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Abstract

The time-averaged velocity and streamwise vorticity fields within the wake of a stack were investigated in a low-speed

wind tunnel using a seven-hole pressure probe. The experiments were conducted at a Reynolds number, based on the

stack external diameter, of ReD ¼ 2.3� 104. The stack, of aspect ratio AR ¼ 9, was mounted normal to a ground plane

and was partially immersed in a flat-plate turbulent boundary layer, where the ratio of the boundary layer thickness to

the stack height was d/HE0.5. The jet-to-cross-flow velocity ratio was varied from R ¼ 0 to 3, which covered the

downwash, crosswind-dominated and jet-dominated flow regimes. In the downwash and crosswind-dominated flow

regimes, two pairs of counter-rotating streamwise vortex structures were identified within the stack wake. The tip

vortex pair located close to the free end of the stack, and the base vortex pair located close to the ground plane within

the flat-plate boundary layer, were similar to those found in the wake of a finite circular cylinder, and were associated

with the upwash and downwash flow fields within the stack wake, respectively. In the jet-dominated flow regime, a third

pair of streamwise vortex structures was observed, referred to as the jet-wake vortex pair, which occurred within the

jet-wake region above the free end of the stack. The jet-wake vortex pair had the same orientation as the base vortex

pair and was associated with the jet rise. The peak vorticity and strength of the streamwise vortex structures were

functions of the jet-to-cross-flow velocity ratio. For the tip vortex structures, their peak vorticity and strength reduced

as the jet-to-cross-flow velocity ratio increased.

r 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

The simplest stack geometry can be represented by a uniform-diameter circular cylinder of finite height mounted

normal to a ground plane. The separated flow field of a finite circular cylinder is complex and strongly three-

dimensional, due to the flow around the base (the cylinder–wall junction) and over the free end (Kawamura et al., 1984;

Okamoto, 1991; Tanaka and Murata, 1999; Sumner et al., 2004; Adaramola et al., 2006; Wang et al., 2006). There are
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marked changes in the near-wake flow structure along the cylinder height and these changes are strongly influenced by

the cylinder’s aspect ratio, AR ( ¼ H/D, where H and D are the height and diameter of the cylinder, respectively), and

the relative thickness of the flat-plate boundary layer on the ground plane, d/H or d/D (where d is the boundary layer

thickness at the location of the cylinder). When the aspect ratio exceeds a critical value (which depends on d/H and

other parameters), two pairs of counter-rotating streamwise vortex structures are found within the wake of the finite

circular cylinder (Tanaka and Murata, 1999; Sumner et al., 2004). The first pair, called the tip vortex structures, is

formed close to the free end, while the second pair, known as the base vortex structures, is found within the flat-plate

boundary layer on the ground plane close to the base of the cylinder. The tip vortex structures interact in a complex

manner with Kármán vortex shedding from the sides of the cylinder, and are responsible for a downward-directed local

velocity field near the free end referred to as ‘‘downwash.’’ The base vortex structures, on the other hand, induce an

‘‘upwash’’ velocity field closer to the ground plane (Sumner et al., 2004; Adaramola et al., 2006; Wang et al., 2006). A

localized region of low mean streamwise velocity and high turbulence intensity is found behind the cylinder, centred

between the four main streamwise vortex structures (Adaramola et al., 2006). The location of the tip vortex structures

has been shown to depend on the ground plane boundary layer thickness (Wang et al., 2006).

Compared with a finite circular cylinder, the presence of a jet flow issuing from the stack (see Fig. 1) gives rise to an

even more complicated flow structure, both around the stack and in its wake. The behaviour of a turbulent round jet

discharged normally into a cross-flow depends on how the jet is injected and, for a non-buoyant jet flow, the jet-to-

cross-flow velocity ratio, R ( ¼ Ue/UN, where Ue is the average jet exit velocity and UN is the freestream velocity). The

jet can be injected through either an orifice on the ground plane, which is referred to as ground-level source jet, or from

an elevated source, as in the case of the stack. There is extensive work on the ground-level source jet in the literature

(e.g., Moussa et al., 1977; Andreopoulos and Rodi, 1984; Fric and Roshko, 1994; Smith and Mungal, 1998; Lim et al.,

2001; Wegner et al., 2004; New et al., 2006). For a ground-level source jet, four distinct vortical structures have been
Fig. 1. Stack of uniform circular cross-section (of external diameter, D, internal diameter, d, and height, H) mounted normal to a

ground plane and partially immersed in a turbulent flat-plate boundary layer (with thickness, d, streamwise velocity profile, u(z), and

freestream velocity, UN): (a) top view; (b) side view.
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identified (e.g., Fric and Roshko, 1994; Smith and Mungal, 1998): horseshoe vortices, the jet shear layer or leading-edge

vortices (Lim et al., 2001), the wake structures and the counter-rotating vortex pair. In addition to the velocity ratio

effect, the inclination of the jet flow also has an effect on the jet behaviour and the impact of the cross-flow on it. For

instance, Wegner et al. (2004) reported that for R ¼ 0.5, the jet mixing and the strength of the counter-rotating vortex

pair increase with the angle of the inclination of the jet to the cross-flow. For the elevated jet in cross-flow, representing

a stack, the local flow field is characterized by the complex interactions between the jet and stack wakes, shear produced

by the upward momentum of the jet, and downwash flow. Following the definition of Eiff and Keffer (1999) and

Adaramola et al. (2007), the stack wake is defined as the region 0oz/Hr1 (where x is the streamwise coordinate, y is

the cross-stream coordinate, and z is the wall-normal coordinate, with the origin at the base of the stack, as shown in

Fig. 1), while the jet wake is defined as the region z/H41.

Much of the attention in the stack literature has focused on the jet rise [e.g., Overcamp and Ku (1988)], since the

dispersion of pollutants is the primary purpose of a stack. In contrast, there are relatively few studies that present detailed

measurements in the near-wake or the local flow field of the stack. Of the available studies that present velocity

measurements (Eiff et al., 1995; Johnston and Wilson, 1997; Eiff and Keffer, 1997, 1999; Huang and Hsieh, 2002, 2003;

Mahjoub Saı̈d et al., 2005, 2007; Adaramola et al., 2007), they have generally been restricted to localized regions of the flow

field, such as velocity profiles within the jet-wake region (Eiff et al., 1995; Eiff and Keffer, 1999), or velocity measurements

within a vertical plane on the wake centreline (Huang and Hsieh, 2002, 2003; Mahjoub Saı̈d et al., 2005, 2007).

The flow topology in the vertical plane along the stack wake centreline (the x–z plane, Fig. 1(b)) has been used to

classify the stack and jet-wake flow patterns into a number of flow regimes based on the approximate value of R. Huang

and Hsieh (2002, 2003), using a stack of AR ¼ 25, identified four flow regimes: (i) downwash flow (Ro0.95),

(ii) crosswind-dominated flow (0.95oRo1.4), (iii) transitional flow (1.4oRo2.4), and (iv) jet-dominated flow

(R42.4). A similar study of the local flow field of a small-aspect-ratio stack of AR ¼ 8.3, by Mahjoub Saı̈d et al. (2005),

identified three zones within the jet: zone 1, immediately above the stack exit, where the jet dominates the flow; zone 2,

where the jet begins to bend and the jet flow and cross-flow have the same velocity; and zone 3, further downstream,

where the cross-flow dominates the flow. Depending on the value of R and the corresponding flow regime, one or more

of these zones may be absent.

Few studies of the stack flow field have considered wake velocity measurements within vertical planes normal to the

streamwise direction (the y–z plane), further downstream of the jet exit. Adaramola et al. (2007) studied a small-aspect-

ratio stack of AR ¼ 9, which was partially immersed in a flat-plate turbulent boundary layer, and used hot-wire

anemometry to measure the turbulent wake for R ¼ 0 to 3. Based on their near-field velocity measurements obtained in

the y–z plane, the behaviour of the stack was broadly classified into three flow regimes; adopting the terminology used

by Huang and Hsieh (2002, 2003), these flow regimes were classified as the downwash (Ro0.7), the crosswind-

dominated (0.7rRo1.5), and the jet-dominated (RZ1.5) flow regimes. Each flow regime had a distinct structure to the

mean velocity fields and Reynolds stresses (Adaramola et al., 2007). They also reported a strong influence of R on the

variation of the Strouhal number, St ( ¼ fsD/UN, where fs is the Kármán vortex shedding frequency), along the stack

height. For RZ1.5, they observed a two-cell structure behaviour in the Strouhal number along the height of the stack.

In agreement with Eiff et al. (1995) and Eiff and Keffer (1997, 1999), for a stack of AR ¼ 8, the value of St within the

stack and jet wakes was the same (for a given value of R), which suggested that similar vortices (or a single vortex

structure) were being shed in both wakes. Moussa et al. (1977) also reported that the vortex shedding from the jet is

controlled by the Kármán vortex shedding from the sides of the stack.

The complex nature of the wake structure of this flow and its significant variation with R, combined with the limited

velocity measurements presented in the literature, together are motivation for further study of the local flow field of the

stack. Information is also lacking on the behaviour of the streamwise vortex structures within the stack wake. These

structures are known to have an important role in the problem of stack downwash (Johnston and Wilson, 1997), which

occurs at low jet-to-cross-flow velocity ratios, yet they have not been extensively investigated in the literature. Further

information on these structures will therefore contribute to an improved physical overall understanding of the stack

wake and the downwash phenomenon. As a first step towards this understanding, a seven-hole pressure probe is used in

the present study to examine the behaviour of the streamwise vortex structures in the near-field of a small-aspect-ratio

(AR ¼ 9) stack, for a range of jet-to-cross-flow velocity ratios.
2. Experimental approach

The experimental set-up (Fig. 2) was similar to that adopted by Adaramola et al. (2007). The experiments were

conducted in a low-speed, closed-return wind tunnel with a test-section of 0.91m (height)� 1.13m (width)� 1.96m
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Fig. 2. Experiment set-up in the wind tunnel for the stack experiments.
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(length). The longitudinal freestream turbulence intensity was less than 0.6% and the velocity non-uniformity outside

the test-section wall boundary layers was less than 0.5%. The test-section floor was fitted with a ground plane.

A roughness strip located about 200mm from leading edge of the ground plane was used to enhance the development of

a turbulent boundary layer on the ground plane at the location of the stack.

2.1. Experimental apparatus

A cylindrical stack of H ¼ 171.5mm, D ¼ 19.1mm, d/D ¼ 0.67, and AR ¼ 9, was used in the present study. This

aspect ratio exceeds the critical aspect ratio for a finite circular cylinder, meaning that the stack is sufficiently slender for

Kármán vortex shedding, and is consistent with the range of aspect ratios (AR ¼ 8–25) used in other studies from the

literature.

The experiments were conducted at a freestream velocity of UN ¼ 20m/s, giving a Reynolds number, based on the

stack external diameter, of ReD ¼ 2.3� 104. The stack was located 700mm downstream of the rough strip on the

ground plane. At the location of the stack, the turbulent boundary layer on the ground plane provided a thickness-to-

height ratio of d/HE0.5 and the Reynolds number based on the boundary layer momentum thickness, y, was

Rey ¼ 0.86� 104.

The air exiting the stack was unheated. A pair of screens was installed at the stack supply inlet to ensure the flow

exiting the stack was turbulent. The exhaust velocity of the non-buoyant stack jet was varied with two MKS 1559A-

200L mass flow controllers arranged in parallel. The jet-to-cross-flow velocity ratio was varied from R ¼ 0 (no jet

exiting the stack, i.e., a finite circular cylinder) to R ¼ 3. The jet Reynolds number (based on the internal diameter of the

stack and the average jet exit velocity) for the minimum exit velocity, when R ¼ 0.5, was Red ¼ 7.6� 103, and for the

maximum exit velocity, when R ¼ 3, was Red ¼ 4.7� 104. The mean axial velocity profiles measured at a distance of 1d

from the stack exit were similar to the typical velocity profile for a turbulent pipe flow [see Adaramola et al. (2007)].

2.2. Measurement instrumentation

The wind tunnel data were acquired with a personal computer, a National Instruments PCI-6031E 16-bit data

acquisition card, and LabVIEW software. The freestream conditions were obtained with a Pitot-static probe

(United Sensor, 3.2mm diameter), Datametrics Barocel absolute and differential pressure transducers, and an Analog

Devices AD590 integrated circuit temperature transducer. Data were sampled at 500Hz for a period of 20 s.

Wake measurements were made with a seven-hole pressure probe (3.45mm diameter, 301 cone angle). The seven

pressures were measured with a Scanivalve ZOC-17 pressure scanner. A BOC Edwards Barocel differential pressure

transducer with a thermal base was used as a transfer standard for ‘‘online’’ calibration of the ZOC-17 during

measurements. The probe was calibrated in situ using an automated variable-angle calibrator, with a calibration grid

spacing of 8.11 over a flow angle range of 772.91. A direct-interpolation calibration data-reduction method was used

(Sumner, 2002). The measurement uncertainty was estimated to be less than 31 for the flow angle and less than 5% for

the velocity magnitude.
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The seven-hole probe was mounted in a three-axis, computer-controlled probe traversing system. For each value

of R, the time-averaged wake velocity field (velocity components u, v, w, in the streamwise (x), cross-stream (y), and

wall-normal (z) directions, respectively) was measured with the seven-hole probe on a 5mm uniform grid.

Measurements were made in a vertical (x–z) plane along the wake centreline (at y/D ¼ 0) and in vertical (y–z) planes

normal to the streamwise direction for x/D ¼ 6–10.

From the velocity fields normal to the streamwise direction, the time-averaged streamwise vorticity field, ox(y, z), was

determined using a first-order central-difference approach. In order to determine the circulation of the vortex structures

and the vortex area, a vorticity cut-off of ox* ¼ 0.04 (where ox* ¼ oxD/UN) was used as a minimum vorticity level,

similar to the approach used by Sumner et al. (2004); ox* ¼ 0.04 was found to be the smallest contour value that

sensibly and meaningfully defined the vortices, and corresponded to about 10% of the maximum vorticity encountered

in all of the experiments. The size of the vortex was then determined by identifying connected regions of like-sign

vorticity that exceed the minimum level. Similarly, the total circulation (or strength), G, for each vortex structure was

found by summation of the vorticity greater than the cut-off value of ox* ¼ 0.04 comprising the vortex [again, similar

to Sumner et al. (2004)].
3. Results and discussion

Based on the previous study by Adaramola et al. (2007), which examined the turbulent velocity field behind the stack

using hot-wire anemometry, the stack flow field can be broadly classified into three flow regimes depending on the value

of the jet-to-cross-flow velocity ratio, R. In the present study, which was conducted at seven different velocity ratios,

R ¼ 0 and 0.5 corresponded to the downwash flow regime, R ¼ 1 corresponded to the crosswind-dominated flow

regime, and R ¼ 1.5, 2, 2.5, and 3 corresponded to the jet-dominated flow regime.

3.1. Velocity vector fields in planes on the wake centreline

The time-averaged velocity fields measured in vertical planes situated on the stack wake centreline (y/D ¼ 0) are

shown in Figs. 3–5 for the three different flow regimes. In these figures, the blank space behind the stack (where there is

an absence of velocity vectors) indicate the region where the flow exceeded the angular range of the seven-hole probe

(Sumner, 2002; Sumner et al., 2004), which was estimated at 7701. Much of the flow in these blank regions will also

be reversing, and therefore the blank regions can be broadly interpreted as, or can approximately represent, the

recirculation zones behind the stack and jet. The details of the flow within these blank regions, i.e., within the near-wake

of the stack and about the immediate vicinity of the free end and the jet exit, have already been reported in other studies

in the literature. For instance, Huang and Hsieh (2002, 2003) used flow visualization and laser Doppler velocimetry

(LDV) to study the near-wake of a stack for x/Do10, focusing on the topology of the flow patterns on the vertical

symmetry plane. Also, Mahjoub Saı̈d et al. (2005, 2007) used numerical modelling, particle image velocimetry (PIV) and

laser tomography visualization to study the near-wake of a stack for x/Do7.

When R ¼ 0 (Fig. 3(a)), which corresponds to the case of the finite circular cylinder (no jet flow exiting the stack),

strong downwash flow (downward-directed velocity vectors) occurs within the near-wake of the stack. The downwash

originates near the free end and extends downwards towards the mid-height of the stack. An upwash flow

(upward-directed velocity vectors) is observed near the ground plane and within the flat-plate boundary layer. These

downwash and upwash flows are similar to the results for a finite circular cylinder, as reported by Tanaka and Murata

(1999) for AR ¼ 10 and Sumner et al. (2004) and Adaramola et al. (2006) for ARZ5. The streamwise extent of the

region of recirculating flow (the blank region without velocity vectors) varies along the stack height, with its maximum

length occurring near mid-height. Finite circular cylinder experiments have shown that as the cylinder aspect ratio

increases, the maximum streamwise extent of this region decreases and approaches the size observed for an infinite

cylinder [e.g., Okamoto (1991); Tanaka and Murata (1999); Sumner et al. (2004)].

In the case of R ¼ 0.5 (Fig. 3(b)), which corresponds to the downwash flow regime (weak jet flow exiting the stack),

downwash continues to be observed within the stack wake near the free end, and upwash flow is observed near the

ground plane and within the ground plane boundary layer. The flow pattern is similar to the finite-cylinder case, when

R ¼ 0 (Fig. 3(a)), but the strength of the downwash flow, and the streamwise and vertical extent of the upwash flow, are

both smaller. In addition, for R ¼ 0.5, the streamwise extent of the recirculation region is smaller and extends more

toward the stack free end. This may be due to the presence of the weak jet flow, which reduces the downwash flow into

the stack wake but is not strong enough to prevent it entirely. The experiments by Huang and Hsieh (2002, 2003) for

R ¼ 0.1 and 0.43, ReD ¼ 2074, and AR ¼ 25, showed that a portion of the downwash flow recirculates upstream and
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Fig. 3. The time-averaged velocity field along the wake centreline (u, w velocity components, measured in a vertical plane at y/D ¼ 0)

for the downwash flow regime: (a) R ¼ 0, (b) R ¼ 0.5.

Fig. 4. The time-averaged velocity field along the wake centreline (u, w velocity components, measured in a vertical plane at y/D ¼ 0)

for the crosswind-dominated flow regime, R ¼ 1.
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appears to stagnate on the rear surface of the stack. This behaviour of the near-wake recirculation zone was confirmed

in the experiments of Mahjoub Saı̈d et al. (2007), for R ¼ 0.5, ReD ¼ 5330, and AR ¼ 8.3.

For the crosswind-dominated flow regime, shown for R ¼ 1 in Fig. 4, the downwash flow is absent in the near-wake

of the stack. The streamwise extent of the upwash flow and the recirculation region within the stack wake are now

smaller compared with the downwash flow regime (Fig. 3(b)). Another recirculation region (again, denoted by the blank

region with the absence of velocity vectors) is also observed above the free end of the stack and within the jet wake

(extending to x/D ¼ 3). This region may contain the jet-wake vortex (with axis normal to the vertical plane) observed by
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Huang and Hsieh (2002) for 0.95oRo2.4, which they reported to be the result of ‘‘interaction between the jet shear

layer and downwash flow.’’ From the experiments of Mahjoub Saı̈d et al. (2007) at R ¼ 1 and Re ¼ 5330, this vortex

was less apparent and the flow immediately behind the stack was mostly stagnant.

In the case of the jet-dominated flow regime, when RZ1.5 (Fig. 5), the stronger momentum of the jet flow allows it to

penetrate deeper into the cross-flow, as shown by the strong upward-directed velocity vectors above the free end

of the stack. The increasing strength of the jet is evident as the velocity ratio increases from R ¼ 1.5 (Fig. 5(a)) to R ¼ 3

(Fig. 5(d)). With the increased jet rise, the recirculation region within the jet wake is now larger compared to the

crosswind-dominated flow regime at R ¼ 1 (Fig. 4). A strong recirculation region within the jet wake was also observed

by Mahjoub Saı̈d et al. (2005, 2007). With increasing R, there is also a corresponding reduction in the size of the
Fig. 5. The time-averaged velocity field along the wake centreline (u, w velocity components, measured in a vertical plane at y/D ¼ 0)

for the jet-dominated flow regime: (a) R ¼ 1.5; (b) R ¼ 2; (c) R ¼ 2.5; (d) R ¼ 3.
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recirculation region within the stack wake, and the streamwise extent of this region becomes shorter and more uniform

along the stack height. The experiments by Mahjoub Saı̈d et al. (2007) showed the mean flow within the stack near-

wake region to be more disorderly. With the increase in momentum of the jet, therefore, the stack wake becomes closer

to that of an infinite circular cylinder; in other words, the presence of the jet flow increases the effective aspect ratio of

the stack (Adaramola et al., 2007).
3.2. Velocity vector and vorticity fields in planes normal to the streamwise direction

The time-averaged velocity fields measured in vertical planes normal to the streamwise direction (v, w velocity

components, measured in the y–z plane) are presented in the upper parts of Figs. 6–12. Shown in the lower parts

of Figs. 6–12 are the corresponding time-averaged streamwise vorticity (ox*) fields. The vorticity is presented as a

contour plot, where the solid contour lines represent positive (CCW) vorticity and the dashed contour lines represent

negative (CW) vorticity. Results are shown for two or three streamwise positions (x/D), depending on the value of R. In

these figures, the minimum vorticity contour shown corresponds to a magnitude of ox* ¼ 0.04.

For all of the velocity ratios (R ¼ 0–3, Figs. 6–12), the velocity vector fields show an upwash flow within the flat-plate

boundary layer on the ground plane. The upwash strength is strongest within the flat-plate boundary layer on the

ground plane and reduces towards the mid-height of the stack. The upwash flow weakens with increasing streamwise

distance (x/D) from the stack.
3.2.1. Downwash flow regime

For the downwash flow regime (Figs. 6 and 7, for R ¼ 0 and 0.5, respectively), the velocity vector fields show the

presence of a strong downwash flow within the stack wake and below the stack free end. The strength of the downwash

flow reduces along the height of the stack when moving away from the free end and towards the ground plane. There

are also two counter-rotating vortex pairs within the stack wake: one pair near the stack free end, referred to as the ‘‘tip

vortex pair’’, and another of opposite sense of rotation closer to the base of the stack, referred to as the ‘‘base vortex

pair.’’ These two pairs of vortex structures are evident in the time-averaged cross-stream velocity vector fields, and are

also observed in the wake of a finite circular cylinder (Tanaka and Murata, 1999; Sumner et al., 2004; Wang et al.,

2006).

Similar to the case of the finite circular cylinder, the tip vortex pair and the base vortex pair are associated with the

downwash velocity along the wake centreline behind the free end of the stack (as shown in the vortex pair model

described by Johnston and Wilson (1997)) and the upwash velocity within the plane-wall boundary layer close to the

ground plane, respectively. The region on the wake centreline behind the cylinder, centred between the four vortex

centres, where the upwash and downwash flows meet and interact, is also known to be an area of elevated streamwise

and wall-normal turbulence intensity (Adaramola et al., 2007).

The tip vortex structures may represent the Kármán vortex axes that have been bent towards the tip, where a larger

portion of the vorticity is in the streamwise direction, while the base vortex structures may represent the same Kármán
vortex axes as they bend towards the cylinder–wall junction. The tip vortices may also be distinct vortex structures that

have their origin near the free end of the stack, similar to what was depicted by Kawamura et al. (1984). Nonetheless, a

definitive physical interpretation of these vortex structures remains lacking in the literature.

For R ¼ 0 (Fig. 6), the tip vortex pair at x/D ¼ 6 is located below the free end. This is similar to the observations

of Tanaka and Murata (1999) and Sumner et al. (2004) for a finite circular cylinder. For R ¼ 0.5 (Fig. 7), the

tip vortex pair moves toward the free end of the stack but still lies within the stack wake. In addition, the base vortex

structures become stretched in the vertical direction, but remain within the turbulent boundary layer on the ground

plane.
3.2.2. Crosswind-dominated flow regime

For the crosswind-dominated flow regime (Fig. 8, R ¼ 1), the velocity vector fields show that the downwash velocity

field is located further away from the ground plane and closer to the stack’s free end. The downwash flow is weaker than

for R ¼ 0.5 (Fig. 7). There are still two counter-rotating vortex pairs within the stack wake. However, the tip vortex pair

(which is associated with the downwash flow field) now extends above the free end while for x/D ¼ 6 (Fig. 8(a)) the base

vortex structures (which are associated with the upwash flow field) are stretched upward along the sides of the stack

towards the mid-height position. At x/D ¼ 10 (Fig. 8(b)), the base vortex structures are still confined to the boundary

layer on the ground plane. The region centred between the four vortex centres continues to be an area of elevated

turbulence intensity (Adaramola et al., 2007).
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Fig. 6. The time-averaged velocity vector field (v, w components) and streamwise vorticity field (ox*) downstream of the stack for

R ¼ 0 (downwash flow regime) measured in a vertical plane at (a) x/D ¼ 6 and (b) x/D ¼ 10. For the vorticity fields: solid contour

lines represent positive (CCW) vorticity; dashed contour lines represent negative (CW) vorticity; minimum vorticity contour of

ox* ¼70.04; contour increment of Dox* ¼ 0.04.
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3.2.3. Jet-dominated flow regime

For the jet-dominated flow regime (Figs. 9–12, for R ¼ 1.5, 2.0, 2.5, and 3, respectively), another and much stronger

upwash flow, related to the rise of the jet, occurs above the free end of the stack within the jet-wake region. This upwash

flow extends more than two to four stack diameters above the stack tip, depending on R. In contrast, the downwash

becomes weaker with increasing R, and effectively disappears at R ¼ 3 (Fig. 12). The vorticity fields now show a third

counter-rotating vortex pair, found within the jet-wake region, in addition to the tip vortex and base vortex pairs. This

third vortex pair is clearly associated with the rise of the jet and the additional upwash velocity field noted above. From

Adaramola et al. (2007), changes also occur in the streamwise and wall-normal turbulence intensity fields, and in the

behaviour of the streamwise-wall-normal Reynolds shear stress field.
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Fig. 7. The time-averaged velocity vector field (v, w components) and streamwise vorticity field (ox*) downstream of the stack for

R ¼ 0.5 (downwash flow regime) measured in a vertical plane at (a) x/D ¼ 6 and (b) x/D ¼ 10. For the vorticity fields: solid contour

lines represent positive (CCW) vorticity; dashed contour lines represent negative (CW) vorticity; minimum vorticity contour of

ox* ¼70.04; contour increment of Dox* ¼ 0.04.
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The base vortex structures remain stretched along the height of the stack, similar to the crosswind-dominated flow

regime; for R ¼ 1.5–2.5, at x/D ¼ 10, these vortices remain within the boundary layer on the ground plane. Quite the

opposite, the tip vortex structures are reduced in size within the jet-dominated flow regime and almost disappear when

R ¼ 3 (Fig. 12); this is consistent with the weakening of the downwash phenomenon. The third vortex pair, referred to

as the ‘‘jet-wake vortex pair’’, has the opposite sense of rotation to the tip vortex pair. The jet-wake vortex structures

are stronger than the tip vortex structures. A saddle point may be distinguished in the velocity vector field in the

jet-wake region on the wake centreline, where the v and w velocity components are zero. This saddle point separates the

tip and jet-wake counter-rotating vortex pairs. The location of this saddle point within the jet wake and above the stack

free end is observed to be slightly elevated with increasing R (Figs. 9–12), and disappears when R ¼ 3 (Fig. 12).



ARTICLE IN PRESS

Fig. 8. The time-averaged velocity vector field (v, w components) and streamwise vorticity field (ox*) downstream of the stack for

R ¼ 1 (crosswind-dominated flow regime) measured in a vertical plane at (a) x/D ¼ 6 and (b) x/D ¼ 10. For the vorticity fields: solid

contour lines represent positive (CCW) vorticity; dashed contour lines represent negative (CW) vorticity; minimum vorticity contour of

ox* ¼70.04; contour increment of Dox* ¼ 0.04.
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The jet-wake vortex structures are associated with the jet rise, and therefore their size and strength increase with R,

similar to the observation of Plesniak and Cusano (2005) for a ground-level source jet flow. The jet rise is evident in the

locations of the solid black dots in Figs. 9–12, which represent the locations of the maximum jet centreline velocity;

these locations occur farther away from the ground plane at x/D ¼ 10 compared with x/D ¼ 6.
3.3. Properties of the streamwise vortex structures

The values of the peak streamwise vorticity (ox) and vortex strength (circulation, G) of the base vortex, tip vortex and

the jet-wake vortex structures are shown in Fig. 13 for x/D ¼ 6 and 10 as a function of R (note that the jet vortex
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Fig. 9. The time-averaged velocity vector field (v, w components) and streamwise vorticity field (ox*) downstream of the stack for

R ¼ 1.5 (jet-dominated flow regime) measured in a vertical plane at (a) x/D ¼ 6 and (b) x/D ¼ 10. The black dot represents the jet flow

trajectory point. For the vorticity fields: solid contour lines represent positive (CCW) vorticity; dashed contour lines represent negative

(CW) vorticity; minimum vorticity contour of ox* ¼70.04; contour increment of Dox* ¼ 0.04.
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structures only exist for RZ1.5). The data shown in Fig. 13 represent an average of the vortices on either side of the

wake centreline. The general trend is for both the peak streamwise vorticity and the strength of the streamwise vortex

structures to decrease with increasing streamwise distance (x/D) from the stack. The tip vortex structures are more

strongly affected by the velocity ratio, compared to the base vortex structures, since they originate near the free end of

the stack where the interaction between the jet, cross-flow, and wake is the strongest. Furthermore, the tip vortices are

closely associated with the downwash phenomenon, which itself diminishes with increasing velocity ratio. In contrast,

the upwash within the boundary layer on the ground plane is relatively insensitive to the velocity ratio (as seen in the

earlier figures); hence, the properties of the base vortices (which are associated with the upwash) remain relatively

unaffected. It is noted that changes in the properties of the streamwise vortex structures with x/D and/or R may be
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Fig. 10. The time-averaged velocity vector field (v, w components) and streamwise vorticity field (ox*) downstream of the stack for

R ¼ 2 (jet-dominated flow regime) measured in a vertical plane at (a) x/D ¼ 6 and (b) x/D ¼ 10. The black dot represents the jet flow

trajectory point. For the vorticity fields: solid contour lines represent positive (CCW) vorticity; dashed contour lines represent negative

(CW) vorticity; minimum vorticity contour of ox* ¼70.04; contour increment of Dox* ¼ 0.04.
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attributed to several factors, including the redistribution of streamwise vorticity to other coordinate directions

(cross-stream or wall-normal vorticity components, neither of which were measured in the present experiments), the

diffusion of vorticity due to turbulence, dissipation of vorticity, or the cancellation of vorticity due to vorticity of

opposite sign.

At a given streamwise location, x/D, the peak streamwise vorticity (Fig. 13(a)) of the base vortex structures stays

relatively independent of R. For the tip vortex structures, at a given x/D, the peak streamwise vorticity value decreases

as R increases. This reduction in peak vorticity coincides with the reduction in the strength of the downwash flow from

the stack free end, the downwash resulting from the interaction of the two counter-rotating streamwise vortices
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Fig. 11. The time-averaged velocity vector field (v, w components) and streamwise vorticity field (ox*) downstream of the stack for

R ¼ 2.5 (jet-dominated flow regime) measured in a vertical plane at (a) x/D ¼ 6 and (b) x/D ¼ 10. The black dot represents the jet flow

trajectory point. For the vorticity fields: solid contour lines represent positive (CCW) vorticity; dashed contour lines represent negative

(CW) vorticity; minimum vorticity contour of ox* ¼70.04; contour increment of Dox* ¼ 0.04.
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comprising the pair (Johnston and Wilson, 1997; Sumner et al., 2004). In contrast, the peak streamwise vorticity

value of the jet vortex structures increases with R; this coincides with an increase in the momentum of the jet exiting

the stack.

The vortex strength or circulation (Fig. 13(b)) data at R ¼ 0 (where there is no jet exiting the stack, corresponding to

the case of the finite circular cylinder) are similar to those from Sumner et al. (2004), despite the differences in Reynolds

number and d/H. The base vortex strength at x/D ¼ 6 increases gradually from R ¼ 0 (downwash flow regime) to R ¼ 3

(jet-dominated flow regime). A little farther from the stack, at x/D ¼ 10, however, the base vortex strength shows less

sensitivity to R. The tip vortex strength decreases as R increases, with the largest decrease occurring when moving from
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Fig. 12. The time-averaged velocity vector field (v, w components) and streamwise vorticity field (ox*) downstream of the stack for

R ¼ 3 (jet-dominated flow regime) measured in a vertical plane at (a) x/D ¼ 6 and (b) x/D ¼ 10. The black dot represents the jet flow

trajectory point. For the vorticity fields: solid contour lines represent positive (CCW) vorticity; dashed contour lines represent negative

(CW) vorticity; minimum vorticity contour of ox* ¼70.04; contour increment of Dox* ¼ 0.04.
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the downwash and crosswind-dominated flow regimes (Rr1) to the jet-dominated flow regime (R41). Similar to the

peak vorticity values, the strength of the jet vortex structures increases with R.
4. Conclusions

In the present study, a seven-hole pressure probe was used to measure the time-averaged velocity and streamwise

vorticity fields in the wake of a stack operating at jet-to-cross-flow velocity ratios ranging from R ¼ 0 to 3 at a stack

Reynolds number of ReD ¼ 2.3� 104. The stack, of aspect ratio AR ¼ 9, was mounted normal to a ground plane and
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Fig. 13. Time-averaged properties of the streamwise vortex structures at x/D ¼ 6 and x/D ¼ 10: (a) peak streamwise vorticity; (b)

vortex strength (circulation). Stack (current study): &, base vortex structures; J, tip vortex structures; n, jet-wake vortex structures.

Finite circular cylinder (Sumner et al., 2004), AR ¼ 9, ReD ¼ 6� 104, d/H ¼ 0.3: ’, base vortex structures; K, tip vortex structures.
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was partially immersed in a flat-plate turbulent boundary layer, where the ratio of the boundary layer thickness

to the stack height was d/HE0.5. The range of velocity ratio covered three main flow regimes describing the fluid

behaviour close to the stack, namely the downwash, crosswind-dominated, and jet-dominated flow regimes. As R is

varied, marked changes occur in the downwash velocity field, the location, strength, and number of counter-rotating

streamwise vortex pairs, and the size and shape of the recirculation zone in the near-wake of the stack.

In the downwash flow regime (Ro0.7), the flow is similar to that of a finite circular cylinder, with two pairs of

counter-rotating streamwise vortex structures in the stack wake. The tip vortex pair is found closer to the free end of the

stack and is associated with a strong downwash velocity field immediately behind the stack. The weaker base vortex pair

is found within the boundary layer on the ground plane and is associated with an upwash velocity field directed away

from the ground plane.

In the crosswind-dominated flow regime (0.7rRo1.5), the tip vortex pair is located just above the free end of the

stack and the base vortex pair becomes stretched vertically towards the mid-height of the stack. The downwash velocity

field and the associated tip vortex pairs are weakened compared to the downwash flow regime.

For the jet-dominated flow regime (RZ1.5), three pairs of counter-rotating streamwise vortex structures are

observed. In addition to the tip vortex and base vortex pairs found at lower velocity ratios, the jet-wake vortex pair

appears in the jet-wake region above the free end of the stack. The jet-wake vortex pair is associated with the jet rise and

a strong upwash velocity on the jet wake centreline.

Based on the results of the present study, a schematic of the flow field for the jet-dominated flow regime is presented

in Fig. 14, which shows the three main types of time-averaged streamwise vortex pairs. Also shown in Fig. 14 are the

other main wake vortex flow patterns, namely Kármán vortex shedding from the main body of the stack [discussed in

more detail in the earlier study by Adaramola et al. (2007)] and the horseshoe vortex which forms at the stack-wall

junction (which has received extensive treatment elsewhere in the literature). For the downwash and crosswind-

dominated flow regimes, for which the jet-wake vortex pair is absent, the proposed model of the wake flow is consistent

with the wake vortex flow patterns described by Kawamura et al. (1984) (for finite cylinders greater than the critical

aspect ratio) and the tip-vortex-downwash model proposed by Johnston and Wilson (1997). For the jet-dominated

regime, the appearance of the jet-wake vortex pair in the schematic is consistent with the jet-wake vortex flow patterns

proposed by Eiff and Keffer (1997).

The schematic in Fig. 14 is an attempt to summarize the main flow features identified in the present study, and, taken

together with the other models proposed in the literature, is another step towards developing a comprehensive physical
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Fig. 14. Schematic of the flow behind a stack operating in the jet-dominated flow regime, based on the results of the present study,

showing the main time-averaged streamwise vortex structures.
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explanation of the behaviour of the flow around a stack. The exact behaviour of the streamwise vortex structures close

to the stack, i.e. in the vicinity of the recirculation zone and near the free end, and the interactions between the

streamwise vortex structures and the Kármán vortices, remain ambiguous (even for the simpler case of the finite circular

cylinder), and are absent in the model shown in Fig. 14. The relationship, if any, between the streamwise vortex pairs

and the attached vortex structures near the free end and within the jet-wake region, which were documented by Huang

and Hsieh (2002, 2003), is uncertain. Also, synchronization of the Kármán vortex structures in the stack wake region

with similar vortex structures in the jet-wake region, observed by Eiff et al. (1995), Eiff and Keffer (1997, 1999), and

Moussa et al. (1977), will need to be incorporated into a comprehensive model of the flow behaviour.
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