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Flowfield Downstream of Circular Cylinders Immersed
Within Thick Boundary Layers
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With little data currently available, designers of physical models of aircraft engine nacelles have little basis to
determine the size of geometric detail required to provide a sufficient representation of the actual specimen. The
current study presents an experimental investigation into the minimum geometry size required for accurate aircraft
engine simulator design by measuring the turbulent shear flow downstream of two-dimensional surface-mounted
circular cylinders of various sizes. Cylinder diameters D of 5, 10, 20, and 40 mm were individually flush-mounted on
the test-section floor of a wind tunnel specifically designed to simulate an aircraft engine nacelle, which operated at a
freestream velocity and turbulence intensity of 8.4 m/s and 1%, respectively. The turbulent boundary layer
approaching each cylinder had a thickness o9 of 39 mm, yielding examined 849 /D ratios of 0.98, 1.97, 3.93, and 7.86.
Velocity profiles were measured using hot-wire anemometry at several locations downstream of each cylinder. The
results showed that the separated shear-layer location was observed to significantly differ from that reported for
sharp-edged obstructions, with the shear layer maintaining a constant height for §,o/D ratios of 3.93 and 7.86.

Nomenclature

C, = drag coefficient

cy = skin-friction coefficient

D = cylinder diameter, mm

E = constant-temperature-anemometry uncorrected voltage
output, V

E.. = temperature-corrected constant-temperature-
anemometry voltage, V

H = boundary-layer shape factor

h = test-section height, mm

m = constant-temperature-anemometry sensor-temperature
loading factor

T, = constant-temperature-anemometry acquisition
temperature, K

T, = constant-temperature-anemometry calibration
temperature, K

T, = constant-temperature-anemometry hot-wire sensor
temperature, K

U, = freestream average streamwise velocity at each
measurement location, m/s

U,, = undisturbed freestream average streamwise velocity,
m/s

u = local average streamwise velocity, m/s

u* = wall-friction velocity, m/s

u = local streamwise fluctuating velocity, m/s

X, = reattachment location, mm

X = streamwise direction

y = vertical direction (across test-section height)

z = lateral direction (across test-section width)
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B = area blockage ratio, D/h

3 = width of the separated shear layer, mm

8, = shear-layer vorticity thickness, mm

8¢9 = reference boundary-layer thickness, mm

5* = reference boundary-layer displacement thickness, mm
0 = reference boundary-layer momentum thickness, mm

Introduction

IRCRAFT engine nacelles present a complex problem in fire-
suppression studies, due to a large amount of obstructions (or
clutter) within a confined space. Adding further to the problem is the
highly turbulent airflow associated with aircraft engine nacelles.
Because of the high cost of production aircraft, much of the test and
evaluation (T/E) of fire-suppression systems has been performed
using generic ground-based simulators. These simulators are meant
to provide a means for fire-suppression system T/E in a repeatable
and cost-effective manner. Full-scale simulators (geometric approxi-
mations to actual aircraft components) are often fabricated for fire-
testing, with their cost directly related to the size and material of the
test article and the level of geometric detail needed to ensure an
accurate representation of a given platform. Currently, detail is
only given to salient geometric features such as large ribs or spars,
main fuel lines, wire bundles, etc., whereas small spars, surface
protrusions, individual hydraulic or fuel lines, standoffs, etc., are
usually neglected. Although this strategy may have minimal impact
on fire tests in the absence of airflow through the nacelle, in the
presence of airflow, these elements could substantially alter the T/E
outcome. This brings into question the existence of a minimum-size
requirement for geometric detail, in which an accurate representation
of the actual platform is still provided, but simulator cost is
minimized by omitting details that are smaller than the minimum.
The study of airflow over the complex geometry found within
aircraft engine nacelles can be broken down into three main
categories: obstructions in the freestream, surface-mounted obsta-
cles, and obstacles within the wall boundary layer but not surface-
mounted. Each of these categories may be further divided into
sharp-edged clutter and smooth-edged clutter. Although both two-
and three-dimensional obstructions reside within engine nacelles,
most three-dimensional clutter elements have relatively high aspect
ratios; thus, the airflow around engine nacelle clutter may be
represented in a two-dimensional sense. Breaking down the complex
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geometry of an aircraft engine nacelle into generic geometries and
studying the various effects that these geometries pose on the airflow
will increase the knowledge base required to give justification for the
level of geometric detail required in the fabrication of generic aircraft
engine nacelle simulators.

Although the wakes created by freestream obstructions have been
extensively studied and are somewhat fundamental, obstacle
interaction with a boundary layer, whether the obstacle is surface-
mounted or suspended above the floor, is much less documented.
Unfortunately, a majority of clutter found within aircraft engine
nacelles falls under this scenario of obstacle/boundary-layer inter-
action, with the most common being of the surface-mounted type.
Furthermore, surface-mounted geometries are also the most complex
for airflow studies, as they contain characteristics of both a forward-
and backward-facing step. The complexity of this scenario is best
described by Bradshaw and Wong [1], who classified it as an
overwhelming permutation in which the incoming shear layer (in
this case, the wall boundary layer) is completely changed by the
obstruction into a different type of shear layer, such as a separated
shear layer and mixing layer.

The study of airflow over surface-mounted two-dimensional
obstructions has been mainly focused on sharp-edged objects, for
which the point of separation is at a constant location. For example,
studies by Bergeles and Athanassiadis [2], Ke et al. [3], and Archaya
et al. [4] experimentally examined the wake downstream of two-
dimensional rectangular prisms of constant height; thus, a constant
8¢9/ D and  was maintained. In more recent research efforts, Abdalla
et al. [3] and Hwang et al. [6] presented numerical studies that
showed good agreement with the experimental data of Bergeles and
Athanassiadis [2] and Archaya et al. [4], thereby demonstrating a
recent shift toward the turbulence modeling of airflow over sharp-
edged obstructions.

Of the currently available literature on sharp-edge surface-
mounted obstructions, only a few studies have been conducted in
which the effect of obstruction size was investigated. Atli [7]
presented a study examining the airflow around vertical sharp-edged
fences with 849/ D ratios of 1.0, 1.7, 2.5, and 5.0, concluding that the
downstream reattachment point was unsteady and reattachment
occurred earlier for increasing 8q9/D. Furthermore, Atli concluded
that the maximum turbulence level in the separated shear layer
increased as 8y9/D decreased and Rej, increased. The effects of
blockage on the shear-layer location and growth downstream of
vertically mounted sharp-edged fences of various sizes was inves-
tigated by Castro and Fackrell [8], who found that the effect of area
blockage is complex due to the fact that the upstream boundary layer
is completely changed. For ratios of boundary-layer thickness to
obstruction height (8¢9/D) larger than 2.3, the effect of 8 on the
reattachment length is only slight, whereas for ratios less than 2.3,
increasing B decreases the reattachment length.

Although several studies have investigated the airflow around
sharp-edged surface-mounted obstructions, information on two-
dimensional boundary-layer obstructions with highly curved
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surfaces is much more sparse. One of the only three studies that
specifically investigated the airflow around a two-dimensional
surface-mounted circular cylinder was conducted by Aragaki et al.
[9], who presented a theoretical examination of the flow over a
surface-mounted circular cylinder under a constant 8 of 13%. In that
study, the authors compared theoretical values of the downstream
reattachment lengths to two experimental investigations on circular
cylinders (published in Japanese) and stated that the experimental
data suggested that the reattachment length is relatively constant
between 6.9 and 8.7 cylinder diameters for Re;, greater than 2500.
However, all three studies only accounted for a single 899/ D and S;
thus, to the authors’ knowledge, no information is currently available
that specifically examines the combined effect of 8, 899/ D, and Re,
on the shear layer separating from surface-mounted two-dimensional
highly curved obstructions.

The current investigation aims to investigate the airflow
downstream of highly curved two-dimensional surface-mounted
obstructions of varying sizes in duct flows similar to aircraft engine
nacelles. To achieve this, airflow velocity measurements were
acquired downstream of two-dimensional circular cylinders, which
were surface-mounted and immersed within the turbulent wall
boundary layer of a wide—narrow wind tunnel that was specifically
designed to simulate an aircraft engine nacelle flow. Four different
cylinder diameters were examined under a constant inflow boundary
condition, thereby providing an investigation into the combined
effect of 849/ D, B, and Re, on the shear layer as it separates from
cylindrical obstructions.

Experimental Arrangement

An experimental facility designed specifically to simulate airflow
in typical aircraft engine nacelles in a two-dimensional sense was
used for the current investigation. This facility operates at a high flow
rate and elevated degree of nonuniformity, which is typical of aircraft
engine nacelle flows, as described by Black et al. [10]. This facility is
a single-speed open-loop wind tunnel operated in a blowdown
arrangement (Fig. 1) and contains three major components: blower,
diffuser, and test section. Air is drawn from a large laboratory by a
centrifugal blower and decelerated through a wide-angle diffuser
into a wide but narrow test section, which is then exhausted back into
the laboratory. The test section was designed to be geometrically
similar to an unfolded annulus and has a width of 183 cm, a height of
23 cm, and a length of 244 cm. Flow conditioning was conducted in
the diffuser using a combination of turning vanes, screens, and
honeycomb to achieve a uniform two-dimensional airflow with a
freestream velocity variation of less than +6% across the center 55%
of the test section.

Solid smooth-steel circular cylinders with diameters of 5, 10, 20,
and 40 mm and lengths that spanned the entire width of the test
section were installed flush to the test-section floor. Special care was
taken to ensure that no air leaked beneath the clutter by sealing the
contact surface between the floor/clutter with a polymer-based
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Fig. 1 Test facility.
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sealant. The leading edge of each clutter element was installed
1200 mm downstream of the test-section inlet, which allowed
sufficient development in the approaching boundary layer. Cylinder
diameters were selected to cover blockage ratios of 8 = 2to 17% and
boundary-layer thickness ratios of dq9/D = 0.98 to 7.93.

For each test case, a single cylinder was installed flush with the
test-section floor, and velocity measurements were acquired across
the y axis and on the test-section width centerline (z = 0) at 1, 2, 4,
and 6D downstream of the cylinder (Fig. 2). As shown in Fig. 2, the
airflow approaching the cylinder separates from the test-section floor
immediately upstream of the cylinder, impacts the cylinder, then
separates from the cylinder surface, thereby changing from a surface-
bound shear layer to a free shear layer. The free shear layer then
reattaches to the test-section floor at some distance downstream of
the cylinder noted by X,, thus forming a recirculation region
downstream of the cylinder. For each of the four cases, X, was found
to be greater than 6D; therefore, all downstream velocity traverses
were conducted before reattachment of the free shear layer.

Experimental Strategy

Streamwise velocity surveys were conducted across the y axis
along the center of the test section (z =0), both upstream and
downstream of each individual cylinder under a constant average
test-section airspeed. All velocity measurements were acquired using
a single-channel constant-temperature-anemometry (CTA) system,
which consisted of the following components: a single-sensor 5 pum
tungsten hot-wire probe, a Dantec 55M01 anemometer, and a Dantec
55M10 standard bridge. A miniature k-type bare-bead thermocouple
was mounted to the side of the CTA probe to monitor any tem-
perature fluctuations that would influence the CTA data. Both CTA
and thermocouple measurements were simultaneously sampled
using a high-speed analog-to-digital data conversion and acquisition
system. Measurements were acquired for 18 s at a rate of 25 kHz for
each location in the velocity survey. This data sampling rate and
duration were selected based on pretest results, which showed that
25 kHz was sufficiently fast to resolve the flowfield fluctuations, and
a duration of 18 s was well beyond that required for stationary
averages. Probe positioning was accomplished using a micro-
stepping computer-controlled traverse.

The airflow condition was first documented at the cylinder
installation location (x = 1200 mm) in the absence of the cylinders,
thus providing an undisturbed reference boundary condition. To
resolve the upstream boundary-layer profile from the buffer region
(5 <y* < 30) to well beyond the boundary-layer wake (i.e., free-
stream), velocity measurement traverses were initiated at a position
0.25 mm above the test-section floor (y = 0.25 mm) and extended to
y =120 mm. To examine flow development, boundary-layer
measurements were repeated at x = 1320 and 1440 mm. All velocity
surveys performed downstream of the clutter elements were also
initiated at y = 0.25 mm and were variably spaced through the
separated shear layer and into the freestream.

6D

Xr

Fig. 2 Flowfield schematic.

Because of laboratory temperature variations, all CTA data were
temperature-corrected before any additional data analysis using
Eq. (1). Complete details of the temperature-correction procedure are
listed in [11]. A loading factor of m = 0.25 was chosen for the
current study, which is typical for single-sensor CTA hot-wire

probes:
Tw _ T{) 0.5-(1£m)
Ecor = E - (ﬁ) D

Experimental Uncertainty

Two basic measurement uncertainties exist in the current program:
uncertainty in the hot-wire measured velocity and uncertainty in the
hot-wire measurement position. The uncertainty in the measurement
position was a combination of the uncertainty in the initial
positioning of the hot-wire probe and the uncertainty in the traverse
movement. The hot-wire probe was carefully positioned using a
surveyor’s transit and calibrated shims to an accuracy of 0.06 mm,
and the microstepping traverse provided an accuracy of 0.02 mm;
therefore, the overall uncertainty in the probe position Ay was equal
to +0.08 mm. The uncertainty in the hot-wire measured velocities
Au is a combined effect of uncertainties in the probe calibration,
temperature correction, and misalignment of the hot-wire probe and
the flow direction. The combined uncertainty in the probe calibration
and temperature-correction procedure was found to be +2%;
however, the main component of uncertainty in u is due to probe/
flow direction misalignment.

The primary uncertainty in u arises from the response of a single
hot-wire probe to two-dimensional flow vectors that are nonnormal
to the sensing element: namely, streamwise (x axis, normal to the hot
wire) and cross-stream (y axis). Because the hot-wire probe was
aligned parallel to the z axis, the influence of flow across the z axis
(spanwise) is negligible, due to the relative insensitivity of the probe
to spanwise flow. Therefore, only the pitch response of the hot-wire
will influence the current data. As described by Jorgensen [12], a
single pitched ideal hot wire responds by the cosine law to the two-
dimensional flow vector, with the measured velocity equal to the
vector addition of the cross-stream and streamwise velocities.
However, due to end effects and the influence of the probe prongs,
the actual response of a hot-wire deviates from the cosine law,
thereby resulting in a measured velocity that is higher than the true
velocity-vector magnitude At relatively small flow angles, the
streamwise velocity will be dominant, with only a small cross-stream
influence [12,13]. Flow-visualization analysis was conducted for
each clutter element to examine the maximum flow angle to
determine the influence of the cross-stream flow on the hot-
wire velocities. Through careful analysis, it was found that the
maximum flow deflections occurred for the 40 mm clutter, with a
maximum deflection angle of 14 deg from parallel to the x axis
measured at 1D downstream of the clutter. This flow angle decreases
to 9 deg at 2D downstream of the clutter and further to 5 and 3 deg at
the 4D and 6D locations. Maximum flow deflection angles of less
than 10 deg were observed for the remaining clutter sizes, with the
maximum flow deflection always occurring at 1D downstream of the
clutter. With a maximum flow deflection angle of 14 deg, and
following the response analysis in [12,13], the maximum difference
of the measured velocity and the actual streamwise velocity is 3%.
Therefore, the combined maximum uncertainty in the hot-wire
velocity data Au is +5%. Although the uncertainty in Au is reported
as £5%, note that this is a maximum uncertainty and is only present
for measurement locations in the shear layer at 1 D downstream of the
40 mm clutter element. Velocity measurements outside of this region
will contain an uncertainty between 2 and 4%.

The remaining quantities presented in the current paper are
all derived from the velocity and probe position. Therefore, the
uncertainty of each derived value was computed using uncertainty-
propagation analysis. The uncertainties in the measured data and all
derived data presented herein are listed individually in Table 1. The
maximum uncertainties in # and y of £5% and £0.08 mm were used
to calculate all derived values listed in Table 1.
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Table 1 Experimental uncertainties

Parameter Au Ay A§, Adggy AS* AH Acy Au* AC, AX,
Uncertainty +5% +0.08 mm +8% £0.02 mm +6% +10% +1% +5% +11% +1D
Results layer, with their top edge located within the law-of-the-wall region,

The results are shown next in three subsections. The upstream
boundary-layer measurements are presented in the first section,
which provides the baseline documentation by which the cylinders
were installed, and all downstream measurements are presented in
the second section. The final section presents results on the combined
effects of the ratios of blockage and boundary layer to cylinder
diameter.

Upstream Boundary-Layer Characterization

The reference boundary-layer velocity and turbulence-intensity
(T.1.) profiles are shown in Fig. 3, and the corresponding boundary-
layer parameters are shown in row 1 of Table 2. All of the quantities
shown in Table 2 were directly computed from the velocity
measurements, including the skin-friction coefficient, which was
calculated using the method outline by Clauser [14]. The boundary-
layer quantities measured atx = 1440 mm are also included in row 2
of Table 2 for examination of flow development. The facility
freestream airspeed varied day to day and was found to have an
average of 8.4 m/s £ 6% and an average T.I. of 0.01 & 0.002 in the
freestream. This corresponds to Reynolds numbers (based on the
undisturbed freestream velocity and the cylinder diameter) of
2.8 x 103, 5.5 x 10%, 1.1 x 10*, and 2.2 x 10* for the 5, 10, 20 and
40 mm cylinders, respectively.

To analyze the developmental stage of the reference boundary
layer, the velocity profile shown in Fig. 3 was plotted using the inner-
law variables u+ and y+ and was fit with the universal log law of the
wall, as shown in Fig. 4. Using a roughness factor of 5.44, the
velocity profile fits the law of the wall for y+ values between
approximately 25 and 250, thereby covering a decade. Combining
this with a measured shape factor of 1.38 shows that the boundary
layer at x = 1200 mm can be considered to be a fully developed
turbulent boundary layer. This fact is further supported by comparing
the boundary-layer quantities listed in Table 2 for the boundary
layers measured at x = 1200 and 1440 mm, in which all the listed
quantities are within experimental uncertainty.

The circular cylinders are pictorially represented in Fig. 3, and the
location of the top edge of each cylinder is shown as points in Fig. 4 to
provide an indication of each of the cylinder sizes to the upstream
reference boundary layer. From these two figures, it may be seen that
the 5 and 10 mm cylinders reside deep within the reference boundary

0.00 0.05 0.10 0.15
60 } t
o x
501 o X
o X

Y (mm)

u/ U,

Fig. 3 Reference boundary-layer velocity and turbulence-intensity
profiles.

in which high shear occurs. The 40 mm cylinder is on the order of the
reference boundary-layer thickness; thus, its top edge is at a location
in which the shear is close to freestream quantities, and the 20 mm
cylinder resides within the wake region of the reference boundary
layer, with the top edge of the cylinder located in a region of shear
between that of the 40 and 10 mm cylinders.

Note that the presence of the obstructions will undoubtedly affect
the approaching boundary layer. However, documentation of the
disturbed boundary layer is beyond the scope of the current
investigation and is therefore not included. Furthermore, docu-
mentation of the undisturbed boundary layer is more appropriate for
simulator design purposes in which the incoming airflow is known
but the obstruction size is not.

Downstream Measurements

Velocity and turbulence-intensity profiles for the four 8q9 / D ratios
are shown in Figs. 5-12. All profiles are plotted nondimensionally,
with the individual freestream velocity U,, used to normalize the
plotted quantity. That is, the freestream velocity for each profile was
used to normalize any given profile, rather than using the undisturbed
freestream velocity measured without any obstruction installed.
Each figure includes the four profiles measured at each x/D location,
which are plotted against y normalized by J8¢9. Although it is
customary to normalize the vertical location by the surface-mounted
obstruction height, normalizing by the boundary-layer thickness is
more appropriate for the current investigation, because it provides a
clearer representation of the clutter size in relation to the upstream
boundary-layer thickness. In addition, the upstream reference
boundary-layer profile is plotted as a solid line at each downstream
location for direct comparison with the downstream measurements
(open symbols).

Although measurements were acquired at spatial locations that
extend through the free shear layer and into the flow recirculation
region downstream of the clutter, the data acquired within the flow-
reversal area of the downstream recirculation region cannot be
trusted, because the CTA technique used cannot distinguish between
flow directions. Because the focus of the current study is to
characterize the flow within the free shear layer separating from
the cylinder, not the reversed flow section of the downstream
recirculation region, measurements below the center of recirculation
region (indicated by the minimum velocity) have been ignored and
omitted from the present data.

The shear-layer center (dashed—dotted curve in Figs. 5-12) was
calculated from the velocity data and is defined as the location of the
maximum velocity gradient du/dy,,,.. The velocity gradient was
calculated by differentiating a sixth-order polynomial fit to the
velocity profiles, which was found to have a fit-correlation
coefficient greater than 0.99 in all cases. The shear-layer upper and
lower edges were then computed by calculating the vorticity
thickness of the shear layer, §,, and assuming symmetry about the
shear center. The dashed curves shown in Figs. 5-12 were therefore
calculated by adding and subtracting half of the shear-layer vorticity
thickness from the shear-layer center location. The shear-layer
vorticity thickness is defined in Eq. (2) [15]:

d
81:) = (Umax - Umin)/ - (2)
dymax

Note that in a mixing layer between two streams with well-defined
constant velocity profiles, the maximum and minimum velocities in
Eq. (2) are the asymptotic values in the velocity profiles between the
two streams. However, for the current investigation, the separating
shear layer is immersed within a shear layer itself (upstream
boundary layer); thus, the velocity profile above the cylinder edge
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Table 2 Reference boundary-layer and freestream quantities

x,mm Ug,, m/s Tl,, 08y mm &, mm 6 mm H cy u*, m/s
1200 8.4 0.01 38.3 6.9 50 138 0.003 0.34
1440 8.0 0.01 39.3 6.7 5.0 134 0.0032 034

does not immediately approach the freestream velocity at the edge of
the separated shear layer. Rather, the velocity gradually asymptotes
into the upstream shear profile, which then gradually approaches the
freestream. Therefore, with such a complex situation, care must be
taken when determining the vorticity thickness: namely, the region
for which the maximum and minimum velocity will be chosen. This
effect is best illustrated in Fig. 5, in which a dramatic increase in the
velocity profiles is observed between y/8qy of 0.1 and 0.3, which is
the effect of the separated shear layer. However, at y/8y9 of 0.3, the
velocity profile is not at a maximum and continues to increase
and approach the freestream, which is an effect of the upstream
shear layer. Therefore, if the maximum velocity were taken as the
freestream for this case, the vorticity thickness would partially
include the thickness of the upstream shear layer, which would yield
8, values larger than the actual separated shear-layer thickness. Thus,
the maximum and minimum velocity used to calculate 6, for this case
were chosen to be between y/8yg of 0.1 and 0.3. This calculation
method was also used for the remaining three cylinders, as
appropriate.

The presence of the cylinder appears to have a similar general
effect on the incoming airflow, regardless of the cylinder size (as seen

30

40 mm
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Fig. 4 Reference boundary-layer plotted using inner-law variables.
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Fig. 5 Streamwise velocity profiles, o9 /D = 7.86.

in Figs. 5-12). That is, the velocity is at a minimum value behind the
cylinder, which then increases to velocities slightly higher than the
reference boundary-layer profile, then gradually decreases to match
that of the reference boundary-layer profile. The turbulence-intensity
profiles are observed to have maximum values occurring at the shear-
layer center, with gradual decreases toward the shear-layer edges.
However, the cylinder’s effect on the turbulence-intensity profiles
was observed to cover a larger area than its effect on the mean
velocity. Although the turbulence intensity reaches a minimum at the
lower shear-layer edge, the turbulence intensity does not return to
reference boundary-layer-profile values at the upper shear-layer
edge. Instead, the turbulence intensity remains at values higher than
the reference boundary layer until well beyond the reference
boundary-layer thickness. This may be observed in Fig. 10, in which
the upper shear-layer edge is located at y/8yy of 0.8, and the
turbulence intensity does not return to the reference boundary-layer
values until y/8yo of 1.8. Furthermore, it was generally observed for
all cases that as the separated shear layer propagates downstream, it
increases in width, which in turn gradually decreases the difference
between velocity at the upper and lower edges of the shear layer and
spreads the turbulence-intensity profiles without any reduction in
turbulence-intensity values.
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Fig. 7 Streamwise velocity profiles, o9 /D = 3.93.
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Fig. 9 Streamwise velocity profiles, §o9/D = 1.97.

Combined Results

The effect of blockage was investigated by calculating the drag
coefficient for each cylinder (Table 3). Calculation of C,; was
facilitated using the standard momentum-deficit method, with the
reference boundary-layer velocity profile used as the upstream
condition and the velocity profiles at x/D =6 used for the
downstream/wake condition. To allow direct comparison of the C
values for each clutter element, the freestream velocity of the
reference boundary layer was selected to normalize the drag values.

2/,

3.0 ——

00.05 0.1
2.5

2.0

Y1849

1.5

1.0

0.5

0.0

x/D
Fig. 10 Streamwise turbulence-intensity profiles, §¢o/D = 1.97.

Y/

x/D
Fig. 11 Streamwise velocity profiles, §oo/D = 0.98.

From the data shown in Table 3, it may be observed that as 8o/ D
increases (thus increasing ), C,; increases, with the exception of the
40 mm cylinder, in which a slight decrease was observed. The
downstream reattachment lengths were also measured for each
cylinder using cotton tufts and observing the location at which the
flow reversed directions close to the test-section floor. Figure 13
shows the measured X, values (normalized by D) plotted against
8¢9/ D, showing that X,/ D linearly decreases with increasing 8¢9/ D.
Also plotted on Fig. 13 are the data presented by Atli [7] for sharp-
edged fences, showing reasonable agreement in the downstream
recirculation lengths.

The shear-layer vorticity thickness (normalized by D) was plotted
against x/X, in Fig. 14 for each 649/ D ratio. Because X, was found to
be dependent on the cylinder size, the downstream location was
normalized by each cylinder’s recirculation length, which provides a
more accurate representation of the physical flow condition than
normalization by the cylinder diameter D.

From examination of Fig. 14, it may be observed that §, is
approximately 0.5D for all cases at x/X, =0.1 and increases
logarithmically with increasing x/X,. However, the rate at which §,
grows increases with decreasing g9/ D ratio, with the exception of
the largest cylinder (849/D = 0.98), which (due to blockage effects)
has a smaller width than 649/ D = 1.97 atevery downstream location.

Although normalizing x by X, provides a more accurate rep-
resentation of the flow, it is more practical for simulator design
purposes to normalize x by the cylinder diameter D, as shown in
Fig. 15. In this case, all four shear-layer vorticity thicknesses (shown
in Fig. 14) collapse onto a near linear function of x/D (solid line in
Fig. 15). Thus, when both §,, and x are normalized by the cylinder
diameter, the shear-layer thickness is observed to have no functional
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Fig. 12 Streamwise turbulence-intensity profiles, §o9/D = 0.98.
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Table 3 Cylinder drag coefficients and reattachment lengths

D, mm 899/ D B, % Cy X,/D
5 7.86 2 0.27 7.8
10 3.93 4 0.51 10.2
20 1.97 9 0.75 11.7
40 0.98 17 0.71 129

dependence on the oo/ D ratio and is only affected by the down-
stream location. The vorticity thickness spread rates reported by
Brown and Roshko [16] and Viegas and Rubesin [17] are also
included in Fig. 15 (dashed lines) for comparison purposes.

Although the shear-layer thickness was observed to be dependent
only on x/D, the location of the shear-layer center showed
dependency on both éy9/D and x/D, as shown in Fig. 16. Here, the
center of the shear layer for the four dqy /D ratios was observed to fall
into two groups: one for both 8¢9/ D equal to 7.86 and 3.93 (linear
curve) and the other for 89/ D equal to 1.97 and 0.98 (polynomial
curve). In addition, a curve fit of the data presented by Atli [7] for
sharp-edged fences with o9/ D ratios of 1.0-5.0 is also included in
Fig. 16 (dashed line) for reference.

From Fig. 16, it can be seen that the shear-layer center remained at
a relatively constant height of approximately 1.2D at each x/D
location for 8q9/D equal to 7.86 and 3.93. For the two larger
cylinders, the shear-layer center location was observed to be initially
at the same location as the smaller cylinders (at x/D = 1), but
increased to a height of approximately 1.6D at x/D of 6. Although
Atli’s [7] data were presented as the location of the maximum T. L.,
these data offer a direct comparison with the current data, because the
maximum T.I. was found to occur within 5% of the shear-layer
center. Furthermore, Atli’s data were found to be independent of
8¢9/D and are thereby represented as a single polynomial fit.
Comparison with the current data shows that the shear-layer center
for sharp-edged fences follows roughly the same trend for the larger
cylinders only, with the fence data reaching higher-y/D locations.

Discussion

When the 5 mm circular cylinder is deeply immersed within the
approaching boundary layer (899/D = 7.86, where D ~ ), the top
edge of the cylinder is beneath the displacement thickness of the
reference boundary layer, falls on the law-of-the-wall region of the
boundary layer, and is within a location of high shear (Figs. 3 and 4).
Therefore, the shear layer that separates downstream of the cylinder
is immersed within this high-shear region, thus suppressing the
separating shear layer and causing it to remain at a relatively constant
location with a center of y/D ~ 1.2 (Figs. 5 and 16). When 8q9/D is
decreased to 3.93D (10 mm cylinder), the cylinder diameter is twice

14

O Current Data

139 o
X Atli [7] Data

124

11

X,/D
*
(@]

10 4

899/D
Fig. 13 Recirculation lengths vs 849 /D ratio.

as thick as the approaching reference boundary-layer momentum
thickness, approximately 40% larger than the displacement
thickness, and falls on the edge of the law-of-the-wall region of the
reference boundary layer. The shear layer separates from the 10 mm
cylinder with nearly the same properties as the 5 mm cylinder
(Figs. 15 and 16). Therefore, the similar separation phenomena
must be occurring even when the cylinder diameter is twice the
momentum thickness. This may be expected, due to the nature
of the flow upstream of the cylinder, in which surface-mounted
obstructions have been shown to increase the boundary-layer
thickness immediately upstream of the obstruction [7,18]. Although
documentation of the behavior of the flow upstream of the cylinder is
beyond the scope of the current investigation, increases on the order
of 30% have been previously documented for sharp-edged surface-
mounted obstructions [7]; thus, it is likely that the top edge of the
10 mm cylinder is immersed within the displacement thickness of the
thickened boundary layer immediately upstream of the cylinder (not
the reference boundary), thereby resulting in a wake profile similar to
that of the 5 mm (8¢9/D = 7.86) case.

For the two cases in which the cylinder diameter is greater than
twice the displacement thickness of the reference boundary layer (20
and 40 mm cylinders), the shear layer separates with a very different
trajectory than that observed for the smaller cylinders. For the larger
two cylinders, the shear-layer center is ramped upward and is highly
dependent on the downstream location (Fig. 16). When the cylinder
diameter is on the order of §y9 (40 mm cylinder), the airflow directly
above the separated shear layer is close to freestream quantities
(Figs. 11 and 12); thus, a lower level of shear stress may be expected.
This allows the shear layer to freely separate from the cylinder with
an upward displacement of the shear-layer center to a y/ D location of
1.66 at 6 diameters downstream. However, this effect was also
observed (although to a lesser extent) for the 20 mm cylinder, where
899/ D = 1.97, showing that even though the cylinder is within the
upstream boundary-layer thickness, the level of shear due to the
upstream boundary layer at the top edge of the 20 mm cylinder is
relatively small and thus only slightly suppresses the upward
deflection of the separated shear layer to a height of 1.56D at 6
diameters downstream.

Although the circular cylinders investigated spanned the reference
boundary layer from the momentum thickness (699/D = 7.86) to the

2.0

1.8 4

0.0 T T

0.6
x/X,
Fig. 14 Shear-layer width in relation to recirculation length.
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Fig. 15 Shear-layer width in relation to x /D location.

99% thickness (8q9/D = 0.98), the cylinder wakes showed many
similarities. In general, all cases were observed to have maximum
turbulence-intensity values of 0.17 £0.02, which were located at the
approximate center of the separated shear layer and found to be
independent of downstream position. Furthermore, when normalized
by the cylinder diameter, the shear-layer vorticity thickness was
found to be independent of the 84/ D ratio, varying linearly with
downstream position in terms of cylinder diameter x/D (Fig. 15).
The vorticity thickness spread rate (slope of the linear fit in Fig. 15)
was calculated to be 0.156, which is comparable with that reported
for other free shear flows, in which typical spread rates range from
0.134t0 0.178 [16,17].

Because the ratio of the cylinder diameter to the test-section height
was not held constant for the current investigation, blockage effects
could be of importance in the reported data. Castro and Fackrell [8]
reported that for sharp-edged fence flows, an increasing blockage
ratio causes a reduction in the drag coefficient and shorter
reattachment length for g9/ D ratios below 2.3, whereas for 899/ D
ratios above 2.3, the effects of 8 are only slight. Furthermore, Siller
and Fernholtz [18] noted that blockage effects (again, for sharp-
edged fences) are negligible for 8 less than approximately 11%.
Therefore, the effect of blockage should only be observed for the
40 mm cylinder (8 = 17%). However, when the cylinder size was
increased from 20 to 40 mm, C, decreased but X, increased
(Table 3), which is the opposite of the effect of increasing § reported
by Castro and Fackrell [§]. In fact, the only evidence in the current
data in which the blockage effect is observed is in Fig. 14, in which
8,/ D for the 40 mm cylinder is lower than that observed for the
20 mm cylinder. When §,,/ D was replotted against x/ D (Fig. 15), the
slight blockage effect observed in Fig. 14 was no longer evident.
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Fig. 16 Shear-layer center location in relation to x/D location.

Therefore, blockage does not appear to have a significant effect on
the current results and will be considered to be negligible. A
comprehensive study on the effects of blockage on airflow over
surface-mounted cylinders is beyond the scope of the current
investigation. However, the cutoff value for which blockage effects
are negligible for curved obstructions appears to be higher than the
11% previously reported for fences.

Overall, the data show the possibility of the existence of a cutoff
8¢9/D ratio, below which the separated shear-layer location is
suppressed by the high-shear stress in the upstream-approaching
boundary layer, causing the shear layer to remain at a relatively
predictable constant height. The downstream recirculation region
length is therefore only dependent on the spread rate of the shear-
layer thickness, which was shown to be independent of 8q9/D. This
cutoff ratio was found to be on the order of 4, for which the cylinder is
one-fourth of the upstream reference boundary-layer thickness.
Although this cutoff is best described in a fundamental sense in terms
of the obstructed upstream boundary-layer-profile displacement
thickness, reference to the unobstructed boundary-layer thickness is
better suited for simulator design purposes, in which extensive
measurements of the boundary layer with different obstruction sizes
are often impractical.

Conclusions

The shear layer separated from various-sized surface-mounted
circular cylinders was documented at four downstream locations.
Even with a wide range of cylinder sizes examined and the highly
curved geometry of the cylinders, the vorticity thickness of the
separated shear layer was observed to be a linear function of the
downstream location x/D, with spread rates comparable with
backward-facing step flows. Furthermore, this observation was
found to be independent of the 8¢y/D ratio, which leads to the
conclusion that once the shear layer separates from the cylinder, its
growth behavior is similar to other free-shear-layer flows. However,
the highly curved geometry of the circular cylinders exhibit
previously unreported qualities in the shear-layer trajectory, which in
turn affects the downstream recirculation region length.

The shear-layer trajectory was observed by noting the location of
the shear-layer center at each downstream location, which was found
to be a function of both the downstream distance and the o9 / D ratio.
The shear layer for the four cylinders examined was found to follow
one of two trajectories: for the two larger cylinders (8g9/D = 0.98
and 1.97), the shear layer was observed to follow a polynomial
trajectory, whereas the two smaller cylinders (8g9/D = 3.93 and
7.86) followed a linear trajectory. The polynomial trajectory was
found to be similar to sharp-edged fence flows, with fence-flow shear
layers reaching a higher trajectory; however, the linear trajectory
observed in the current data is previously unreported. The evidence
of two independent trajectories in the current data set has not been
documented for any surface-mounted geometry and is likely to be
attributed to the fact that the separation location on the highly curved
surface of the cylinder is free to adjust to boundary conditions,
whereas the separation location is fixed on sharp-edged obstructions.

Examination of the effect of the 8oy /D ratio on the location of the
shear-layer center showed evidence that a cutoff ratio of 649/ D exists
to which the location of the separated shear layer will remain constant
and independent of downstream location. This cutoff point appears
to be on the order of one-fourth of the reference boundary-layer
thickness; thus, the shear layer separated from cylinders that are
smaller than one-fourth of the boundary layer will maintain constant
properties at any downstream location before reattachment. This
provides an indication of a possible minimum-size requirement
for simulator geometric detail, although further data are required
to investigate how these clutter arrangements will affect flame
properties. However, these results provide a necessary data set for
judgment of the geometric detail required in simulator designs for
which previous data do not exist.

Although the data showed some similarities to backward-facing
steps and sharp-edged fences, the observations noted previously
show that differences are evident for highly curved surface-mounted
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obstructions, the current study of which only begins to explain the
complexity of this flow configuration. Future investigations into
the effect of surface-mounted obstructions on the upstream flow
behavior would certainly increase the understanding of this flow
phenomenon and aid in the physical interpretation of the 1:4
boundary-layer-to-obstruction ratio, which was found to separate the
shear-layer trajectory into two distinct conditions.
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