows the contours of the mean 

velocity and the root-mean-squares of the streamwise velocity fluctuations obtained 



51 
 

at y/h = 0.05 normalized by their respective values at the channel centerline (y/h = 

0.5) for the deeper Case 2 dimples. 

 

    
U/Ucenterline 

 

     Re = 10,000       Re = 15,000  Re = 23,000          Re = 35,000 

(a) 

    
urms/urms,centerline 

 

      Re = 10,000       Re = 15,000               Re = 23,000          Re = 35,000 

(b) 

 

Figure 24. Contours for Case 2 dimples (d/D = 5%) at y/h = 0.05 for Re = 10,000, 15,000, 23,000 
and 35,000. (a) Mean streamwise velocity contour, u. (b) Root-mean-square of streamwise velocity 

fluctuations, urms. 
 

The mean flow over the dimples is generally symmetric about the dimple centerline 

over the Reynolds number range between 10,000 and 35,000. Two relatively high 

speed streaks on either side of the dimple centerline are observed at these Reynolds 

numbers. These high speed streaks are indicated by the arrows in Figure 24(a) for Re 

= 10,000, but are also clearly visible at the other Reynolds numbers. One possible 

way to interpret these streaks is to attribute the higher speed regions to downward 
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flow bringing high speed fluid down towards the wall and vice versa for the low 

speed regions (Iuso et al. 2002). 

 

The contours of the rms of the streamwise velocity fluctuations also support such an 

interpretation, where the regions of low fluctuations are brought about by downward 

flow bringing low turbulent intensity fluid towards the wall and the regions of high 

velocity fluctuations are due to upwards flows bringing fluid with higher turbulent 

intensity near the wall upwards. Interpreted this way, the contours show the presence 

of two pairs of counter-rotating vortices over the deeper Case 2 dimples. These two 

pairs of vortices are indicated by dashed lines in Figure 24(a) for Re = 15,000, and 

the curved arrows show their direction of rotation. Pairs of vortices are also similarly 

observed at the other Reynolds numbers. Such pairs of streamwise vortices are also 

observed and reported by Ligrani et al. (2001) and Won et al. (2005) for much deeper 

dimples with d/D from 10% to 30%. Their flow visualization results agree well with 

the vortices implied by the present velocity contours in terms of size, position and 

direction of rotation as indicated by the velocity contours in Figure 24. 

 

3.3.2.2 Hotwire measurements over Case 3 shallow dimples 

Figure 25shows the contours of the mean velocity and the root-mean-squares of the 

streamwise velocity fluctuations obtained at y/h = 0.05 normalized by their respective 

values at the channel centerline (y/h = 0.5) for the shallower Case 3 dimples. Similar 

to the Case 2 dimples, the mean flow over these dimples is also symmetric about the 

dimple centerline.  

 

However, while the velocity contours in Figure 24 show that the flow over the deeper 

Case 2 dimples do not vary significantly as the Reynolds number increases from 
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10,000 to 35,000, the contours in Figure 25 show significant flow changes as the 

Reynolds number is increased within this range for the shallower Case 3 dimples.  

 

    
U/Ucenterline 

 

   Re = 10,000       Re = 15,000  Re = 23,000          Re = 35,000 

(a) 

    
urms/urms,centerline 

 

   Re = 10,000       Re = 15,000  Re = 23,000          Re = 35,000 

(b) 

Figure 25. Contours for Case 3 dimples (d/D = 1.5%) at y/h = 0.05 for Re = 10,000, 15,000, 23,000 
and 35,000. (a) Mean streamwise velocity contour, u. (b) Root-mean-square of streamwise velocity 

fluctuations, urms. 
 

The flow is still generally symmetric about the centerline for the shallower Case 3 

dimples, but instead of two high speed streaks and two pairs of counter-rotating 

vortices that Figure 24 shows for the deeper Case 2 dimples, Figure 25 shows only 

the presence of a single high speed streak which suggest only a single pair of counter 

rotating vortices over each dimple. While the presence of the single pair of counter-

rotating vortices appears to persist as the Reynolds number increases from 10,000 to 
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35,000, other minor changes in the velocity contours become evident as the Reynolds 

number varies in this range. Two peaks in the mean streamwise velocity contours, 

one upstream of the other along the centerline is observed as the Reynolds number 

increases to 35,000. These are indicated by the arrows in Figure 25(a) for Re = 

35,000. 

 

Changes in the contours for the velocity fluctuations are even more obvious as the 

Reynolds number increases. At Re = 10,000, the velocity fluctuations reflect the 

expected variation with regions of high velocity showing lower fluctuations and 

regions of lower velocity showing higher velocity fluctuations as fluid is pushed 

downwards and upwards respectively by the pair of streamwise vortices, similar to 

the variation seen with the deeper Case 2 dimples as Figure 24 shows. However, as 

the Reynolds number increases, the contours of the streamwise fluctuations changes 

and spanwise bands begin to appear. These are indicated by the dashed ovals in 

Figure 25(b) for Re = 23,000 and similar spanwise bands can also be seen at Re = 

35,000. 

 

Spanwise bands in the flow contours are an indication of spanwise vorticity. 

Consider the flow over a 2-dimensional backward facing step, where spanwise 

vorticity is significant. The mean velocity contours in a plane parallel to the wall just 

downstream of the step would be made up of largely spanwise lines, indicating the 

strong spanwise vorticity. In the same way, streamwise bands in the contours are an 

indication of streamwise vorticity. The presence of the dimples serves to introduce 

streamwise vorticity into the flow, which would otherwise only consist of wall 

generated spanwise vorticity. This introduction of the streamwise vorticity is also 

observed by Ligrani et al. (2001) and Won et al. (2005), as well as the streamwise 

linking of the high speed regions and the presence of the streamwise vortices 

indicated by the velocity contours in  Figure 24 and Figure 25. The greater the dimple 
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depth, the greater the streamwise vorticity that is added. This streamwise vorticity 

can be added in terms of stronger vortices or through the presence of more vortices as 

a comparison between Figure 24 and Figure 25 shows. The velocity contours for the 

shallow Case 3 dimples only show the presence of a pair of counter-rotating vortices, 

while the contours for the deeper Case 2 dimples show the presence of two pairs of 

counter-rotating vortices. 

 

As the Reynolds number increases, so does the average skin friction, leading to a 

reduction in the physical size of the average wall unit, a wall unit being an inner scale 

variable defined by ν/uτ. Since the measurements for the contours shown in Figure 24 

and Figure 25 were made at a constant height y/h = 0.05, the measurement height in 

terms of the wall unit, measured in terms of y+ (y+ = yuτ/ν) increases with the 

Reynolds number though not proportionally. Thus though the measurements are 

made at constant y/h as the Reynolds number increases, they are not made at constant 

y+ as the Reynolds number increases in Figure 24 and Figure 25. If the flow scales 

with y+, as a plane channel flow does, then the velocity contours, both the mean as 

well as their fluctuations are expected to change as the Reynolds number increases. 

This is perhaps what is happening for the shallower Case 3 dimples in Figure 25, 

where the contours vary as the Reynolds number is increased, suggesting the 

importance of common flow parameters such as y+ to the flow scaling. The 

consistency of the velocity contours for the deeper Case 2 dimples as the Reynolds 

number increases however, suggests that the flow for these deeper dimples scales less 

significantly with flow parameters such as y+, but more with a parameter such as the 

dimple depth or diameter which does not change in Figure 24 as the Reynolds 

number increases from 10,000 to 35,000. This shows that as the dimple to depth 

diameter increases, the flow scaling shifts from the wall scaling of normal boundary 

layer flows to geometric parameters of the dimples such as the dimple depth. 
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Although the early measurements made at various heights using the coarse grids 

allowed the estimated velocity contours at constant y+ for the shallower Case 3 

dimples to be plotted, assuming the skin friction of the plane channel case for 

computation of y+, no clear conclusion could be drawn as the contours obtained still 

varied with Reynolds number. This could be attributed either to errors arising from 

using the plane channel skin friction for computing y+, or more likely that the flow 

scaling even for such shallow dimples is a hybrid of boundary layer wall scales and 

dimple geometry, the flow being significantly influenced by both.   

 

3.4 Power spectral measurements 
While the previous hot-wire velocity measurements were sampled at 3,000 Hz for a 

duration of about 5.5 seconds, further hot-wire measurements used for spectral 

analysis were sampled at 6,000 Hz for 219 sampling points, giving a sampling 

duration of about 87 seconds. Due to the much longer sampling time, these 

measurements were only carried out at specifically chosen points. A low pass filter 

with a cut-off frequency of 3,000 Hz was used for these measurements so that errors 

due to aliasing are not significant. The time history of the streamwise velocity 

obtained from the hot-wire in these measurements were then divided into 1024 equal 

segments, and the power spectra of the velocity fluctuations was calculated for each 

of these 1024 segments of time histories. The power spectra plots presented here are 

obtained from the averaged power spectra of these 1024 time history segments using 

a Hanning type window. The averaged power spectra are then normalized by the 

signal variance and the frequency f was normalized by the channel height h and the 

local mean velocity Ulocal at the measured point such that St = fh/Ulocal in the plots. 

Figure 26(a) shows the normalized power spectra of the streamwise velocity 

fluctuations for the Case 2 dimples (d/D = 5%) at a Reynolds number of 15,000 for 

various locations. Their positions relative to the dimple array is shown in Figure 



57 
 

26(b), where the position of the dimples is indicated by dashed circles. These 

measurements were made at y/h = 0.05, the same as the other hot-wire measurements 

presented in Figure 22 to Figure 25.  

 

  

          (a)                 (b) 
Figure 26. Normalized power spectra for Case 2 dimples (d/D=5%) at Re = 15,000, y/h = 0.05. (a) 

Normalized power spectra. (b) Measurement positions. 
 

The spectral plot shows that the normalized power spectrum obtained at various 

points within the dimple is similar. Note that the measured points include those 

within the high speed streaks, as well as the lower speed regions along the dimple 

centerline and the spanwise edges of the dimple. Not clearly shown in the plot is the 

observation that the normalized power spectra obtained for (x/D = 0, z/D = −0.5) and 

(x/D = 0, z/D = 0.5) are very similar, showing the symmetry of the flow about the 

dimple centerline. The similarity of the normalized power spectra at various locations 

simplifies the analysis of the flow over the dimples since the position of the measured 

power spectra is not a significant consideration at y/h = 0.05. 
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Figure 27 shows the normalized power spectra for Case 2 dimples (d/D = 5%) 

measured at (x/D = 0, z/D = 0, y/h = 0.05) at various Reynolds numbers and 

compared with the normalized power spectra at y/h = 0.05 for the flat channel at the 

same Reynolds numbers. Only the spectra for x/D = 0, z/D = 0 is shown for the 

dimple case since the normalised spectra at other positions within the dimples is 

similar, as Figure 26 has previously shown. In comparison with the flat channel case, 

the Case 2 dimples cause the normalized power spectra to shift towards lower values 

of the normalized frequencies. Among the dimple results, there is a clear trend that 

increasing the Reynolds numbers also shifts the normalized power spectra content 

towards the lower normalized frequencies. This shift towards the lower normalized 

frequencies of the dimple cases is also observed for the Case 3 dimples (d/D = 1.5%) 

as Figure 28 shows. Although a similar trend is observed for these shallower dimples, 

the shift towards the lower normalized frequencies with respect to the flat channel 

cases, or among the dimple results as the Reynolds number increases, is not as great 

as that of the deeper Case 2 dimples (d/D = 5%).  

 

To better understand the changes the dimples cause to the flow around them, the drag 

reduction results from Figure 17 at the relevant Reynolds numbers are summarized in 

Table 2. A general observation when comparing Figure 27, Figure 28 and Table 2 is 

that there appears to be a trend of increasing drag reduction with increasing shifts of 

the normalized power spectra towards the lower normalized frequencies. This is the 

case when comparing among each of the dimple cases as the Reynolds number 

increases, as well as comparing the shallower Case 3 dimples with the flat channel 

results. A shift towards the lower frequencies is accompanied by a reduction in drag, 

and the greater these shift of the normalized power spectra towards the lower 

frequencies, the greater the drag reduction. 
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Figure 27. Normalized power spectra for Case 2 dimples (d/D=5%) at (x/D = 0, z/D = 0, y/h = 0.05) 
and flat channel results.  

 

This general trend however, is not followed for the Case 2 dimples at a Reynolds 

number of 10,000 when compared with the flat channel result. Although a marked 

shift in the normalized power spectra toward the lower frequency is noted for the 

Case 2 dimples at Re = 10,000 when compared to the flat channel result in Figure 27, 

pressure measurements show a drag increase of 1% for the dimple case when 

compared to the flat channel. A possible reason for this will be discussed further 

below. 
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Figure 28. Normalized power spectra for Case 3 dimples (d/D=1.5%) at (x/D = 0, z/D = 0, y/h = 
0.05) and flat channel results. 

 

Table 2. Summary of change in average pressure loss 

Case d/D Re 
Approximate change 
in average pressure 

loss 
2 5% 10,000 +1% 
2 5% 15,000 –0.5% 
2 5% 23,000 –2% 
2 5% 35,000 –3% 
3 1.5% 10,000 –1.5% 
3 1.5% 15,000 –1.5% 
3 1.5% 23,000 –2% 
3 1.5% 35,000 –2% 

 

Similar shifts of the power spectra to the lower frequencies coinciding with observed 

drag reduction have also been reported in the literature. Iuso et al. (2002) conducted 

an experiment involving the creation of streamwise vortices within a channel flow 

using transverse jets injected through the channel wall. Reduction in skin friction 

compared to the plane channel was measured along some positions within the 

channel and the spectral distribution of the velocity fluctuations at these positions 

also showed a shift of the spectral energy towards the lower frequencies when 
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compared to the plane channel case. The relation between the shift in the spectral 

distribution and observed drag reduction is also commonly observed in studies 

involving the use of polymer additives for drag reduction (Den Toonder et al. 1997, 

Li et al. 2004, Min et al. 2003). This shift of the spectral energy towards the lower 

frequencies may be interpreted as more energy now being retained by the larger 

scales within the flow instead of being cascaded down to the smaller scales, or that 

the turbulence length scales of the streamwise velocity streaks within the boundary 

layer have increased, implying greater streamwise coherence or an increase in 

stability of the flow. In their experimental study of drag reduction via polymer 

additives, Vlachogiannis and Hanratty (2004) further found that the spectral 

distribution of the streamwise velocity fluctuations for different runs that showed the 

same drag reduction to be the same, even though the drag reduction was achieved 

through the use of differing combinations of injected polymer solution and polymer 

concentration within the test section. These results appear to imply that there is a 

strong relationship between shifts in the spectral distribution to the lower frequencies 

and the reduction of skin friction drag. This is not too surprising since the shift in the 

spectral distribution is evidence of changes in the turbulent near-wall structures 

which are significant contributors to skin friction and turbulent drag generation. 
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Chapter 4            

Detached Eddy Simulation 

4.1 Motivation for DES 
The experiments themselves are unable to give sufficient information for a proper 

understanding of the flow. Some questions are also not satisfactorily answered by the 

experimental results. As mentioned before, the result obtained with Case 2 at a 

Reynolds number of 10,000 does not follow the general trend of a drag reduction 

occurring with a shift of the spectral distribution to the lower frequencies. Despite the 

significant shift in the spectral distribution of the streamwise velocity fluctuations 

when compared to the flat channel case as observed in Figure 27, a drag increase of 

1% over that of the flat channel case is measured. To investigate this issue further, a 

DES was carried out for the same dimple geometry for Case 2 and Case 3. However, 

due to the huge computational demand for the DES at high Reynolds numbers, the 

DES will only be carried out at a lower range of Reynolds numbers between 3,300 

and 15,000.  The availability of experimental u component velocity measurements at 

these ranges would help to establish the validity of the DES, which can provide 

additional information about the turbulence kinetic energy budgets, the Reynolds 

stresses, skin friction and form drag, as well as the vertical and spanwise components 

of the flow in the dimpled channel that are not easily measured with the hot-wire. 

Together with the experimental findings, it is hoped that the DES will help build a 

more complete picture of the flow and give greater confidence in the knowledge and 

hypothesis made regarding the flow over these relatively shallow dimples.  
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4.2 Governing equations 
The same channel geometry is investigated using the DES numerically. The 

simulated channel has length ld, width wd and height hd for consistency with the 

coordinate system used in the experiments, in the x, z and y directions respectively, as 

shown in Figure 3 and Figure 4. For clarity, the computational domain is also shown 

in Figure 29. 

 

 

 

 

 

 

 

Figure 29. Computational domain for the channel modelled using DES 

 

The following dimensional governing equations are used to model the flow: 
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and the superscript *  indicates dimensional quantities.  

Decomposing the pressure variables into its mean and fluctuating components gives: 

( ) ( )tzyxpxptzyxp in ,,,',,, ***** +−= β    (15) 

where *β  is the dimensional mean streamwise pressure gradient. The Navier-Stokes 

equation can then be expressed as: 
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where ijδ  is the Kronecker delta. In the present channel, the subscript j is set to 1 to 

impose a mean pressure gradient in the streamwise direction only. 

 

The friction velocity *
τu  is used as the reference velocity, and using the half channel 

height h/2 as the reference length scale, the friction velocity is defined as

*
*

** /
2

ρβτ
hu = , where *ρ is the density of air since the fluid used in the current 

study is air. Defining the Reynolds number based on the friction velocity and half 

channel height h/2 as *

**

2ν
τ

τ
huRe = , where ν* is the kinematic viscosity of air, the non-

dimensional continuity and momentum equations can then be written as 
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The non-dimensional decompositions of the pressure variables can also be written as 

( ) ( )tzyxpxptzyxp in ,,,',,, +−= β    (19) 

where the non-dimension mean streamwise pressure gradient term β = 1. A no slip 

boundary condition, 0=iu  is imposed at the upper and lower walls of the simulated 

channel, and periodic boundary conditions are applied on the streamwise and 

spanwise edges of the simulated computational domain for the velocity iu  and 

pressure 'p .  

 

To evaluate the hydrodynamic drag due to the dimples, the total streamwise pressure 

drag Dp and skin friction Df are given by:  

( )∫ ⋅−−=〉〈 wp dAnixpD 
β'      (20) 
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( )∫ ⋅++=〉〈 wxzxyxxf dAnkjiD 
τττ     (21) 

where wA  is the surface area of the upper and lower walls, n is the outward surface 

normal vector and i

, j


 and k


refers to unit vectors in the streamwise, vertical and 

spanwise directions respectively. 

 

4.3 The Detached Eddy Simulation Method 
 

The DES method is a type of zonal approach where the flow field being simulated is 

separated into two distinct zones. Away from the wall, the grid is relatively large and 

the large energy carrying eddies are resolved and computed, similar to the Large 

Eddy Simulation (LES) method (Pope 2000, Sagaut 2001). Nearer the wall, where 

the flow scale requires very small grid sizes for complete resolution of the small 

eddies, the flow is modelled to eliminate the need for such small grid sizes and so cut 

down significantly on the computational resource required for the simulation.  

Despite this, the computational resource required is still large. 

 

The DES model, introduced by Spalart et al. (1997) originally used the one equation 

Spalart-Allmaras (S-A) model in which the transport equation for the eddy viscosity 

is solved. By modifying the model length scale to account for the fine resolution in 

the LES regions, the production of eddy viscosity is decreased further away from the 

wall. DES has been successfully implemented on a variety of separated flows (eg. 

Strelets, 2001), and was chosen for the current study due to the expected flow 

separation commonly observed in flows over dimples (Won et al. 2005, Isaev et al.  

2003, Tay 2011). 
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For the current study, the filtered governing equations for the DES of an 

incompressible flow are: 
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where the script ~ represents the time-space filtering of the variable shown below it, 

and jijiij uuuu ~~−=τ  is the subgrid-scale stresses and is modelled using the following 

eddy viscosity model: 
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And the eddy viscosity tν  is given by 1
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The model constants used are 
3
2

=νσ , 1355.01 =bC , 6220.02 =bC , 4187.0=κ , 

10.71 =νC , 30.02 =wC  and 0.23 =wC . Similar to Spalart et al. (1997), the length scale 

used in the destruction term d~  is defined as the minimum of the Reynolds Average 

Navier-Stokes (RANS) and LES length-scales. Mathematically, it may be stated as: 

( )∆= DESw Cdd ,min~     (36) 

where wd  is the distance from the solid wall and ∆  is the largest grid spacing in the x, 

y and z directions. A value of 0.65 is used for the constant DESC  in the present study, 

similar to Shur et al. (1999). This definition of the length scale of the destruction 

term d~  means that near the solid wall, where ∆< DESw Cd , the DES model acts similar 

to a RANS model. Far from the wall where ∆> DESw Cd , the DES model acts similar 

to a LES model. To improve code convergence, the use of limiters are employed in 

the S-A model in accordance to Tu et al. (2009): 
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Because the highly stiffed differential equation of the S-A model is prone to 

underflow/overflow of floating point values, a very small positive value of 20101 −×   

is set for the minimum value of the eddy viscosity to avoid the unphysical possibility 

of a negative eddy viscosity. 

 

For the purpose of the current DES, the finite-volume-based parallel DES code 

modified from Wang et al. (2006) and subsequently used by Chen et al. (2012, 2013) 

was used for the current work. 
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4.4 Validation of the DES 

4.4.1 Validation with plane flat channel flow 

The main purpose of the DES was to study the flow over the dimples, and to simulate 

a flow similar to that studied in the experiments. The simulation domain size 

normalized by the half channel height is 8.693 × 2.0 × 5.019, and is shown in Figure 

30. For simulation of the flow over dimples, this domain includes one central dimple 

and four quarter-dimples at the four corners. The periodic boundary conditions at the 

streamwise and spanwise edges allow dimple arrays such as the ones in the 

experiment to be simulated. The same domain size is used for the DES of the flat 

channel for code validation and comparisons with the dimple simulation to be made. 

 

Figure 30. Plan view of DES computational domain, with dimples shown by dashed lines. 

 

 Six separate runs were made with the code for a flat channel case for the purpose of 

validation. The parameters used are listed in Table 3 for each run. 
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Table 3. Parameters used for flat channel validation runs 

Run Reτ 
Number of cells 
(Nx × Ny × Nz) 

Domain size ∆x+ ∆z+ ∆y+
min ∆t+ 

1 180 128 × 128 × 128 8.693 × 2.0 × 5.019 12.224 7.058 0.233 0.002 

2 395 128 × 128 × 128 8.693 × 2.0 × 5.019 26.826 15.488 0.512 0.002 

3 590 128 × 128 × 128 8.693 × 2.0 × 5.019 40.069 23.134 0.765 0.002 

4 590 128 × 256 × 128 8.693 × 2.0 × 5.019 40.069 23.134 0.376 0.001 

5 590 128 × 256 × 64 ¾π × 2.0 × ¼π 10.861 7.240 0.376 0.001 

6 590 128 × 256 × 64 4.347 × 2.0 × 2.510 20.035 23.134 0.376 0.001 
 

Velocity profiles for runs 1 - 6 are compared with the DNS results of Kim et al. 

(1987) and Moser et al. (1999) and shown in Figure 31.  

 
 

(a)          (b)  

 
 

(c)          (d) 
 

Figure 31. Velocity profiles for flat plate runs. (a) Reτ = 180, (b) Reτ = 395, (c) Reτ = 590, (d) Reτ = 
590 

 

The agreement with the DNS results for run 1 and 2 (Reτ = 180 and 395) are good, 

but the agreement with run 3 is less so. This is expected since as the Reynold number 

increases, the spatial resolution in terms of wall units decreases if the computational 
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grid is unchanged, as Table 3 shows. The reduced resolution means a reduced ability 

to resolve the flow sufficiently, resulting in reduced accuracy of the DES. Figure 

31(d) shows that doubling the cell count in the vertical y direction improves the 

agreement of the present DES result with the DNS result of Moser et al. (1999). 

Reducing the size of the domain for runs 5 and 6 leads to poorer agreement with the 

result of Moser et al. (1999), possibly due to insufficient spatial separation of the 

edges of the computational domain so that the periodic boundary conditions used in 

the simulation create a kind of non-physical periodic flow forcing. Thus for the best 

accuracy, increasing the number of cells while retaining the same domain size (run 4) 

is most appropriate. 

 

Figure 32 shows the profiles of the RMS of the streamwise velocity fluctuations of 

the various runs compared also with those of Kim et al. (1987) and Moser et al. 

(1999). Again the agreement at Reτ = 180 (run 1) is very good, but the agreement 

becomes increasingly poor as Reτ increases. While run 4 shows the best agreement 

for the mean streamwise velocity profile for Reτ = 590, run 5 instead shows the 

nearest agreement to the urms profile with those from Moser et al. (1999). Run 5 has 

the smallest domain size and highest grid density of all the runs and this may 

contribute to the more accurate urms profile because it best resolves the velocity 

fluctuations. However, as mentioned before, the accuracy of the mean velocity 

suffers when the domain is reduced to this small size. 
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(a)          (b)  

 
 

(c) 
 
Figure 32. RMS velocity profiles for flat plate runs. (a) Reτ = 180, (b) Reτ = 395, (c) Reτ = 590 

 

Comparisons of various components of the turbulent kinetic energy budget have also 

been made with those of Kim et al. (1987) and Moser et al. (1999). These are shown 

in Figure 33 for Reτ = 180, 395 and 590. 

 

A general observation is that as the Reynolds number increases, the agreement 

between the present DES and the more accurate DNS simulations of Kim et al. 

(1987) and Moser et al. (1999) becomes poorer, particularly in the region near the 

wall, most likely due to the increasingly poorer grid resolution as the Reτ increases 

(Table 3). There is also a consistent under-prediction of the dissipation component of 

the energy budget by the present DES code at all Reynolds numbers near the wall. 
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Figure 33a. Profiles for the turbulent kinetic energy budget terms, at Reτ = 180. 
Solid lines: Kim et al. (1987), dashed lines: present DES. 

 

Figure 33b. Profiles for the turbulent kinetic energy budget terms, at Reτ = 395. 
Solid lines: Kim et al. (1987), dashed lines: present DES. 

 

Figure 33c. Profiles for the turbulent kinetic energy budget terms, at Reτ = 590. 
Solid lines: Moser et al. (1999), dashed lines: present DES, run 4. 
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this. One way to reduce this accuracy is to reduce the already small grid sizes to 

resolve the length scale further. However, this comes at an increased computational 

cost. Furthermore the benefits offered by DES being able to simulate a flow 

accurately using a relatively coarse grid may no longer be the case if the grid is 

reduced sufficiently small approaching that for a DNS to be run. The accuracy of the 

mean velocity profile also suffers if the domain is reduced significantly. Further 

stringent validation of the same DES code has been carried out by Chen et al. (2012, 

2013) in their numerical study of dimples and protrusions in a turbulent channel flow. 

The aim of the above discussion is to identify the possible limitations of the current 

DES code so that a more accurate analysis can be carried out on the DES results of 

the simulated dimple flow. While the DES may not be sufficiently accurate in 

predicting the absolute values due to the flow modelling involved, it is hoped that it 

can still be useful for comparing trends in the various runs obtained from the use of a 

single DES code. 

 

4.4.2 Validation of dimpled channel flow with hot-wire results 

DES runs for the dimpled configuration were made for three different Reh/2, namely 

at 3,300, 10,000 and 15,000. The higher two Reynolds numbers of the DES runs 

coincide with the lower two Reynolds numbers of the hot-wire runs presented earlier, 

allowing a direct comparison. For Case 2 dimples (d/D = 5%), the experimental 

results in Table 2 shows a drag increase of 1% for Re = 10,000 and a drag reduction 

of 0.5% for Re = 15,000. This allows us to compare the flow for a case with drag 

increase and another with a small drag reduction for these deeper Case 2 dimples 

with the DES which can provide much more flow details than the single hot-wire 

measurements and allow us to better understand the mechanism of drag reduction in 

flows over dimples. Figure 17 shows a much larger drag increase of 3.5% for the 

Case 2 dimples at Re = 3,300 experimentally.  
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All the DES runs with the dimple geometries used the domain and dimple 

distribution shown in Figure 30. Six separate runs were made with the code for two 

dimple geometries. Although the earlier analysis (Figure 31 and Figure 32) shows 

that a coarser grid may be sufficiently accurate for the lower Reynolds number cases, 

the very small changes in drag observed in the present study caused a concern that it 

might be inconsistent to compare the various Reynolds number cases using different 

grid and time step sizes. Thus the mesh for the lower Reynolds number cases were 

refined and matched to that of the highest Reynolds number cases. Thus all simulated 

dimple cases use the same fine grid and time step size. Similarly, to yield consistent 

results, the three flat channel cases used to compare with the dimple results also uses 

the same grid and time step size. These parameters are listed in Table 4 for each DES 

run. With this fine mesh and time step size, each run took about one month to 

complete using 16 CPUs (Intel Xeon E5-2603) in parallel for each computation. 

 

Table 4. Parameters used for dimpled channel runs 

Case d/D Re Number of cells 
(Nx × Ny × Nz) 

Domain 
size ∆x+ ∆z+ ∆y+

min ∆t+ 

Flat - 3,300 

128 × 256        
× 128 

8.693 × 2.0 
× 5.019 

12.224 7.058 0.115 

0.0005 

Flat - 10,000 33.278 19.213 0.313 
Flat - 15,000 47.540 27.448 0.447 

2 5% 3,300 12.224 7.058 0.115 
2 5% 10,000 33.278 19.213 0.313 
2 5% 15,000 47.540 27.448 0.447 
3 1.5% 3,300 12.224 7.058 0.115 
3 1.5% 10,000 33.278 19.213 0.313 
3 1.5% 15,000 47.540 27.448 0.447 

 

Hot-wire measurements were carried out previously at y = 0.3mm, 1mm and 5mm for 

both Case 2 and 3 dimples at Re = 10,000 and 15,000. These measurement heights 

correspond to y/h = 0.015, 0.05 and 0.25 respectively for y measured from the flat 

regions between the dimples. The velocity contours, normalized by their centerline 
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values obtained from these hot-wire measurements are then compared against those 

obtained from the DES. An example is shown in Figure 34 for the Case 2 dimples 

(d/D = 5%) at Re = 10,000. A more complete comparison of the velocity contours for 

the two dimple cases at various heights and Reynolds numbers between the DES and 

hot-wire results is included in Appendix A. 

 

      

Figure 34a. Mean streamwise velocity, d/D=5% Re=10,000, mean, y/h=0.05. Flow is from top to 
bottom. Left: DES. Right: hot-wire. Dashed lines denote position of dimples. 

 

         

Figure 34b. Streamwise velocity fluctuations, d/D=5% Re=10,000, mean, y/h=0.05. Flow is from 
top to bottom. Left: DES. Right: hot-wire. Dashed lines denote position of dimples. 

 

The agreement between the hot-wire measurements and the DES is generally good, 

particularly for the deeper Case 2 dimples with d/D = 5%. Both the observed flow 

patterns and the range of the values of the normalized contours agree well for these 
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deeper Case 2 dimples. The relatively minor discrepancy in the contour values may 

be attributed to the flow modelling associated with the DES method, and the spatial 

resolution errors of the hot-wire probe used in the experimental measurements. 

Further detailed discussion of the comparison of the various cases is given in the 

Appendix. The general agreement between the contours from the DES and the hot-

wire leads to the conclusion that the DES is sufficiently accurate to reproduce the 

general flow patterns and features observed in the hot-wire measurements for the 

entire flow field in the simulated domain. 

 

4.5 Skin friction and surface pressure variation 
The predicted time averaged skin friction variation on the dimpled surface is shown 

in Figure 35 for Case 2 (d/D = 5%) at Re = 3,300 and 15,000, and for Case 3 (d/D = 

1.5%) at Re = 15,000. The DES shows reduced skin friction at the center of the 

deeper case 2 dimples at Re = 3,300, compared to the other two cases in Figure 35. 

However, higher skin friction is observed at the downstream half of these deeper 

dimples at Re = 3,300. Negative values of skin friction for the Case 2 dimples at both 

Reynolds number suggest the presence of flow separation for the deeper Case 2 

dimples and will be discussed further in a later section. 

 

The time averaged surface pressures are shown in Figure 36 for the same cases as 

those in Figure 35. The relatively high pressure region at the dimple center is 

sandwiched between two lower pressure regions upstream and downstream of the 

dimple center. Such variations in the skin friction and surface pressure are commonly 

observed in other dimple studies (Lienhart et al. 2008, Veldhuis and Vervoort 2009). 

However, when the coverage ratio is low and the spacing between dimples is large, 

the results of Lienhart et al. (2008) shows that the low pressure regions at the 

upstream and downstream edges of the dimples remain only within the dimple 
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vicinity. With the large coverage ratio of the dimples in the present work (CR=90%), 

these low pressure regions link up with those of the surrounding dimples and form 

continuous low pressure spanwise bands. 

 

     

  (a)           (b)      (c) 

Figure 35. Time averaged skin friction variation predicted by DES. (a) d/D = 5%, Re = 3,300, (b) 
d/D = 5%, Re = 15,000, (c) d/D = 1.5%, Re = 15,000. Flow is from top to bottom. 

 

    

  (a)           (b)      (c) 

Figure 36. Time averaged surface pressure predicted by DES. (a) d/D = 5%, Re = 3,300, (b) d/D = 
5%, Re = 15,000, (c) d/D = 1.5%, Re = 15,000. Flow is from top to bottom. 

 

4.6 Effect on drag with dimples 
Although the velocity contours from the DES matches those of the experiments 

relatively well (see Figure 34 and Appendix A), the drag predicted by the DES 

unfortunately do not. Figure 37 shows the total drag as well as the two components 

that make up the total drag, the skin friction and form drag predicted by the DES. No 
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drag reduction is observed at any Reynolds number although the experiments shows 

a small drag reduction for the deeper Case 2 dimples (d/D=5%) at Re = 15,000 as 

well as for the shallower Case 3 dimples (d/D=1.5%) at Re = 10,000 and 15,000. 

 

 

(a) 

 

         (b)      (c) 

Figure 37. (a) Average total drag, (b) skin friction and (c) form drag relative to total drag for flat 
channel case. Diamonds: Case 2 (d/D = 5%), squares: Case 3 (d/D = 1.5%). 

 

While further investigation into the DES result may be warranted, because the DES 

involves some modelling on the flow near the wall, some accuracy is unavoidably 

lost when compared to a method such as Direct Numerical Simulation (DNS) where 

no modelling is used. The current DES employs modelling to make investigation of 

the dimples more practical computationally. Even so, each DES run for each case still 

takes about one month to complete. The DES shows that the drag increases from 

about 5.7% to 7.5% from Re = 3,300 to 15,000 for the Case 2 dimples (d/D=5%) 

while the shallower Case 3 dimples show a small drag increase from 1.2% to 1.8% 
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over the same Reynolds number range. These values lie within the errors of the 

numerical method involved and the inaccuracy involved is made worse by the 

additional difficulty in predicting the skin friction in the presence of flow separation 

(Nikitin et al. 2000, Wang et al. 2004, Bozinoski and Davis, 2009). The presence and 

extent of this flow separation will be discussed in the subsequent section. Because of 

the known difficulties with DES in skin friction prediction, greater emphasis will be 

placed on the drag results obtained experimentally in the subsequent discussions. 

 

In the present simulations, both the trend and the absolute values of the total drag 

with the two dimple configurations do not agree with those of the experiments. While 

the possibility of inaccuracies in the flow modelling in the current DES offers some 

explanation for the discrepancy, it is interesting to note that the few claims of drag 

reduction with dimples known to the author come from experimental studies 

(Alekseev et al. 1998, Veldhuis and Vervoort 2009, Tay 2011). None of the 

numerical work carried out on dimples, including the DNS by Lienhart et al. (2008) 

or the LES by Veldhuis and Vervoort (2009) was able to show the presence of any 

drag reduction. Similar to the present study, Veldhuis and Vervoort (2009) found that 

their LES predicted a drag increase with dimples, in contrast to their experiments 

which showed a drag reduction for the same dimple geometry. 

 

Although the DES has difficulty predicting the skin friction drag accurately, it is 

useful in predicting the extent of regions of flow separation, usually giving the 

positions of separation and reattachment with reasonable accuracy (Bozinoski and 

Davis, 2009, Squires, 2004). Flow separation contributes greatly to the form drag that 

the dimple surface experience. The trend in the form drag in Figure 37(c) shows a 

trend very similar to the drag reduction results measured in the experiments. For the 

deeper Case 2 dimples with d/D=5%, the form drag decreases as the Reynolds 

number increases, but at a decreasing rate. For the shallow Case 3 dimples with 
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d/D=1.5%, the form drag is much lower and does not change significantly as the 

Reynolds number increases from 3,300 to 15,000. 

 

The DES is a hybrid method, where the flow near the solid wall is modelled, in the 

present case using a derivative of the Spalart-Allmaras one equation RANS model 

(Nikitin et al. 2000), and the larger eddies in the flow higher up from the wall are 

resolved and computed using LES. Because of the definition of d~  in equation 

( )∆= DESw Cdd ,min~
    (36, this switch over from RANS to 

LES occurs at y/h = 0.022 for all cases. This switch over distance is primarily 

determined by the grid spacing in the x-direction in the present study (see equation 

( )∆= DESw Cdd ,min~
    (36) which is constant for all the 

different runs listed in Table 4. At y/h = 0.022, the switch over distance corresponds 

to y+ values of 4.0, 10.8 and 15.4 at Reynolds numbers of 3,300, 10,000 and 15,000 

respectively. Recalling that the events responsible for turbulent skin friction occur 

mainly near the wall, it may be possible that this RANS modelling occurring near the 

wall introduces significant errors in the computation of the skin friction. The 

constants in the RANS model are after all calibrated using the canonical Poiseuille 

flow and may not be appropriate for the present case where significant spanwise flow 

components are present near the solid wall. Higher up the wall, where the flow is 

resolved by the LES, higher accuracy in the predicted flow is obtained. This may 

allow events such as flow separation and large scale flow patterns higher up above 

the wall, which are determined more significantly by large scale changes in geometry 

and relatively large vortices to be predicted more accurately. 

 

4.7 Flow separation with dimples 
The DES shows the presence of flow separation with the deeper Case 2 dimples (d/D 

= 5%) but not for the shallower Case 3 dimples (d/D = 1.5%). Figure 38 shows the 
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presence of this flow separation for these Case 2 dimples at Reynolds numbers of 

3,300 and 10,000. The locations and full extent of the flow separated regions are 

shown in Figure 39 for Reynolds numbers 3,300, 10,000 and 15,000. 

 

  

(a)      (b) 

Figure 38. Streamlines near dimpled surface showing flow separation for Case 2 dimples with d/D 
= 5%. (a) Re = 3,300, (b) Re = 10,000. 

 

At all Reynolds numbers, the flow separation region lies near the upstream edge of 

the dimple. The size of the flow separation region is observed to vary with Reynolds 

number. The higher the Reynolds number, the smaller the separation region. At Re = 

15,000, only a small separation region remains. Table 2 shows that a small drag 

reduction of 0.5% is measured at this Reynolds number. The effect of reducing flow 

separation with increasing Reynolds number is not unique to dimpled flows, but also 

occurs in other types of flows such as flows over backward facing steps at 

sufficiently high Reynolds number (Armaly et al. 1983, Lee and Mateescu 1998) as 

well as for boundary layer separation bubbles at low Reynolds numbers (Song and 

Eaton 2004). 

 

 

 

 

 

Flow direction Flow direction 
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    (a)     (b)     (c) 

Figure 39. Dark regions show extent of flow separation regions for Case 2 dimples, d/D = 5%. (a) 
Re = 3,300, (b) Re = 10,000, (c) Re = 15,000. Flow is from top to bottom. 

 

In an earlier discussion, it was observed that the measured drag reduction by dimpled 

flows was closely related to shifts in the spectral distribution of the streamwise 

velocity fluctuations. A shift of the spectral distribution towards the lower 

frequencies is often accompanied with reduced drag. Observation in drag reducing 

flows involving long chain polymers also exhibited a similar shift of the spectral 

distribution towards the lower frequencies when the skin friction drag was reduced. 

The shift in the spectral distribution of the streamwise velocity fluctuations in the 

present case is also likely to result in reduced skin friction drag. Dimples however, 

are three dimensional geometries, which not only exhibit skin friction drag but also 

form drag, or pressure drag. The reducing flow separation with increasing Reynolds 

number shown by the DES is able to further explain the earlier observation of the 

Case 2 dimples (d/D = 5%) at Re = 10,000. Figure 27 shows that for this case, 

although a marked shift in its normalized power spectra towards the lower 

frequencies compared to the flat channel case is observed, it still exhibits a drag 

increase of about 1% compared to the flat channel (Table 2). The reason for this is 

most likely due to the presence of form drag. The significance of form drag at lower 

z 
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Reynolds numbers is also confirmed in Figure 37(c) where the form drag at Re = 

3,300 is almost 50% higher than that at Re = 15,000. At Re = 3,300, the DES shows 

that the form drag is almost 17% of the total drag for a flat channel case. 

 

Figure 39 shows that at all three Reynolds numbers, the flow separation occurs at the 

upstream portion of the dimple depression. The low pressure within this separated 

region and its position at the upstream half of the dimple combine to increase the 

form drag of the flow over the dimples. The larger the extent of the separated region, 

the greater the additional form drag is added to the flow. The experimental pressure 

drop method from which Figure 17 is obtained reflects the total flow resistance, 

which is the combination of the skin friction and the form drag of the three 

dimensional dimple geometry. If the increase in the form drag is larger than the 

reduction in skin friction, the total drag increases and hence no drag reduction is 

observed.  

 

At Re = 3,300, the extent of the separated region for Case 2 (d/D = 5%) as shown in 

Figure 35(a) is significant, and Figure 17 shows that the effect of the dimples is to 

increase the total flow resistance above that of the basic flat channel flow by about 

3.5%. As the Reynolds number increases, the separation region shrinks with a 

corresponding decrease in the form drag. Since shifts in the power spectra 

distribution of the fluctuating velocity to the lower frequencies indicate a reduction in 

the average skin friction as the Reynolds number increases, this together with the 

reducing form drag leads to drag reduction. The leftward shift of the power spectra 

distribution to the lower frequencies in Figure 27 suggests that the average skin 

friction for Case 2 dimples is also lower than that of the flat channel flow even at 

Reynolds numbers as low as 10,000. Noting that the shallow Case 3 dimples (d/D = 

1.5%) show no sign of flow separation and the associated high form drag, the drag 

reduction observed must be due primarily to the reduction in the skin friction even at 
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Reynolds numbers as low as 6,000 as Figure 17 shows. The DES shows that the form 

drag for the shallower Case 3 dimples is indeed much less than that of the deeper 

Case 2 dimple, with the form drag for the shallow dimples being about 2% of the 

total drag of the flat channel case and remains almost the same as the Reynolds 

number is increased from 3,300 to 15,000. 

 

In fact, Figure 17 shows that unlike the deeper Case 2 dimples with d/D = 5%, the 

increase in drag reduction in the absence of separation-induced form drag for the 

Case 3 dimples (d/D = 1.5%) to be small as the Reynolds number increases. The 

change in drag for the Case 3 dimples varies from about -1% at Re ≈ 6,000 to about -

2.5% at Re ≈ 35,000. The corresponding change in drag for the deeper Case 2 

dimples varies between +2.5% to -3% in the same range of Reynolds numbers. 

Comparing Figure 27 and Figure 28, it can be concluded that the variation in skin 

friction with Reynolds number is greater for the deeper Case 2 dimples than Case 3 

dimples since the magnitude of the shifts in spectra as the Reynolds number varies is 

greater in Figure 27 than in Figure 28. However, the variation in skin friction alone is 

unlikely to account for the total net change in flow resistance shown in Figure 17.  

 

The large variation in flow resistance as the Reynolds number varies for the Case 2 

dimples (d/D = 5%) is due to the combined effect of reducing skin friction, and 

decreasing flow separation, both resulting in the overall drag to fall. However, once 

the region of flow separation shrinks and disappears completely, further reduction in 

drag will then be determined solely by the reduction in skin friction, assuming total 

pressure recovery within the dimple. This is supported by the fact that at Re = 15,000, 

Figure 39 shows the region of flow separation to be very small, and Figure 17 shows 

the flattening of drag reduction with increasing Reynolds number beyond about 

20,000 since there is no longer any separation zone to shrink to contribute to the drag 

reduction. The existence of the separation zone for the deeper Case 2 dimples (d/D = 
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5%) satisfactorily explains the observation of a drag increase at low Reynolds 

number even with a shift in the power spectra to the lower frequencies, such as that at 

Re = 10,000; and its shrinking and final disappearance with increasing Reynolds 

number explains the reduction in gradient of the drag reduction with Reynolds 

number beyond about Re = 20,000 for Case 2 in Figure 17.  

 

This competition between the reduced skin friction and the appearance of the form 

drag is similarly noted by Lienhart et al. (2008), who studied similar shallow dimples 

with d/D = 5% and at Re ≈ 10,000 based on the bulk flow velocity and half channel 

height. Their DNS show a reduction of about 2% in skin friction, but an increase in 

form drag by about 5%, resulting in a net increase in the total drag for the dimple 

geometry they studied. The lower skin friction reduction may be due to the lower 

dimple area coverage ratio of 22.5% which does not promote strong transverse flow 

oscillation, and the higher increase in form drag may be due to the use of relatively 

sharp edged dimples which promote flow separation. 

 

The significant effect of the form drag, which depends very much on the local surface 

gradients within the dimple suggests that not only is the dimple depth important, but 

also the particular geometry of the entire dimple on its effect on drag. The fact that 

the exact dimple geometry is often unreported in the literature may give rise to the 

various contradicting results reported and make meaningful comparisons between 

different studies difficult. Factors that are known to affect flow separation such as 

surface roughness and turbulent intensities are similarly often unreported and may 

also be the cause of some of the observed contradictions in the reported results. 

Given that the form drag is dependent on both the dimple geometry and the Reynolds 

number as well as turbulence intensity and surface roughness, it is postulated that at 

sufficiently high Reynolds numbers and with careful surface contouring, the drag 

reduction of 20% obtained by Alekseev et al.’s (1998) may also be possible, 
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particularly since Karniadakis and Choi (2003) have shown that reduction in skin 

friction of up 40% is possible with the method of introducing transverse flow 

components to stabilize the flow near the wall. The promise of improved dimple 

performance at high speeds also opens up possible application in the compressible 

regime where flow separation is often reduced. 

 

4.8 Turbulent kinetic energy budgets 

4.8.1 Terms of the turbulent kinetic energy budget 

The turbulent kinetic energy budget examines the balance and contributions of 

various energy transport mechanisms and offers greater insight into the flow. For the 

present channel flow, the turbulent kinetic transport equation may be stated as (Pope, 

2000):  

 

     (40) 

 

 

where the various terms of the energy budget are labeled accordingly. Profiles of 

these terms in the energy budget for the flow over dimples are presented here in 

section 4.8 for various locations about the dimple and compared with those for the 

plane flat channel case as obtained from the DES. These same profiles are also shown 

in Appendix B in a less cluttered format to allow each profile to be viewed in greater 

detail.  

 

4.8.2 Energy budgets for flow over Case 2 dimples 

4.8.2.1 Energy budgets along dimple centerline 

Profiles of the energy budget components for the Case 2 dimples are shown in Figure 

40 for three different positions, (x/D = -1.04, z/D = 0), (x/D = 0, z/D = 0) and (x/D = 
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1.04, z/D = 0) at various Reynolds numbers. These three points all lie along the 

dimple centerline and are indicated by the red crosses over their respective mean 

streamwise velocity contours obtained from the DES, also shown in Figure 40. Note 

that the results for drag changes (∆drag) quoted in all following captions refer to those 

obtained from the experiments, and not from the DES. The profiles shown are plotted 

against y+ on the horizontal axis, which is the non-dimensionalized wall coordinate 

measured from the flat surfaces between the dimples, or the dimple horizon. Plotted 

this way, the profiles at locations within the dimple depression begin at negative 

values of y+ such as those shown for the profiles at the dimple center (x/D = 0, z/D = 

0) in Figure 40. The shear stress value used to estimate y+ in these plots is the skin 

friction of the flat channel at the same Reynolds number. Since the drag due to the 

dimples for these cases does not differ from that of the flat channel by more than a 

few percent, the skin friction of the flat channel case gives a good estimate of the 

spatially averaged skin friction for the dimpled cases.  

 

The contours shown in the figures are those of the mean streamwise velocity that lie 

along the plane y/h = 0.05 and are included to indicate the location of the budget 

profiles relative to the flow patterns over the dimples at each Reynolds number. Also 

included in the figures are the corresponding budget components from the flat 

channel simulation at the same Reynolds number for comparison. 
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Figure 40a. Profiles for the turbulent kinetic energy budget terms, Case 2 at Re = 3,300, 
Δdrag=+3.5%. Components of the budget are identified by colour, style of lines indicate position of 
energy budget profile. Profiles for flat channel are indicated by bold solid lines. Inset contours at 

lower right are for mean streamwise velocity at y/h = 0.05. 

 

Figure 40b. Profiles for the turbulent kinetic energy budget terms, Case 2 at Re = 10,000, 
Δdrag=+1%. Components of the budget are identified by colour, style of lines indicate position of 

energy budget profile. Profiles for flat channel are indicated by bold solid lines. Inset contours at 
lower right are for mean streamwise velocity at y/h = 0.05. 

 
 

 

Figure 40c. Profiles for the turbulent kinetic energy budget terms, Case 2 at Re = 15,000, Δdrag=-
0.5%. Components of the budget are identified by colour, style of lines indicate position of energy 
budget profile. Profiles for flat channel are indicated by bold solid lines. Inset contours at lower 

right are for mean streamwise velocity at y/h = 0.05. 
 

The profiles of the energy budget components show a marked change as the 

Reynolds number increases for the Case 2 dimples and the drag decreases 
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correspondingly. Significant increase in the production, turbulent transport and the 

dissipation terms over that of the flat channel case are obvious at Re = 3,300 where a 

drag increase of 3.5% over that of the flat channel was measured.  These terms show 

the greatest increase at the dimple center, followed by the point immediately 

following the dimple. Referring to Figure 39, we observe that the dimple center lie 

almost immediately downstream of the flow separation region. Such regions are 

usually chaotic and is a likely contributor to the significant increase in the turbulent 

energy budget components. As the Reynolds number increases, the drag decreases 

and the energy budget components decrease correspondingly. The peaks in the 

production component of the energy budget lie below that of the flat channel at 

locations upstream of the dimple and at its center. Immediately downstream of the 

dimple, it is comparable with that of the flat channel case at Re = 10,000 and 15,000.  

 

Unlike the case at Re = 3,300 where the peak in the production term is highest at the 

dimple center, the peaks in the production terms for Re = 10,000 and 15,000 exhibit a 

gradual but steady increase from the most upstream to the most downstream location 

as the flow flows over the dimple. Closer analysis also reveal that the terms of the 

energy budget at Re = 10,000 with a 1% drag increase, show slightly higher values 

than those at Re = 15,000 where there is a 0.5% drag reduction. These small 

differences are observed for the production, velocity pressure gradient and turbulent 

transport terms within the dimple depression where y+ < 0 at the dimple center (x /D 

= 0, z/D =0).  

 

4.8.2.2 Energy budgets along spanwise direction from dimple center 

Figure 41 shows the same terms of the energy budget but for points located along the 

spanwise direction from the dimple center for Case 2 dimples (d/D = 5%). The point 

furthest from the dimple center lies near the dimple edge, while the point in between 
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(x /D = 0, z/D =0.18) is chosen to coincide with the location of the high speed region 

on either side of the dimple centerline as shown in the contour plot. The plots of the 

energy budgets show that at the location of the high speed region, the various terms 

of the energy budget, particularly the production, dissipation and turbulent transport 

terms show greater increases compared to the other two locations. This shows the 

increased energy being generated and dissipated within the high speed streaks over 

the dimple. The most significant increase is observed at Re = 3,300 where the drag is 

highest. The peaks in the production and dissipation terms at this Reynolds number is 

about twice those of the flat channel case. As the Reynolds number increases and the 

drag reduces, these increases in the terms of the energy budget also reduce. At Re = 

10,000 and 15,000, a significant increase in the viscous diffusion term is observed 

very near the wall at the location of the high speed streak. This is balanced by a 

similar increase in the dissipation term in this near wall region. 

 

 

Figure 41a. Profiles for the turbulent kinetic energy budget terms, Case 2 at Re = 3,300, 
Δdrag=+3.5%. Components of the budget are identified by colour, style of lines indicate position of 
energy budget profile. Profiles for flat channel are indicated by bold solid lines. Inset contours at 

lower right are for mean streamwise velocity at y/h = 0.05. 
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Figure 41b. Profiles for the turbulent kinetic energy budget terms, Case 2 at Re = 10,000, 
Δdrag=+1%. Components of the budget are identified by colour, style of lines indicate position of 
energy budget profile. Profiles for flat channel are indicated by bold solid lines. Inset contours at 

lower right are for mean streamwise velocity at y/h = 0.05. 

 

Figure 41c. Profiles for the turbulent kinetic energy budget terms, Case 2 at Re = 15,000, Δdrag=-
0.5%. Components of the budget are identified by colour, style of lines indicate position of energy 
budget profile. Profiles for flat channel are indicated by bold solid lines. Inset contours at lower 

right are for mean streamwise velocity at y/h = 0.05. 
 

4.8.2.3 Energy budgets along high speed streak region 

A further investigation of the energy budget terms is carried out at the location of the 

high speed streaks. Figure 42 shows the profiles of the terms of the energy budget at 

three locations within the high speed streak for the Case 2 dimples (d/D = 5%). The 

general observation that the peaks of the profiles of these energy budget terms is 

significantly higher at Re = 3,300 where the drag is highest compared to the other 

Reynolds numbers where the drag is reduced is still observed in Figure 42. At Re = 

3,300, the peak in the production term is lowest at the most upstream location. This 

increases significantly as the flow moves into the dimple, but again reduces at the 
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observation is also true for the dissipation, velocity pressure gradient and turbulent 

transport terms. The viscous diffusion term plays a relatively less significant role 

except at the region near the wall where it shows a significant increase. The flow 

structure changes as the Reynolds number increases however, and at Re = 15,000 

where a small drag reduction is observed, the peak in the production term is highest 

at the most upstream location and gradually reduces until it is lowest at the most 

downstream location as the flow leaves the dimple. Unlike the case at Re = 3,300 

where the highest peak in the terms lie within the dimple, Figure 42c for Re = 15,000 

appear to suggest that the dimple actually is able to stabilize the flow so that the 

peaks in the production term is steadily reduced as the flow flows into and then out of 

the dimple depression. Figure 42b for Re = 10,000, which shows a drag value 

between that at Re = 3,300 and 15,000 shows a variation in the production terms 

between the observations made for Re = 3,300 and 15,000. 

 

Figure 42a. Profiles for the turbulent kinetic energy budget terms, Case 2 at Re = 3,300, 
Δdrag=+3.5%. Components of the budget are identified by colour, style of lines indicate position of 
energy budget profile. Profiles for flat channel are indicated by bold solid lines. Inset contours at 

lower right are for mean streamwise velocity at y/h = 0.05. 
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Figure 42b. Profiles for the turbulent kinetic energy budget terms, Case 2 at Re = 10,000, 
Δdrag=+1%. Components of the budget are identified by colour, style of lines indicate position of 
energy budget profile. Profiles for flat channel are indicated by bold solid lines. Inset contours at 

lower right are for mean streamwise velocity at y/h = 0.05. 

 

Figure 42c. Profiles for the turbulent kinetic energy budget terms, Case 2 at Re = 15,000, Δdrag=-
0.5%. Components of the budget are identified by colour, style of lines indicate position of energy 
budget profile. Profiles for flat channel are indicated by bold solid lines. Inset contours at lower 

right are for mean streamwise velocity at y/h = 0.05. 

 

4.8.3 Energy budgets for flow over Case 3 dimples 

4.8.3.1 Energy budgets along dimple centerline 

A similar analysis was carried out for the shallow Case 3 dimples (d/D = 1.5%). 

Unlike the Case 2 dimples (d/D = 5%) where the relative drag changes from +3.5% 

to -0.5% as the Reynolds number increases from 3,300 to 15,000, the variation in 

drag over the same Reynolds number range is much smaller. At Re = 3,300, the 

shallow Case 3 dimples show an estimated drag reduction of about 1%, which 

increases to only about 1.5% at Re = 15,000. This small variation in drag is reflected 

in the small variation in the terms of the energy budget as the Reynolds number 

increases. This agreement in the trend between experimental drag measurements and 
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the computational results of these energy budgets adds further credibility to our 

experimental measurements. Consequently, the variation in the energy budget 

profiles as the Reynolds number changes is less for Case 3 than the deeper Case 2 

dimples. These are shown in Figure 43 to Figure 45 for the shallow Case 3 dimples 

(d/D = 1.5%). Due to their very shallow depth of 1.5%D, the variation in the terms of 

the energy budget is similar to those of the flat channel case. 

 

The trend in the production term in Figure 43 follows that in Figure 40c for the Case 

2 dimples at Re = 15,000, which similarly exhibit a drag reduction like the shallow 

Case 3 dimples in Figure 43. The peak in the production term is lowest at the 

upstream edge of the dimple, and progressively increases as the flow flows over the 

dimple to the downstream edge. 

 

 

Figure 43a. Profiles for the turbulent kinetic energy budget terms, Case 3 at Re = 3,300, Δdrag ≈ -
1%. Components of the budget are identified by colour, style of lines indicate position of energy 
budget profile. Profiles for flat channel are indicated by bold solid lines. Inset contours at lower 

right are for mean streamwise velocity at y/h = 0.05. 
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Figure 43b. Profiles for the turbulent kinetic energy budget terms, Case 3 at Re = 10,000, Δdrag=-
1.5%. Components of the budget are identified by colour, style of lines indicate position of energy 
budget profile. Profiles for flat channel are indicated by bold solid lines. Inset contours at lower 

right are for mean streamwise velocity at y/h = 0.05. 
 

 

Figure 43c. Profiles for the turbulent kinetic energy budget terms, Case 3 at Re = 15,000, Δdrag=-
1.5%. Components of the budget are identified by colour, style of lines indicate position of energy 
budget profile. Profiles for flat channel are indicated by bold solid lines. Inset contours at lower 

right are for mean streamwise velocity at y/h = 0.05. 
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Figure 24 for the deeper Case 2 dimples with Figure 25 for the shallower Case 3 

dimples. The Case 2 dimples exhibit a larger range of velocities than the shallower 

Case 3 dimples. This smaller variation for the shallower Case 3 dimples also makes it 

more difficult for the hot-wire to identify the presence of three individual high speed 

streaks. The hot-wire measurements in Figure 25 show only the presence of a broad 

high speed region along the dimple centerline. The small variation of the mean 

velocity in the spanwise variation is likely also a cause for the observation of no clear 

trends in the variation of the energy budget profiles for the three positions shown in 

Figure 44. 

 

Figure 44a. Profiles for the turbulent kinetic energy budget terms, Case 3 at Re = 3,300, Δdrag ≈ -
1%. Components of the budget are identified by colour, style of lines indicate position of energy 
budget profile. Profiles for flat channel are indicated by bold solid lines. Inset contours at lower 

right are for mean streamwise velocity at y/h = 0.05. 
 
 
 

 

Figure 44b. Profiles for the turbulent kinetic energy budget terms, Case 3 at Re = 10,000, Δdrag=-
1.5%. Components of the budget are identified by colour, style of lines indicate position of energy 
budget profile. Profiles for flat channel are indicated by bold solid lines. Inset contours at lower 

right are for mean streamwise velocity at y/h = 0.05. 
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Figure 44c. Profiles for the turbulent kinetic energy budget terms, Case 3 at Re = 15,000, Δdrag=-
1.5%. Components of the budget are identified by colour, style of lines indicate position of energy 
budget profile. Profiles for flat channel are indicated by bold solid lines. Inset contours at lower 

right are for mean streamwise velocity at y/h = 0.05.  
 

4.8.3.3 Energy budgets along points offset from centerline 

Similarly, no clear trend is observed among the energy budget profiles for the three 

positions shown in Figure 45 for the Case 3 dimples (d/D = 1.5%). Unlike these same 

points for Case 2, where they correspond to the location of the high speed streak, and 

where the peaks in the energy budget profiles are higher than those of the flat channel 

case at the corresponding Reynolds numbers, the peaks of the energy budget profiles 

for the shallow Case 3 dimples in Figure 45 are comparable to their respective flat 

channel cases. 

 

 

Figure 45a. Profiles for the turbulent kinetic energy budget terms, Case 3 at Re = 3,300, Δdrag ≈ -
1%. Components of the budget are identified by colour, style of lines indicate position of energy 
budget profile. Profiles for flat channel are indicated by bold solid lines. Inset contours at lower 

right are for mean streamwise velocity at y/h = 0.05. 
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Figure 45b. Profiles for the turbulent kinetic energy budget terms, Case 3 at Re = 10,000, Δdrag=-
1.5%. Components of the budget are identified by colour, style of lines indicate position of energy 
budget profile. Profiles for flat channel are indicated by bold solid lines. Inset contours at lower 

right are for mean streamwise velocity at y/h = 0.05. 
 

 

Figure 45c. Profiles for the turbulent kinetic energy budget terms, Case 3 at Re = 15,000, Δdrag=-
1.5%. Components of the budget are identified by colour, style of lines indicate position of energy 
budget profile. Profiles for flat channel are indicated by bold solid lines. Inset contours at lower 

right are for mean streamwise velocity at y/h = 0.05. 
 

4.8.4 Summary of energy budget results 

The effect of increased drag on the profiles of the energy budget is clear in general. 

Significant drag increases are accompanied by significant increases in the terms of 

the energy budgets. As the drag reduces, so do the terms in the energy budget, 

showing an increased stability of the flow. 

 

The trends observed in the energy budget profiles in Figure 40 to Figure 45 agree 

very well with the trends and conclusions drawn from the spectral distribution of the 

streamwise velocity fluctuations in Figure 27 and Figure 28 as well as the dimple’s 
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effect on drag shown in Figure 17. Significant changes in both the profiles of the 

energy budget obtained computationally and the spectral distribution obtained 

experimentally are observed as the Reynolds number increases for Case 2 dimples 

(d/D = 5%). Accompanying this is the relatively significant reduction in drag from 

+3.5% to -3% as the Reynolds number increases from 3,300 to 37,000. For the Case 

3 dimples (d/D = 1.5%), the change in drag as the Reynolds number increases is 

relatively less significant. The drag only changes from about -1% to -2% over the 

same Reynolds number range measured experimentally. Both the computational 

energy budget profiles and the experimental spectral distribution support this by 

showing a reduction in variation as the Reynolds number varies for the shallower 

Case 3 dimples compared to the deeper Case 2 dimples. However, unlike the spectral 

distribution of the streamwise velocity fluctuations, which only reflect changes in the 

skin friction, the changes in the energy budget profiles reflect changes in the overall 

drag and are affected by the net effect of both form drag and skin friction drag.  

 

Analysis of the energy budget profiles is clearer when comparing the deeper Case 2 

dimples at Re = 3,300, where a drag increase of +3.5% is observed with the same 

Case 2 dimples at Re = 15,000 where a drag reduction of -0.5% is observed. This 

relatively large change in the drag is accompanied by significant changes in the 

energy budget profiles, making analysis of the flow easier. The other cases at 

intermediate drag levels are found to also follow the same trend, and exhibit changes 

depending on the drag measured for those cases. 

 

With a relatively large drag increase of +3.5% over the flat channel for Case 2 

dimples (d/D = 5%) at Re = 3,300, significant increases in the various terms of the 

energy budget over those of the flat channel case is observed at several locations 

about the dimple, and particularly at the dimple center at (x/D = 0, z/D =0). Most 

significant is the increase in the production term, showing the greatest increase over 
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the flat channel case within the dimple depression at y+ < 0. The peak in the profile of 

the production term is about double that of the flat channel case. Significant increases 

in the dissipation, velocity pressure gradient and turbulent transport terms are also 

observed within the dimple depression at y+ < 0. At y+ > 0, the various terms 

including the production term generally falls rapidly towards zero. The viscous 

diffusion term generally is less significant except in the region very near the wall, 

where the significant increase in the viscous diffusion term is offset by a similar 

increase in the dissipation term in this near wall region. 

 

At Re = 15,000 and with a small drag reduction of 0.5%, significant changes are 

observed in the profiles of the energy budget for the same Case 2 dimples. Peaks in 

the production terms fall to a level comparable to or lower than the flat channel case 

in almost all the locations about the dimple investigated. Within the dimple 

depression, the production term does not reduce rapidly to zero after the peak but 

maintains at a level of about half that of the peak production level for quite a distance 

above the wall within the dimple depression. It only drops more rapidly to zero above 

the dimple at y+ > 0. Significant reductions for the other terms in the energy budget 

are also observed, with their peak values also being comparable to or lower than the 

flat channel case at this Reynolds number exhibiting drag reduction.  

 

While the drop in the various terms of the energy budget is significant as the 

Reynolds number increases and the drag reduces, several general observations can 

also be made that apply both to the drag increase case at Re = 3,300 and the drag 

reduction case at Re = 15,000 for the Case 2 dimples. Along the dimple centerline, 

there is a general increase in the various terms of the budget as the flow flows from 

the upstream edge to the downstream edge. Significant increase in the viscous 

diffusion term is observed very near the wall, and this is offset by a comparable 

increase in the dissipation term in this near wall region. The presence of a high speed 
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streak within the dimple also causes a significant increase in the various terms of the 

energy budget. In fact the greatest increase in the terms over the flat channel case is 

found within the high speed streak region. However, the increase of the peaks, 

particularly that of the production term, is greatly reduced when drag reduces. 

 

These same trends can also be observed for the shallower Case 3 dimples. However, 

since the drag reduces only from about -1% at Re = 3,300 to -1.5% at Re = 15,000, 

the changes in the profiles of the energy budget terms are not as obvious as those for 

the deeper Case 2 dimples. 

 

4.9 Turbulence kinetic energy 
The trends in the turbulence kinetic energy profiles support the previous results. For a 

more concise presentation of the results, only the turbulent kinetic energy (TKE) 

profiles for Case 2 (d/D = 5%) at Re=3,300 (experimentally highest drag increase), 

Case 2 at Re=15,000 (experimentally highest drag reduction) and Case 3 (d/D = 

1.5%) at Re=3,300 (comparison with Case 2 at the same Reynolds number but with 

drag reduction) are presented. Comparisons are made for the TKE profiles at (x/D=0, 

z/D=0), (x/D=0, z/D=0.18) and (x/D=0, z/D=0.48). These positions are distributed 

along the spanwise direction from the dimple center and the reader may refer to 

Figure 41 and Figure 44 for the positions of these locations with respect to the 

dimples. Compared to points distributed along the streamwise direction, which trace 

the flow as it evolves and flows downstream, these chosen positions distributed in the 

spanwise direction show a more complete and concise picture of what is happening 

to the flow over the dimple array.  
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          (a)      (b)           (c) 

Figure 46. Profiles of the turbulence kinetic energy. (a) Case 2 at Re = 3,300, Δdrag=+3.5%, (b) 
Case 2 at Re = 15,000, Δdrag=-0.5%, (c) Case 3 at Re = 3,300, Δdrag=-1%.                : Flat channel 
reference,               : (x/D=0, z/D=0),                : (x/D=0, z/D=0.18),              : (x/D=0, z/D=0.48). 
 

Like the turbulent energy budget terms, significant increases in the magnitude of the 

TKE are observed with drag increase, and is dependent on the on its position within 

the dimple. This increases in the peak value of the TKE can be over 50% over that of 

the flat channel case for the deeper Case 2 dimples  (d/D = 5%) at Re=3,300 where a 

drag increase of 3.5% is observed. For Case 2 dimples at Re=15,000 where a drag 

reduction of 0.5% is observed, a reduction in the peak value in the TKE is observed. 

The highest values in the TKE are generally observed for points lying in the high 

speed region on either side of the dimples. For the shallow dimples (d/D = 1.5%) at 

Re=3,300, increases in the TKE is marginal and the profiles tend to be similar to 

those of the flat channel case due to the small drag reduction they show as well as 

their relatively shallow dimple depressions. The similarity of the TKE profiles to 

those of the flat channel case for the shallow Case 3 dimples is also noted for the 

turbulence energy budget terms previously discussed. 

 

4.10 Reynolds stress profiles 
Similar to the cases shown in section 4.8, Reynolds stress profiles are presented for 

the same positions for Case 2 (d/D = 5%) at Re=3,300 and Re=15,000 and Case 3 

(d/D = 1.5%) at Re=3,300 for brevity. 
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4.10.1 Profiles of u’2 

Similar observations are made of the u’2 profiles of the Reynolds stress for the deeper 

Case 2 dimples (d/D = 5%). The most significant increases in the u’2 magnitudes 

occur in the presence of greatest drag increases, while with drag reduction, the peaks 

in the u’2 profiles are similar or lower than the corresponding flat channel values. For 

the shallower Case 3 dimples (d/D = 1.5%), a surprising increase in the u’2 peak is 

seen in the dimple center, though the magnitude of the peak is still less than those 

seen for Case 2 dimples (d/D = 5%) at Re= 3,300 at the points where u’2 is highest. 

 

   

          (a)      (b)           (c) 

Figure 47. Profiles of u’2. (a) Case 2 at Re = 3,300, Δdrag=+3.5%, (b) Case 2 at Re = 15,000, Δdrag=-
0.5%, (c) Case 3 at Re = 3,300, Δdrag=-1%.                : Flat channel reference,             : (x/D=0, 
z/D=0),               : (x/D=0, z/D=0.18),               : (x/D=0, z/D=0.48). 
 

4.10.2 Profiles of u’v’ 

Unlike the previous profiles discussed, where changes to the profiles are somewhat 

limited to the lower half of the channel where the dimples are located, significant 

changes are observed of profiles of u’v’ in the upper half of the channel away from 

the dimpled wall. This is due to the significant presence of v’ introduced by the 

dimples that would otherwise be absent in the plane Poiseuille flow of the flat 

channel case. 
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          (a)      (b)           (c) 

Figure 48. Profiles of u’v’. (a) Case 2 at Re = 3,300, Δdrag=+3.5%, (b) Case 2 at Re = 15,000, Δdrag=-
0.5%, (c) Case 3 at Re = 3,300, Δdrag=-1%.                : Flat channel reference,             : (x/D=0, 
z/D=0),               : (x/D=0, z/D=0.18),               : (x/D=0, z/D=0.48). 
 

Significant increases in u’v’ are observed for the deeper Case 2 dimples at both 

Reynolds numbers in Figure 48 despite the drag reduction at Re=15,000. Deviations 

from the flat channel profiles are observed almost to the opposite wall for these 

deeper dimples. While the peak in u’v’ for the Case 2 dimples at Re=3,300 (with a 

3.5% drag increase,) at the high speed region at (x/D=0, z/D=0.18) is significantly 

higher than that at the dimple center at (x/D=0, z/D=0), the peaks at these two 

locations are comparable at Re=15,000 where a drag reduction of 0.5% is observed. 

Although the peaks are comparable, the magnitude of u’v’ at the higher Reynolds 

number (where drag reduction is observed,) rapidly drops below that of the flat 

channel case and stays below for most of the channel. For the shallower Case 3 

dimples, the variation in u’v’ remains similar to that of the flat channel case. 

Interestingly, there appears to be a redistribution of the Reynolds stresses where the 

peak magnitude at the dimple center (x/D=0, z/D=0) is higher than the flat channel 

case at the dimple side but lower at the opposite wall while the opposite is observed 

at (x/D=0, z/D=0.18) where the peak magnitude is higher at the opposite wall but 

lower at the dimple wall. At the dimple edge at (x/D=0, z/D=0.48), the magnitude of 

u’v’ is lower than the flat channel case at all heights within the channel. 
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4.10.3 Profiles of v’2 

Figure 49 confirms the significant contribution of v’ to the magnitude of u’v’ in 

Figure 48. Similar to the u’v’ profiles, significant deviations in the v’2 profiles from 

that of the flat channel flow are observed in the upper half of the channel away from 

the dimpled wall. 

 

          (a)      (b)           (c) 

Figure 49. Profiles of v’2. (a) Case 2 at Re = 3,300, Δdrag=+3.5%, (b) Case 2 at Re = 15,000, Δdrag=-
0.5%, (c) Case 3 at Re = 3,300, Δdrag=-1%.                : Flat channel reference,             : (x/D=0, 
z/D=0),              : (x/D=0, z/D=0.18),              : (x/D=0, z/D=0.48). 
 

The peak in the v’2 profiles for Case 2 (d/D = 5%) at Re=15,000 is higher than at 

Re=3,300, even though a drag reduction is observed Re=15,000, and a drag increase 

at Re=3,300. This is different from the trend that has been observed where increases 

in the Reynolds stress is accompanied by a drag increase. Comparing the magnitudes 

of u’2 and v’2 however, it is noted that the u’2 has a much larger magnitude than v’2 

and thus would have a much greater effect on the overall drag than the smaller 

change in v’2. While v’2 generally increases within the side of the channel where the 

dimples are located, they are lower than the flat channel case at the other side of the 

channel away from the dimples. The highest peaks in v’2 for the deeper dimples of 

Case 2 (d/D = 5%) occur along the high speed region. Only minor changes in the v’2 

profiles from the flat channel case are observed for the shallow Case 3 dimples, most 

likely due to their very shallow depth. 
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These same observations in the v’2 profiles for these dimple cases can be made of the 

w’2 profiles, though not shown here for brevity. 

 

4.10.4 Profiles of the mean wall normal velocity v. 

The proposed drag reduction mechanism involves the introduction of streamwise 

vorticity resulting in spanwise flow near the wall. Spanwise flow components near 

the wall are found to stabilize the flow and reduce drag. The spectral distribution of 

the streamwise velocity fluctuations, as well as the turbulent kinetic energy budget 

terms from the DES shows evidence of the flow stabilization, but the magnitude of 

the streamwise vorticity added is not sufficient to result in streamline traces showing 

the presence of spiraling streamlines usually associated with a vortical feature. 

However, analysis of the mean wall normal and spanwise velocities shows evidence 

of the presence of the streamwise vorticity introduced by the dimples. 

 

Figure 50 shows the profiles of the mean wall normal velocity normalized by the wall 

friction velocity for the various cases. At Re=3,300, the deeper Case 2 dimples (d/D 

= 5%) appear to show only a single pair of counter-rotating vortices, unlike at higher 

Reynolds numbers and similar to the shallow Case 3 dimples (d/D = 1.5%). The 

contours of the streamwise velocity contours from the DES for this case is shown in 

the inset in Figure 41a. The flow over most of the dimple is flowing into the dimple 

depression, though at the dimple center, this downward flow towards the dimple is 

limited to only a small region directly above the dimple. At the spanwise edge of the 

dimple, the flow has a strong upward component away from the dimple wall.  
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          (a)      (b)           (c) 

Figure 50. Profiles of v+ (a) Case 2 at Re = 3,300, Δdrag=+3.5%, (b) Case 2 at Re = 15,000, Δdrag=-
0.5%, (c) Case 3 at Re = 3,300, Δdrag=-1%.                : Flat channel reference,             : (x/D=0, 
z/D=0),              : (x/D=0, z/D=0.18),             : (x/D=0, z/D=0.48). 
 

At the higher Reynolds number of 15,000, the v+ profiles of the deeper Case 2 

dimples support the presence of two pairs of counter-rotating vortices within the 

dimple. The profiles show upflow away from the dimple at the dimple center and 

spanwise edge, and down flow towards the dimple at (x/D = 0, z/D = 0.18), 

supporting presence of the streamwise vortex pairs shown in Figure 24(a) and 

similarly observed by Ligrani et al. (2001) and Won et al. (2005).  

 

For the shallow Case 3 dimples (d/D = 1.5%), only a relatively strong downward 

flow towards the dimple surface is observed at the dimple center, supporting the 

streamwise vortices suggested by the hot wire measurements in Figure 25a. Further 

up the wall at the opposite half of the channel, a relatively strong downward flow 

away from the flat opposite wall is also observed. Generally though, when both the 

magnitude and extents of the moving fluid is considered, the shallow Case 3 dimples 

have less vertical fluid momentum than the deeper Case 2 dimples, and this is 

expected from the much shallower dimple depth of the Case 3 dimples. Also 

expected is the practically zero mean wall normal velocity for the flat channel case 

throughout the channel.  
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4.10.5 Profiles of the mean spanwise velocity w. 

Further support of the streamwise vorticity added to the dimples can be seen in the 

profiles of the mean spanwise velocity. The mean spanwise velocity is normalized by 

the friction velocity and shown in Figure 51. 

 

 

          (a)      (b)           (c) 

Figure 51. Profiles of w+. (a) Case 2 at Re = 3,300, Δdrag=+3.5%, (b) Case 2 at Re = 15,000, Δdrag=-
0.5%, (c) Case 3 at Re = 3,300, Δdrag=-1%.                : Flat channel reference,             : (x/D=0, 
z/D=0),              : (x/D=0, z/D=0.18),              : (x/D=0, z/D=0.48). 
 

The w+ profiles similarly support the presence of the streamwise vortices previously 

discussed. The deeper Case 2 dimples (d/D = 5%) at Re=3,300 shows a relatively 

strong positive w component near the wall at (x/D = 0, z/D = 0.18) but negative w 

component slightly higher up, showing a strong vorticity in this region. The profiles 

at the other two positions in Figure 51(a) do not show such sharp changes in w, thus 

supporting the presence of a single vortex pair within the dimple as mentioned 

previously. At Re=15,000, the Case 2 dimples shows sharp changes in W at all three 

positions shown in Figure 51(b) near the dimple surface. At (x/D = 0, z/D = 0.18) 

particularly, w changes from positive (towards the dimple center) near the dimple 

surface to negative (away from the dimple center) higher up from the dimple surface. 

This figure, together with Figure 50(b) supports the observation of Ligrani et al. 
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(2001) and shows the presence of a pair of counter-rotating vortices within each half 

of the dimple, with the vortex nearer the dimple center located slightly higher above 

the wall than the vortex nearer the spanwise dimple edge. The sharp change in w 

from positive to negative for the shallow Case 3 dimples (d/D = 1.5%) at Re=3,300 

near the dimple surface also support the presence of a pair of streamwise vortices 

within the dimple as previously discussed. 

 

It is interesting that all the dimples cases shown in Figure 51 show peaks in the 

spanwise velocity near the dimple surface, particularly at (x/D = 0, z/D = 0.18), along 

the location of the high speed streak for the deeper dimple case. Figure 52 shows the 

profiles of the spanwise velocity w for the same cases along streamwise direction at 

z/D = 0.18. The location of these points relative to the dimple can be seen in the 

insets of Figure 42 and Figure 45.  

 

 

                   (a)      (b)           (c) 

Figure 52. Profiles of w+. (a) Case 2 at Re = 3,300, Δdrag=+3.5%, (b) Case 2 at Re = 15,000, Δdrag=-
0.5%, (c) Case 3 at Re = 3,300, Δdrag=-1%.                : Flat channel reference,             : (x/D=-0.4, 
z/D=0.18),             : (x/D=0, z/D=0.18),             : (x/D=0.4, z/D=0.18). 
 

The profiles show that large magnitudes of the mean spanwise velocity w occur along 

this spanwise coordinate. In both the deeper and shallow dimple cases (Cases 2 and 

3), the peak value of w just above the dimple surfaces changes from a negative value 

at the upstream edge to a positive value at the half way location, and further increases 
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at the downstream edge. For the deeper Case 2 dimples (d/D = 5%), the maximum 

magnitude of w occur at the upstream edge, while it occurs at the downstream edge 

for the shallow Case 3 dimples where d/D = 1.5%. These maximum magnitudes of w 

are about 7% of the centerline streamwise velocity for the Case 2 (d/D = 5%) dimples 

at Re=3,300. For the same Case 2 dimples at Re=15,000, it is about 8%. For the much 

shallower Case 3 dimples (d/D = 1.5%), the maximum magnitude of w is only about 

3.6% that of the streamwise velocity at the channel centerline. 

 

In their DNS study of a channel flow at a Reynolds numbers of 1,800 and 3,200 with 

spanwise wall jets introduced to achieve drag reduction, Schoppa and Hussain (1998) 

found that a 50% drag reduction could be achieved with just a wall jet velocity of 

only 6% that of the channel velocity at the centerline. The experimental work of Choi 

et al. (1998) further suggests that increasing the spanwise velocity of the jet leads to a 

monotonic increase in the drag reduction obtained (Figure 1). Analysis of the skin 

friction distribution on the dimple surface however does not reveal reduced skin 

friction at these positions (see Figure 35). Further investigation may be needed to 

establish the limitations of the DES on the skin friction prediction. It may be noted 

that among the many studies known to the author regarding the effect of transverse 

flow or wall movement exhibiting drag reduction, all the numerical studies showing 

the effect of drag reduction use DNS to simulate such flows (eg. Jung et al. 1992, 

Orlandi and Fatica 1997, Schoppa and Hussain 1998, Choi et al. 2002, Quadrio and 

Ricco 2004).  

 

Despite the limitations of the current DES to predict the skin friction accurately, it is 

still able to provide very useful information about the flow within the dimpled 

channel. The analysis of the various flow profiles further support the hypothesis put 

forth to explain the cause of the drag reduction being the result of spanwise flow 

components near the wall. These spanwise flow components arise due to the 
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streamwise vorticity added to the flow by the dimples, and have the effect of 

inhibiting the normal energy cascade to the smaller scales by stabilizing the flow at 

the larger scales. 
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Chapter 5            

Conclusions 
 

Three different dimpled configurations have been studied experimentally using hot-

wire anemometry and pressure transducers to determine their effect on drag in a 

channel flow environment. The dimples studied have depth to diameter (d/D) ratios 

of 1.5% and 5% and are arranged in dimple arrays with coverage ratios of 40% and 

90%. The study is carried out for a Reynolds number range from 3,300 to 37,000. 

The relative change in drag of the dimple compared with a flat plane channel is 

determined by measuring the change in the mean streamwise pressure gradient in the 

channel due to the dimples in the channel test section. These pressure measurements 

show that dimples have the ability to reduce drag below that of the flat plane channel 

flow used as the baseline in the present study. The greatest drag reduction is obtained 

using the relatively deeper dimples with d/D = 5% and closely packed with a 

coverage ratio of 90%. These produce a drag reduction of 3% at a Reynolds number 

of 37,000. The drag generally decreases as the Reynolds number increases. At the 

lowest Reynolds number studied, these deeper dimples produce a drag increase of 

3.5% over that of the flat plane channel. These same dimples with depth to diameter 

ratios of 5% but arranged with a coverage ratio of 40% show a drag increase of about 

1% at Re = 6,000 which becomes a drag reduction of 2% at Re = 37,000. Very 

shallow dimples with d/D = 1.5% and arranged with a coverage ratio of 90% is also 

able to produce drag reduction in a channel flow. The drag reduction for these 

shallow dimples is relatively consistent and varies from 1% at Re = 6,000 to about 

2.5% at Re = 37,000. 

 

Further study was carried out on the dimple geometries with d/D = 1.5% and 5% and 

with coverage ratio of 90% using hot-wire anemometry and DES. Hot-wire 
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measurements of the streamwise velocity show two high speed streaks on each side 

of the dimple centerline for the deeper dimples with d/D = 5% indicating vertical 

fluid motion as high speed fluid is brought down while low speed fluid is brought up 

from the wall. The vertical fluid motion introduces vorticity into the flow with 

associated spanwise motion at the wall. Unlike the deeper dimples, the hot-wire 

measurements show only a single high speed streak along the dimple centerline for 

the shallow dimples with d/D = 1.5%. 

 

Analysis of the spectral distribution of the fluctuations of the streamwise velocity 

shows that the dimples shift the spectral distribution towards the lower frequencies. 

This shift is greater for the deeper dimples with d/D = 5% than the shallow dimples 

with d/D = 1.5% and is closely linked to reductions in skin friction drag. There is also 

a general trend of increasing shifts towards the lower frequencies as the Reynolds 

number increases for both dimple geometries. The shift to the lower frequencies may 

be interpreted as a lengthening of the near wall streaks, reflecting a greater stability in 

the flow. A greater shift towards the low frequencies indicates greater stability of the 

flow, which results in reduced skin friction. The mechanism by which the dimples 

accomplish this is by introducing streamwise vorticity into the flow, resulting in 

spanwise flow components near the wall. The spanwise flow motion acts to disrupt 

the normal energy cascading process of energy transfer towards ever smaller vortices 

which eventually dissipate the energy through viscosity. 

 

Dimples however, are three dimensional geometries and exhibit both skin friction 

drag and form drag, with both contributing to the overall drag. Although the shifts in 

the spectral distribution of the streamwise velocity fluctuation is closely related to the 

measured drag, some discrepancies are observed when shifts of the spectral 

distribution towards the lower frequencies occur in the presence of a drag increase, 

particularly for the deeper dimples with d/D = 5% at lower Reynolds numbers. This 
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occurs because shifts in the spectral distribution of the streamwise velocity 

fluctuations towards the lower frequencies only indicate a greater stability of the flow 

and an associated reduction in skin friction drag. However, the DES shows that for 

the deeper dimples with d/D = 5%, significant flow separation occurs at the upstream 

portion of the dimple at low Reynolds numbers, contributing significantly to form 

drag. The result is that the form drag dominates over the slightly reduced skin friction 

drag and causes an overall drag increase. The shallow dimples with d/D = 1.5% 

however show no evidence of flow separation over its very shallow depression, so 

that the small reduction in skin friction inferred from the smaller shifts in the spectral 

distribution towards the lower frequencies is sufficient to cause an overall drag 

reduction over the whole Reynolds number range studied. The analysis shows that 

the overall drag depends very much on the competition between the form drag and 

the skin friction drag. Deeper dimples which introduce greater streamwise vorticity 

into the flow leading to reduced skin friction is also shown to exhibit higher form 

drag due to the presence of significant flow separation. This flow separation occurs in 

the upstream half of the dimple at low Reynolds numbers and produce a drag 

increase. However, as the Reynolds number increases, this region of flow separation 

may reduce and disappear altogether so that the effect of the reduced skin friction 

dominates and an overall drag reduction results. 

 

Profiles of the various terms in the energy budget and Reynolds stresses obtained 

from the DES show a clearer picture of the flow and supports the observations from 

the both the pressure measurements and spectral distribution of the streamwise 

velocity fluctuations obtained from the hot-wire. The energy budget is affected by 

both the skin friction and the form drag, and a close relationship is observed in their 

variation with the variation in drag due to the dimples. Relatively high drag increases 

are accompanied by significant increases in the various terms in the energy budget, 

most notably the production, dissipation and turbulent transport terms. Since the flow 
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is three dimensional, the variations in the energy budget profiles vary with its 

location about the dimples. When drag reduction occurs, the terms of the energy 

budget are also observed to reduce accordingly, often to below those of the flat plane 

channel in many parts over the dimple. In the region of the high speed streak over the 

deeper dimples with d/D = 5%, significant increases in the terms of the energy 

budget are observed. There appears to be a redistribution of the energy within the 

flow into the regions of the high speed streaks when drag reduction occurs as the 

terms of the energy budget at positions outside the high speed streak region reduces.  

 

Similar observations are also made of the Reynolds stresses. Significant increases in 

the Reynolds stress terms are observed with drag increases, most notably in the u’2 

term. Drag reduction, on the other hand is often accompanied by decreases in the 

Reynolds stresses below that of the flat channel cases. The three dimensional dimples 

also introduce significant v’ and w’ into the flow compared to the flat channel due to 

the mean v and w components introduced into the flow, so that increases in the peaks 

of terms involving v’ and w’ over the plane channel case, such as u’v’ occur even in 

the presence of drag reduction. The increase in these terms however is small 

compared to the increase in the u’ term, resulting in the significance of the u’2 term 

contributing to the turbulence energy. These observations further support the 

hypothesis that the flow is stabilized due to the presence of the dimples which then 

cause the drag reduction. 

 

 The DES also shows the vorticity introduced by the dimples through the introduction 

of mean v and w components near the dimple surface. These v and w components are 

located at locations within the dimple that support the location of the streamwise 

vortices observed in the literature and inferred from the present hot-wire 

measurements. Though the magnitude of the streamwise vorticity introduced by the 

dimples is low and cannot be easily visualized by spiraling streamlines, the vorticity 
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is concentrated near the surface so that relatively strong spanwise components are 

generated near the dimple surface. These spanwise components near the wall are the 

cause of the flow stabilization that is evidenced by both the DES and experimental 

results. 

  

The present study shows that the flow features within a dimple have opposing effects 

for drag reduction. With a better understanding of the flow features responsible for 

the overall flow resistance due to dimples, efforts can be made to tailor the dimples to 

the flow conditions to optimize its effect for drag reduction applications. The 

advantage that dimples have for drag reduction over riblets is that large scale motion 

of the fluid is used to generate drag reduction. This avoids the very small physical 

sizes encountered in riblets as the Reynolds number is increased to those commonly 

encountered in engineering applications. The dimples, being circular is also relatively 

independent on the direction of the incoming flow. While the dimples work in a 

similar way to produce drag reduction as active methods to introduce streamwise 

vorticity, such as with spanwise moving walls or jets, the dimples remain a passive 

method requiring no additional energy or complexity other than the passive 

contouring of the wall.  
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Appendix A 

Comparison of DES with hot-wire measurements in dimpled 
channel 

 

A comparison between of the DES results and the hot-wire velocity measurements 

was carried as a validation of the DES method. The velocity predictions from the 

DES were compared with the hot-wire measurements carried out at y = 0.3mm, 1mm 

and 5mm for both Case 2 and 3 dimples at Re = 10,000 and 15,000. These 

measurement heights correspond to y/h = 0.015, 0.05 and 0.25 respectively, with y 

measured from the flat regions between the dimples. The velocity contours are 

normalized by their centerline values and shown in Figure 53 to Figure 60. Table 5 

lists the parameters for each of these figures. The complete list of figures is presented 

here to provide a clearer picture of the similarities between the experimental 

measurements and the predicted DES results.  

Table 5. List of figures presented with their associated parameters  

Figure No. d/D Re Contour values  y/h 
Figure 53a 

5% 

10,000 

U/Ucenterline 
0.015 

Figure 53b 0.05 
Figure 53c 0.25 
Figure 54a 

urms/ urms,centerline 
0.015 

Figure 54b 0.05 
Figure 54c 0.25 
Figure 55a 

15,000 

U/Ucenterline 
0.015 

Figure 55b 0.05 
Figure 55c 0.25 
Figure 56a 

urms/ urms,centerline 
0.015 

Figure 56b 0.05 
Figure 56c 0.25 
Figure 57a 

1.5% 

10,000 

U/Ucenterline 
0.015 

Figure 57b 0.05 
Figure 57c 0.25 
Figure 58a 

urms/ urms,centerline 
0.015 

Figure 58b 0.05 
Figure 58c 0.25 
Figure 59a 

15,000 

U/Ucenterline 
0.015 

Figure 59b 0.05 
Figure 59c 0.25 
Figure 60a 

urms/ urms,centerline 
0.015 

Figure 60b 0.05 
Figure 60c 0.25 
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Figure 53a. d/D=5% Re=10,000, U, y/h=0.015. Flow is from top to bottom.  
Left: DES. Right: hot-wire. Dashed lines denote position of dimples. 

 

      

Figure 53b. d/D=5% Re=10,000, U, y/h=0.05. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples. 

 

     

Figure 53c. d/D=5% Re=10,000, U, y/h=0.25. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples. 
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Figure 54a. d/D=5% Re=10,000, urms, y/h=0.015. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples. 

 

 

         

Figure 54b. d/D=5% Re=10,000, urms, y/h=0.05. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples. 

 

         

Figure 54c. d/D=5% Re=10,000, urms, y/h=0.25. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples. 
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Figure 55a. d/D=5% Re=15,000, U, y/h=0.015. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples.  

 

         

Figure 55b. d/D=5% Re=15,000, U, y/h=0.05. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples.  

 

         

Figure 55c. d/D=5% Re=15,000, U, y/h=0.25. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples.  
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Figure 56a. d/D=5% Re=15,000, urms, y/h=0.015. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples.  

 

         

Figure 56b. d/D=5% Re=15,000, urms, y/h=0.05. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples. 

 

         

Figure 56c. d/D=5% Re=15,000, urms, y/h=0.25. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples.  
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Figure 57a. d/D=1.5% Re=10,000, U, y/h=0.015. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples. 

  

         

Figure 57b. d/D=1.5% Re=10,000, U, y/h=0.05. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples. 

 

         

Figure 57c. d/D=1.5% Re=10,000, U, y/h=0.25. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples.  
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Figure 58a. d/D=1.5% Re=10,000, urms, y/h=0.015. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples.  

 

         

Figure 58b. d/D=1.5% Re=10,000, urms, y/h=0.05. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples.  

 

         

Figure 58c. d/D=1.5% Re=10,000, urms, y/h=0.25. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples.  
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Figure 59a. d/D=1.5% Re=15,000, U, y/h=0.015. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples.  

  

                  

Figure 59b. d/D=1.5% Re=15,000, U, y/h=0.05. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples.  

  

         

Figure 59c. d/D=1.5% Re=15,000, U, y/h=0.25. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples.  
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Figure 60a. d/D=1.5% Re=15,000, urms, y/h=0.015. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples.  

 

         

Figure 60b. d/D=1.5% Re=15,000, urms, y/h=0.05. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples.  

 

         

Figure 60c. d/D=1.5% Re=15,000, urms, y/h=0.25. Flow is from top to bottom. 
Left: DES. Right: hot-wire. Dashed lines denote position of dimples.  
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The agreement between the hot-wire measurements and the DES is generally good, 

particularly for the deeper Case 2 dimples with d/D = 5% (Figure 53 to Figure 56). 

Both the observed flow patterns and the range of the values of the normalized 

contours agree well for these deeper Case 2 dimples. Some asymmetry of the flow 

about the centerline can be seen in the DES for Case 2 (d/D = 5%) at Re = 15,000, 

though this is small and the general flow pattern is still clearly reproduced accurately. 

 

While the agreement between the DES and the hot-wire measurements for the deeper 

Case 2 dimples (d/D = 5%) is relatively good, the agreement between the hot-wire 

measurements and the DES for the shallow Case 3 dimples with d/D = 1.5% (Figure 

57 to Figure 60) is generally slightly poorer when compared to the deeper Case 2 

dimples. The main reason for this is that with these very shallow dimples with d/D = 

1.5%, the resultant flow manipulation by the dimples is relatively weak. The shallow 

dimples cause only small variations to the flow, which are not as easily picked up by 

the hot-wire measurements. Comparing the hot-wire measurements in Figure 53b 

with those of Figure 57b, both measured at the same Reynolds number and at the 

same height, but for the two different dimple depths, it is observed that the ratio 

between the maximum and minimum contours values in Figure 53b is about 125% 

compared to just 108% for the shallower Case 3 dimples in Figure 57b. The best 

agreement between the hot-wire measurements and the DES for these shallow Case 3 

dimples with d/D = 1.5% are those obtained nearest the wall (y/h = 0.015) where the 

effect of the dimples on the flow is the greatest and the variation in the maximum and 

minimum contour values are correspondingly greatest. As the variation in the contour 

values decrease further up the wall, the measurement of any flow patterns higher up 

the wall at y/h = 0.25 becomes increasingly difficult. These small variations due to 

the dimples are also of the same order as the small variations that naturally occur as 

the flow passes the dimples. The result is that apparent flow asymmetry is observed 
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in the DES if an unusually long averaging time is not used. Again this issue manifests 

itself most obviously higher up above the dimples where the variation in the velocity 

contours is smallest.  

 

Another observation for these shallow dimples is that the normalized contour values 

for urms is significantly higher in the DES compared to the hot-wire measurements. 

One possible reason for this is due to the finite spatial resolution of the hot-wire 

probe used. This results in the measured urms being lower than the actual urms in the 

flow. Since the hot-wire length is not changed for the different runs at different 

Reynolds numbers, one would expect that due to the finite spatial resolution of the 

hot-wire probe used, the discrepancy of the urms measured by the hot-wire is greater 

as the Reynolds number increases since the hot-wire length in terms of y+ would 

increase as the Reynolds number increases. This is confirmed by the difference in the 

DES values being greater than those measured by the hot-wire as the Reynolds 

number increases (cf. Figure 58 and Figure 60). The mean contour values however 

are similar for both the DES and the hot-wire measurements since spatial resolution 

of a hot-wire probe is less of an issue when mean velocity contours are concerned for 

such relatively large scale geometries (Figure 57 and Figure 59). Despite these minor 

differences traced to the small variations of the flow and the finite spatial resolution 

of the hot-wire probe used, the DES is still able to reproduce the general flow 

patterns as observed in the hot-wire measurements for the entire flow field in the 

simulated domain. 
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Appendix B 

Detailed turbulent kinetic energy budget with dimples 

 

The energy budgets shown and discussed in section 4.8 is shown here in greater 

detail. Each figure contains plots of each term of the budget according to equation 

(40) for each dimple geometry. The figures for the turbulent kinetic budget terms 

here are organized according to Table 6. 

 

Table 6. List of figures for turbulent kinetic energy budget terms 

Figure No. Case d/D Reynolds number Profile positions 

61 

2 5% 

3,300 x/D=0, z/D = 0 

x/D=0.52, z/D = 0 

x/D=-0.52, z/D = 0 
62 10,000 

63 15,000 

64 3,300 x/D=0, z/D = 0 

x/D=0, z/D = 0.18 

x/D=0, z/D = 0.48 

65 10,000 

66 15,000 

67 3,300 x/D=0, z/D = 0 

x/D=0.4, z/D = 0.18 

x/D=-0.4, z/D = 0.18 

68 10,000 

69 15,000 

70 

3 1.5% 

3,300 x/D=0, z/D = 0 

x/D=0.52, z/D = 0 

x/D=-0.52, z/D = 0 

71 10,000 

72 15,000 

73 3,300 x/D=0, z/D = 0 

x/D=0, z/D = 0.18 

x/D=0, z/D = 0.48 

74 10,000 

75 15,000 

76 3,300 x/D=0, z/D = 0 

x/D=0.4, z/D = 0.18 

x/D=-0.4, z/D = 0.18 

77 10,000 

78 15,000 
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Figure 61a. Profiles for the production term in the turbulent kinetic energy budget for Case 2 at 
Re = 3,300, Δdrag=+3.5%.  

 

Figure 61b. Profiles for the viscous diffusion term in the turbulent kinetic energy budget for Case 
2 at Re = 3,300, Δdrag=+3.5%. 

 

Figure 61c. Profiles for the dissipation term in the turbulent kinetic energy budget for Case 2 at 
Re = 3,300, Δdrag=+3.5%. 
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Figure 61d. Profiles for the velocity pressure gradient term in the turbulent kinetic energy budget 
for Case 2 at Re = 3,300, Δdrag=+3.5%. 

 

Figure 61e. Profiles for the turbulent transport term in the turbulent kinetic energy budget for 
Case 2 at Re = 3,300, Δdrag=+3.5%. 

 

Figure 62a. Profiles for the production term in the turbulent kinetic energy budget for Case 2 at 
Re = 10,000, Δdrag=+1%. 
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Figure 62b. Profiles for the viscous diffusion term in the turbulent kinetic energy budget for Case 
2 at Re = 10,000, Δdrag=+1%. 

 

Figure 62c. Profiles for the dissipation term in the turbulent kinetic energy budget for Case 2 at 
Re = 10,000, Δdrag=+1%. 

 

Figure 62d. Profiles for the velocity pressure gradient term in the turbulent kinetic energy budget 
for Case 2 at Re = 10,000, Δdrag=+1%. 
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Figure 62e. Profiles for the turbulent transport term in the turbulent kinetic energy budget for 
Case 2 at Re = 10,000, Δdrag=+1%. 

 

Figure 63a. Profiles for the production term in the turbulent kinetic energy budget for Case 2 at 
Re = 15,000, Δdrag=-0.5%. 

 

Figure 63b. Profiles for the viscous diffusion term in the turbulent kinetic energy budget for Case 
2 at Re = 15,000, Δdrag=-0.5%. 
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Figure 63c. Profiles for the dissipation term in the turbulent kinetic energy budget for Case 2 at 
Re = 15,000, Δdrag=-0.5%. 

 

Figure 63d. Profiles for the velocity pressure gradient term in the turbulent kinetic energy budget 
for Case 2 at Re = 15,000, Δdrag=-0.5%. 

 

Figure 63e. Profiles for the turbulent transport term in the turbulent kinetic energy budget for 
Case 2 at Re = 15,000, Δdrag=-0.5%. 

-0.35

-0.25

-0.15

-0.05

0.05

-200 -100 0 100 200 300

Flat
X = 0, Z = 0
X = 2.6, Z = 0
X = -2.6, Z = 0

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

-200 -100 0 100 200 300

Flat
X = 0, Z = 0
X = 2.6, Z = 0
X = -2.6, Z = 0

-0.15

-0.1

-0.05

0

0.05

0.1

-200 -100 0 100 200 300

Flat
X = 0, Z = 0
X = 2.6, Z = 0
X = -2.6, Z = 0

x/D=0, z/D = 0 
x/D=0.52, z/D = 0 
x/D=-0.52, z/D = 0 
 

 

x/D=0, z/D = 0 
x/D=0.52, z/D = 0 
x/D=-0.52, z/D = 0 
 

 

x/D=0, z/D = 0 
x/D=0.52, z/D = 0 
x/D=-0.52, z/D = 0 
 

 

y+ 

y+ 

y+ 



145 
 

 

Figure 64a. Profiles for the production term in the turbulent kinetic energy budget for Case 2 at 
Re = 3,300, Δdrag=+3.5%. 

 

Figure 64b. Profiles for the viscous diffusion term in the turbulent kinetic energy budget for Case 
2 at Re = 3,300, Δdrag=+3.5%. 

 

 

Figure 64c. Profiles for the dissipation term in the turbulent kinetic energy budget for Case 2 at 
Re = 3,300, Δdrag=+3.5%. 
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Figure 64d. Profiles for the velocity pressure gradient term in the turbulent kinetic energy budget 
for Case 2 at Re = 3,300, Δdrag=+3.5%. 

 

Figure 64e. Profiles for the turbulent transport term in the turbulent kinetic energy budget for 
Case 2 at Re = 3,300, Δdrag=+3.5%. 

 
Figure 65a. Profiles for the production term in the turbulent kinetic energy budget for Case 2 at 

10,000, Δdrag=+1%. 

-0.1
-0.08
-0.06
-0.04
-0.02

0
0.02
0.04
0.06
0.08

0.1

-60 -40 -20 0 20 40 60 80 100

Flat
X = 0, Z = 0
X = 0, Z = 0.9
X = 0, Z = 2.4

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

-60 -40 -20 0 20 40 60 80 100

Flat
X = 0, Z = 0
X = 0, Z = 0.9
X = 0, Z = 2.4

-0.1

0

0.1

0.2

0.3

0.4

0.5

-150 -100 -50 0 50 100 150 200 250 300

Flat
X = 0, Z = 0
X = 0, Z = 0.9
X = 0, Z = 2.4

x/D=0, z/D = 0 
x/D=0, z/D = 0.18 
x/D=0, z/D = 0.48 
 

 

x/D=0, z/D = 0 
x/D=0, z/D = 0.18 
x/D=0, z/D = 0.48 
 

 

x/D=0, z/D = 0 
x/D=0, z/D = 0.18 
x/D=0, z/D = 0.48 
 

 

y+ 

y+ 

y+ 



147 
 

 

Figure 65b. Profiles for the viscous diffusion term in the turbulent kinetic energy budget for Case 
2 at Re = 10,000, Δdrag=+1%. 

Figure 65c. Profiles for the dissipation term in the turbulent kinetic energy budget for Case at Re 
= 10,000, Δdrag=+1%. 

 
Figure 65d. Profiles for the velocity pressure gradient term in the turbulent kinetic energy budget 

for Case 2 at Re = 10,000, Δdrag=+1%. 
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Figure 65e. Profiles for the turbulent transport term in the turbulent kinetic energy budget for 

Case 2 at Re = 10,000, Δdrag=+1%. 

 
Figure 66a. Profiles for the production term in the turbulent kinetic energy budget for Case 2 at 

Re = 15,000, Δdrag=-0.5%. 

 
Figure 66b. Profiles for the viscous diffusion term in the turbulent kinetic energy budget for Case 

2 at Re = 15,000, Δdrag=-0.5%. 

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0.2

-150 -100 -50 0 50 100 150 200 250 300

Flat
X = 0, Z = 0
X = 0, Z = 0.9
X = 0, Z = 2.4

-0.1

0

0.1

0.2

0.3

0.4

0.5

-200 -100 0 100 200 300

Flat
X = 0, Z = 0
X = 0, Z = 0.9
X = 0, Z = 2.4

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

-200 -100 0 100 200 300

Flat
X = 0, Z = 0
X = 0, Z = 0.9
X = 0, Z = 2.4

x/D=0, z/D = 0 
x/D=0, z/D = 0.18 
x/D=0, z/D = 0.48 
 

 

x/D=0, z/D = 0 
x/D=0, z/D = 0.18 
x/D=0, z/D = 0.48 
 

 

x/D=0, z/D = 0 
x/D=0, z/D = 0.18 
x/D=0, z/D = 0.48 
 

 

y+ 

y+ 

y+ 



149 
 

 
Figure 66c. Profiles for the dissipation term in the turbulent kinetic energy budget for Case 2 at 

Re = 15,000, Δdrag=-0.5%. 

 
Figure 66d. Profiles for the velocity pressure gradient term in the turbulent kinetic energy budget 

for Case 2 at Re = 15,000, Δdrag=-0.5%. 

 
Figure 66e. Profiles for the turbulent transport term in the turbulent kinetic energy budget for 

Case 2 at Re = 15,000, Δdrag=-0.5%. 
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Figure 67a. Profiles for the production term in the turbulent kinetic energy budget for Case 2 at 

Re = 3,300, Δdrag=+3.5%. 

 

Figure 67b. Profiles for the viscous diffusion term in the turbulent kinetic energy budget for Case 
2 at Re = 3,300, Δdrag=+3.5%. 

 

Figure 67c. Profiles for the dissipation term in the turbulent kinetic energy budget for Case 2 at 
Re = 3,300, Δdrag=+3.5%. 
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Figure 67d. Profiles for the velocity pressure gradient term in the turbulent kinetic energy budget 
for Case 2 at Re = 3,300, Δdrag=+3.5%. 

 
Figure 67e. Profiles for the turbulent transport term in the turbulent kinetic energy budget for 

Case 2 at Re = 3,300, Δdrag=+3.5%. 

 
Figure 68a. Profiles for the production term in the turbulent kinetic energy budget for Case 2 at 

10,000, Δdrag=+1%. 

-0.1

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

-60 -40 -20 0 20 40 60 80 100

Flat
X = 0, Z = 0.9
X = 2, Z = 0.9
X = -2, Z = 0.9

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

-60 -40 -20 0 20 40 60 80 100

Flat
X = 0, Z = 0.9
X = 2, Z = 0.9
X = -2, Z = 0.9

0
0.05

0.1
0.15

0.2
0.25

0.3
0.35

0.4
0.45

0.5

-150 -100 -50 0 50 100 150 200 250 300

Flat
X = 0, Z = 0.9
X = 2, Z = 0.9
X = -2, Z = 0.9

x/D=0, z/D = 0 
x/D=0.4, z/D = 0.18 
x/D=-0.4, z/D = 0.18 
 

 

x/D=0, z/D = 0 
x/D=0.4, z/D = 0.18 
x/D=-0.4, z/D = 0.18 
 

 

x/D=0, z/D = 0 
x/D=0.4, z/D = 0.18 
x/D=-0.4, z/D = 0.18 
 

 

y+ 

y+ 

y+ 



152 
 

 
Figure 68b. Profiles for the viscous diffusion term in the turbulent kinetic energy budget for Case 

2 at 10,000, Δdrag=+1%. 

 
Figure 68c. Profiles for the dissipation term in the turbulent kinetic energy budget for Case 2 at 

10,000, Δdrag=+1%. 

 
Figure 68d. Profiles for the velocity pressure gradient term in the turbulent kinetic energy budget 

for Case 2 at 10,000, Δdrag=+1%. 
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Figure 68e. Profiles for the turbulent transport term in the turbulent kinetic energy budget for 

Case 2 at 10,000, Δdrag=+1%. 

 
Figure 69a. Profiles for the production term in the turbulent kinetic energy budget for Case 2 at 

Re = 15,000, Δdrag=-0.5%. 

 
Figure 69b. Profiles for the viscous diffusion term in the turbulent kinetic energy budget for Case 

2 at Re = 15,000, Δdrag=-0.5%. 
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Figure 69c. Profiles for the dissipation term in the turbulent kinetic energy budget for Case 2 at 

Re = 15,000, Δdrag=-0.5%. 

 
Figure 69d. Profiles for the velocity pressure gradient term in the turbulent kinetic energy budget 

for Case 2 at Re = 15,000, Δdrag=-0.5%. 
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Figure 70a. Profiles for the production term in the turbulent kinetic energy budget for Case 3 at 
Re = 3,300, Δdrag=-1%.

 
Figure 70b. Profiles for the viscous diffusion term in the turbulent kinetic energy budget for Case 

3 at Re = 3,300, Δdrag=-1%. 

 
Figure 70c. Profiles for the dissipation term in the turbulent kinetic energy budget for Case 3 at 

Re = 3,300, Δdrag=-1%. 
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Figure 70d. Profiles for the velocity pressure gradient term in the turbulent kinetic energy budget 

for Case 3 at Re = 3,300, Δdrag=-1%. 

 

Figure 70e. Profiles for the turbulent transport term in the turbulent kinetic energy budget for 
Case 3 at Re = 3,300, Δdrag=-1%. 

 
Figure 71a. Profiles for the production term in the turbulent kinetic energy budget for Case 3 at 

Re = 10,000, Δdrag=-1.5%. 
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Figure 71b. Profiles for the viscous diffusion term in the turbulent kinetic energy budget for Case 

3 at Re = 10,000, Δdrag=-1.5%.

Figure 71c. Profiles for the dissipation term in the turbulent kinetic energy budget for Case 3 at 
Re = 10,000, Δdrag=-1.5%. 

 
Figure 71d. Profiles for the velocity pressure gradient term in the turbulent kinetic energy budget 

for Case 3 at Re = 10,000, Δdrag=-1.5%. 
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Figure 71e. Profiles for the turbulent transport term in the turbulent kinetic energy budget for 

Case 3 at Re = 10,000, Δdrag=-1.5%. 

 

Figure 72a. Profiles for the production term in the turbulent kinetic energy budget for Case 3 at 
Re = 15,000, Δdrag=-1.5%. 

 

Figure 72b. Profiles for the viscous diffusion term in the turbulent kinetic energy budget for Case 
3 at Re = 15,000, Δdrag=-1.5%. 
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Figure 72c. Profiles for the dissipation term in the turbulent kinetic energy budget for Case 3 at 
Re = 15,000, Δdrag=-1.5%. 

 

Figure 72d. Profiles for the velocity pressure gradient term in the turbulent kinetic energy budget 
for Case 3 at Re = 15,000, Δdrag=-1.5%. 

Figure 72e. Profiles for the turbulent transport term in the turbulent kinetic energy budget for 
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Figure 73a. Profiles for the production term in the turbulent kinetic energy budget for Case 3 at 

Re = 3,300, Δdrag=-1%. 

 
Figure 73b. Profiles for the viscous diffusion term in the turbulent kinetic energy budget for Case 

3 at Re = 3,300, Δdrag=-1%. 

 
Figure 73c. Profiles for the dissipation term in the turbulent kinetic energy budget for Case 3 at 

Re = 3,300, Δdrag=-1%. 
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Figure 73d. Profiles for the velocity pressure gradient term in the turbulent kinetic energy budget 

for Case 3 at Re = 3,300, Δdrag=-1%.

 
Figure 73e. Profiles for the turbulent transport term in the turbulent kinetic energy budget for 

Case 3 at Re = 3,300, Δdrag=-1%. 

 
Figure 74a. Profiles for the production term in the turbulent kinetic energy budget for Case 3 at 

Re = 10,000, Δdrag=-1.5%. 
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Figure 74b. Profiles for the viscous diffusion term in the turbulent kinetic energy budget for Case 

3 at Re = 10,000, Δdrag=-1.5%. 

 
Figure 74c. Profiles for the dissipation term in the turbulent kinetic energy budget for Case 3 at 

Re = 10,000, Δdrag=-1.5%. 

 
Figure 74d. Profiles for the velocity pressure gradient term in the turbulent kinetic energy budget 

for Case 3 at Re = 10,000, Δdrag=-1.5%. 
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Figure 74e. Profiles for the turbulent transport term in the turbulent kinetic energy budget for 

Case 3 at Re = 10,000, Δdrag=-1.5%. 

 
Figure 75a. Profiles for the production term in the turbulent kinetic energy budget for Case 3 at 

Re = 15,000, Δdrag=-1.5%. 

 
Figure 75b. Profiles for the viscous diffusion term in the turbulent kinetic energy budget for Case 

3 at Re = 15,000, Δdrag=-1.5%. 
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Figure 75c. Profiles for the dissipation term in the turbulent kinetic energy budget for Case 3 at 

Re = 15,000, Δdrag=-1.5%. 

 
Figure 75d. Profiles for the velocity pressure gradient term in the turbulent kinetic energy budget 

for Case 3 at Re = 15,000, Δdrag=-1.5%. 

 
Figure 75e. Profiles for the turbulent transport term in the turbulent kinetic energy budget for 

Case 3 at Re = 15,000, Δdrag=-1.5%. 
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Figure 76a. Profiles for the production term in the turbulent kinetic energy budget for Case 3 at 

Re = 3,300, Δdrag=-1%. 

 
Figure 76b. Profiles for the viscous diffusion term in the turbulent kinetic energy budget for Case 

3 at Re = 3,300, Δdrag=-1%. 

 
Figure 76c. Profiles for the dissipation term in the turbulent kinetic energy budget for Case 3 at 

Re = 3,300, Δdrag=-1%. 
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Figure 76d. Profiles for the velocity pressure gradient term in the turbulent kinetic energy budget 

for Case 3 at Re = 3,300, Δdrag=-1%. 

 
Figure 76e. Profiles for the turbulent transport term in the turbulent kinetic energy budget for 

Case 3 at Re = 3,300, Δdrag=-1%. 

 
Figure 77a. Profiles for the production term in the turbulent kinetic energy budget for Case 3 at 

Re = 10,000, Δdrag=-1.5%. 
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Figure 77b. Profiles for the viscous diffusion term in the turbulent kinetic energy budget for Case 

3 at Re = 10,000, Δdrag=-1.5%. 

 
Figure 77c. Profiles for the dissipation term in the turbulent kinetic energy budget for Case 3 at 

Re = 10,000, Δdrag=-1.5%. 

 
Figure 77d. Profiles for the velocity pressure gradient term in the turbulent kinetic energy budget 

for Case 3 at Re = 10,000, Δdrag=-1.5%. 
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Figure 77e. Profiles for the turbulent transport term in the turbulent kinetic energy budget for 

Case 3 at Re = 10,000, Δdrag=-1.5%. 

 
Figure 78a. Profiles for the production term in the turbulent kinetic energy budget for Case 3 at 

Re = 15,000, Δdrag=-1.5%. 

 Figure 78b. Profiles for the viscous diffusion term in the turbulent kinetic energy budget for Case 
3 at Re = 15,000, Δdrag=-1.5%. 
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Figure 78c. Profiles for the dissipation term in the turbulent kinetic energy budget for Case 3 at 

Re = 15,000, Δdrag=-1.5%. 

 
Figure 78d. Profiles for the velocity pressure gradient term in the turbulent kinetic energy budget 

for Case 3 at Re = 15,000, Δdrag=-1.5%. 

 
Figure 78e. Profiles for the turbulent transport term in the turbulent kinetic energy budget for 

Case 3 at Re = 15,000, Δdrag=-1.5%. 
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