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Abstract

The effect of the jet-to-cross-flow velocity ratio, R, on the turbulent wake and Karman vortex shedding for a
cylindrical stack of aspect ratio AR = 9 was investigated in a low-speed wind tunnel using thermal anemometry. The
cross-flow Reynolds number was Rep = 2.3 x 10%, the jet Reynolds number ranged from Re, = 7.6 x 10% to 4.7 x 10%,
and R was varied from 0 to 3. The stack was partially immersed in a flat-plate turbulent boundary layer, with a
boundary layer thickness-to-stack-height ratio of 6/H = 0.5 at the location of the stack. From the behaviour of the
turbulent wake and the vortex shedding, the flow around the stack could be classified into three regimes depending on
the value of R, which were the downwash (R<0.7), cross-wind-dominated (0.7< R<1.5), and jet-dominated (R>1.5)
flow regimes. Each flow regime had a distinct structure to the mean velocity (streamwise and wall-normal directions),
turbulence intensity (streamwise and wall-normal directions), and Reynolds shear stress fields, as well as the variation of
the Strouhal number and the power spectrum along the stack height.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Stacks are used to reduce the ground-level concentration of an exhaust gas by emission of the exhaust gas at greater
heights. For a stack mounted on a building rooftop, the local velocity field, the origin and development of the rooftop
boundary layer, the proximity of other buildings and structures, the stack exit temperature and velocity, and the wind
velocity and direction, are major factors that affect the rise and dispersion of the stack jet or plume (Wilson, 1979;
Schulman and Scire, 1991). Engineering design guidelines for rooftop-mounted stacks are well established (ASHRAE,
1999, 2001) and the behaviour of stack jets and buoyant plumes has been extensively studied (Briggs, 1984).

In addition to the behaviour of the jet or plume, many of the same factors mentioned above also influence the local
flow field of the stack itself. In order to understand the local flow field around a rooftop stack, which has not been
extensively reported in the literature, there is need to study the jet and its interaction with near field of the stack. In the
present study, the turbulent wake of a short cylindrical stack is investigated experimentally in a low-speed wind tunnel,
to provide more insight into the near-field behaviour of the flow under different jet flow conditions. In addition, the
effects of the jet on Karman vortex shedding from the stack are also examined.
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2. Background

The local flow field of a stack involves three fundamental yet complex flows: the plane wall boundary layer flow on the
ground plane, the separated flow field and wake of a finite circular cylinder (representing the simplest possible stack geometry),
and the development of an elevated round jet in cross-flow (representing the exhaust jet exiting the stack). The flow field of a
stack of uniform cylindrical shape, with external diameter, D, internal diameter, d, and height, H, is shown schematically in
Fig. 1. In Fig. 1(b), the stack is shown partially immersed in a turbulent flat-plate boundary layer on the ground plane, with
freestream velocity, U.,, boundary layer mean velocity profile, U(z) (where z is the wall-normal coordinate), and boundary
layer thickness, d. Also identified in Fig. 1(b) are the stack and jet wakes, as well as the rise, 4(x) (Where x is the streamwise
coordinate), of the elevated turbulent jet after it exits the stack (where U, is the average jet exit velocity).

The flow around the stack and along its height is influenced by the stack Reynolds number, Rep = p., U, D/, (Where
0o and ., are the density and dynamic viscosity of the approach flow, respectively), the stack aspect ratio, AR = H/D, and
the relative thickness of the flat-plate boundary layer at the location of the stack, §/H. The behaviour of the round jet exiting
the stack is governed by the jet Reynolds number, Re,; = p.U.d/u, (where p, and p, are the density and dynamic viscosity of
the jet, respectively). If the jet is nonbuoyant, p., = p, and p., = ., and its interaction with the cross-flow is influenced
primarily by the jet-to-cross-flow velocity ratio, R = U,/U,, and to a lesser extent by the diameter ratio, d/D. For buoyant
jets (or plumes), the main parameter of influence is the momentum flux ratio, R, = (0.U.>)/(p, U>).

2.1. Flow around a finite circular cylinder

The simplest stack geometry can be represented by a uniform circular cylinder of finite height mounted normal to a
plane wall or ground plane. Flow around the base of the cylinder and over the free end causes the flow field to become
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Fig. 1. Stack of uniform circular cross-section mounted normal to a ground plane and partially immersed in a turbulent flat-plate

boundary layer: (a) top view; (b) side view.
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strongly three dimensional. Compared to the “infinite” (2-D) cylinder, there are marked changes in the near-wake flow
structure, including the vortex formation region, vortex shedding behaviour, and surface pressure distribution. There
are also distinct flow pattern changes along the cylinder height from the free end to the base. In the base region, which is
immersed in the flat-plate boundary layer, the fluid recirculates at the leading edge of the cylinder. The fluid is then
swept around the cylinder base, rotating and rolling up into a horseshoe vortex. Near the free end, the shear layer from
the free end separates and interacts with the two shear layers that separate from the sides of the cylinder. This leads to a
pair of counter-rotating tip vortices forming at the free end that extends into the wake (Okamoto and Yagita, 1973;
Etzold and Fiedler, 1976; Kawamura et al., 1984; Johnston and Wilson, 1997; Tanaka and Murata, 1999; Sumner et al.,
2004). A second pair of vortices, known as the base vortex structures, may be found within the flat-plate boundary layer
(Tanaka and Murata, 1999; Sumner et al., 2004). Whether the tip and base vortices are distinct vortex structures
themselves, or in fact are Karman vortex structures with oblique axes (Etzold and Fiedler, 1976) that have undergone
stretching or bending near the free end and ground plane (Okamoto and Yagita, 1973; Johnston and Wilson, 1997;
Tanaka and Murata, 1999), remains to be clarified.

Only a few studies of the finite circular cylinder have extensively measured the wake velocity field: for example, the
time-averaged rotating yaw probe measurements of Tanaka and Murata (1999), the time-averaged LDA measurements
of Leder (2003) for a cylinder of AR = 2, the time-averaged PIV measurements of Park and Lee (2004), the time-
averaged seven-hole probe measurements of Sumner et al. (2004), and the time-averaged two-component thermal
anemometry measurements of Adaramola et al. (2006).

With respect to Karman vortex shedding from a finite circular cylinder, it is strongly influenced by the tip vortices
and a downward-directed local velocity field near the free end referred to as “downwash.” The interaction between
downwash and Karman vortex shedding is strongly influenced by AR and d/H. A general observation in many studies
is that the dimensionless vortex shedding frequency, or Strouhal number, St ( = f;D/U.., where f; is the vortex shedding
frequency), decreases as AR decreases, because of the increasing influence of downwash. Similarly, the base vortex
structures are responsible for an “upwash” flow within the flat-plate boundary layer (Sumner et al., 2004).

For finite circular cylinders of high aspect ratio, St may vary in a cellular fashion along the cylinder height, each cell
having a different frequency for uniform flow [e.g., Fox and Apelt (1993)] and for shear flow [e.g., Maull and Young
(1973) and Griffin (1985)], with shedding being suppressed near the free end and the base. The number of cells along the
cylinder height depends, among other factors, on AR. For AR>7, more than two cells have been observed [e.g., Fox
and Apelt (1993)], while the cellular structure disappears at lower aspect ratios, becoming a single cell of uniform
frequency along the entire height for AR <7 (Uematsu et al., 1990; Okamoto and Sunabashiri, 1992), particularly when
0/H is large (Sakamoto and Oiwake, 1984; Sumner et al., 2004). Below a critical aspect ratio (varying between AR = 1
and 7, depending on J/H), the flow around the free end may completely suppress antisymmetric Karman vortex
shedding from the cylinder. The cylinder then has a distinct wake structure (Sumner et al., 2004; Adaramola et al.,
2006), and symmetric arch vortex shedding may occur (Taniguchi et al., 1981; Okamoto and Sunabashiri, 1992; Lee,
1997; Tanaka and Murata, 1999).

For cylindrical stacks of sufficiently high aspect ratio, the wake structure should change as the influence of downwash
lessens with increasing jet-to-cross-flow velocity ratio, R. Karman vortex shedding then should be expected to occur
along most of the stack height, possibly in a cellular fashion. The more complex vortex shedding behaviour of the finite
cylinder (compared to the “infinite” cylinder case) is an important consideration when assessing a stack’s tendency
towards flow-induced vibration (Kitagawa et al., 1997).

2.2. Elevated jet in cross-flow

The behaviour of a turbulent round jet issuing normally into a cross-flow depends on how the jet is injected. 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.,
McMahon et al. (1971), Andreopoulos and Rodi (1984), Fric and Roshko (1994)]. For the elevated jet in cross-flow,
considerable attention in the literature has focused on the jet rise [e.g., Overcamp and Ku (1988)] with relatively fewer
studies centred on the local flow field of the stack and jet. These studies have shown the flow field to be characterized by
the complex interactions between the jet and stack wake regions, shear produced by the upward momentum of the jet,
and downwash (Moussa et al., 1977; Eiff et al., 1995; Eiff and Keffer, 1997, 1999; Huang and Hsieh, 2002, 2003; Huang
and Lan, 2005).

From studies of the flow topology in the vertical plane along the wake centreline (the x—z plane, see Fig. 1(b)), Huang
and Hsieh (2002, 2003) classified the stack and jet wake flow patterns into four regimes based on the approximate value
of R: (i) downwash flow (R<0.95), (ii) cross-wind-dominated flow (0.95< R<1.4), (iii) transitional flow (1.4<R<2.4),
and (iv) jet-dominated flow (R>2.4). The classification was made for a stack of AR = 25 and d/D = 0.78 operating at



1192 M.S. Adaramola et al. | Journal of Fluids and Structures 23 (2007) 11891206

Rep = 2 x 10° and Re, = 200 to 8 x 10°. The effect of Rep, Rey, AR, 0/H and other parameters on the number of flow
regimes and the flow regime boundaries has not been extensively studied, however.

In the downwash flow regime, the jet is deflected through a large angle from the vertical axis of the stack. In the cross-
wind-dominated flow regime, the downwash effects are reduced in the jet wake. A clockwise vortex forms near the free
end of the stack due to interaction between the jet shear and downwash (Huang and Hsieh, 2002, 2003). At higher jet-
to-cross-flow velocity ratios, the upward momentum of the jet overcomes the downwash effect, and the jet rises and
bends into the freestream. For the jet-dominated flow regime, the high upward momentum of the jet, and the shear
produced by the jet, result in a strong upwash velocity field, particularly in the jet wake region (Huang and Hsieh, 2002,
2003; Hsieh and Huang, 2003).

The elevated jet in cross-flow, and the local flow field near the jet exit, were also studied by Eiff et al. (1995) and Eiff
and Keffer (1997, 1999). Using spectral analysis, pattern recognition techniques and multipoint hot-wire measurements,
they investigated the interaction between the jet and stack wakes at x/D = 11 for AR =6, 8 and 11, d/D = 0.42, 0.63,
and 0.83, Rep = 7.5 x 10°-6.0 x 10*, Re, = 3.8 x 10%, and R = 1.5, 3, and 6. Their studies showed that Karman-like
vortex structures in the stack wake region are “locked-in”’ to, or synchronized with, similar vortex structures in the jet
wake region over a range of velocity ratios (R = 1.5, 3 and 6) and diameter ratios (0.63 <d/D<0.83). Lock-in does not
occur at smaller d/D, however; rather, the vortex dynamics in the jet wake become similar to the ground-level source jet
(Eiff and Keffer, 1999). A similar result was also reported by Moussa et al. (1977) for a stack of AR =24 and d/
D =0.93. A comprehensive study of the shear-layer vortices in the stack jet and wake regions, and the dominant
frequencies associated with these structures, has been conducted by Huang and Lan (2005).

3. Experimental approach

The present experiments were conducted in a low-speed, closed-return wind tunnel with a test-section of 0.91m
(height) x 1.13m (width) x 1.96 m (length). The longitudinal freestream turbulence intensity was less than 0.6% and the
velocity nonuniformity outside the test section wall boundary layers was less than 0.5%. The test-section floor was fitted
with a ground plane. A rough strip located about 200 mm from leading edge of the ground plane was used to produce a
turbulent boundary layer at the location of the stack. The experimental set-up for the study is shown schematically in
Fig. 2, and was similar to those adopted by Sumner et al. (2004) and Adaramola et al. (2006).

3.1. Experimental apparatus

A cylindrical stack of H=171.5mm, D = 19.1mm, d/D = 0.67, and AR =9, was used in the present study. The
stack was located 700 mm downstream of the rough strip on the ground plane (Fig. 2). The experiments were conducted
at a single stack Reynolds number of Rep = 2.3 x 10%.

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 nonbuoyant 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 =0 (no jet exiting the stack) to R = 3, corresponding to
momentum flux ratios of R,, = 0-9. The jet Reynolds number for the minimum exit velocity, when R = 0.5, was
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Fig. 2. Schematic of the experimental set-up in the wind tunnel.
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Re, = 7.6 x 10° (based on the internal diameter of the stack and the average jet exit velocity). The jet Reynolds number
for the maximum exit velocity, when R = 3, was Re; = 4.7 x 10,

The mean axial velocity (U./U,, where U, is the mean axial centreline velocity) profiles measured at a distance of
12.7mm (1d) from the stack exit at different jet Reynolds numbers are presented in Fig. 3. Few studies of scale-model
stacks in the literature report this information. These measurements were made with the X-probe and hot-wire
anemometry system described in Section 3.2. The top-hat profiles observed in Fig. 3 are similar to the typical velocity
profile for a turbulent pipe flow (Arya and Lape, 1990). At low flow rates, the increase in the mean axial velocity at the
outer edges of the jet, as shown in Fig. 3, was attributed to aerodynamic interference between the measuring probe and
the stack. Otherwise, there is no significant Reynolds number effect on these profiles. This may be because all the
Reynolds numbers considered are in the turbulent flow range and far above the critical Reynolds number for pipe flow.

3.2. Measurement instrumentation

The wind tunnel data were acquired with a computer with a 1.8-GHz Intel Pentium 4 processor, a National
Instruments PCI-6031E 16-bit data acquisition board, and LabVIEW software. The freestream conditions were
obtained with a Pitot-static probe (United Sensor, 3.2-mm diameter), Datametrics Barocell absolute and differential
pressure transducers, and an Analog Devices AD590 integrated circuit temperature transducer.

Wake velocity measurements were made with a TSI model 1243-20 boundary layer X-probe and a TSI IFA-100
constant-temperature anemometer. The X-probe was oriented to measure the streamwise, u#, and wall-normal, w,
velocity components. The probe was manoeuvred to the measuring points using the wind tunnel’s three-axis computer-
controlled traversing system. At each measurement point, 100,000 instantaneous velocity data per channel were
acquired at a sampling rate of 10 kHz per channel after low-pass filtering at 5kHz. The probe was calibrated in the
freestream using a Pitot-static probe and an automated variable-angle calibrator. Two-dimensional third-order
polynomials were fitted to the voltage data to give response equations for the velocity magnitude and the yaw angle.
The uncertainties in the streamwise and wall-normal fluctuating velocity components were estimated to be +4% and
+ 7%, respectively, while the uncertainty in the Reynolds shear stress was estimated to be +9%. For a given value of
the velocity ratio, R, the wake velocity field in the cross-stream (y—z) plane was measured over a 5S-mm uniform grid at
x/D = 10. The measurement plane extended in the cross-stream to y/D = +4 and to z/D = 14 in the wall-normal
direction.

The mean streamwise velocity profile of the turbulent boundary layer on the ground plane, at the location of the
stack (with the stack removed), is shown in Fig. 4. The boundary layer thickness, ¢, was defined as the point where the
local mean velocity was 99% of the freestream velocity. At the location of the stack, the boundary layer thickness was
0 = 83 mm, the boundary layer shape factor was 1.3, and the Reynolds number based on momentum thickness, 0, was
Rey = 8 x 10°. This boundary layer provided a thickness-to-height ratio of §/H~0.5.

The vortex formation length, Ly, was determined by measuring the streamwise turbulence intensity profile along the
wake centreline at the mid-height of the stack (z/H = 0.5). The vortex formation length was defined as the location of
the local maximum value of the streamwise turbulence intensity on the wake centreline.

Measurements of the vortex shedding frequency were made with a single-component hot-wire probe (TSI model
1210-T1.5). The probe was located at a fixed streamwise and cross-stream position, x/D = 3 and y/D = 1.5 (Fig. 1(a)),
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Fig. 3. Mean axial velocity of the stack jet measured at one exit diameter downstream (no wind tunnel cross-flow): (I, Re, = 7.6 x 10°
(corresponds to R =0.5); O, Re,=1.5x10* (corresponds to R=1); /A, Re,;=2.3x10* (corresponds to R=15); V,
Re, = 3.0 x 10* (corresponds to R = 2); ¢, Re, = 4.7 x 10* (corresponds to R = 3).
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Fig. 4. Mean streamwise velocity profile of the turbulent flat-plate boundary layer on the wind tunnel ground plane: O, x/D = —10;
0, x/D=0; A, x/D=10.

with the wall-normal position, z/H, allowed to vary (where z/H =0 corresponds to the wall, z/H=0/H=0.5
corresponds to the wall boundary layer thickness at the location of the stack, and z/H = 1 corresponds to the height of
the stack).

4. Vortex shedding
4.1. Strouhal number and vortex formation length at mid-height (z/H = 0.5)

The Strouhal number data measured in the wake at the mid-height of the stack (corresponding to z/H = 0.5) are
summarized in Table 1 and Fig. 5(a) for various values of R. The result for no flow from the stack (R = 0) compares
favourably with the finite circular cylinder result of Sumner et al. (2004), which also involved a thick boundary layer on
the ground plane (6/H = 0.3). The Strouhal number measured by Okamoto and Yagita (1973) is higher, but this was for
the case of a very thin flat-plate boundary layer (6/H = 0.02). The results for R = 1.5 and 3 compare favourably with
the data from Eiff and Keffer (1999).

The trend in the Strouhal number data at mid-height, in Fig. 5(a), shows a gradual increase with velocity ratio, with
the Strouhal number approaching the value of an “infinite” cylinder (St~ 0.2) with an increase in R. There is a more
abrupt increase in St at R~0.7, which could indicate a change in the stack wake flow regime. The overall effect of the
jet-to-cross-flow velocity ratio is to make the stack behave similarly to a finite circular cylinder of higher aspect ratio
(which, for sufficiently high aspect ratio, attains the Strouhal number value of an infinite cylinder (Farivar, 1981; Lee
and Wang, 1987)); a similar result was noted by Eiff et al. (1995).

The data in Table 1 and Fig. 5(a) also suggest three different types of behaviours for the Strouhal number, with a
common low value of St obtained for R = 0, 0.5, and 0.6; an elevated intermediate value of St obtained for R = 0.7 and
1; and a higher common value of St for R = 1.5, 2, 2.5, and 3. 2. From Fig. 5(a) and Table 1, it is seen that the Strouhal
number for R = 3 (St = 0.192) is slightly lower than when R = 2.5 (St = 0.195), but is similar to the data of Eiff and
Keffer (1999) for R=3 and AR =8 (St =0.191). These small differences may be partially attributed to the
measurement uncertainty of the St data, which is conservatively estimated to be about +1%.

Fig. 5(b) shows the vortex formation length, Ly, of the stack measured at mid-height (z/H = 0.5) for different jet-to-
cross-flow velocity ratios. For an “infinite” circular cylinder, the vortex formation length at Rep = 2.7 x 10* ranges
from L;/D = 1.3 to 1.5, depending on the freestream turbulence intensity (Norberg, 1986; Noca et al., 1998). For a finite
circular cylinder, the vortex formation length at mid-height is greater than that of an “infinite” cylinder and is a
function of AR and 6/H, obtaining a value of L;/D = 3.6 in the present study for 6/H = 0.5, L;/D = 4.4 in Sumner et al.
(2004) for 6/H = 0.3, and L,/D = 3.8 in Park and Lee (2000) for 6/H = 0.01 and AR = 10. As shown in Fig. 5(b), the
vortex formation length of the stack decreases as the jet-to-cross-flow velocity ratio increases, and approaches the value
for the “infinite” cylinder at high velocity ratios. The reduction in vortex formation length with increasing R is
consistent with the behaviour of the Strouhal number at mid-height, as described above and shown in Fig. 5(a), where
the jet acts as a bluff body and increases the effective aspect ratio of the stack.
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Table 1
Selected Strouhal number data measured at mid-height (z/H = 0.5) for a finite circular cylinder or stack of AR = 9 (unless otherwise
indicated)

Re S/H 5/D St
Okamoto and Yagita (1973), R=0 1.3x 10* 0.02 0.15 0.18
Sumner et al. (2004), R =0 6.0 x 10* 0.3 2.6 0.16
R=0 23 % 10* 0.5 4.6 0.167
R=05 23 % 10* 0.5 4.6 0.169
R=0.6 23 % 10* 0.5 4.6 0.176
R=0.7 2.3 x 10* 0.5 4.6 0.185
R=1 23 % 10* 0.5 4.6 0.185
R=15 23 % 10* 0.5 4.6 0.190
Eiff and Keffer (1999), R=1.5, AR =8 4.0 x 10* 0.190
R=2 23 % 10* 0.5 4.6 0.193
R=25 23 % 10* 0.5 4.6 0.195
R=3 2.3 x 10* 0.5 4.6 0.192
Eiff and Keffer (1999), R = 3, AR = 8 22x%10* 0.191
Eiff and Keffer (1999), R = 6, AR = 8 1.0 x 10* 0.203
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Fig. 5. Measurements at the mid-height position (z/H = 0.5) of the stack: (a) Strouhal number, hot-wire probe positioned at x/D = 3
and y/D = 1.5; (b) vortex formation length. Stack data: B, current study; O, Eiff and Keffer (1999), AR = 8, Rep = 2.2 x 10%, 8/H not
given. Finite circular cylinder data: (I, Okamoto and Yagita (1973), AR =9, Rep, = 1.3 x 10*, §/H = 0.02; A\, Sumner et al. (2004),
AR =9, Rep = 6 x 10%, §/H = 0.3; V, Park and Lee (2000), AR = 10, Rep = 2 x 10%, §/H = 0.01. Dashed line shows the “infinite”
cylinder value.

4.2. Strouhal number variation with height

The variation of the Strouhal number with the height of the stack, z/H, for various jet-to-cross-flow velocity ratios, R,
is shown in Fig. 6. Three different types of Strouhal number behaviours were observed. At a low jet-to-cross-flow
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Fig. 6. Strouhal number measured along the height of the stack (the dashed line at z/H = 1.0 indicates the top of the stack); the hot-
wire probe was positioned at a fixed streamwise and cross-stream location, corresponding to x/D = 3 and y/D = 1.5, with only the
wall-normal position, z/H, allowed to vary).

velocity ratio of R = 0.5, the Strouhal number is nearly the same value as that for no jet flow (R = 0, or the finite
cylinder case). Along the height of the stack, the same Strouhal number value is measured, and no cellular variation of
St is observed. Similar behaviour is observed for R = 0.6, although the magnitude of the Strouhal number is slightly
higher. This uniform shedding along the height corresponds to “one-cell antisymmetric shedding” behaviour (Lee,
1997) and is consistent with the finite-cylinder results for AR = 9 obtained by Sumner et al. (2004). The results from the
present study, where 6/H = 0.5, further support the view that a larger value of 6/ H suppresses the cellular variation of
St along the height for small aspect ratios (Sakamoto and Oiwake, 1984). This range of jet-to-cross-flow velocity ratio,
R<0.7, coincides with the downwash flow regime identified by Huang and Hsieh (2002, 2003).

For R = 0.7 and 1 (Fig. 6), the magnitude of the Strouhal number is greater than for R = 0, 0.5, and 0.6, but remains
constant along the stack height. There continues to be no cellular variation of the Strouhal number along the stack
height or reduction in the Strouhal number near the free end of the stack. For these values of R, however, the Strouhal
number is now measured above the end of the stack (i.e., for z/H>1). This range of jet-to-cross-flow velocity ratio,
0.7<R< 1.5, coincides with the cross-wind-dominated flow regime identified by Huang and Hsieh (2002, 2003).

For R>1.5 (Fig. 6), there is another change in the behaviour of the Strouhal number. A cellular structure is now
observed, with a discontinuity or ‘jump’ in the Strouhal number along the height of the stack within the stack wake
to give two cells of Strouhal number. Moving away from the ground plane, the ‘jump’ from a lower to higher
Strouhal number (e.g., from St = 0.176-0.193 for R = 2) occurs inside the flat-plate boundary layer, between z/H = 0.2
and 0.5 depending on the value of R. This observed jump in the Strouhal number may be due to the presence
of a longitudinal vortex in the uniform flow (Maull and Young, 1973), the change in velocity gradient within and
outside the boundary layer thickness, as well as the reduced influence of downwash (with increasing R) on the separated
shear layers from the stack. For each particular value of R, the Strouhal number is relatively constant for each cell.
The higher Strouhal number value is measured along most of the stack height outside the boundary layer and into the
jet wake. Its value is similar to that reported by Eiff and Keffer (1999) for a stack of AR = 8 (see Table 1). For R = 1.5,
the higher value of the Strouhal number is slightly reduced in magnitude than for R = 2-3, whereas the Strouhal
number data for R = 2 and 2.5 overlap one another (Fig. 6). It is noted that R = 1.5 coincides with the transitional flow
regime and R = 2-3 coincide with the transitional and jet-dominated flow regimes identified by Huang and Hsieh (2002,
2003).

For a finite cylinder, a two-cell structure would be expected for AR = 7-12 for a thin plane wall boundary layer (Lee,
1997). In a uniform flow, Maull and Young (1973) observed a similar cellular structure in the wake of an infinite semi-
elliptic nose bluff body, but the higher Strouhal number was at the base region of the bluff body, unlike in the present
study. However, for the same model immersed in a shear flow, Maull and Young (1973) found a different cellular
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structure, with the lower Strouhal number cells occurring closer to the ground plane, similar to the result of this present
work. For a circular cylinder of AR = 8, two cells of different Strouhal number were observed by Mair and Stansby
(1975) with the lower portion closer to the base of the cylinder similar to the observation of this present study. Fox and
Apelt (1993) made a similar observation for finite cylinders of AR <13, subjected to a uniform flow.

The presence of a Strouhal number above the stack’s free end (i.e., for z/H > 1) indicates that vortex shedding activity
is also occurring in the jet wake. Since the value of the Strouhal number within the stack and jet wakes is the same (for a
particular value of R), it suggests that similar vortices are being shed in both wakes. This result is in agreement with
Moussa et al. (1977), who reported that when vortex shedding occurs from the jet, it is controlled by Karman vortex
shedding from the sides of the stack. It is also in agreement with the studies of Eiff et al. (1995) and FEiff and Keffer
(1999), who reported “‘lock-in” of the vortex structures between the stack and jet wakes when 0.63 <d/D <0.83; the
diameter ratio in the present study is d/D = 0.67, which falls within this range.

4.3. Power spectra

Examining the individual power spectra of the streamwise velocity fluctuations, at R = 0 (Fig. 7(a)), when there is no
jet exiting the stack, considerable variation in the shape and strength of the vortex shedding peak along the height of the
stack is observed. The behaviour of the vortex shedding peak at R =0 is similar to the finite-cylinder behaviour
observed by Okamoto and Yagita (1973), Okamoto and Sunabashiri (1992), and Sumner et al. (2004). Near the base of
the stack and within the flat-plate boundary layer, from z/H = 0.05 to about z/H = 0.25, weak and broad-banded peaks
are observed, indicating a weak but still dominant vortex shedding frequency. Within the mid-height of the stack, from
about z/H = 0.5 to 0.75, the vortex shedding frequency peak becomes stronger and sharper, indicating stronger and
more dominant vortex shedding behaviour. However, at about z/H = 0.85-0.95, near the free end of the stack, weaker
and more broad-banded peaks become evident. At the free end of the stack, the absence of a prominent peak shows that
vortex shedding can no longer be detected. Similar behaviour is observed for R = 0.5 (Fig. 7(b)), within the downwash
flow regime, but a stronger vortex shedding peak is now found over a larger range of stack height including the top of
the stack (z/H = 1). The results in Fig. 7(b) show that the presence of the stack jet intensifies vortex shedding from a
finite cylinder and makes it more uniform along the cylinder height.

The power spectra for R =1 (Fig. 7(c)) are representative of the cross-wind-dominated flow regime, where the
behaviour of the power spectra is similar to that of R = 0.5, but the peak occurs at a slightly higher Strouhal number. A
weak vortex shedding peak can be identified above the end of the stack (it is still discernible at z/H = 1.2; see Fig. 7(c)).

For R = 1.5 (Fig. 7(d)), the power spectra close to the base of the stack (z/H = 0.05-0.15) have a short broad-banded
peak. Moving further from the base, but still within the flat-plate boundary layer, the ‘jump’ phenomenon noticed in the
Strouhal number data in Fig. 6 is seen instead as a gradual change in dominance between two closely spaced peaks
(shown more clearly in the inset in Fig. 7(e) for R = 2.0) which is similar to the observation of Maull and Young (1973).
The dual peaks are seen in the power spectra for z/H~0.2-0.5. In the middle of the stack height and outside the flat-
plate boundary layer, z/H = 0.5-0.85 (Fig. 7(d)), a strong, sharp vortex shedding peak is observed, signifying that
strong vortex shedding occurs in this region. Above the free end of the stack and into the jet wake region, z/H = 1-1.5,
the vortex shedding peak continues to be observed, but the peak strength is much lower.

For R = 2-3 (Fig. 7(e,f)), the behaviour of the power spectra is similar to the case of R = 1.5, with the double-peak
behaviour within the flat-plate boundary layer, and detection of a weakened vortex shedding signal in the jet wake
region above the free end of the stack.

A close-up of the double-peak behaviour is shown in the inset in Fig. 7(e). It is seen that the two peaks are very close
together, with a sharp high-frequency peak and a wider low-frequency peak being observed. The lower-frequency peak
is more prominent closer to the ground plane while the higher-frequency peak becomes dominant further from the
ground plane and along the rest of the stack height.

5. Turbulent wake
5.1. Mean velocity field

Mean streamwise velocity profiles (U/Ux) on the wake centreline (y/D = 0), at x/D = 10, are shown in Fig. 8(a) for
several jet-to-cross-flow velocity ratios. Three distinct flow regimes can be roughly identified, which are: downwash
flow, cross-wind-dominated flow and jet-dominated flow. Generally, the size of the stack wake decreases with R while
the size of the jet wake increases with R. For R<?2, the bent-over jet is not noticeable at x/D = 10 since the mean
velocity remains lower than the freestream velocity (U/ Uy <1) in the combined stack wake and jet wake.
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throughout the figure.

When R = 0, the large velocity defect shows that only the stack wake is observed. When R = 0.5, the velocity profile
is almost similar to that of R = 0, but there is second, smaller velocity defect within the stack wake below the stack free
end. The flow regime that falls within R<0.5 is termed downwash flow, which is similar to the downwash flow regime
identified by Huang and Hsieh (2002, 2003).

For R =1, the mean velocity profile is distinct from those for R = 0 and 0.5. The main velocity defect in the stack
wake is reduced, while the second region of velocity defect is greater in size and magnitude and is shifted upwards
towards the free end of stack. The unique shape of this mean profile indicates a change from the downwash to the cross-
wind-dominated flow regime.

At R = 1.5, the bent jet behaves completely as another bluff body and produces a jet wake in addition to the stack
wake. This is indicated by the presence of a velocity defect region above the stack’s free end. This is in agreement with
Onbasioglu (2001) who noted that a discharged jet into a cross-flow behaves similarly to an obstacle placed in the flow.
As the value of R increases, the vertical extent of the jet wake also increases, which shows that the jet rise increases with
R. When R>2, in addition to the wake features, there is another region in the profile corresponding to the stack jet
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Fig. 8. Measurements on the wake centreline (y/D = 0) at x/D = 10: (a) mean streamwise velocity; (b) Reynolds shear stress.

where the local streamwise velocity is greater than the freestream velocity due to the presence of the jet flow. This range
of R broadly corresponds to the transitional and jet-dominated flow regimes proposed by Huang and Hsieh (2002,
2003).

Either the location of the maximum streamwise velocity or the maximum value of the in-plane velocity magnitude,
(U2 + W2)0.5 , can be used to determine the location of the jet centreline. Based on both approaches, the jet centrelines
at x/D = 10 are located at z/H = 1.31, 1.34, 1.41 and 1.47 for R = 1.5, 2, 2.5, and 3, respectively, above the ground
plane. This clearly shows that the jet rise increases with R due to the increased penetration strength of the jet.

The time-averaged streamwise velocity fields (U/Uy) in the cross-stream (y—z) plane at x/D = 10 are shown as
contour plots in Fig. 9 for different jet-to-cross-flow velocity ratios. As R increases, the lateral spread of the stack
wake decreases and the maximum velocity defect reduces. Similar reductions are observed for a finite circular cylinder
when its aspect ratio is increased (Adaramola et al., 2006). In the downwash flow regime, a region of low mean
streamwise velocity is observed behind and within the wake of the stack and well above the ground plane (for R = 0,
Fig. 9(a)) and a second low velocity region begins to form near the top of the stack but within the stack wake
(when R = 0.5, Fig. 9(b)). In the cross-wind-dominated flow regime, this second region forms just above the stack free
end (when R = 1, Fig. 9(c)). In the case of the jet-dominated flow regime (when R = 1.5, Fig. 9(d); R = 2, Fig. 9(e);
R = 2.5, Fig. 9(f); R = 3, Fig. 9(g)), the second region occurs above the free end of the stack, is better defined and more
isolated from the stack wake, and clearly represents the jet wake. As R increases, this region moves further above the
free end of the stack and the extent of the region expands. This shows that the jet wake size increases and the jet rise
increases.

The wall-normal mean velocity (W /U,) fields in the cross-stream plane at x/D = 10 are shown in Fig. 10. The
presence of a strong downwash flow (represented by the dashed contour lines, and indicating a region of downward-
directed velocity originating from the free end of the stack) is observed for nearly all values of R except for the highest
velocity ratios tested in the jet-dominated flow regime. The position of the downwash flow region above the ground
plane increases with R due to the strengthening of the jet. In the downwash flow regime, the downwash flow associated
with the weak jet is almost completely inside the stack wake (Fig. 10(a,b)). In the case of the cross-wind-dominated flow
regime (Fig. 10(c)), the strength of the downwash flow reduces due to the increase in the penetrating power of the jet. In
the jet-dominated flow (Fig. 10(d—g)), the downwash flow weakens further and by R = 2.5 (Fig. 10(f)) it is entirely
absent. The strength of the downwash flow reduces with increasing R, with a maximum downwash magnitude of
W/Uys = —0.16, —0.14, —0.10, —0.06, and —0.05 for R =0, 0.5, 1, 1.5, and 2, respectively.

Closer to the base of the stack, upwash flow from the ground plane and within the wake of the stack and the ground
plane boundary layer region is observed for all values of R. The strength of this upwash flow seems to be relatively
independent of the value of R but stretches upward toward the free end of the stack as the value of R increases. When
R =2 (Fig. 10(e)), another upwash flow region begins to develop within the jet wake and above the stack free end,
which is characteristic of the jet-dominated flow regime. The size and strength, as well as the vertical position, of this
upwash region in the jet wake increase with R.
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5.2. Turbulence intensities

Fig. 11 shows the streamwise turbulence intensity («//U) fields in the cross-stream plane at x/D = 10. Localized
regions of high streamwise turbulence intensity in the stack and jet wakes (Fig. 11) coincide with the regions of low
streamwise mean velocity (Fig. 9). For the finite circular cylinder (R = 0, Fig. 11(a)), the high turbulence intensity
behind the stack is attributed to the interactions between the streamwise vortex structures, the vortex street, downwash
from the free end, and upwash from the ground plane, which produces strong shear (Sumner et al., 2004; Adaramola et
al., 2006). In the downwash flow regime, when R = 0.5 (Fig. 11(b)), a second region of high turbulence intensity begins
to form near the top of the stack and within the stack wake. In the cross-wind-dominated flow regime (R = 1, Fig.
11(c)), this second region extends above the free end of the stack. In the jet-dominated flow regime, for R = 1.5-3 (Fig.
11(d—g)) this second region of elevated streamwise turbulence intensity becomes more distinct, increases in size, and
moves further above the free end of the stack, characterizing the jet wake region. The behaviour of the second region of
high turbulence intensity demonstrates the influence of the jet flow, which is relatively weak when R< 1.5 but becomes
increasingly stronger when R>1.5. The high turbulence intensities within the jet wake can be attributed to the strong
mixing (which increases with R) between the jet flow and cross-flow, especially in the cross-wind-dominated and jet-
dominated flow regimes.

The wall-normal turbulence intensity data (w'/U), shown in Fig. 12, behave similarly to the streamwise turbulence
intensity data for all values of R. In contrast to Huang and Hsieh (2002, 2003), it was observed that both the streamwise
and wall-normal turbulence intensities were generally greater in the stack wake than in the jet wake.
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Fig. 10. Wall-normal mean velocity field in the wake of the stack, x/D =10: (a) R=0;(b) R=0.5;(c) R=1;(d) R=1.5;(¢) R=2;
(f) R =2.5; (g) R = 3. Contours of W /U, minimum contour magnitude 0.03, contour increment of 0.02, solid contour lines represent
positive wall-normal velocity, dashed contour lines represent negative wall-normal velocity.

5.3. Reynolds shear stress

Reynolds shear stress (—u/w’ 02) profiles on the wake centreline (y/D = 0) at x/D = 10 are shown in Fig. 8(b).
Physically, the Reynolds shear stress relates to the transport of momentum due to the turbulent fluctuations in the flow.
Regions of elevated Reynolds shear stress may be associated with either strong positive or negative production of
turbulence, depending on the local velocity gradients.

In the downwash flow regime (R<0.5), there are two regions of elevated Reynolds shear stress, each of opposite sign,
located behind the stack (Fig. 8(b)), similar to what was reported by Adaramola et al. (2006) for a finite circular
cylinder. The region of positive Reynolds shear stress coincides with the downwash flow from the free end (see
Fig. 10(a,b)). The region of negative Reynolds shear stress, within the flat-plate boundary layer, coincides with the
upwash flow from the ground plane (see Fig. 10(a,b)). The boundary between these two regions, where the Reynolds
shear stress is zero, approximately coincides with the region of lowest streamwise mean velocity (see Fig. 9(a,b)) and
highest turbulence intensity (Figs. 11(a,b) and 12(a,b)).

For the cross-wind-dominated flow regime (R = 1), there is a reduction in the magnitude of the Reynolds stress
compared to the downwash flow regime and the finite circular cylinder (Fig. 8(b)). In addition, the Reynolds stress in
the stack wake becomes entirely negative; there is only a small region of positive Reynolds stress, which occurs in the jet
wake just above the stack’s free end (Fig. 8(b)).
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In the jet-dominated flow regime (R = 2 and 3), the stack wake remains a region of negative Reynolds stress. The
positive Reynolds shear stress within the jet wake is now more prominent and attains a higher strength compared to the
cross-wind-dominated flow regime (Fig. 8(b)).

The contour plots for the Reynolds stress behind the stack at x/D = 10 are presented in Fig. 13. In the downwash
flow regime (R = 0 and 0.5, Fig. 13(a,b)), there is a concentrated region of negative Reynolds shear stress in the lower
part of the stack wake within the flat-plate boundary layer. It is in this region, where the upwash velocity is found
(Fig. 10(a,b)), that the base vortex structures are located (Sumner et al., 2004), and the Karman vortex axes have been
observed to bend upstream toward the base of the stack (Okamoto and Yagita, 1973; Johnston and Wilson, 1997;
Tanaka and Murata, 1999). There are also two regions of negative Reynolds stress on either side of the stack closer to
the free end. This pair may be due to several aspects of the flow field, including the upwash flow on the outer edges of
the stack wake (see Fig. 10(a,b)), the tip vortex structures (Sumner et al., 2004), and the bending of Karman vortex axes
toward the free end (Okamoto and Yagita, 1973; Johnston and Wilson, 1997; Tanaka and Murata, 1999). The strength
of this pair is lower than that of the concentrated region inside the flat-plate boundary layer because the upwash flow
from the ground plane is stronger than the upwash flow in the upper half of the stack wake. The pair moves closer to the
free end when jet flow occurs (compare R = 0 with R = 0.5, Fig. 13(a,b)). In between these regions of negative Reynolds
shear stress, at the edge of the flat-plate boundary layer, is a small region of concentrated positive Reynolds stress. The
absolute strength of this positive region is lower than that of the negative region, but is higher for R = 0.5 than for
R=0.
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In the cross-wind-dominated flow regime (R = 1, Fig. 13(c)), the Reynolds stress in the stack wake has weakened
considerably and is now entirely negative. This is also seen in throughout the stack wake in the jet-dominated flow
regime (R = 1.5-3, Fig. 13(d—g)).

Elsewhere in the jet-dominated flow regime, a small region of positive Reynolds shear stress is observed above the
stack free end and within the jet wake; it coincides with a region of low mean streamwise velocity that occurs within the
jet wake (Fig. 9(d—g)). As R increases and the jet rises further, the size, strength, and vertical position of this region of
positive Reynolds shear stress increase, while the region of negative Reynolds shear stress extends upward above the
stack’s free end (Fig. 13(d—g)). This strong Reynolds shear stress field in the jet wake indicates the product.

6. Conclusions

In the present study, thermal anemometry was used to measure the turbulent wake and vortex shedding frequency for
a small-aspect-ratio (AR = 9) cylindrical stack partially immersed in a flat-plate turbulent boundary layer 6/H = 0.5).
A single-sensor hot-wire was used to measure the vortex shedding frequency along the stack height and into the jet wake
region. A two-component X-probe was used to measure the turbulent velocity field both in a vertical (x—z) plane along
the wake centreline but also in the cross-stream (y—z) plane. The latter wake measurements, in the cross-stream (y—z)
plane, complement and extend the results presented in earlier studies of this flow, by Eiff et al. (1995), Eiff and Keffer
(1997, 1999), and Huang and Hsieh (2002, 2003).



1204 M.S. Adaramola et al. | Journal of Fluids and Structures 23 (2007) 11891206

12 1 —— —
L @) R=00 1 F® r=0s 1 F© g=10 :
10 | 4 F 4 F .
8 - -4 -
a L 1F 1L ]
S 4 F 41 F : .
N L 4 L n - ;"\_K;O " .
i 1L 1L - B, i
4 iy = O A A B -
- - - - - \‘ ‘: ?F’ —
2 -k 4+ -
0-J||[|WTT| M T = B Ersersirall e | pa e Load 1 1 T T
14 T 11 l T 171 l T 1.1 ' T 1.1 T 1 1 l L ' T 11 l T 1.1 T 11 l T 11 | LI l LI LI I LI |__i T | LI
- 4 - - 4 ] -
(@) r=15 1 F®© Rr=20 1 F® r=25 1 1@ Rr=3g % 1
12 | JL 1 LE s JL ]
L 4 L o d L b - 4 L 500 i
- - - = - a:_‘-!?. . L l" 1‘\‘\\\ 4
VG e
10 @ 1 F e q1 g 91 r e s ]
I .z 4+ iR 41 F ER 4 F - i
- 4} ] 4 F [ 3 4 F 5 W 4
s [ 14 4E AR S & ]
S | L 1t L 1t 1 G G
- 5 e~ 4 = v b, 4 L L L[ - - e .
6 - S =4 F =, e, 1 %L o, -1 { i -
- w s T oy 4 F ot | 4 F A . Sw 4 F ¥ ' B
| 2 bRy - &, R 4L RO AR ] B |~ d 1 L R ;! ]
L | BB 3 & E d 1t P 2 E SN 1
s [ e 1L 5 1cC 1 1cC : h
- L 1 F d 1 F 0 1t Loyt g
2 b - - - L o— — -
P SRR vt LT AR PSRRI ) PO o oA I EPURPRN PRI ) PR PRI I APRRPUN AR [ SRR SO 1 PSP B
4 2 0 2 4.4 -2 0 2 4 -4 2 0 2 4 4 2 0 2 4
yID yiD yiD yiD

Fig. 13. Reynolds shear stress field in the wake of the stack, x/D =10: (a) R=10; (b) R=0.5;(c) R=1;(d) R=1.5;(e) R=2; ()
R =2.5; (g) R=3. Contours of —W/ (72, minimum contour magnitude 0.0015, contour increment of 0.0015, solid contour lines
represent positive Reynolds shear stress, dashed contour lines represent negative Reynolds shear stress.

By varying the jet-to-cross-flow velocity ratio, R, and observing the resulting changes in the mean velocity field,
turbulence intensity field, Reynolds stress field, and the Strouhal number, the near-field behaviour of the stack and jet
wake regions could be broadly classified into three flow regimes. These were classified as the downwash flow regime
(R<0.7), cross-wind-dominated flow regime (0.7<R<1.5), and jet-dominated flow regime (R>1.5), adopting the
terminology used by Huang and Hsieh (2002, 2003). From the measurements made in the present study, it was not
possible to clearly discern a transitional flow regime, as identified by Huang and Hsieh (2002, 2003); this may be
partially due to the limited number of jet-to-cross-flow velocity ratios considered in the present study.

From the single-sensor hot-wire measurements, the behaviour of the vortex formation length and the vortex shedding
frequencies (Strouhal numbers) were examined. At the mid-height of the stack (z/H = 0.5), the vortex formation length
decreases with increasing R, indicating the stack wake becomes more two-dimensional and similar to that observed
behind an infinite (or higher-aspect-ratio) circular cylinder. This change in the local flow field was supported by the
Strouhal number measurements, which showed the Strouhal number for the stack approaches the value for an infinite
circular cylinder with an increase in R. In the downwash flow regime, a Strouhal number of St = 0.166 was measured,
which was independent of the position along the height of the stack. In the cross-wind-dominated flow regime, a higher
Strouhal number of St = 0.186 was measured. In the jet-dominated flow regime, when R>1.5, a different Strouhal
number behaviour was observed, with a ‘jump’ in Strouhal number from St = 0.176 to 0.193 occurring within the flat-
plate turbulent boundary layer. The higher value of St =0.193, which is close to the value for an infinite circular
cylinder, continued to be measured in the jet-wake region. This was evidence of the “lock-in” of the Karman-type
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vortex structures between the stack and jet wakes, and showed that the higher-momentum jet acts in a similar manner to
a bluff body, effectively extending the stack’s aspect ratio and allowing the Karman-type vortex structures to extend
above the stack’s free end.

From the two-component thermal anemometry measurements of the stack wake and jet wake regions, marked
changes in the flow pattern were observed as R was increased from 0 to 3, and as the flow regime changed from
downwash to cross-wind-dominated and then to jet-dominated. Each flow regime has a distinct structure for the mean
velocity (streamwise and wall-normal components), turbulence intensity (streamwise and wall-normal components),
and Reynolds shear stress fields.

For the mean velocity field, the strength of the downwash velocity decreases as R increases, and the upwash velocity
field extends further above the ground plane. In the jet-dominated flow regime, there is an absence of appreciable
downwash flow. There are two main regions of low streamwise mean velocity, one located behind the stack and one
located in the jet wake region.

For the turbulence structure, complex changes occur in the streamwise and wall-normal directions within the near
and intermediate stack and jet wakes. In general, the streamwise and wall-normal turbulence intensity fields are
characterized by two regions of elevated turbulence, that coincide with regions of low streamwise mean velocity in the
stack and jet wakes. In the downwash flow regime, high levels of turbulence intensity are found in the stack wake
region. In the cross-wind-dominated flow regime, the second region of high turbulence intensity occurs just above
the free end of the stack. In the jet-dominated flow regime, this second region occurs entirely within the jet-wake. The
Reynolds shear stress field also undergoes marked changes with an increase in R. In the downwash flow regime, the
lower stack wake is a region of negative Reynolds stress and the upper stack wake is a region of positive Reynolds
stress. In cross-wind-dominated flow regime, the region of negative Reynolds stress weakens but extends farther away
from the ground plane throughout the stack wake. In the jet-dominated flow regime, a region of strong positive
Reynolds stress forms within the jet wake.
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