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Abstract

We investigate the effects of active wake-jets (characterized by a dimensionless jet momentum coefficient Cµ)

on the suppression of aerodynamic forces and the manipulation of wake flow topology behind a cylindrical

model through wind tunnel tests. The active jets are positioned at the rear stagnation points of the cylindrical

test model. The experimental campaign is conducted at a subcritical Reynolds number of Re= 3.33 × 104.

The surface pressure distributions around the bare and controlled cylinders are obtained by using a pressure

measurement system. Apart from pressure measurements, we also obtain the streamwise and spanwise flow

structures around the circular cylinder with different Cµ (including Cµ = 0) by employing the particle image

velocimetry (PIV) technique. Pressure measurement results demonstrate that the lift force acting on the

cylindrical test model is greatly reduced and drag decreased with the implementation of active wake-jets.

Besides, it is found that a higher Cµ contributes to a better control effectiveness in unsteady lift forces but not

necessarily a better drag reduction. PIV measurement results indicate that the mechanism of the active jet

control scheme is to impose steady and symmetric perturbations into the unsteady and asymmetric flows in

the cylinder wake. Owing to the dynamic competition of the wake-jet flow and shear layer flows, the vortex

shedding pattern behind the controlled cylinder is greatly modified, vortex formation length significantly

elongated and the fluctuations of aerodynamic forces conceivably suppressed.

Keywords: Active jet control, cylinder flow, jet momentum coefficient, aerodynamic forces; wake vortex

evolution

1. Introduction

Structures with a cylindrical section are prevalent in engineering applications, examples include long

stay cables of cable-stayed bridges, transmission lines, cooling towers, boat masts, chimney stacks and some

modern high-rise buildings. When these cylindrical structures are exposed to wind, the surrounding airflow

experiences a flow separation and leads to a periodic vortex street downstream in the near wake. This al-

ternating process of vortex shedding generates highly unsteady aerodynamic forces acting onto the cylinder
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(Brika and Laneville (1993)). If the frequency of the periodic vortex shedding matches some-order modal

frequency of the structure, a frequency-resonance will develop. In consequence, a fluid-structure synchro-

nization called lock-in may lead to vortex induced vibrations (VIVs) of the structures. One typical case is

the frequently observed VIVs of stay cables of cable-stayed bridges in the subcritical Reynolds number range

(see Zuo and Jones (2010) for instance).

Most of the flow induced vibrations of structures are undesired. For example, the wind induced cable

vibrations may lead to the breakdown of protections against corrosion and impair the cable-deck connections

(Pacheco and Fujino (1993)). Therefore, various counter-measures have been proposed and developed to

suppress the wind induced vibrations of structures. Since the alternating vortex shedding is the main cause

of wind induced vibrations, a well established philosophy is to alleviate the vortex shedding from cylindri-

cal structures thus to suppress the fluctuating lift forces. A great quantity of simple control schemes are

introduced to control the periodic vortex shedding from a circular cylinder so as to decrease the drag and

lift forces. Typical examples are splitter plates, guiding vanes, surface protrusions, base-bleed, as reviewed

previously in Zdravkovich (1981). Recently, a passive jet flow control scheme was developed by Chen et al.

(2015). Measurement results of flow structures demonstrate that the mechanism of passive jet control is

to cause passive jets into the wake of cylinder and convert the vortex shedding mode from antisymmetric

to symmetric. As a result, the drag is reduced and lift fluctuations suppressed. Bouak and Lemay (1998)

presented a control by placing a smaller cylinder in the cylinder wake and interacting with the upstream

main cylinder. The results show that at a stagger angle of 45◦, the lift fluctuation of the upstream main

cylinder is reduced by 41%. Zhou et al. (2015) studied the flow around a cylindrical model with dimpled

surface. The experiment results indicate that the dimpled surface contributes to a drag reduction of 10%

and affects the vortex-shedding strength in the near wake of the cylinder. Oruç et al. (2016) conducted PIV

measurements on flow around a cylindrical test model modified with drop-shaped mesh. They found that

the vortex formation length is longer, the turbulence kinetic energy and normalized Reynolds shear stress

contours are conspicuously weaker than the bare cylinder without control. Durhasan et al. (2016) used a

perforated fairing coating on a circular cylinder to realize vortex street suppression. They observed that the

wake formation region of the modified cylindrical model is elongated notably and the strength of shear flows

are decreased compared to the natural case.

The schemes discussed above usually fall into a category of passive flow control, since they need no external

energy to maintain the control process once implemented. Another kind of control schemes is active flow

control. In a case of active control, continuous energy input is required to maintain the control process.

Classical active control schemes are steady suction (Chen et al. (2013) and Chen et al. (2014)), synthetic

jets (Feng et al. (2010), Feng and Wang (2010), Feng and Wang (2012)) and plasma actuators (Benard and

Moreau (2013)). A steady suction flow control method was employed by Chen et al. (2013) to alleviate the

periodic vortex shedding in the wake of a vibrating cylinder, thereby decrease the amplitude of its vortex

induced vibration. The wind tunnel tests reveal that the steady suction flow control shows good control
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effectiveness by dramatically reducing the vibration amplitudes of the cylinder in the lock-in range. Followed

by vibrational tests, the effects of active suction on manipulation of the wake vortex-shedding and suppression

of the unsteady lift forces are investigated in detail by Chen et al. (2014). In addition, Feng et al. (2010),

Feng and Wang (2010) and Feng and Wang (2012)) performed serial experiments to find that the synthetic

jets implemented at the rear stagnation points of a cylindrical model act as external perturbations on the

unsteady and periodic wake flows and lead to a notable modification to the alternating vortex-shedding

process. Dong et al. (2008) introduced a control concept characterized by combined windward suction and

leeward blowing (WSLB). This concept is investigated experimentally by Gao et al. (2018), and the test

results show that the periodic vortex shedding in the cylinder wake is attenuated due to the action of WSLB

control.

In the current study, we focus on the effects of a crucial control-parameter, i.e. the equivalent jet momen-

tum coefficient Cµ, on the active control of cylinder flow, including effects on the aerodynamic forces, wake

flow evolutions and spanwise flow structures. This paper is organized as follows. Details of the cylindrical

model with active jet control, the experiment set-up and the experimental campaign are given in Sec. 2, the

test results are presented and analyzed in Sec. 3 and some concluding remarks are drawn in Sec. 4.

2. Experimental set-up

The experimental campaign is performed in a low-turbulence wind tunnel (SMC-WT2), the Joint Labora-

tory of Wind Tunnel and Wave Flume (WTWF), Harbin Institute of Technology, China. This closed-circuit

wind tunnel has a test chamber of 800 mm (width) × 1200 mm (height) × 3000 mm (length). Tunnel walls of

the test chamber are designed to be transparent in order to facilitate flow diagnostics with optical techniques.

Honeycombs and mesh structures are mounted ahead of a contraction section to produce uniform wind en-

tering the test chamber. By using a Cobra Probe, the turbulence intensity level inside the test chamber we

used in the current study is measured to be less than 0.40% .

2.1. Cylindrical model with active jets in the wake

The cylindrical test model is made of a Polymethyl methacrylate (PMMA) tube with a smooth surface.

The outer diameter of the cylindrical model (D) is 100 mm, thus the solid blockage in the present experiment

is 8.33%. The horizontal test model, as shown in Fig.1, is fixed to the end plates and perpendicular to

the incoming wind. The end plates are firmly locked onto the section walls. The test model has a total

spanwise length (L) of 800 mm to adapt the chamber width. Four jet nozzles, with an inner diameter of 10

mm, are manufactured at the leeward stagnations of the cylinder so the active jet flows will be evacuated

to the cylinder wake along the same direction of the incoming airflow. The spanwise spacing between two

neighboring jet nozzles, L0, is L/8, as shown in Fig.1. The jet nozzles are made with 3D printing technique to

minimize the mechanical errors during manufacturing process. For every test case, the wind speed entering

into the test chamber U0 is fixed at 5.0 m·s−1, resulting in a Reynolds number, given the model diameter,
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viscosity of air, is Re= 3.33× 104. It is noted that O(104) is a typical Re level for stay cables of cable-stayed

bridges undergoing VIVs.
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airflow
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φ Δφ
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Figure 1: Schematics of the cylindrical test model (left) and the pressure measurement plane in the mid-span (right). Origin of

the XYZ coordinate system is at the section center of the cylindrical slice in the mid-span.

In the present wind tunnel tests, a flow meter (Omega FMA-2613A) is employed to control the rate of

jet flow from the nozzles. The jet rate (Q) increases from 0 L· min−1 to 105 L· min−1 with a regular step

of 7.5 L· min−1. It should be noted that the baseline case of Q = 0 is also studied in the present study to

provide reference values and vortex shedding patterns for comparison. When Q is nonzero, we refer to it as a

controlled case hereinafter. It is also helpful to introduce the concept of equivalent jet momentum coefficient

Cµ in the present study. This dimensionless parameter is defined as the ratio of the jet momentum flux to

the incoming momentum flux of freestream, i.e. Cµ = (Ūj/U0)
2(Sj/DL0). Here, Ūj is the mean jet velocity

from the nozzles, Sj is the area of the jet nozzle at each jet section, and L0=L/8 is the interval between

two neighboring jet nozzles. The jet-flow rate, jet velocity from the nozzles and its resultant jet momentum

coefficient Cµ for the controlled cases are calculated and collected in Table. 1.

Table 1: Jet flow rates and their corresponding jet momentum coefficients of different test cases in the present study

Jet flow rate (L· min−1) 7.5 15 22.5 30 37.5 45 52.5

Jet flow velocity (m· s−1) 1.5915 3.1830 4.7745 6.3660 7.9575 9.5490 11.1405

Jet momentum coefficient (Cµ) 0.0008 0.0032 0.0072 0.0127 0.0199 0.0287 0.0390

Jet flow rate (L· min−1) 60 67.5 75 82.5 90 97.5 105

Jet flow velocity (m· s−1) 12.732 14.3235 15.915 17.5065 19.098 20.6895 22.281

Jet momentum coefficient (Cµ) 0.0509 0.0645 0.0796 0.0963 0.1146 0.1345 0.1560

2.2. Measurement of surface pressure

In the mid-span of the cylinder, a sectional pressure measurement ring is placed to measure the dis-

tributions of wind pressure on the cylinder surface, as can be noted in the left panel Fig.1. The pressure
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measurement ring is also made by a 3D printer and its constitutive material is photosensitive resin. 36 pres-

sure taps are arranged axisymmetrically on the measurement plane, as sketched in the right subplot of Fig.1.

A surface pressure measurement system that collects three models (DSA3217, range: 10 inH20; accuracy:

±0.20% of full scale) is connected to the pressure taps in order to record the instantaneous surface-pressure

distributions on the mid-span surface of the cylinder. The taps in the mid-span section and pressure scani-

valves are connected via 36 Polyvinyl chloride (PVC) tubes. These PVC tubes have an uniform length of 500

mm and an inner diameter of 0.9 mm. In the present study, the acquisition and recording for instantaneous

surface pressure measurement last for 32 s for each test case and the sampling frequency is fixed at 312.5 Hz,

as in Gao et al. (2017b).

After pressure measurements, the time-variant aerodynamic drag and lift forces can be estimated by a

standard integration process described in Chen et al. (2014). The instantaneous coefficients of the drag and

lift forces, Cd,t and Cl,t can be estimated by:

Cd,t =
1

2

∑
Cpi∆φi · cos(φi)

Cl,t =
1

2

∑
Cpi∆φi · sin(φi)

(1)

where Cpi = 2(pi − p∞)/ρU2
0 is the surface pressure coefficient, pi is the pressure acting on the test

model and p∞ is the static pressure of incoming wind. Both the time-variant pi and p∞ are obtained by the

pressure measurement system. φi is the azimuthal angle that the i-th pressure tap locates, and ∆φi = 10◦

is the increment between two pressure taps, as shown in Fig.1. After obtaining the time-histories of the

aerodynamic coefficients of the cylinder, counting the mean value of drag coefficients (denoted by CD) and

root mean square (RMS) value of lift coefficients (denoted by C ′
L) is helpful to assess the control effects of

active wake-jet control for different jet momentum coefficients.

2.3. PIV measurements

We employ a particle image velocimetry (PIV) system in the current study to measure the flow char-

acteristics around the controlled and bare cylinders. Figure 2 illustrates the experimental set-up for the

two-dimensional PIV measurements. Small oil droplets of ∼ 1.0 µm in size are produced to seed the flow.

Illumination is provided by a double-pulsed Nd:YAG laser with a pulse energy of 425 mJ/pulse at a wave-

length of 532 nm. The laser sheet is manipulated to be about ∼1.0 mm in thickness to illuminate the target

sections. A high-resolution digital camera (PCO1600) is used for PIV image acquisition. The CCD cam-

era and double-pulsed Nd:YAG lasers are communicated to a workstation via a Digital Delay Generator,

thus the timing of the laser illumination and the image acquisition can be precisely controlled. In the PIV

measurements, the repetition frequency of laser generator and PIV image acquisition is remained at 8 Hz.

Two transverse planes, i.e. the mid-span plane Z = 0 (coordinates are defined in Fig.1), one jet plane

Z/D = 0.5, and one horizontal plane Y = 0 are selected as the target planes of PIV measurements (as sketched

in Fig.2) to get a better understanding of three-dimensional characteristics of the cylinder flow modified with
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Figure 2: Experimental schematics for PIV measurement set-ups. Two streamwise target-planes of Z =0 and Z/D =0.5 (left)

and a spanwise target-plane of Y =0 (right)

active jets. For every test case, the PIV system records more than 400 pairs of instantaneous images in

order to arrive at a good convergence of measurement. In the image processing, a cross-correlation algorithm

with an interrogation window size of 32×32 pixels and an effective overlap of 50% of the interrogation

windows is applied to derive instantaneous flow vectors. If we take PIV measurements of Z−plane as an

example, the velocity (u, v) and spanwise vorticity (Ωz) can be readily determined by definition. Besides,

the time-averaged flow characteristics, such as mean flow velocity (u, v), turbulence kinetic energy (TKE=

0.5 × (u′2 + v′2)/U2
0 ) and normalized Reynolds shear stress (τ = −u′v′/U2

0 ) can also be obtained. In the

current PIV measurements, the uncertainty is estimated to be within 2% for the instantaneous flow vectors,

whereas that of the time-averaged flow quantities is estimated to be less than 5% (algorithm according to

Park et al. (2008)).

3. Experiment results

3.1. Results of aerodynamic forces

Figure 3 presents the mean and fluctuating distributions of the surface-pressure for different jet momentum

coefficients Cµ. A symmetric region with negative pressure distributions is witnessed to develop at the leeward

surface of the cylindrical test model without control. This is due to flow separation and it will lead to a

recirculation region in the cylinder wake, as we shall see in section 3.2. With the implementation of active

wake-jets, the regions of negative pressure distributions are generally lifted compared to the baseline case.

It is noted that increasing the base pressure on the leeward surface of the cylinder contributes to a drag

reduction. Besides, the base pressure distributions experience a gradual enhancement as the jet momentum

coefficients increases to 0.0796. This favorable effects will result in a gradually enhanced drag reduction.

When Cµ shifts to 0.1146, the pressure distributions experiences no significant change, indicating a relatively

steady drag coefficient CD. However, when Cµ continues to increase, the pressure distributions on the leeward

surface of the cylindrical test model are decreased. In this case, CD will experience a upward tend and the

drag reduction effect is weakened. It can also be noticed that the separation points of controlled cylinders are

a little bit earlier than the bare cylinder. As will be revealed by PIV measurement results, the active-jet-flow
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Figure 3: (Color online) Surface pressure distributions around the cylinder model with different Cµ

into the wake interacts with shear flows from both sides of the cylinder. Accordingly, pressure distributions on

the leeward surface are higher than the baseline case and the flow separation happens earlier. This pressure

gradient further stabilizes the wake, thus to suppress the mean drag and alleviate the lift fluctuations. The

root-mean-square (RMS) pressure coefficients of the controlled cylinders are also witnessed to be quite smaller

than the baseline case, especially on the leeward surface of the cylindrical test model, as shown in Fig.3. This

implies a distinct suppression on the unsteady dynamic wind loads acting on the cylinder model. Unlike the

mean pressure distributions, the RMS pressure distributions are regularly decreased to a certain level as Cµ

goes up to 0.1146. In general, the pressure distributions in Fig.3 reveal that a higher Cµ value contributes

to a better control effectiveness in unsteady lift but not necessarily a better drag reduction.

Figure. 4 and Fig.5 illustrate the time-variant signals of the drag and lift force coefficients of the cylinder

with different Cµ. It is shown that both the lift and drag forces are quite unsteady with significant fluctuations

for the bare cylinder with zero Cµ. The fluctuation are closely associated with the unstable and unsteady

wakes of the bare cylinder, as will be revealed by PIV measurement results. When the active control is

implemented, the fluctuations of lift forces are substantially decreased. Besides, for the controlled test cases

with active jets, the drag coefficients of the controlled cylinders are found to be significantly smaller compared

to the baseline case.

Figure 6 shows the non-dimensional frequency (Strouhal number, St = fD/U0) of the time-variant

histories of lift coefficients for different cases obtained by using a fast Fourier transform (FFT) analysis.

It is observed that the dominant frequency from the bare cylinder is 9.98 Hz and results in a Strouhal

number (St0) of 1.996. A dominant frequency identified from the power spectrum of lift suggests a regular

and periodic vortex shedding process from the cylindrical test model. Furthermore, when the cylinder is

controlled with the active jet flow of Cµ=0.0287, the dominant frequency experiences a marginal increase to

10.53 Hz (St1 = 2.106), indicating an acceleration of vortex shedding. In addition, the energy amplitude that

the dominant frequency concentrates is found to be greatly decreased in comparison with the conventional

vortex shedding from the bare cylinder. This change reveals a substantial modification and attenuation to
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Figure 4: Time histories of the instantaneous lift coefficients acting on the cylindrical test model for three different Cµ

the cylinder flow, especially the vortex shedding process. Moreover, when Cµ shifts to 0.1146, the vortex

shedding frequency is further increased to 10.55 Hz (St1 = 2.11), and its energy amplitude also decreased.

It can be noted that with the increase of Cµ, the control effectiveness of the active wake-jets to alleviate the

unsteady and periodic vortex shedding is enhanced. These observations from pressure measurement results

will be confirmed by PIV measurement results in the section that follows.

On the basis of the time sequences of the dynamic aerodynamic forces, the mean drag (CD) and RMS

lift coefficients (C ′
L) for different Cµ values (including zero Cµ value, i.e. the baseline case) are calculated

and shown in Fig.7, to evaluate the active-jet control effectiveness more quantitatively. First, when Cµ is

zero, CD and C ′
L are calculated to be 0.36 and 1.12 respectively. After that, both CD and C ′

L experience

a downward trend as Cµ increases. This suggests that the active jet technique can reduce the drag and lift

forces effectively. When Cµ equals 0.0796, 17.8% drag reduction and 73.6% lift suppression are simultaneously

reached. As Cµ continues to go high to 0.0963 and 0.1146, CD remains stable. However, when Cµ reaches

0.1345 and 0.1560, CD is increasing, indicating a less effective control in drag reduction. On the other hand,

when Cµ exceeds 0.0963, C ′
L experiences an insignificant reduction and the optimal control effectiveness of

fluctuating lift is 81.2% at the maximum Cµ of 0.1560. Meanwhile, the decreasing trend is significantly slowed

down, because the excitation level is so high that a saturation is obtained. It should be noted that these four

jet nozzles are arranged isolatedly at the rear stagnation points, thus the momentum flux they inject into the

wake flow is less efficient in flow modification than uniformly distributed jets along the spanwise direction
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Figure 5: Time histories of the instantaneous drag coefficients acting on the cylindrical test model for three different Cµ

(see Feng and Wang (2010) for instance). Furthermore, since the pressure taps are arranged in the plane with

the longest distance from the jet nozzles, the active control scheme is expected to exhibit the least control

effectiveness in the mid-span, i.e. the pressure measurement plane. Accordingly, the evaluation of control

effectiveness on the basis of pressure distributions is believed to be on a conservative side and leads to an

underestimated control effectiveness of mean-drag reduction and fluctuating-lift suppression of the circular

cylinder.

3.2. PIV measurement results

In the post processing of flow images obtained by PIV system, a snapshot proper orthogonal decomposition

(POD) method (Sirovich (1987), Meyer et al. (2007)) is employed to quantify the flow characteristics of the

streamwise and spanwise wakes of the cylinder so as to investigate the control mechanism of active wake-jets.

The energy map of POD modes for different cases is plotted in Fig.8. It is shown that the several leading

modes occupy the most energy for all the test cases, since the first POD modes reflect the large-scale and

dominant coherent-structures of the global flow field. In the present study, flow structures are reconstructed

by employing the first six POD modes, as in Gao et al. (2017a).

Figure 9 shows the mean flow structures behind the mid-section of the cylinder with different Cµ. For

the baseline case without active jet control, i.e. Cµ = 0, the flow separations take place near the angles

of 90◦ and 270◦. Because of the flow separation, a recirculation region will be formed in the near wake.
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Figure 6: (Color online) Strouhal numbers for three different Cµ : St0 = 1.996; St1 = 2.106; St2 = 2.11
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Figure 7: Effects of Cµ on aerodynamic coefficients acting on the cylindrical test model

Besides, the turbulence kinetic energy (TKE) distributions in the wake of bare cylinder are witnessed with

quite high amplitudes, especially along the vortex shedding paths. However, as Cµ increases, the overall

TKE distributions in the wake are gradually suppressed, as shown in Fig.9. It should be noted that the

TKE distributions are related to the turbulent vortex structures and are usually adopted as an indicator of

the turbulence mixing of the wake flow and the unsteadiness and fluctuations of the surface pressures (Chen

et al. (2014)). Consequently, a higher Cµ leads to a more stabilized wake and a less fluctuating amplitudes

of lift forces, i.e. a smaller C ′
L, as presented in Fig.7. Another notable observation in Fig.9 is that the wake

formation regions of controlled cylinders are elongated in comparison with the baseline case. This will be

addressed in detail associated with spanwise flow structures.

To get an insight into the mechanism of active wake-jets, it is helpful to pay more attention to the jet

section (Z/D=0.5). Figure 10 presents the instantaneous vortical structures behind the wake-jet section for

different test cases. As revealed by the instantaneous PIV measurement results, a pair of antisymmetric
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vortical structures sheds periodically from the bare cylinder (Cµ = 0) to form a Karman vortex street in the

cylinder wake. This alternating and unsteady process from the solid-wall of cylinder will lead to dramatic

pressure fluctuations on the cylinder model, especially on its leeward surface, as can be observed in Fig.3.

Therefore, both lift and drag forces will fluctuate significantly and can possibly excite VIV if the cylinder is

free to move. With the implementation of active jet of Cµ = 0.0127, a pair of symmetric and counter-rotating

jet vortices are evacuated into the cylinder wake to detach the alternating separation flows generated at both

sides of the cylinder. As a result of this dynamic competition process, the vortex formation region is elongated

and shifted downstream. As Cµ increases, the jet vortices are gradually strengthened, and the competitions

between the jet flow and the shear flows are gradually enhanced. When Cµ reaches a high level (Cµ = 0.0796

or higher), two nearly symmetric arrays of vortices can be noticed in the near wake region, suggesting the

wake pattern has nearly been converted into a symmetric mode. It is well accepted that the fluctuating

lift of a cylinder is closely linked to the alternating vortex shedding. Therefore, a strengthened competition

between the jet flow and the shear flows will alleviate the periodicity of the wake flow and result in a smaller

C ′
L (as plotted in Fig.7). In addition, Liu and Feng (2015) also found that symmetric perturbations acting

on the cylinder flow lead to a great change of the wake mode from the conventionally periodic one to a nearly

symmetric one and could suppress effectively the lift fluctuations acting on the circular cylinder.

Derived by PIV measurement results, Fig.11 plots the mean flow topology behind the jet section for

different natural and controlled cases. The jet flow into the wake interacts with the recirculating flow

behind the cylindrical test model. In consequence, the recirculation region is enlarged and the near-wake

width increased, in comparison with the bare cylinder (Cµ=0). Besides, even when Cµ is small, the high-

TKE region is shifted away from the cylinder wall, indicating a stabilized mode in the very near wake.

Consequently, the fluctuation of the surface pressure and the resultant dynamic wind loads of the cylinder

are decreased. Furthermore, as Cµ increases, the distributions of TKE in the cylinder wake are significantly
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Figure 9: (Color online) The mean flow field measured by PIV system in the mid-span section of the cylindrical test model for

different Cµ
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Figure 10: (Color online) The instantaneous flow strucutres measured by PIV system in the jet section of the cylindrical test

model for different Cµ
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modified owing to the gradually enhanced active jets. The overall TKE levels in the wake flow become much

smaller compared to the baseline case, as shown in Fig.11. When Cµ becomes 0.1146, TKE distributions in

the entire wake are suppressed to a extremely low level, accompanying a better suppression in the fluctuating

aerodynamic forces.

The mean recirculation region of the cylinder flow is characterized by the vortex formation length (Lvf ).

In the present study, Lvf is defined as the length between the cylinder center and the saddle point of time-

averaged streamtraces along the centerline of the test model. It is shown in Fig.12 that the wake-jet flow

control causes Lvf to grow considerably longer, i.e. the vortex formation region is elongated to a further

location in the wake. Besides, a lager Cµ is found to result in a larger recirculation region. This is due to

wake-jet flow that prevents the interactions of shear layers from forming the alternating vortex shedding in

the near wake. When Cµ is sufficiently large, two shear layers from two sides of the cylinder are detached

and elongated to be nearly parallel, as shown in Fig.10.

According to the mean flow structures measured by PIV system, Fig.13 illustrates the time-averaged

profiles of streamwise velocity at variant X/D stations (where X/D=0 denotes the cylinder center) behind

the cylindrical test model. In the first subplot of the velocity profiles, i.e. at X/D = 1.0, peaks are readily

witnessed near the jet nozzle (Y/D=0), indicating a great modification to the wake flows near the cylinder

wall. Generally, a stronger jet flow, denoted by a larger Cµ, results in a more noticeable peak. As X/D shifts

downstream to 1.5, the peaks of cusp are weakened in comparison with the former case. This is due to the

competition of the wake-jet flow and the backward flow in the recirculation region. When X/D moves farther

downstream, this competition will decrease the jet flow velocity consistently and the jet cusp disappear

gradually. As a result, the mean velocity profiles recover gradually with the increase of X/D. In addition,

Fig.14 presents the distributions of mean Reynolds stress, which is a significant parameter to characterize

fluctuations of velocity in the wake. The distributions are nominally antisymmetric about the jet nozzle

(Y=0), which is due to the opposite directions of spanwise velocity induced by the counter-rotating vortex

pairs. Besides, as X/D shifts from 1.0 to 1.5, the Reynolds stress increases. In this region, jet flow from the

nozzle is developed and broadened, indicating that the turbulent velocity fluctuations are enhanced and so are

the Reynolds stress distributions. After that, the Reynolds stress distributions experience a gradual decrease,

because the wake flow gradually recover towards incoming airflow and its fluctuations both in streamwise and

transverse directions are gradually weakened. It can also be noted that, at each X/D station, the Reynolds

stress tends to diminish with the increase of Cµ, suggesting that the stronger the wake-jet flow is, the more

active the momentum exchange between the active jet and the surrounding airflow will be.

Figure 15 present different profiles of the fluctuating streamwise velocity. The figure shows that two peaks

lying at the two sides of the centerline behind the bare cylinder, i.e. a double-cusp pattern. However, the

streamwise velocity fluctuation profiles exhibit quadruple-cusp patterns in the near wake for the controlled

cylinders. This is associated with the swirling patterns of vortices formed in the recirculation region. When

X/D moves farther downstream and gets rid of the backward flow in the recirculation region, the profiles
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Figure 11: (Color online) The mean flow field measured by PIV system in the jet section of the cylindrical test model for different

Cµ
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Figure 12: The time-averaged vortex formation length behind the cylindrical test model for different Cµ

all switch to be double-cusp. The distributions of fluctuating transverse velocity are shown in Fig.16. The

transverse fluctuation of velocity exhibits similarity to the Reynolds stress distributions. It is known that

the interaction between the shear-layers in the wake affects crucially the transverse velocity fluctuation.

Therefore, the vortex interaction in the near wake of the controlled cylinder is alleviated and prevented to

some extent, as shown in the instantaneous wake flows discussed above.

We note different wake flow patterns behind the mid-span and jet sections (Figs. 9 and 11) due to the

three-dimensional nature of the cylinder flow with active jet. The spanwise flow structures measured at

the jet plane (Y/D=0) are illustrated in Fig.17. For the baseline case, there is a velocity region where the

backflow obviously forming a recirculation region behind the cylinder, as can also be noted in Fig.11. For

the controlled cylinders, the jet vortex pairs with opposite rotations can be clearly identified for controlled

cases. It is found that the instantaneous flow structures at Y/D= 0 are nearly stable and symmetric about

the jet nozzle. This observation is different from the wake vortices at the plane of Z/D=0.5. The latter ones

are due to the interaction with the shear layers from upper and lower sides of the cylinder. In addition, the

active jet flow are observed to affect a farther region along the streamwise direction and the recirculation

regions are pushed further downstream with a larger Cµ. This is consistent with above discussions.

3.3. Discussions

It is noted in Fig.9 that CD increases while C ′
L trends to be stable as Cµ exceeds a turning point about

0.10. The trend in mean drag is similar to some previously reported results. For instance, Apelt et al. (1973)

investigated the flow around a circular cylinder modified with a splitter plate and they observed that the

mean drag of the cylinder with a short splitter plate (L/D<1) would progressively decrease with the increase

of splitter length (L). However, as the splitter length exceeds a critical value (L/D=1), the drag coefficient

experiences an upward trend and the drag reduction effect is reduced, as illustrated in Fig.5 of Apelt et al.

(1973).
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Figure 13: (Color online) Profiles of the mean streamwise velocity behind the cylindrical test model for different Cµ
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Figure 14: (Color online) Reynolds stress distributions behind the cylindrical test model for different Cµ
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Figure 15: (Color online) Profiles of the fluctuating streamwise velocity behind the cylindrical test model for different Cµ
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Figure 16: (Color online) Profiles of the fluctuating transverse velocity behind the cylindrical test model for different Cµ
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Figure 17: (Color online) The instantaneous flow structures in the plane of Y=0 for different Cµ
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virtual plate
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Figure 18: Schematics of the vortex formation behind a circular cylinder with virtual splitter-plate

Amitay et al. (1997) employed synthetic jets to modify the aerodynamic behaviors of a circular cylinder.

They suggested that the recirculating regimes near the solid wall acted as a ‘virtual surface’ to push the

streamlines outside. From a similar point of view, the effects of wake jets in the present study are actually to

form a ‘virtual plate’ in the cylinder wake (as shown in Figs.11 and 17), so the aerodynamic behaviors of the

controlled cylinder in the present study exhibit similar trends to the cylinder hinged with a solid wake-splitter.

The schematics in Fig.18 illustrates the saturation effects of ‘virtual plate’ on vortex formation process. When

Cµ is small, the virtual plate is short (the upper subplot), and the plate prevents the interaction of separated

flows. This prevention process is gradually enhanced with the increase of virtual plate (Cµ), so C ′
L will

witness a gradual decrease. The middle subplot of Fig.18 represents the turning point. In this case, the tails

of shear flows touch at the trailing edge of the virtual plate. Furthermore, when Cµ continues to grow, the

enlarged length of virtual plate will not further create significant change to the vortex formation in the wake

(see the lower subplot). As a result, C ′
L remains relatively stable.

4. Conclusion

In the current study, a wind tunnel investigation is conducted at a Reynolds number of Re= 3.33 ×

104 to investigate the effectiveness of active wake-jets (characterized by a dimensionless jet momentum

coefficient (Cµ)) to manipulate the vortex shedding patterns so as to decrease the fluctuating amplitudes

of the aerodynamic coefficients. Both surface pressure and detailed flow measurements (PIV) are performed
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to study the flow characteristics of the cylindrical model with different Cµ. The principal conclusions from

this experimental work are as follows.

The active jet into the wake can suppress effectively the drag and lift forces. On the basis of pressure

measurement results, the control effectiveness on fluctuations of lift coefficient meets a saturation when Cµ

exceeds 0.0963. Compared to the bare cylinder, the RMS value of lift forces is estimated to be decreased

up to 81.2% at the Cµ of 0.1560. Besides, the best drag reduction (about 16-18%) is achieved in the Cµ

range of 0.0796-0.1146. As Cµ continues to go high, the control effect of drag reduction is slightly decreased.

In addition, with the implementation of the active jet control, the vortex shedding frequency is minimally

increased.

The PIV measurement results confirmed the observations from the pressure measurement. Compared to

the baseline case, the recirculation regions behind the controlled cylinder are elongated and pushed down-

stream. Moreover, the TKE distributions in the wake flow behind the controlled cylinders are much smaller

than the baseline case, indicating stabilized cylinder wakes. The instantaneous wake vortex structures reveal

that these great modifications to the cylinder flow are due to the interaction of the jet flows with the shear

flows from both sides of the cylinder. With sufficiently large Cµ, the alternating shear layers are switched

into two parallel arrays. To conclude, the mechanism of the active wake-jet control is to impose steady and

symmetric perturbations into the unsteady and asymmetric flows in the cylinder wake, so as to alleviate the

periodic vortex shedding and reduce the fluctuations of aerodynamic forces effectively.
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 The effects of active wake-jets on the suppression of aerodynamic forces and the 

manipulation of wake flow evolution behind a cylinder are investigated at a 

subcritical Reynolds number. 

 Pressure measurement results demonstrate that the lift force acting on the test 

model is greatly reduced and drag decreased with the control of active wake-jets. 

 A higher jet momentum coefficient contributes to a better control effectiveness in 

unsteady lift forces but not necessarily a better drag reduction. 

 the active jet control scheme imposes steady and symmetric perturbations into the 

unsteady and asymmetric cylinder flows and the vortex shedding pattern behind 

the controlled cylinder is greatly modified, vortex formation length significantly 

elongated and the fluctuations of aerodynamic forces conceivably suppressed. 


