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ABSTRACT 

The use of microchannels for heat transfer enhancement has been studied for the last few 

decades. To take full advantage of a microchannel, various approaches such as two-

phase flow, enhanced heat transfer surface, and flow boiling across pin fins entrenched 

inside a microchannel have been studied. Among them, micro pin fins heat exchangers, 

similar to their conventional counterparts have been seriously considered due to their 

superior heat removal performance throughout the extended surface area. In addition, an 

early transition to turbulent flow via micro pin fins is believed to improve heat transfer at 

the micro scale. Therefore, the aim of this study is to extend fundamental knowledge of 

flow around a micro pin fin with and without active flow. 

The flow field around a micro pillar was measured using micro particle image 

velocimetry (µPIV), and the turbulent kinetic energy (TKE) of the flow was measured to 

quantify flow mixing around the micro pillar. It was found that an early transition to an 

unsteady flow was not achieved through the micro pillar due to the inherently small 

height-to-diameter ratio of the pillar, and the corresponding TKE around the micro pillar 

was not significant in a quasi-steady flow regime. 

Active flow control via a steady jet was employed through the slit on the micro 

pillar surface, where the circumferential location of the slit was varied. The velocity field 

as well as the TKE of the controlled flow was measured to determine the effect of active 

flow control at the micro scale. Parametric studies were performed and comparison of 

the various momentum coefficient, flow regime, and the azimuthal location of the 

control jet were conducted. Suction was introduced as alternative control scheme, and 

compared to a steady jet. It was found that mixing was significantly enhanced through 

the steady jet whereas suction was not successful with same momentum coefficients. 
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1. INTRODUCTION AND BACKGROUND  

Better thermal management has been a critical issue in the engineering community for 

the last few decades especially at the small scale as integrated circuit (IC) density 

continuously grown. As the number of transistors on IC has been doubled every two to 

three years, corresponding heat generation has surged dramatically. In the meantime, 

attainable heat removal capacity via conventional forced air convection and/or heat 

dissipation has reached its limits. 

Recently, microfluidics and heat and mass transfer at micro domains have received 

considerable attention with the substantial evolution of micro-electro-mechanical system 

(MEMS) such as micro pumps [1], micro turbines [2], lab on a chip [3, 4], and 

microchannels [5, 6]. It is well known that the diminishing volume-to-surface ratio at the 

micro scale increases heat and mass transfer coefficients. However, micro domains are 

not yet commonly used for thermal management application because the flow is mainly 

laminar, and as a result, robust mixing is restricted. Accordingly, vortex generators such 

as micro pin fins (i.e., array of micro pillars with vortex shedding) have been studied as a 

passive flow control (PFC) method to promote mixing, and in turn, the heat and mass 

transfer coefficients [7-9]. 

Pillars have been employed in diverse applications, and thermo-hydrodynamic 

characteristics around an infinite and finite aspect ratio (AR) pillars are well established. 

Nonetheless, knowledge at the conventional scale is not fully extended to the micro scale, 

thus studies about the heat and fluid flow across a micro pillar is incomplete. Also, the 

mixing mechanism around a micro pillar is not well understood due to the lack of 

information at the micro scale. Therefore, study on fluid characteristics around a low AP 

micro pillar is necessary. 

Furthermore, active flow control (AFC) such as a continuous blowing and suction 

can potentially enhance mixing. The flow field around a micro pillar can be significantly 

altered in a controllable manner through AFC. In addition, AFC can be combined with 

PFC to further augment mixing at the micro scale. 
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1.1 Microchannel Flow 

Microchannel flow was first introduced in the early 1980s, and different hydro-

thermodynamic behaviors such as flow regime, transition, heat and mass transfer 

characteristics, and correlations for friction factor and Nusselt number have been 

reported. Tuckerman and Pease [10, 11] studied single-phase flow in a microchannel 

whose width and height were 50 µm and 300 µm, respectively. Wu and Little [12] found 

that a friction factor of a trapezoidal microchannel was 3-5 times larger than that 

obtained from conventional smooth pipe prediction, and also reported that flow 

transition occurred at 400 < Re < 900, which is abnormally lower than that of a 

conventional channel (i.e., 2,300 < Re < 4,000). Choi et al. [13] studied nitrogen gas 

flow in microtubes and suggested correlations for friction factor and Nusselt number in 

laminar (Re < 2,000) and turbulent regime (2,500 < Re < 20,000), where transition 

Reynolds number was comparable to the value from classical theory. 

Wang and Peng [14] showed that fully developed turbulent flow regime occurs at 

1,000 < Re < 1,500 by studying water and methanol flow in a rectangular microchannel. 

In their study, transition was determined by a dramatic increase of a heat transfer 

coefficient.  Peng et al. [15] observed the flow transition at 200 < Re < 700, and a fully 

turbulent regime at 400 < Re < 1,500 for the single-phase water flow in a rectangular 

microchannel. In addition, new empirical correlations for heat transfer coefficients were 

proposed for microchannel flow regimes. Peng and Peterson [16] experimentally 

observed that the transition from laminar to fully developed turbulent flow pattern 

occurred at 300 < Re < 1,000. It was suggested that the flow regime and the 

corresponding heat transfer characteristics at the micro scale were different from 

conventional scale flows. In their study, early transition was also reported, which was in 

good agreement with previous studies [12, 14, 15]. Yu et al. [17] proposed empirical 

correlations for friction factor and Nusselt number for diverse microchannel flow 

regimes, where the transition from laminar to turbulent flow occurred at 2,000 < Re < 

6,000. Peng and Peterson [18] also investigated binary mixture flow of water and 

methanol in rectangular microchannels, and reported laminar and fully developed 

turbulent heat transfer at 70 < Re < 400 and 200 < Re < 700, respectively, depending on 

the characteristic length of the microchannel. Harms et al. [19] observed inception of 
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turbulent flow at Re ~ 1,500 in rectangular microchannel with de-ionized water. Mala 

and Li [20] measured pressure drop and flow rate in microtubes to study flow 

characteristics at the micro scale. As the size of the microtube reduced, the results 

deviated from the conventional Poiseuille flow prediction. Early flow transition at 500 < 

Re < 1,500 was also reported, where the transition was determined by monitoring the 

coefficient of the pressure gradient τ volume flow rate correlation. It was suggested that 

the relatively high surface roughness of the microtube, due to the microfabrication 

techniques, might have promoted the early transition. Later, their study was extended by 

Qu et al. [21] who obtained similar results for a trapezoidal microchannel that showed 

higher pressure gradient and friction factor in microchannels than those predicted from 

the laminar flow theory at the macro scale. 

Recently, Sharp and Adrian [22] suggested that there was no extraordinary early 

transition for liquid flow in microtubes by measuring the flow resistance and fluctuation 

of the velocity via µPIV experiments. In their study, the onset of transition from laminar 

to turbulent flow occurred at 1,800 < Re < 2,000, which was comparable to the value 

obtained from macro scale Poiseuille flow prediction. These results were supported by 

many other recent studies [23-27]. Liu and Garimella [23] reported a laminar flow 

transition and fully turbulent flow in microchannels at 1,500 < Re < 4,000 and Re ~ 

5,000, respectively by observing a departure of the friction factor from the laminar 

theory and also by flow visualization. Lee et al. [24] observed a transition from laminar 

flow beyond Re = 1,500 ~ 2,000, and proposed that conventional correlation is possibly 

applicable in laminar flow regime with careful attention to entrance and boundary 

conditions. Celata et al. [25] found that a transition occurred at 2,000 < Re < 3,000 for 

adiabatic flow in circular microchannels with a diameter ranging from 70 µm to 326 µm. 

Li and Olsen [26] investigated de-ionized water flow in square microchannels by µPIV 

experiments in which the flow transition occurred at 1,718 < Re < 1,885 depending on 

the microchannelôs size. In addition, the fully turbulent flow was observed at 2,600 < Re 

< 2,900. Natrajan and Christensen [27] showed that the onset of laminar flow transition 

and transition to turbulent flow in a microchannel was initiated at Re ~ 1,900 and 3,400, 

respectively. In their study, the transition was indicated by a departure of the PIV-

measured mean velocity profile from the parabolic laminar flow as well as the 
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differences between predicted and measured pressure drop, which increased with 

increasing Reynolds number. 

The discrepancy between results from various studies are mostly attributed to 

entrance length effect, measurement errors, uncertainties in experiments, and primarily 

surface roughness, which are supported by recent studies [28-30]. Guo and Li [28] 

proposed that observed increase of the friction factor and the Nusselt number in a 

microchannel may be due to the relatively high surface roughness of microchannels. 

Morini [29] suggested that early transitions from previous studies were not unique 

phenomena at the micro scale, which were most likely due to the high roughness on a 

cross-section of the microchannel. Natrajan and Christensen [30] observed that an early 

flow transition was triggered by increasing the microchannel surface roughness. In 

addition, the velocity fluctuation (i.e., turbulent intensity) was found to increase with 

increasing surface roughness while there was only subtle change to the flow structure. 

1.2 Passive Flow Control 

Won et al. [31] studied the effect of dimples on the flow structure of a channel whose 

hydraulic diameter was 90.4 mm. 29 rows of dimples were located in the streamwise 

direction on one wall of a channel with three different ratios (ɚ/d = 0.1, 0.2, and 0.3, 

where ɚ is a dimple depth and d is a dimple print diameter). With increasing ɚ/d, 

enhanced mixing associated with higher local turbulence motion was observed because 

the primary vortex pairs shed from deeper dimples exhibited larger velocity gradient. 

Secondary cylinder [32] was introduced into the cylindrical wake to suppress vortex 

street. When a small control cylinder was placed in the vicinity of the main cylinder, 

critical Reynolds number was increased significantly depending on the ratio of the 

diameter of the control cylinder to the diameter of the main cylinder (d/D) and/or 

location (x/D and y/D; x and y are ordinate of streamwise and cross-streamwise direction, 

respectively) of the control cylinder. Also, region under the influence of the control 

cylinder significantly enlarged as d/D increased. Similarly, vortex street was suppressed 

more with decreasing x/D and/or y/D above the critical Reynolds number. The presence 

of control cylinder weakened the shear layer around the main cylinder through a 

vorticity diffusion, which in turn, hindered interactions between shear layers. As a result, 
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the onset of vortex shedding was delayed. The vortex was not completely suppressed 

when a control cylinder was placed far downstream from the wake, which can be 

attributed to the large distance from the vicinity to the absolute instability peak (x/D < 

3.5, closely related to wake formation length), and the flow stability downstream from 

this region. This also suggests that vortex suppression corresponds to the decay of 

temporal mode of hydrodynamic instability since absolute instability initiated at the rear 

stagnation point. 

Kandlikar et al. [33] studied the effect of minichannel wall roughness on the 

transition from laminar to fully developed turbulent flow. The early transition was 

triggered by increasing the relative roughness (e/Dcf, where Dcf = Dt - 2e, Dcf, Dt, and e is 

the constricted flow diameter, the tube diameter, and the average roughness height, 

respectively).  The transition numbers were found to be at Recf = 350 and 800 with e/Dcf 

= 0.06-0.14 for water and air, respectively. Recf (modified Reynolds number based on the 

constricted flow diameter) was defined as follows: 

where ά is the mass flow rate and µ is the dynamic viscosity. It was further discussed 

that wall roughness contributed to the early flow transition by increasing flow area 

constriction and/or wall shear stress. Natrajan and Christensen [30] investigated the 

effect of surface roughness on flow characteristics in a rectangular microchannel. Root-

mean-square roughness heights of 0.0125Dh and 0.025Dh (Dh = 600 µm, which is a 

hydrodynamic diameter) were created by sputtering silica particles on the exposed 

surfaces. Using µPIV the velocity field was measured, which revealed that the critical 

transition Reynolds number was reduced from Re @ 1,800 (smooth wall case) to 1,500 

and 1,300 for roughened walls. These results imply that the flow transition in 

microchannel is dependent on the surface roughness, which could be thought of a good 

candidate for a passive flow control. In addition, more vortical structures and velocity 

fluctuation near the wall were observed with increasing surface roughness. 

Icoz and Jaluria [34] performed a design optimization study of vortex generator in 

channel flow. Various sizes and shapes of the vortex generator (circular, square, and 

hexagonal) were introduced to enhance mixing and heat transfer while minimizing the 

 
ὙὩ
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additional pressure drop. The pressure drop increased significantly as the size of vortex 

promoters increased regardless of the shape and also with increasing Reynolds number. 

Among all three shapes, circular promoters exhibited the least pressure drop which were 

26% less than the hexagonal one while the thermal performance of the promoters were 

mostly independent of the shape under a large range of flow conditions. Furthermore, the 

shape dependency of vortex promoter characteristics was a strong function of the 

Reynolds number, which addressed the limitation and/or shortcoming of vortex promoter 

as a mean for passive flow control. Meis et al. [9] investigated three different vortex 

promoters, namely, circular/elliptical, rectangular, and triangular at various aspect ratios 

in a microchannel to obtain the design criteria for a micro cooling system. In their study, 

vortex promoters were tested at various blockage ratios, Reynolds numbers, relative 

positions, and orientations in terms of a thermal efficiency and mechanical penalty (i.e., 

the additional pressure drop or pumping power). For all configurations, heat transfer was 

enhanced as the blockage ratio increased. Among all three shapes, the triangular 

promoter showed the best thermal performance under most conditions (Re Ò 600, where 

the hydraulic diameter of the Reynolds number was twice the channel height), but 

exhibited larger pressure drop than the other shapes and required  a complex 

manufacturing process. At higher Reynolds numbers (600 Ò Re Ò 1,200), increasing the 

Reynolds number was not beneficial since it significantly increased the pressure drop. 

These results were supported by the numerical study of Chandratilleke et al. [35], which 

showed that thermal enhancement slightly improved while the pressure drop steeply 

increased with increasing channel flow velocity. 

1.3 Micro Pin Fins 

Micro pin fins with single phase flow [36-39], adiabatic gas-liquid flow [40, 41], and 

two phase flow boiling [8, 42, 43] have been extensively studied over the last decade. It 

is well known that heat and mass transfer characteristics are significantly enhanced in 

micro pin fin devices. However, very limited studies were performed on hydrodynamic 

characteristics around micro pin fins. 

Recently, Krishnamurthy and Peles [8] compared plain and micro pin fins 

entrenched microchannels to elucidate the effect of pin fins on micro scale heat transfer 
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characteristics. With increasing mass flow rate, total thermal resistance (mostly 

attributed to convective thermal resistance) of both microchannels decreased, where the 

microchannel with pin fins exhibited lower convective thermal resistance than the plain 

one. Also, heat transfer coefficient was increased from 1.3 to 3.2, due to increased 

surface area (Apin = 1.25 × Aplain) and increased interactions between pin fin wakes. They 

also reported that the rate of decrease of the convective thermal resistance as a function 

of local mass quality was moderate for pin finned microchannel due to the reduced fin 

efficiency. Nonetheless, it was postulated that convective mixing and bubble interaction 

with pin fins may enhance heat transfer for higher heat flux regions. 

1.4 Active Flow Control 

Amitay et al. [44] used a synthetic jet actuator to modify the flow field of 2-D cylinder at 

relatively low (ReD = 4000) and high (ReD = 75,500) Reynolds numbers. Using the 

synthetic jet [45], quasi-steady recirculation regions were generated. As a result, the 

wake profiles and separated shear layers as well as pressure distributions on the surface 

were altered depending on the azimuthal position of the slot (q = 0, 60, 150, and 180° 

was used) and momentum coefficients, Cm (ὅ ς”ϽὟ ϽςὦȾ”ϽὟ ϽὈ, where 

rj and ro are the densities of the jet and the free stream fluids, respectively, D is the 

diameter of the cylinder, b is the orifice height, Uo and Uj are the velocities of the free 

stream and averaged cross-stream jet, respectively). It was shown that the additional 

momentum imparted by the synthetic jet increased the mixing in the boundary layer, 

which delayed separation, and ultimately reduced drag. 

Synthetic jet was experimentally investigated for electronic cooling by Pavlova and 

Amitay [46]. PIV-measured results revealed that synthetic jet impinging on a heated 

surface showed three times more effective than continuous jet. Chandratilleke et al. [35] 

numerically studied pulsating cross-flow jet (synthetic jet) in a microchannel. The 

synthetic jet induced periodic interruption to the flow, which generated thermal and 

hydrodynamic boundary layer break-up. As a result, velocity and temperature gradients 

became steeper, which is coupled to improved heat transfer characteristics with no net 

increase of pressure drop in the microchannel. 
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Fujisawa and Takeda [47] conducted experiments to demonstrate the efficacy of the 

acoustic excitation as an active flow control device. Perturbations were introduced 

through the slit on the cylinder at various angles and frequencies. Pressure distributions 

over the cylinder along with the corresponding flow field (measured using PIV) showed 

30% drag reduction accompanied by decreased velocity fluctuations in the wake when 

the acoustic excitation was employed at q = 90̄  relative to the front stagnation point 

with forcing frequency that was 4 times higher than the natural shedding frequency for 

Reynolds number of 9000. 

1.5 Steady Blowing and Suction 

Park et al. [48] showed in their computational study that primary vortex shedding at Re = 

60 was completely suppressed via feedback control of continuous blowing and suction 

through a slit located at ± 110̄ . Meanwhile, secondary mode instability was sustained 

along with suppressed primary vortex at a higher Reynolds number (Re = 80). Lin et al. 

[49] experimentally studied the effect of steady blowing, and unsteady blowing/suction 

through helix holes along the cylinder. A velocity field and vorticity distribution 

obtained from particle image velocimetry measurements showed dramatic effect of the 

control on the near wake of the cylinder. At high momentum coefficients, vortex 

formation was inhibited, while at low momentum coefficient it was sustained in near 

wake with altered shape. Min and Choi [50] exploited systematic flow control scheme 

for a circular cylinder wake with both sensors and actuators on the cylinder surface. At 

supercritical Reynolds number (Re = 100 and 160), the vortex shedding was successfully 

suppressed via a suboptimal feedback control procedure, which incorporated blowing 

and suction. In addition to the vortex suppression, the drag was significantly reduced. 

The mechanisms of wake stabilization, via blowing and suction, were further 

investigated by Delaunay and Kaiktsis [51] through simulation and global stability 

analysis. The cylinder wake was stabilized with low magnitude of base blowing while 

high value of suction was needed to create similar effects at supercritical Reynolds 

number (Re > Recrit = 47). Blowing weakened the backflow inside the near wake, and in 

turn, reduced the near wake absolute instability. On the other hand, suction decreased the 

streamwise extent of the absolute instability as a result of reduced recirculation zone; 
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thus, increasing the local instability in the near wake. At subcritical Reynolds number 

(Re < Recrit = 47), the wake became unsteady when suction was high (Csuc ~ 1.5, Csuc = 

Qsuc/Qref, Qref = U¤D). Increased backflow via suction contributed to the onset of 

absolute instability in the near wake with corresponding unsteady flow at subcritical 

Reynolds number. Fransson et al. [52] studied the effect of steady blowing and suction 

on the flow field over a porous cylinder. For Reynolds number on the order of 10
4
, 

suction delayed the flow separation toward the rear stagnation region while blowing 

induced the opposite effect. Depending on the blowing ratio, Cb, (Cb = (V/U¤) × 100, 

where V is the velocity through the porous material, and U¤ is the oncoming mean flow 

velocity), the vortex formation length was increased by 150% for Cb ~ 5 (blowing), and 

decreased by 75% for Cb ~ -5 (suction), which resulted in the decrease of turbulent 

intensity in the downstream domain along the centerline. 

1.6 Flow over a Circular Pillar  

Pin fins have been used for many years in heat transfer applications, and knowledge 

about the flow field in the region adjacent to infinite and finite aspect ratio cylinders 

have shown to enable the development of pin fin heat sinks. It is well known that the 

flow characteristics near the wake region of a cylinder and the associated vortex 

shedding strongly depends on the Reynolds number [53, 54]. The effect of the aspect 

ratio, L/D (L and D are the cylinderôs length and diameter, respectively), on the flow 

morphology at relatively low Reynolds numbers has not been given much attention 

despite of their significance in applications such as microchannel pin fins and micro heat 

sinks. 

1.6.1 Large aspect ratio pillar 

Previous studies on flow past an infinite (large aspect ratio) cylinder [55-57] have shown 

that transition from quasi-steady to unsteady wake occurs at a diameter-based Reynolds 

number of ReD ~ 45. Experimental study by Roshko [55] and later numerical study by 

Henderson [56] showed that flow morphology transitions from laminar vortex shedding 

to unsteady wake at a critical Reynolds number of 46 ± 1. This was also supported by 

linear instability analysis of Yang et al [57]. In Figure 1.1, flow regimes around a semi-
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infinite cylinder are shown [58]. The recirculation zone, which has counter-rotating 

vortices with a backflow along the centerline, grows behind the cylinder with increasing 

Reynolds number (Fig. 2.1c). At higher Reynolds numbers (Fig. 2.1d), the vortex 

shedding occurs at the rear stagnation point until the shedding site moves toward the 

cylinder surface at 60 ~ 100 < ReD < 200 (Fig. 2.1e). A transition to fully turbulent flow 

occurs at 200 < ReD < 400, where the vortices are unstable. 

Fornberg [59] studied numerically unconfined cylinder wake at low Reynolds 

numbers. He showed that recirculation in the near wake region of the cylinder grows 

linearly with Reynolds number up to a certain value and then gradually shortens and 

becomes wider at high Reynolds numbers (ReD > 260). Green et al. [60] quantified the 

vortex formation and the shedding mechanism in the near wake of a cylinder at low 

Reynolds numbers (ReD = 73 and 226) using flow visualization. It was shown that 

transition from a steady flow, where the shear stress plays a critical role, to an unsteady 

flow occurs with increasing Reynolds number. By comparing their results with the 

results obtained from two-dimensional Navier-Stokes equations in similar Reynolds 

number range, they stated that these mechanisms are two-dimensional. 
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Figure 1.1 Flow regimes around a semi-infinite cylinder (a) ReD = 0, symmetrical (b) 

0 < ReD < 4 (c) 4 < ReD < 40, attached vortices (d) 40 < ReD < 60 ~ 100, von Kármán 

vortex street (e) 60 ~ 100 < ReD < 200, alternative shedding (f) 200 < ReD < 400, 

vortices unstable to spanwise bending, from [58]. 

 

1.6.2 Small aspect ratio pillar 

Norberg [61] studied aspect ratio effect on the flow field by placing end-plate at various 

distances from a cylinder. The critical Reynolds number, Recrit, was increased from Recrit  

~ 47.4 at L/D Ó 40 to Recrit  ~ 51.5 at L/D = 20. Also, three dimensionalities of the flow 

were suppressed due to the presence of the end plate. Norbergôs results were in good 

agreement with Williamsonôs study [62] which revealed that mid-span shedding 

frequency, which is different from that of end-span, merged into a single frequency at 

low aspect ratio (L/D = 28). Schouveiler et al. [63] experimentally studied unconfined 
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cylinders at low aspect ratios with a hemispherical tip and reported increased critical 

Reynolds number with decreasing aspect ratio. 

In the range 1 Ò L/D Ò 10, it was found that drag coefficient of circular cylinder with 

two free ends (L/D = 10) was reduced by 31% compared to an infinite cylinder and 

further decreased until L/D = 1 (with hemispherical edge) while the rate of change was 

small for shorter cylinders with a sharp edge (1 < L/D < 6). Zdravkovich et al. [64] 

argued that the diminishing reduction of drag coefficient was caused by restricted inflow 

from the sharp cylinder tip as the aspect ratio decreased. It can be inferred that highly 

three dimensional flow past a low aspect ratio cylinder (L/D > 6) is inhibited due to the 

lack of inflow from the cylinder tips as the aspect ratio further decreases (L/D < 6). The 

effects of end conditions on flow characteristics were elucidated by studying the flow 

field over a circular cylinder placed between two parallel plates. When the cylinder was 

placed between the walls, the formation length in the near wake region decreased as the 

distance between the end-plates decreased. The plates also induced a delay in the 

transition from two to three dimensional flow, or to an irregular flow regime, depending 

on the aspect ratio and Reynolds number [65]. Moreover, vortex shedding from the 

cylinder tip was significantly suppressed by the interaction between wall shear and shear 

layers around the cylinder when the cylinder was immersed in wall boundary layers [66]. 

Recently, Inoue and Sakuragi [67] numerically studied the flow morphology over an 

unbounded cylinder and reported wake patterns that have not been reported before at low 

aspect ratios. At ReD = 150 and L/D = 1, horseshoe vortices were broken into a pair of 

counter rotating streamwise vortices on each corner. Meanwhile, highly three 

dimensional corner flow due to horse shoe tip vortex on the flat side of a cylinder was 

completely inhibited when the cylinder was mounted on a flat plate [68]. An increase in 

the critical Reynolds number due to the cylinderôs low aspect ratio was also reported in 

[67], which concurred with previous works by others [61, 63]. 

1.6.3 Laminar junction flow  

Junction flows are induced when a boundary layer impinges on a bluff body mounted on 

the same plane. Depending on the approaching boundary layer thickness Reynolds 

number (Red ~ 1000), the junction flows are categorized as laminar or turbulent [69]. For 
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a streamlined body, such as a circular cylinder mounted on the plate, pressure gradients 

near the intersection play an important role on the inception of the horseshoe vortex. A 

streamwise pressure gradient accelerates the flow adjacent to the cylinder until adverse 

pressure gradient causes flow separation, whereas cross-streamwise gradients stretch the 

flows around the cylinder. As Reynolds number increases, the interactions between the 

vorticity in the incoming boundary layer with the flow separation destabilizes the flow 

upstream from the body, as a result, horseshoe vortex is generated [70, 71]. Detailed 

description is depicted in Figure 1.2. A primary vortex is formed upstream from the 

body when the incoming flow approaches the body. Satellite vortices develop upstream 

from the primary vortex, by which the rotational disturbance is created in the outer layer. 

Then, satellite vortices are either merged with the primary horseshoe vortex or rolls up 

over the primary vortex with a leap-frog motion. Finally, strengthened horseshoe vortex 

are stretched, and shed from the body. The control parameters of junction flows are 

Reynolds numbers (ReD and Red ), the aspect ratio of the body, the boundary layer 

thickness, the surface roughness, and the turbulence kinetic energy of incoming flow, etc. 

A steady laminar horseshoe vortex for a circular cylinder was observed at 500 Ò ReD 

Ò 1000 [72-74], whereas a single primary vortex was proliferated into two (ReD = 1500) 

and three (ReD = 2600) steady vortices with increasing Reynolds number [74]. As the 

Reynolds number further increased, highly unstable horseshoe vortexes were initiated, 

which significantly increased flow unsteadiness, turbulent kinetic energy, surface 

pressure fluctuation, drag, and heat transfer rate. Lewis et al [75] showed the 

enhancement of heat transfer upstream from the junction of streamlined wings. A large 

scale horseshoe vortex that was generated near the leading edge of the wing increased 

turbulent shear stress, and as a result, heat flux was increased. In addition, cooler fluid 

away from the boundary layer was delivered to the junction region as the horseshoe 

vortex shed. 

Over the last decade, flow fields over a circular cylinder confined between two 

parallel plates were studied to elucidate the effects of plates and aspect ratio on flow 

characteristics [65, 66, 76, 77]. When the cylinder was bounded by walls, the formation 

length in the near wake region decreased as the distance between the end-plates 

decreased due to wall suppression. The plates also induced a delay in the transition from 
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two to three dimensional flow, or to irregular regime, depending on the aspect ratio and 

Reynolds number. 
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Figure 1.2 Illustration of the progress of horseshoe vortex generation in the 

upstream of a bluff body junction, from [69]. 
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1.7 Micro Particle Image Velocimetry 

Particle image velocimetry is a non-invasive flow measurement technique, which was 

first developed in the 1980s [78, 79]. It has been considerably studied and developed 

over the last two decades because it holds several advantages over the more traditional 

measurement tools such as Pitot tube, hot-wire anemometry, and laser doppler 

velocimetry (LDV). PIV extracts the vector field by cross-correlating two successive 

images whereas a hot-wire anemometry and LDV measures the velocity at the probed 

location. In addition, the PIV is an optical method by which the target flow is not 

perturbed unlike a Pitot tube and a hot-wire anemometry. This is crucial at the micro 

scale where the flow field can be drastically affected by placing the probe in the 

measurement domain. For this reason, the micro particle image velocimetry is beneficial 

and favorable in microfluidics. 

Prior to the µPIV, parameters to characterize the flow at the micro domain were 

limited to flow rates, pressure drops, void fractions (for multiphase flow), etc. Such bulk 

motion parameters suffered from the coarse spatial resolution. Instead, the resolution of 

the µPIV could be refined to sub-micron range depending on the flow conditions, the 

particle size and magnification of the lens. The µPIV for MEMS aided microfluidic 

devices has unique features compared to the conventional PIV, which the volume 

illumination is used due to the small physical domain and limited optical access of 

MEMS fabricated devices [80].  Nonetheless, the resolution of µPIV prevails, and can be 

significantly improved by adopting a high magnification lens and adequate size particles 

(order of one to one tenth micron), which provides smaller PIV measurement depth. 

More details about µPIV setup in this study will be discussed in Section 2.2. 

1.8 Research Objectives and Research Plans 

1.8.1 Research objectives 

The literature review detailed in previous section suggests a lack of fundamental 

knowledge on active flow control at the micro scale. Therefore, the main objectives of 

this study are to: 

1) Reveal the flow mechanisms in a micro-pillar wake embedded in a 

microchannel, 
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2) Extend fundamental knowledge of the application of active flow control at 

the micro scale, and 

3) Perform a parametric study of various control schemes to reveal the 

hydrodynamic characteristics around a pillar inside a microchannel with 

active flow control. 

1.8.2 Research steps 

In order to accomplish the goals, the research efforts outlined below were carried out: 

1) Fabrication of a circular pillar entrenched inside a microchannel using 

MEMS techniques. Slits were integrated around the pillar to introduce a 

control jet. 

2) Construction of an experimental loop to measure flow rates and 

corresponding momentum coefficients. Flow loop was incorporated with the 

µPIV system to obtain the experimental data. 

3) Study of flow around a pillar embedded in a microchannel by quantifying 

flow characteristics such as velocity field, vorticity, and turbulence 

quantities. 

4) A parametric study of active flow control via a steady jet by varying 

Reynolds numbers, control jet momentum coefficients, and circumferential 

positions of control jet. 

5) Study of continuous suction as an active flow control technique, and 

comparison to continuous blowing (a steady jet). 
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2. EXPERIMENTAL APPARATUS AND PROCEDURE  

2.1 Experimental Setup 

The experimental setup consists of three sub-systems (Fig. 2.1) ð main flow, active 

flow control, and µPIV. The particle solution was prepared by mixing de-ionized water 

with 0.7 µm fluorescent trace particles, and degassing the water prior to 

experimentation. The particle solution was introduced through pressurized water tank to 

the microchannel. A 7 µm filter was placed in each flow line to remove impurities and 

prevent clogging. The desired Reynolds number was achieved by setting the water 

volumetric flow rate through a rotameter flow meter (FL-112 from Omega Engineering). 

Active flow control was enabled via a 25 µm slit (Fig. 2.2b) at the desired 

circumferential position along the micro pillar. Continuous blowing was accomplished 

by a steady jet whose average velocity was controlled by adjusting the pressure in the 

water reservoir while the jet volumetric flow rate was monitored via a rotameter flow 

meter (FL-111 from Omega Engineering). A syringe pump (NE-1000 from New Era 

Pump System) was employed to enable continuous suction. 

The flow with the tracer particles were imaged in the µPIV system under an inverted 

microscope (Observer Z1m from Zeiss). Fluorescent images were delivered to a CCD 

camera with a maximum frame rate of 15 frames per second for further imaging 

analysis. To minimize vibrations, the experiments were conducted on an active vibration 

isolating optical table (Performance
Ê

 Optical Table from Melles Griot). 
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Figure 2.1 Schematic diagram of the experimental setup. 

 

 

Figure 2.2 (a) A CAD design of the microchannel with a single pillar (b) An SEM 

image of the pillar  with a flow control slit at 180° (facing downstream). 
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2.2 Microfabrication  

The microfluidic device (Fig. 2.2) was microfabricated on a 450 µm thick double-sided 

polished n-type <100> single crystal silicon wafer, and then sealed from the top with a 1 

mm thick Pyrex® wafer cover to allow µPIV measurements. The device incorporated a 

27,500 µm long, 1,500 µm wide, and 225 µm deep microchannel. A 150 µm diameter 

and 225 µm long micro pillar was located 17,000 µm downstream from the 

microchannelôs inlet. A 25 µm slit along the entire length of the pillar was formed at the 

designated azimuthal positions (0°, ±30°, ±80°, and 180°, where 0° slit is at the front 

stagnation point of the pillar, Fig. 2.3) to allow the control flow to interact with the main 

flow. 

A 1.5 µm thick high-quality oxide (SiO2) film was grown on both sides of the 

silicon wafer to shield the bare wafer surface during processing. The microchannel and 

the micro pillar were formed on the topside of the wafer by silicon deep etch process.  

The wafer underwent a photolithography step and a reactive ion etching (RIE) oxide 

removal process to mask certain areas on the wafer, which were not to be etched during 

the deep reactive ion etching (DRIE) process.  The wafer was consequently etched in a 

DRIE process and silicon was removed to form the microchannel, micro pillar, and slit. 

The DRIE process formed deep vertical trenches on the silicon wafer with a peak-to-

peak sidewall roughness of ~0.3 µm.  A profilometer and a scanning electron 

microscope (SEM) were employed to measure and record various dimensions of the 

device. 

The wafer was then flipped and an inlet and an outlet were created on the backside 

using the same silicon deep etches procedure. A photolithography step followed by the 

RIE oxide removal process was carried out to create a pattern mask. A 1 µm thick 

plasma enhanced chemical vapor deposition (PECVD) oxide was deposited on the front-

side to create a protective layer for the following DRIE process.  The wafer was then 

etched through from the backside in a DRIE process.  A buffer oxide etcher (BOE) oxide 

removal process was performed to eliminate remaining oxide on both sides of the wafer. 

Finally, the processed wafer was anodically bonded to a 1 mm thick polished Pyrex® 

glass wafer to seal the micrchannel from the top. After successful completion of the 
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bonding of the silicon wafer to the Pyrex® wafer, the processed stack was die-sawed to 

separate the devices from the parent wafer. 

 

Figure 2.3 SEM image of micro pillars with control slits at a designated position. 

 

2.3 Micro Particle Image Velocimetry 

The micro particle image velocimetry system consisted of an inverted microscope 

(Observer Z1m from Zeiss) with 10³ and 40³ magnification, a 120 mJ Nd:YaG laser 

(Solo 120XT from New Wave) with wavelength of 532 nm, CCD camera with a 

maximum frame rate of 15 frames per second (ImagePro X2M from Lavision) and a 

computer (Fig. 2.1). Trace particles (700 nm aqueous fluorescent red polymer 

microspheres (R700) from Duke Scientific) were added to the de-ionized water with a 

0.3% volume concentration. The particles had excitation maxima at 542 nm and 

emission maxima at 612 nm and were illuminated by the double pulsed laser; then, the 

optical signals were filtered using a high pass filter with a cutoff value of 570 nm, and 

the captured images were saved for further analysis. The depth of correlation, zcorr, of 

µPIV was estimated to be ~ 40 µm with 10³ magnification and ~ 10 µm with 40³ 

magnification according to [79] (Fig. 2.4). 
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where Ů is the image intensity cutoff, dp is the particle size, n is refractive index, NA is 

the numerical aperture, M is the magnification, and ɚ is the wavelength of light. 

To characterize the flow over a micro pillar in a microchannel, 500 image pairs 

were captured with different time intervals (1~10 µs) depending on the incoming flow 

speed. Initially, the time averaged velocity of the incoming flow several diameters 

upstream from the pillar in mid-plane was measured. Then, µPIV-measured velocities 

were compared to the average velocities measured by the rotameter flow meter (i.e., 

volumetric flow rate divided by the channel cross-sectional area). At all Reynolds 

numbers (100 Ò ReD Ò 700, corresponding to Reynolds numbers based on the 

microchannel hydraulic diameter of 240 Ò Re Ò 1690), the µPIV-measured velocity in 

mid-plane (3D to 11D upstream from the pillar) was approximately 1.5 times greater 

than the average velocity. Since the ratio of the maximum velocity and the average 

velocity of fully developed laminar flow between two parallel plates is 1.5, the results 

provided confidence in subsequent measurements. As shown in Fig. 2.5, µPIV 

measurements confirmed that the flow just upstream from the pillar was fully developed 

according to [81, 82] for all Reynolds numbers studied. 

The flow around the pillar was then carefully examined to study and quantify the 

flow characteristics such as velocity, vorticity, and turbulent kinetic energy. Captured 

images were analyzed using the LaVision software, where, for each data set, the 

averaged image was subtracted from all images to reduce experimental noise. Processed 

images were cross-correlated (Fig. 2.6) with 64 ³ 64 to 32 ³ 32 and 32 ³ 32 to 16 ³ 16 

interrogation windows with 50 % overlap [79, 83]. The spatial resolution of the vector 

field was ~ 9 µm using 16 ³ 16 interrogation windows with 50 % overlap. Turbulent 

kinetic energy was calculated in LaVision DaVisÊ software implemented with a 

custom-made code. 
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Figure 2.4 Illustration of the depth of correlation for 10³ and 40³ magnification. 

 

 

Figure 2.5 Streamwise velocity distribution of fully developed flow profile just 

upstream from the pillar. Note that the pillar is located between x/D = ī1 to 0. 
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Figure 2.6 Cross-correlation of PIV images [from LaVision website]. 

 

2.4 Mechanism of a Steady Jet and Continuous Suction 

The averaged velocity of a steady jet was controlled by adjusting the pressure in the 

water reservoir, which was maintained at a constant value throughout the experiment. 

Figure 2.7 presents schematic diagrams of an ideal uniform velocity and the actual non-

uniform velocity distributions of the steady jet (Fig. 2.7a and b, respectively). Here, z/L 

= 0 corresponds to the lower wall of the microchannel. To quantify local momentum 

coefficients, the velocity of the control jet emanated from 180° slit (facing downstream) 

into a quiescent flow was measured using the µPIV system at various channel heights. 

The jet velocity at each height was averaged over a square interrogation domain of size 

1D ³ 1D that was located 1D downstream from the pillar (D is a diameter of the pillar), 

as marked by the dashed line in Fig. 2.8. Unless otherwise specified, the averaged 

velocity measured by the rotameter flow meter (i.e., volumetric flow rate divided by the 

cross-sectional area of the slit) was used to compute the momentum coefficient. 

In order to apply continuous suction through the slit, a syringe pump was 

accommodated with the device package as shown in Figure 2.1. A desired suction 

momentum coefficient was achieved by setting the volume flow rate in the withdrawal 

direction. 

  



 

 25 

 

Figure 2.7 (a) Ideal distribution of the control jet (b) Measured velocity distribution 

(Rejet = 28, uncertainty of the velocity was ±4%). 

 

 

Figure 2.8 Velocity field of the control jet (into a quiescence flow), including the size 

and location of the interrogation window for the calculation of the control jet 

average velocity. 

 

2.5 Data Reduction 

Following the velocity measurements, several dimensional and dimensionless 

parameters were used to clarify and elaborate on the physical processes governing the 

flow around the micro pillar. These include the spanwise vorticity, the turbulence kinetic 

energy, the momentum coefficient, Reynolds numbers, and normalized wake width. 
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The normalized spanwise vorticity, xz, is calculated from the velocity field as 

follows 

 

where u, v, Uavg, x, y, and D are the streamwise velocity, cross-streamwise velocity, 

average velocity of an incoming flow, streamwise direction, cross-streamwise direction, 

and a diameter of the micro pillar, respectively.  

From the µPIV data, the turbulence intensities were calculated according to 

 

where the normalized turbulent kinetic energy was calculated as              

                            

In addition to the calculation of TKE at a specific spatial location, the integral of TKE 

with respect to the cross-stream (CS) directions was calculated according to: 

 

The cross-stream extents of the integral domains are from y/D = ī4 to y/D = 4. The 

micro pillar was located at ī0.5 Ò y/D Ò 0.5 and ī1 Ò x/D Ò 0 with a front stagnation 
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point at x/D = ī1. For reference, the turbulent kinetic energy of the incoming flow 

upstream from the pillar at x = ī2D and y = 0 was measured and found to be 0.2 % and 

0.4 % at ReD = 100 and 700, respectively. 

The strength of the control jet is quantified by its relative momentum (with respect 

to the momentum of the incoming flow upstream from the pillar), which is represented 

by the momentum coefficient, defined as 

 

 

where ὅ is the average momentum coefficient, ὅȟ
 
is the local momentum coefficient, 

Vlocal is the velocity of the incoming flow at specific height of the microchannel, Vjet_local 

and Vjet_avg are the control jet velocity at a specific microchannel height and the averaged 

jet velocity, respectively, Ajet is the cross-sectional area of the control jet slit, and Aref  is 

the cross-sectional area of the micro pillar. 

Reynolds number was defined as: 
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where D is the diameter of the pillar, and ɜ is the kinematic viscosity of the flow. 

Jet Reynolds number was defined as: 
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where Ujet_avg is the average jet velocity, and L is the characteristic length defined as 

4A/P (A and P are the projected area and perimeter of the slit, respectively). The 

momentum coefficient was fixed to enable a fair comparison between angles. This was 

achieved by adjusting the volume flow rate for each configuration. As a result, the jet 
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Reynolds number was factored by square root of 2 for a single slit as given in Table 2.1. 

Suction momentum coefficient was fixed in a manner similar to the jet. 

Normalized wake width (d/D) was defined as the length of the cross streamwise 

wake profile where its normalized velocity deficit was greater than 5% of the normalized 

velocity of neighboring flow at identical streamwise location. The value of 5% was 

chosen to accommodate experimental uncertainties. 

2.6 Uncertainty Analysis 

Uncertainties of derived experimental parameters were estimated according to Kline and 

McClintock [84] whereas the measured values were obtained from the manufacturersô 

specification sheets. The uncertainty of the dependent variable U = U(v1, v2, éé, vn) 

was computed as: 

 

 

where vi is the independent variable and W is the uncertainty in each independent 

variable. Uncertainties of velocity, Reynolds numbers, x/D, y/D, momentum coefficient, 

turbulent kinetic energy, and normalized wake width were estimated and listed in Table 

2.2. 
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Table 2.1 The jet Reynolds number (Rejet) at a given flow control condition. Jet 

Reynolds numbers for symmetric slit (30° and 80°) are given in parenthesis. 

 

Table 2.2 Uncertainties of measured and derived parameters. 

 

 ὅ= 0.001 ὅ= 0.01 ὅ= 0.1 

ReD = 100 2(1.5) 6.3(4.7) 20(15) 

ReD = 400 8(6) 25.2(18.8) N/A 

ReD = 700 14(10.5) N/A N/A 

Parameter Uncertainty 

Velocity, u and v ±4% 

Reynolds numbers, ReD and Rejet ±2% 

Normalized axial distance, x/D and y/D ±1% 

Momentum coefficient, ὅ ±4% 

Turbulent kinetic energy, TKE ±4% 

Normalized wake width, d/D ±5% 
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3. RESULTS AND DISCUSSION 

The flow field around a micro pillar (L/D = 1.5) confined in a microchannel was studied 

experimentally through the µPIV system. A range of Reynolds numbers based on the 

pillar diameter (100 Ò ReD Ò 700) was investigated in order to elucidate the effect of 

flow control at different flow regimes (i.e., quasi-steady, transition, and unsteady flows). 

The PIV-measured velocity field, the spanwise vorticity, and the turbulent kinetic energy 

were obtained to quantify flow characteristics with and without active flow control. The 

flow field at two distinct heights of the microchannel (near the wall (z/L = 0.1) and mid-

plane (z/L = 0.5)) was presented to accommodate the non-uniform characteristics of the 

jet and the parabolic velocity profile of the microchannel flow. 

In Section 3.1, flow around the micro pillar without active flow control is presented 

to examine the flow field and regimes. Then, the results are discussed and used as the 

baseline for further comparison with active flow control cases. In the following section 

(Section 3.2), forced flow with a continuous blowing (a steady jet) around the micro 

pillar is presented. In sub-section 3.2.1, the effect of a steady jet issued from 180° slit is 

presented. To appreciate the non-uniform jet, both averaged and local momentum 

coefficients are presented. In the following sub-section (3.2.2), parametric study of 

control angle is performed and discussed. Here, the flow field near the wall is mostly 

presented with averaged momentum coefficients unless otherwise specified. In sub-

section 3.2.3, the effects of the momentum coefficient and the Reynolds number on the 

forced flow characteristics are elucidated. Finally, forced flow with a continuous suction 

is compared to continuous blowing in Section 3.3. Note that the flow direction 

throughout this study is from top to bottom in the figures unless otherwise specified. 

3.1 Unforced Flow around a Micro Pillar Embedded in a 

Microchannel 

3.1.1 Flow regime behind a micro pillar in a microchannel 

Time averaged streamlines, normalized time averaged and instantaneous velocity fields 

of the micro pillar near the wake at 100 Ò ReD Ò 700 in mid-plane are depicted in Figures 

3.1, 3.2, and 3.3, respectively. In comparison to a semi-infinite cylinder wake, discussed 

in Section 1.6, the micro pillar wake showed similar flow regimes, but transitions 
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occurred at higher corresponding Reynolds numbers. Recirculation zone was observed 

behind the pillar (Fig. 3.1a), and the extent of recirculation zone was increased with 

increasing Reynolds number (Fig. 3.1b) until it reaches the critical Reynolds number 

(Recrit = 400 for the micro pillar with L/D = 1.5 in a microchannel). (The critical 

Reynolds number corresponds to the transition from quasi-steady to unsteady wake.) 

The extent of the recirculation zone was shrunk above the critical Reynolds number due 

to vortex shedding (Fig. 3.1c and 3.1d). The onset of vortex shedding is associated with 

hydrodynamic instability of the wake. Convective instability develops in the shear layer 

around the pillar at low Reynolds numbers; but, is not potent enough to initiate vortex 

shedding (or absolute instability) as shown in Figure 3.3a and 3.3b. As a result, the 

instantaneous velocity field was similar to the time averaged field (Fig. 3.2a and 3.2b). 

The near wake became absolutely unstable at higher Reynolds numbers as the instability 

was initiated from the rear stagnation point (Fig. 3.3c and 3.3d). These results were in 

good agreement with results for a semi-infinite cylinder [58]. The flow field near the 

wall exhibited similar flow structure, and will be discussed in the following section. 

The near wake profile at x/D = 1 (across the recirculation zone) and x/D = 4 

(downstream from the recirculation zone) was examined to further investigate the 

laminar transition of the micro pillar wake. Cross-streamwise distributions of the time 

averaged velocity were compared to three random snapshot velocity profiles at ReD = 

100 (Fig. 3.4a-d), 300 (Fig. 3.4e-h), 500 (Fig. 3.4i-l), and 700 (Fig. 3.4m-p). At ReD = 

100, time averaged wake profiles of both streamwise and cross-streamwise velocity 

component were analogous to instantaneous wake profiles. As the Reynolds number 

increased to 300, the weak jitter of wake profiles was observed, suggesting the presence 

of convective instability in the shear layer. For higher Reynolds numbers (Fig. 3.4i-p), 

the difference between time averaged and prompt wake profiles were explicit, and it was 

more significant at x/D = 4 since the vortex shedding was initiated at the trailing edge of 

the recirculation zone. Also, the fluctuation of the velocity profile became more 

pronounced at higher Reynolds number. The jitter of the wake profile at x/D = 4 for 

higher Reynolds numbers (Fig. 3.4l and 3.4p) showed the directional change of cross-

streamwise velocity component, indicating the presence of alternative shedding. 
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Figure 3.1 Time averaged streamlines behind the micro pillar at ReD = (a) 100 (b) 

300 (c) 500 (d) 700. 
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Figure 3.2 Time averaged velocity field behind the micro pillar at ReD = (a) 100 (b) 

300 (c) 500 (d) 700. 
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Figure 3.3 Instantaneous velocity field behind the micro pillar at ReD = (a) 100 (b) 

300 (c) 500 (d) 700. 



 

 35 

 

Figure 3.4 Cross-streamwise distribution of velocity at ReD = 100 (a-d), 300 (e-h), 

500 (i-l), and 700 (m-p) at x/D = 1 (a, e, I , m (u) and b, f, j, n (v)), 4 (c, g, k, o (u) and 

d, h, l, p (v)). 

 

Time averaged and instantaneous spanwise vorticity distribution is depicted in 

Figure 3.5 and 3.6, respectively for ReD = 100, 300, 500, and 700. A counter-rotating 

clockwise (negative) and counter-clockwise (positive) vorticity concentration was 

observed along the shear layer. A pair of weak vorticity concentration was formed 

downstream of both side of the pillar with a negligible vorticity inside the recirculation 

zone at ReD = 100 (Fig. 3.5a). The increased velocity gradient across the recirculation 

zone with increasing Reynolds number augmented the intensity of the vorticity. As a 

result, the recirculation zone became wider and elongated. Beyond the critical Reynolds 

number, the extent of the recirculation zone decreased because of the inception of the 
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vortex shedding, which tore the trailing edge of the recirculation zone (Fig. 3.6c and 

3.6d, also schematically depicted in Fig. 3.7). In addition to primary laminar separation 

(q ~ 80°), the secondary flow separation was observed near the stagnation point due to 

the vortex shedding as depicted in Figure 3.7. The weak secondary vorticity 

concentrations were observed adjacent to outer boundary of the primary shear layers 

(downstream from the rear stagnation point) due to the presence of the walls as well as 

the low aspect ratio of the pillar. Similar to the velocity field, instantaneous vorticity 

distributions resembled time averaged vorticity distributions with small amount of jitter 

inside the shear layer due to developing convective instability. For Reynolds numbers 

higher than the critical value, the vortex shedding from the rear stagnation point was 

explicitly perceptible, indicating a transition to an unsteady flow regime. However, 

vortices were broken into multiple satellite vortices due to the wall suppression as 

discussed above. This hindered the growth of the turbulent kinetic energy, which will be 

discussed in the following section (Section 3.1.2). 

Flow regime transition from quasi-steady to unsteady state is closely related to the 

alteration of the wake structure and the recirculation zone (Figs. 3.1 and 3.5). In Figure 

3.8, the streamwise location of the rear stagnation point, normalized by a diameter of the 

pillar, is presented. It was measured from 500 instantaneous velocity fields at 100 Ò ReD 

Ò 700, and the length of measurement bars in the figure represented the fluctuation of the 

location. The rear stagnation point was positioned closed to the pillar at low Reynolds 

number, then moved downstream with increasing Reynolds number, and in turn, 

elongated the recirculation zone. It moved farthest from the pillar (3.7D) at Reynolds 

number just below the critical Reynolds number (Recrit = 400). Along with a transition to 

unsteady flow, the streamwise breadth of the recirculation zone was reduced due to the 

collapsed trailing edge of the recirculation zone induced by the vortex shedding as 

illustrated in Figure 3.7. The increase in the measurement uncertainty bars is linked to 

the unstable characteristics of the flow at Reynolds numbers past critical condition. The 

critical Reynolds number was higher than for a semi-infinite cylinder due to the pillarôs 

low aspect ratio (L/D = 1.5) and added the viscous suppression from the walls, which 

stabilized the flow. These results were in good agreement with both numerical 

simulation [59-61] and experimental studies [63, 65, 66] at the conventional scale. 
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Figure 3.5 Time averaged spanwise vorticity contour at ReD = (a) 100, (b) 300, (c) 

500, (d) 700 (Solid and dotted lines represent counter-clockwise and clockwise 

vorticity, respectively). 
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Figure 3.6 Instantaneous spanwise vorticity contour at ReD = (a) 100, (b) 300, (c) 

500, (d) 700 (Solid and dotted lines represent counter-clockwise and clockwise 

vorticity, respectively). 
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Figure 3.7 Schematic diagram of the recirculation zone behind the pillar at 

Reynolds numbers below and above the critical condition. 
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Figure 3.8 Streamwise position of the rear stagnation point with Reynolds numbers. 

 

3.1.2 Turbulent kinetic energy of the micro pillar wake 

To appreciate the mixing enhancement, the streamwise variation of normalized turbulent 

kinetic energy along the centreline (y/D = 0) is presented in Figure 3.9 for the Reynolds 

number range studied. At low Reynolds numbers (ReD Ò 300), the TKE was comparable 

to the value of the fully developed incoming flow (~ 0.2%) throughout the measurement 

domain. At the transition Reynolds number (ReD = 400), the TKE was increased 

downstream from the rear stagnation point, which suggested the absolute instability (i.e., 

vortex shedding from the rear stagnation point) was a dominant factor determining the 

TKE of the wake. The TKE exponentially grew for higher Reynolds numbers (400 Ò ReD 

Ò 700) until it reached the maximum value and then reduced slowly farther downstream 
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as the vortex dissipated the kinetic energy into the neighbouring flow during the mixing 

process. 

The maximum TKE is typically positioned at the rear stagnation point. However, the 

discordance of these locations possibly occurs when the vortex shedding is irregular (Fig. 

1.1d). Armellini et al. [85] studied low aspect ratio (AR = 1.09) macro-scale cylinder at 

800 Ò ReD Ò 2800, and showed that the transition from laminar irregular vortex shedding 

to an alternate vortex shedding occurs at ReD = 800. Due to the irregular shedding, the 

vortex formation length (Lf, which is the location of the rear stagnation point in the 

present study) was disharmonious with the wake closure length (Lc, which is the location 

of maximum TKE in the present study). As the flow transition to a more stable alternate 

shedding regime (Fig. 1.1e) with increasing Reynolds number, it was observed that the 

ration of Lf/Lc reduced, which is in good agreement with current results (Lf/Lc = 1.49 at 

ReD = 500 was reduced to Lf/Lc = 1.18 at ReD = 700). Furthermore, maximum TKE 

moved toward the pillar at higher Reynolds numbers, suggesting a transition from 

irregular shedding to an alternate shedding, which also agrees with previous studies [58, 

85]. 
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Figure 3.9 The streamwise variation of the normalized tubulent kinetic energy 

(TKE) along the centerline at various Reynolds numbers. 

 

3.2 Forced Flow around a Micro Pillar with a Steady jet 

As discussed in previous section (Section 3.1), flow around a micro pillar strongly 

depends on the Reynolds number. Also, the extent of the recirculation zone is closely 

linked to the hydrodynamic instability, and as a result, mixing enhancement in terms of 

the TKE. However, an early flow transition expected from a passive flow control (i.e., a 

residential micro pillar in a microchannel) was highly restricted due to the low aspect 

ratio of the pillar and microchannel wall suppression, which resulted in increased critical 

Reynolds number from Recrit = 46 (for a semi-infinite cylinder) to 400. Accordingly, 

mixing enhancement using passive flow control was hindered at low Reynolds numbers. 
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3.2.1 Forced flow field with a steady jet (q = 180°) near the wall (z/L = 0.1) and in 

mid-plane 

Table 3.1 presents both the average and local momentum coefficient of an active flow 

control at various main flow and jet flow conditions. Three different momentum 

coefficients were examined for each Reynolds number. The average momentum 

coefficient was shown in the first column and followed by corresponding local 

momentum coefficients in the following two gray shadowed columns. In this section, 

relatively strong jet (line pressure of the jet was between 20 and 100 psi, and the 

corresponding jet Reynolds number was in the range of 2 Ò Rejet Ò 42) was used to 

examine the merits of the jet as an active flow control method as well as the effects on 

the flow structure and the turbulent kinetic energy around the micro pillar. 

 

Table 3.1 The average momentum coefficient and the corresponding local 

momentum coefficient of a steady jet. 

 

Time averaged velocity fields at ReD = 100 (Fig. 3.10), 400 (Fig. 3.11), and 700 (Fig. 

3.12) were investigated to examine the effect of active flow control via a steady jet with 

diverse momentum coefficients. For all Reynolds number studied, both the velocity field 

near the lower wall (z/L = 0.1) and in mid-plane (z/L = 0.5) were presented. Velocity 

fields near the upper wall were excluded since the jet produced no effect near the upper 

wall due to the non-uniform characteristic as described in Figure 2.7. The unforced flow 

fields around the solid micro pillar, which were discussed in previous section (Section 

3.1), were provided for reference. Flow fields around the micro pillar with a control slit 

is analogous to unforced flow fields when the jet is not activated. In this section, 

unforced velocity fields near the lower wall are also presented, in which a slightly 

different flow pattern from mid-plane was observed in the upstream location of the pillar 

Line 

pressure 

[PSI] 

ReD = 

100  

ReD = 

100 at 

z/L = 

0.1 

ReD = 

100 at 

z/L = 

0.5 

ReD = 

400 

ReD = 

400 at 

z/L = 

0.1 

ReD = 

400 at 

z/L = 

0.5 

ReD = 

700 

ReD = 

700 at 

z/L = 

0.1 

ReD = 

700 at 

z/L = 

0.5 

100 0.349 2.83 0.0867 0.021 0.1023 0.0078 0.0067 0.0372 0.0025 

80 0.32 2.398 0.057 0.0192 0.0867 0.00518 0.0062 0.0315 0.0017 

60 0.24 1.466 0.0189 0.0144 0.053 0.0017 0.0046 0.0193 0.0006 

40 0.07 0.429 0.0007 0.0042 0.0155 0.00006 0.0013 0.0056 0.00002 

20 0.023 0.178 0.0003 0.0014 0.0064 0.00003 0.0004 0.0023 0.00001 
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(x/D Ò ī1 and ī2 Ò y/D Ò 2). As shown in Figures 3.10a, 3.11a, and 3.12a, the incoming 

flow just upstream from the pillar was more stretched around the pillar than in the mid-

plane, which exhibited junction flow characteristics [69-71]. 

A pronounced alteration of the pillar wake was observed at both microchannel 

heights when the control jet was introduced. The effect of the control jet was dissimilar 

for each measurement domain since the jet was not uniform. In addition, the incoming 

flow exhibited parabolic velocity profile, which promoted three dimensional flow (This 

will be further discussed in the following section 3.2.2). For this reason, the recirculation 

zone near the wall was completely removed whereas it was reduced in mid-plane at 

relatively low momentum coefficient (Fig. 3.10b and 3.10f). The small solid color-filled 

dot represented the location of rear stagnation point in each image whereas the micro 

pillar was depicted as a large circle at ī1 Ò x/D Ò 0 and ī0.5 Ò y/D Ò 0.5. When the local 

momentum coefficient of the jet became one to two order of magnitude larger (Fig. 

3.10c, d, g, and h), the entire measurement domain was significantly influenced by the 

control jet regardless of the height. The recirculation was completely eliminated and the 

flow was fully attached to the pillar. The control jet emanated from 180° at low 

Reynolds number with high momentum coefficients modified the pillar wake, which can 

be divided into three distinct regions: (1) flow acceleration upstream and around the 

pillar (x/D Ò 0), (2) flow accelerated and vectored toward the centerline as the jet 

increased entrainment (0 Ò x/D Ò 1), and (3) flow acceleration induced by the jet, which 

supplemented extra momentum, and in turn, the cross-streamwise wake profile was 

extended. 

At higher Reynolds numbers (Figs. 3.11 and 3.12), momentum coefficients were 

significantly diminished by two to four orders of magnitude since the velocity of the jet 

was maintained constant (Table 3.1). In addition, the backflow in the recirculation zone 

increased, which moderated the strength of the jet emanated downstream. Accordingly, 

the effect of the jet was attenuated as shown in the time averaged flow fields at ReD = 

400 (Fig. 3.11) and 700 (Fig. 3.12). The streamwise extent of the spanwise vorticity as 

well as the recirculation zone was decreased at low local momentum coefficients (mostly 

in mid-plane). As a result, locations of the TKE peak traveled toward the pillar (Fig. 
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3.13c-f), suggesting that the jet altered the local distribution of flow instability instead of 

the global effect as for low Reynolds number (ReD = 100) [51, 52]. 

 

 

Figure 3.10 Superimposed velocity vectors and spanwise vorticity at ReD = 100 for 

the baseline (a, e), and actuated cases (b-d, f-h). The values in parenthesis are the 

local momentum coefficient, Cµ,z. Note that color contours are not visible due to the 

low magnitude of vorticity. 
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Figure 3.11 Superimposed velocity vectors and spanwise vorticity at ReD = 400 for 

the baseline (a, e), and actuated cases (b-d, f-h). 

 

 

Figure 3.12 Superimposed velocity vectors and spanwise vorticity at ReD = 700 for 

the baseline (a, e), and actuated cases (b-d, f-h). 
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Figure 3.13 Streamwise variation of the normalized turbulent kinetic energy along 

the centerline at z/L = 0.1 (a, c, e) and 0.5 (b, d, f), and at ReD = 100 (a, b), 400 (c, d), 

and 700 (e, f). 
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To elucidate the mixing enhancement via a steady jet, turbulent kinetic energy was 

computed and presented for the unforced flow. Note that the scale of the y-axis in Figure 

3.13a was six times larger than the others in Figure 3.13 to accommodate the dominant 

effect of the jet with large local momentum coefficients. As shown in Figure 3.13, the jet 

was dominant in a quasi-steady flow regime, mostly dominant in the recirculation zone 

(x/D Ò 2.5), where the local maximum TKE exceeded 250% near the wall (z/L = 0.1). 

When the local momentum coefficient was large especially near the wall (Fig. 3.13a), 

the emanating jet entrained the neighboring flow just downstream from the pillar (0 Ò 

x/D Ò 1), which subdued flow instability, as a result the augmentation of the TKE was 

restricted in this region. Then, the supplemental momentum through the jet accelerated 

the flow, which magnified the kinetic energy of the flow (1 Ò x/D Ò 2.5). As the jet 

traveled farther downstream (x/D Ó 2.5), the TKE was dampened since the surplus 

momentum was consumed during the process. A similar flow structure was observed in 

mid-plane with elongated flow entrainment region (x/D Ò 3) for the highest momentum 

coefficient (Fig. 3.13b). At higher Reynolds numbers (Fig. 3.13c-f), the effect of the 

control jet was considerably weakened because of lower momentum coefficients. At ReD 

= 700, the maximum TKE was similar ~ 10% to 15% regardless of the jet momentum 

coefficient, except in the location of the maximum TKE. These values were comparable 

to that of unforced flow in an unsteady regime (Fig. 3.9), indicating TKE was mainly due 

to the naturally unstable vortex shedding. The altered position of the rear stagnation 

point well agreed with the location of the TKE peak. This showed that the jet modified 

the near wake structure and the recirculation zone behind the pillar. Consequently, local 

instability, instead of global influence at low Reynolds numbers, was influenced by the 

jet. This is also clearly shown in Figure 3.14, where TKE was integrated across the span 

of the microchannel. Note that the scale of the y-axis for ReD = 100 was three times 

larger than others in Figure 3.14 to accommodate significant effect of a jet in a quasi-

steady flow regime. At higher Reynolds numbers, integrated TKE curves were mostly 

negligible and overlapped with the baseline data, suggesting that the effect of a jet was 

highly limited and localized as discussed above. As shown in Figure 3.10b and c, the 

flow field was considerably manipulated when the momentum coefficient was increased 

by one order of magnitude (from 0.023 to 0.24) whereas it was moderately rearranged 
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when it was further increased to 0.349 (Fig. 3.10d). However, the integrated TKE was 

significantly augmented when the momentum coefficient was increased to 0.349 (Fig. 

3.14a) compared to the 0.24 case because the velocity, and in turn, the momentum of the 

jet became equivalent to that of the main flow. 

The spanwise distribution of the TKE was also examined to elucidate the influence 

of the jet when it was issued at 180°. The effect of the jet was most dominant in a quasi-

steady flow regime as discussed above. Note that the scale of the y-axis for ReD = 100 

was six times larger than others to accommodate the dominant effect of a jet in a quasi-

steady flow regime. Spanwise TKE distribution at ReD = 100 (Fig. 3.15a) showed three 

distinct peaks in the near downstream region of the pillar (0 Ò x/D Ò 1): at the centerline 

(y/D = 0), and at each side of the wake around y/D = ±1.6, which coincide with the 

inflection point in the wake profile (Fig. 3.10d). At x/D = 0.5, maximum peak was at the 

centerline as the streamwise component of TKE at this location contributed (Fig. 3.16a). 

As the flow entrained by the jet at x/D = 1, the maximum peaks occurred near each 

inflection point where the cross-streamwise component of TKE, which leaded the shift of 

TKE peaks, was comparable to the streamwise component (Fig. 3.16b). The magnitude 

of the TKE attenuated with increasing streamwise distance, and the sharp peaks were 

smoothed as the momentum diffused during flow mixing. At higher Reynolds numbers, 

the TKE was considerably reduced and the affected area was confined to ī2 Ò y/D Ò 2. 

Similar hydrodynamic behavior was observed in mid-plane with significantly less effect 

of the jet. 

The streamwise and cross-streamwise component contours of the TKE for the 

highest momentum coefficient in each flow regime (i.e., quasi-steady, transition, and 

unsteady) are presented in Figure 3.16. Note that the scale of the color bar for ReD = 100 

is three times larger than the others to accommodate significant effect of a jet in a quasi-

steady flow regime. Single high concentration was observed for the streamwise 

component in the near wake (0.5 Ò x/D Ò 3.5 and ī1 Ò y/D Ò 1, Fig. 3.16a) whereas two 

concentrations were present for cross-streamwise component (1 Ò x/D Ò 2 and y/D ~ 

±1.5, Fig. 3.16b), which were comparable to the streamwise component. For this reason, 

the mixing included the entire domain with a strong momentum jet in a quasi-steady 
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flow regime. The affected area was considerably regulated to the region adjacent to 

shear layers at higher Reynolds numbers due to attenuated momentum coefficients. 

 

 

Figure 3.14 Streamwise variation of the normalized integrated turbulent kinetic 

energy along the centerline at z/L = 0.1 (a, c, e) and 0.5 (b, d, f), and at ReD = 100 (a, 

b), 400 (c, d), and 700 (e, f). 
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Figure 3.15 Spanwise distribution of the TKE near the lower wall (z/L = 0.1) at x/D 

= 0.5 (a, e, i), 1 (b, f, j), 4 (c, g, k), and 7 (d, h, i) at ReD = 100 (a-d), 400 (e-h), and 

700 (i-l). 
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Figure 3.16 Contour plots of the streamwise (a, c, e) and cross-streamwise (b, d, f) 

component of TKE at ReD = 100 (╒Ⱨ = 0.349) (a-b), 400 (╒Ⱨ = 0.021) (c-d), and 700 

(╒Ⱨ = 0.0067) (e-f) at z/L = 0.1. 
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3.2.2 Parametric study of forced flow field with a steady jet at various 

circumferential positions (q = 0°, 30°, 80°, and 180°) 

In this section, the flow characteristics with and without localized forcing (at specified 

angles) around a micro pillar are elucidated. Laminar flow at low Reynolds numbers 

(ReD = 100, 400, and 700 at which flow is quasi-steady, transition, and unsteady; 

corresponding to Reynolds numbers based on the microchannel hydraulic diameter of 

240, 960, and 1690, respectively) with several momentum coefficients (ὅ= 0.1, 0.01, 

and 0.001) are investigated. Normalized time averaged velocity fields, vorticity 

distribution, and cross streamwise wake profiles are presented to study the effect of flow 

control at various angles (q = 0, 30, 80, and 180°). In addition, normalized wake width 

and turbulent kinetic energy are presented to elucidate mixing enhancement via a steady 

jet at different angles and flow regimes. All the results presented in this study are near 

the lower wall of the microchannel (z/L = 0.1, where the effect of jet is dominant) unless 

otherwise specified. 

Normalized time averaged velocity fields at ReD = 100 with ὅ= 0.1 are presented in 

Figure 3.17. An unforced case (ὅ= 0) is provided for reference in Figure 3.17a. The 

flow field around the pillar was not affected by the presence of slit unless activated. Note 

that the pillar was located at ī1 Ò x/D Ò 0 and ī0.5 Ò y/D Ò 0.5 and a front stagnation 

point was formed at x/D = ī1. Flow around a pillar embedded in a microchannel can be 

considered a junction flow around a pillar mounted on a plate, except that the 

approaching flow is internal flow (fully developed in this study). As shown in Figures 

3.17a and 3.18a, the junction flow near the lower wall (z/L = 0.1) did not exhibit a large 

scale horseshoe vortex. This also can be seen from Figure 19, which shows that the 

turbulent kinetic energy of the unforced case (x/D = ī1.1) was less than 3% at all 

Reynolds numbers studied. As discussed by Simpson [69], a laminar steady horseshoe 

vortex is formed at Red Ò 1000 (d is the boundary layer thickness, 75 Ò Red  Ò 525 in this 

study) when approaching boundary layer impinges on the pillar. The horseshoe vortex 

intensifies the unsteadiness of the flow as well as the turbulent stress near the wall, 

which in turn increases the drag and heat transfer rate [75]. However, the steady 

horseshoe vortex is significantly suppressed with increasing d/D (d /D is 0.75 in this 

study, which is one or two orders of magnitude larger compared to external flows) since 
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viscous forces dissipate the energy of the primary vortex and inhibit the aggregation with 

neighboring vorticity to grow the horseshoe vortex [68, 69].
 
The current results concur 

with these previous findings. 

The steady jet of ὅ= 0.1 emanated from the slit (Rejet = 21 for 180°, and 15 for 30° 

and 80°) was most dominant at low Reynolds numbers. The flow field around the pillar 

was dramatically altered by the control jet in a manner that was dependent on an angle of 

the slit. For the 30° slit, flow upstream from the pillar was spread by the interaction of 

the incoming flow with the jet. The velocity field (Fig. 3.17b) suggests that localized 

forcing at 30° (upstream from the laminar separation angle ~80°) destabilized the 

upstream flow, which promoted horseshoe vortex shedding at a relatively low Reynolds 

number [70, 71].
 
As a result, turbulent kinetic energy just upstream from the pillar (x/D = 

ī1.1) was increased to 30% compared to 3% in the unforced case (Fig. 3.19a). In 

addition, the x-y planar flow was forced toward the mid-plane from the lower wall; as a 

result, flow became three dimensional. As illustrated in Figure 3.20, the vorticity of the 

incoming flow interacted with the vorticity of the jet, which contributed to the 

establishment of three dimensional flow characteristics by forcing the flow upstream 

from the pillar. The flow past the pillar was significantly accelerated when sufficient 

momentum was directly supplied near the separation angle (Fig. 3.17c). Also, the extent 

of a recirculation zone was broadened and elongated as shown in Figures 5c and 9. 

When the jet issued from the downstream location (180°, Figs. 3.17d and 3.18d), the 

recirculation zone was completely eliminated and a streamwise jet took place 

downstream from the pillar. Also, the vortex induced by the jet was shed from the pillar 

while the vortex shedding was initiated from the rear stagnation point of the pillar wake 

for the unforced flow. In Figure 3.18, a normalized vorticity distribution around the 

pillar is presented. Counter-rotating vortices were presented in the shear layers along 

each side of the pillar for all cases studied. As the localized forcing was activated, 

additional vorticity concentrations were observed together with the main shear layers. 

The magnitude of secondary vortices via a steady jet issued at 80° (Fig. 3.18c) was 

stronger than the others (30° and 180°) since the jet was easily introduced near the 

separation angle unlike for the other angles which had to overcome the incoming flow 

(30°, Fig. 3.18b) or the backflow in the recirculation zone (180°, Fig. 3.18d). These 



 

 55 

phenomena are related to the pressure distribution around the cylinder where the 

minimum pressure coefficient is at the laminar separation angle [86].
 
Velocity fields and 

vorticity distributions at ReD = 100 with a fixed momentum coefficient of ὅ= 0.1 (Figs. 

3.17 and 3.18) suggested that aforementioned pressure distributions were similar at the 

micro scale. 

 

 

Figure 3.17 A velocity field at ReD = 100 with ╒Ⱨ = 0.1, (a) unforced flow, (b) ±30°, 

(c) ±80°, (d) 180°. 
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Figure 3.18 A vorticity distribution  at ReD = 100 with ╒Ⱨ = 0.1, (a) unforced flow, (b) 

±30°, (c) ±80°, (d) 180°. 
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Figure 3.19 TKE at x/D = ī1.1 (just upstream from the pillar) for (a) ReD = 100, ╒Ⱨ 

= 0.1, (b) ReD = 100, ╒Ⱨ = 0.001, (c) ReD = 400, ╒Ⱨ = 0.001, (d) ReD = 700, ╒Ⱨ = 0.001. 
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Figure 3.20 The illustration of the inception of three dimensional flow by 

perturbing the upstream flow. (a) The vorticity of incoming flow created the 

junction flow upstream from the pillar (b) The vorticity of incoming flow interacts 

with the vorticity of a jet (c) The horseshoe vortex was generated by the process (b), 

left the site moving toward the mid-plane. 
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To appreciate the effects of Reynolds numbers on the flow, the velocity field and 

vorticity distribution of the 80° case with fixed momentum coefficients (ὅ= 0.001) are 

presented in Figures 3.21 and 3.22, respectively. With increasing Reynolds numbers, the 

strength of the jet was magnified to hold the momentum coefficient at the same level. As 

a result, corresponding jet Reynolds numbers were increased from Rejet = 1.5 at ReD = 

100 (Figs. 3.21a and 3.22a) to Rejet = 10.5 at ReD = 700 (Figs. 3.21c and 3.22c). When 

the jet was activated at ReD = 100, the flow adjacent to the pillar was accelerated and 

moved toward the centerline (y/D = 0) in the downstream location of the pillar; as a 

result, the extent of the recirculation zone decreased. At higher Reynolds numbers (ReD 

= 400 and 700), the effect of the jet on the velocity field was dominant. At ReD = 700 

(Figs. 3.21c and 3.22c), additional momentum injected by the jet accelerated the flow 

below the separation point (x/D Ó ī0.8) while it spread the flow near the front stagnation 

point (ī1.4 Ò x/D Ò ī0.8). These results are in good agreement with previous studies on 

the effect of a steady blowing on cylinder wake [51, 52].
 
In addition, a similar flow field 

of 30° forced case (ReD = 100 with ὅ= 0.1, Fig. 3.17b) was observed at ReD = 700 with 

a smaller momentum coefficient for 80° (ὅ= 0.001, Fig. 3.21c) since the jet was strong 

and behaved as a bluff body for the incoming flow. Also, secondary spanwise vorticity 

concentrations were observed due to the low aspect ratio of the pillar as well as the 

presence of the side-walls. However, the presence of weak secondary vorticity 

concentrations adjacent to the pillar (ī1 Ò x/D Ò 0) at ReD = 700 (Fig. 3.22c) suggests 

that they were also induced by the jet as were those at the low Reynolds number (Fig. 

3.18b-d). Note that the jet Reynolds number (Rejet) for this case (ReD = 700 with ὅ= 

0.001, Fig. 3.22c) was 10.5, which is comparable to 15 for the low Reynolds number 

(ReD = 100 with ὅ= 0.1, Fig. 3.18c), while it was 6 and 1.5 for ReD = 400 and 100 with 

ὅ= 0.001, respectively. 
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Figure 3.21 A veloicty field of ±80  ̄slit with ╒Ⱨ = 0.001 ReD = (a) 100, (b) 400, and (c) 

700. 

 

Figure 3.22 Vorticity  distribution  of ±80  ̄with ╒Ⱨ = 0.001 ReD = (a) 100, (b) 400, 

and (c) 700. 

 

The effect of the jet on the pillar wake was studied through the streamwise and 

cross-streamwise wake profiles of 80° at ReD = 100 and various downstream locations of 

the pillar (Fig. 3.23). Note that the streamwise extent of the recirculation zone for 

unforced flow was 1.5D at ReD = 100. The wake profile of the unforced flow showed the 

velocity deficit behind the pillar with a single trough (Fig. 3.23a). As the momentum 

coefficient increased to 0.1, a pair of symmetric crests and secondary troughs was 

observed near y/D = ±1.2 and ±2, respectively, along with elongated main trough at the 

centerline. Also, the sign of the velocity indicates that the recirculation zone was 

elongated downstream for higher momentum coefficients, as shown in Figures 3.17c and 

3.23a, while the recirculation zone was slightly shrunk for ὅ= 0.001 (Fig. 3.21a). The 

magnitude of the velocity deficit decayed as the flow traveled further downstream while 

the wake was broadened in each cross-streamwise direction (Fig. 3.23). In other words, 
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the momentum of the flow was dissipated as it interacted with the neighboring flow. 

This is supported by Figure 3.29b, which provides normalized wake width at various 

streamwise locations. The cross-streamwise extent of the wake increased with increasing 

momentum coefficients, and it also grew with increasing distance from the pillar. In the 

case of 30°, the value of an asymptote line for controlled flows was 25~30 % smaller 

than the unforced case at z/L = 0.1 (Fig. 3.24a-c) while it was 25~30 % larger than the 

unforced case at mid-plane (z/L = 0.5, Fig. 3.24d-f). This suggests that destabilized 

incoming flow by localized perturbation at 30° significantly promoted the onset of 

horseshoe vortex as shown in Figures 3.19a and 3.24. Therefore, part of the incoming 

flow near the lower wall (at z/L = 0.1) tended to be carried upward with the horseshoe 

vortex, which generated highly complex three dimensional flow. The inception or 

growth of the horseshoe vortex was suppressed by forcing at 80° with ὅ= 0.001, 

whereas 30° forcing slightly promoted it, as indicated by the increase and decrease of 

TKE (Fig. 3.19b). The small amount of locally added momentum at 80° eliminated the 

adverse pressure gradient, and as a result, stabilized the flow upstream from the pillar. At 

higher Reynolds numbers (Fig. 3.19c and 3.19d), both 30° and 80° forcing enhanced 

mixing upstream from the pillar. Detailed information about three-dimensional flow 

could not be obtained in the current µPIV system because of its volume illumination. 
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Figure 3.23 Streamwise (a-c) and cross-streamwise (d-f) wake profile of 80  ̄of ReD 

=100 at z/L =0.1 at x/D = (a, d) 2, (b, e) 4, and (c, f) 6. 

 

Figure 3.24 Streamwise wake profile of 30̄  of ReD =100 at z/L=0.1 (a-c) and 0.5 (d-f) 

at x/D = (a, d) 2, (b, e) 4, and (c, f) 6. 
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Cross-streamwise variations of turbulent kinetic energy at various streamwise 

locations are presented in Figures 3.25 (ReD = 100, quasi-steady flow regime), 3.26 (ReD 

= 400, transition flow regime), and 3.27 (ReD = 700, unsteady flow regime). At ReD = 

100, all forced flows exhibited increased turbulent kinetic energy (i.e., mixing 

enhancement), which was dominant near the pillar and attenuated with increasing travel 

distance. These results corresponded to the increase of the wake width as the flow 

traveled downstream and dissipated momentums. At x/D = 2, a pair of sharp peaks were 

observed near y/D = ±0.6 for 80° and 180° (Fig. 3.25a) while 80° exhibited a pair of 

secondary peaks around y/D = ±2 further downstream (Fig. 3.25b and 3.25c) due to the 

weak secondary vorticity as discussed above (see Fig. 3.18c). The single pair of TKE 

peaks for 30° forcing was smooth and distributed over a range from y/D = ī2 to 0, and 0 

to 2. As shown in Figure 3.18b, locally forced flow at 30° generated additional voticity 

concentrations upstream from the pillar, but it decayed as it moved downstream (x/D Ó 

1.8). As a result, a pair of secondary peaks of the turbulent kinetic energy was not 

observed in Figure 3.25. For higher Reynolds numbers (Figs. 3.26 and 3.27), 0° flow 

control was also presented. As the flow transition from the quasi-steady to the unsteady 

state, TKE of most controlled flows except 180° was increased and showed symmetric 

peaks at x/D =2, whose magnitude depended on the location of the perturbation. For the 

80° case in the transition regime, the mixing enhancement upstream from the pillar was 

comparable to the downstream mixing by vortex shedding from the rear stagnation point, 

but the mixing performance of other circumferential angles attenuated with increasing 

streamwise distance. The TKE of 80° forced flow was more prolonged than for the other 

slitôs angle since the jet emanating near the laminar separation angle accelerated swiftly 

without an excessive momentum loss. The saved momentum was utilized to promote 

convective instability and enhance the mixing throughout the domain. However, the 

secondary peaks were not observed with flattened peaks near the centerline (ī1 Ò y/D Ò 

1) similar to the TKE profile of 30° at ReD = 100 (Fig. 3.25a). This was also observed 

when comparing the velocity field of 80° at higher Reynolds numbers (Fig. 3.21b and 

3.21c) to that of 30° at ReD = 100 (Fig. 3.17b), where the similar horseshoe vortex was 

exhibited. Meanwhile, the flow was stabilized by localized forcing at 180°, by which the 

backflow in the recirculation zone was reduced (Fig. 3.28). As a result, the absolute 
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instability in the near wake was undermined, which was suggested by Delaunay and 

Kaiktsis [51]. As the Reynolds numbers increased with a fixed momentum coefficient 

(ReD = 700 and ὅ= 0.001, Fig. 3.27), the jet at 180° completely eliminated the 

recirculation zone similar to Figures 5d and 6d (velocity fields at higher Reynolds 

numbers are omitted for brevity) and destabilized the near wake [52]. The TKE of the 

forced flow was smaller than that of the unforced flow downstream (x/D = 4 and 6, Figs. 

3.27b and c, respectively) at higher Reynolds numbers except for the base blowing (180°) 

while the flow upstream from the pillar was significantly perturbed by strong localized 

forcing, regardless of the control angle, due to increased momentum of the jet as shown 

in Figure 3.19c and 3.19d. It caused local instability upstream from the pillar, and in turn, 

generated three dimensional flow, which decelerated the flow near the wall (z/L = 0.1) as 

discussed above (Fig. 3.24). 
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Figure 3.25 TKE profile at ReD =100 with ╒Ⱨ = 0.1, x/D = 2 (a), 4 (b), and 6 (c). 
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Figure 3.26 TKE profile at ReD =400 with ╒Ⱨ = 0.001, x/D = 2 (a), 4 (b), and 6 (c). 


































