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Abstract

Ground effect on pressure distribution and
aerodynamic force coefficients of a cylinder in subcritical
flow is investigated. The flow has a Reynolds number
based on the cylinder diameter D of 1.6x10* and has a
relative wall boundary layer 95% thickness 6,/ D and a
relative displacement thickness &,./D measured at 4
diameters upstream of the cylinder of 1 and 0.26,
respectively. The gap width d between the cylinder and
the wall is varied for eight values corresponding to d/6;
0f 0.9, 1.8,2.7,3.6,4.5,5.4,7.2,and .

The results show that the observed changes in
pressure distribution and force coefficients can be
roughly divided into three regimes: d/6,>1, d/§,, <l
and d/6,>1, and d/&,<~1. Different characteristic
parameters behave differently in these regimes. Generally
and most importantly, though, as the gap width decreases,
a reduction in maximum pressure coefficient, a delay in
the angular position of local maximum pressure just
ahead of the wake region — an approximate point of
separation, and a reduction in the extent of .the wake
region are observed. The latter two are consequences of a
triggered and early transition from laminar to turbulent of
the boundary layer on the near wall surface of the
cylinder. The triggering agent for this early transition is
attributed to turbulence in the wall boundary layer, which
acts in much the same way as freestream turbulence. For
the aerodynamic force coefficients, it is found that the
gap width has a drastic impact when d /&, is comparable
to or less than one, elsewhere it has little or no effect. In
the former, a reduction in drag and an increase in lift
coefficients are observed.

The paper describes in details the effects of gap
width on characteristic pressures as well as on
characteristic angular positions associated with the
pressure distribution C »(0)

1. Introduction
Aerodynamics (or hydrodynamics) is a-subject of
great importance for not only in the obvious area of
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vehicle design (automobiles, airplanes, ships, trains, etc.),
but it often plays significant role in other areas such as
dynamics, structural dynamics and design, noise and
vibration, etc. This is mainly because of .the aero/hydro-
dynamic force exerted on a submerged body. One aspect
of the aerodynamics of a submerged body that often
comes up in many applications is the ground or wall
effect. In short, the presence of ground or wall in the
proximity of a body changes the flow field characteristics
around that body through inviscid and/or viscous
phenomena, thus causing changes in the nature and the
magnitude of aerodynamic forces on the body.

In this study, ground effect on the aerodynamic
characteristics of a cylinder in crossflow which,
otherwise, is in the subcritical flow regime is
investigated. Specifically, for various gap widths pressure
distributions on the circumference are measured and the
lift and drag coefficients are determined. From the
results, the ground effects on strategic aerodynamic
characteristics of a cylinder are examined.

2. Dimensional analysis

To study the ground effect on the aerodynamic
characteristics of a cylinder in crossflow, we pose the
following dimensional analysis problem: Given the flow
configuration, the pressure distribution on the
circumference of a circular cylinder is desired. Therefore,
we choose the list of nine relevant parameters,
independent or not, in this problem as freestream velocity
u,, , density p; viscosity u; diameter of a cylinder D, gap
size measured between the cylinder surface and the wall
d, the boundary layer thickness on the wall §,, the

boundary layer thickness on the cylinder &, the angle 6,
and the corresponding local pressure coefficient C P

defined as
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where p is a local static pressure at & and P« is the

freestream static pressure. Figure 1 illustrates the flow
configuration as well as the coordinates system adopted.
Note that for the most part in this paper we shall use the
angular coordinates -180°<® <180° although at times we
shall switch to 0°<& <360° for convenience; no confusion
should or could be arised by this, however.

\J

/‘
/ .Y :
ANNNNANN NN NNNNNNNN

Fig. 1.

Schematic sketch of flow past a circular cylinder
near wall. The relevant parameters are indicated.

Using dimensional analysis, one obtains six
dimensionless parameters which can be written in a
functional formeas

C,=f(0;Rey,6,/d,6,/D,5, /D)‘» )

where Rep = pu D/ p is the Reynolds number based
on the cylinder diameter.

For the case of a cylinder in freestream, or without
ground effect, &, say at the location &= -90° is
dependent on Rep for a given surface roughness.
Therefore, it is conceivable that in the presence of a wall
and for a given surface roughness ¢ is dependent on
Re), and J. /d"; hence, we drop 4. /D from Eq. 2 and
obtain

C,=/(0;Re;.0,/d.0, /D) 3)
By replacing 9w /D with d/D, Eq. 3 can also be
rewritten as '

C,=/f'0;Rep,8,/d,d/ D), @

It is insightful from the point of view of an
experiment to discuss the difference between - the

functional forms of C) in Eqs. 3 and 4. Specifically, the

functional form of € employed dictates the setting up
ploy
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of the experiment, and vice versa. For example, if the
effect of the width of the gap d/é, on C, is desired

and Eq. 3 is employed, Reépand 9« /D need to, be
fixed. Experimentally, this can be done quite simply by
using a cylinder of-diameter D, running the wind tunnel
at constant speed %= , and fixing the streamwise location
of the cylinder while varying the gap d. By fixing the
streamwise location of the cylinder as d is varied, Sw / D
is fixed. (This is provided that the r_ef’eren'ce point -for
measuring 9w is far upstream enough so that S is not
affected by the upstream influence of the flow ahead of
the cylinder.) On the other hand, if Eq. 4 is employed, the
experimental setup becomes more complicated because
of the change in d&/D as d is varied. In this.setup, one
needs to change the cylinder to a different size every time
d is varied in order to keep d/D constant.

Therefore, in this study the experiment is designed
around the functional form as represented by Eq. 3.

3. Experimental setup

The experiment was conducted in the Fluid
Mechanics Research Laboratory (FMRL), Department of
Mechanical Engineering, Faculty of Engineering,
Chulalongkom University. The wind tunnel used is a
modification of the existing suction type tunnel shown
schematically in Fig. 2. After room air is drawn through a
bell-mouth inlet, it passes through a settling chamber
which consists of, from upstream to downstream, mesh-
20 screen; a honeycomb made from plastic drinking
straws (6 mm dia., 15 cm long) sandwiched between two
mesh-20 screens, a series of four mesh-20 screens and a
mesh-30 screen. All screens are uniformly spaced at 100
mm apart. Then, air is drawn into a test section which has
a cross section at the inlet of 12x12 in’ and a length of
200 cm. All four walls of the test section are made of
acrylic plate of 10 mm- in thickness. Owing to the
anticipated blockage effects of the growing boundary
layer as well as of the cylinder itself, the test section is
equipped with a flexible upper wall. In short, the upper
wall is a cantilever supported by a flange at the test
section inlet and two adjustable screw hangers located at
125 ¢m and 200 cm from the inlet. The shape of the
upper wall can then be adjusted by means of these two
screws. At the end of the test section is a reducer of 130
cm long. The reducer connects the test section, which at
this location may have a height more than 12 in, to a

-12x12 in’® inlet of an adapter-diffuser of another 100 cm

long. At the top portion of an inlet of the reducer is a gap
between the adjustable upper wall and the fixed height

reducer, hence some room air is drawn through this gap

during operation. At the end of the adapter-diffuser is a
butterfly valve leading to a 5.5-kw axial flow fan. The
wind speed in the test section can then be adjusted by
means of this butterfly valve. The air drawn into the
tunnel is discharged back to atmosphere at the end of the
tunnel:



Test section

Sctt_lihg chamber

Reducer Diffuser  Axial-flow fan

-Fig. 2. Schematic diagram of the wind tunnel.

The test cylinder i$ located at 150 cm downstream of
the test section inlet. It is an acrylic pipe 25 mm in outér
diameter. To be able to adjust the gap width d, the
cylinder is mounted on a sliding side-plate assembly
which can be slided vertically along the side wall and
_ whose inner surface lies flushed on the same plane as that

of the side wall. When the desired gap width is set, the

assembly is press fitted to the side wall on both sides, left
and right, by means of screws. Figure 3 illustrates the
sliding side-plate assembly. ’

“'
End seal / o
Pressure tap, ;,, o ‘2';,
,08 mm in dia.

Sliding sidc-piatc

assembly
. Ball bearings \Guide tube, 6 long
HJTO manometer
Fig.3. Schematic of the sliding side-plate assembly

(top view).

On the test cylinder, at the mid-span location
corresponding to the center of the tunnel, is a static
pressure- tap of 0.8 mm in_diameter. The test cylinder is
supported by two ball’ bearings, located approximately 6
inches apart, in order that the relative angular:position of
the pressure tap with respect to the direction of the
freestream velocity can be adjusted to the desued value
of 6, enabling the measurements of static. pressure at
various 6’'s by means of only one pressure tap. In
addition, the separation of 6.inches between: the two ball

bearings helps minimizing the pitch angle of the cylinder
(measured relative to its own axis) owing to any
backlash. '

Diagnostic_tools employed were a pitot probe and
static pressure taps. The pitot probe is a laboratory-built
one with inner diameter of 0.8 mm and outer diameter of
1.2 mm, the details of which can be found in the
companion paper by Sakulyanontvittaya et al. (1999). It
was used for the measurements of freestream velocity as
‘well as the incoming boundary layer profile. The static
pressure taps were of two sets: one just described was for
the measurement of static pressure distribution on the
circumference of the cylinder and the other was a set of
static pressure taps along the tunnel’s upper and lower
walls. The taps along both walls were uniformly spaced
at 10 cm apart. These taps were used to monitor the static
pressure distribution in the tunnel so that the flexible
upper wall could be adjusted to the desired pressure
distribution. These experiments were conducted at
constant pressure condition.

An inclined manometer with a resolution of 0.2 mm
water was used for all pressure measurements. In
addition, all the measurements of pressures were done
with respect to the reference’ static pressure tap ( p,e)
located on the upper wall at 4 diameters upstream of the
cylinder.

The boundary layer on the tunnel floor was used as a
test boundary layer. Therefore, the gap width d was
measured from this wall.  The' measurement of the
incoming boundary layer profile was done at the
reference location, 4 diameters upstream of the cylinder.

" The spatial resolution of the measurement was 1 mm, i.e.,

the pitot probe was traversed at 1 mm step away from the
wall.

The measurements of the static pressure distribution
on the circumference of the cylinder were done at 5° step,
i.e., the cylinder was rotated at 5° step.

The experiments -were conducted at the: freestream
velocity of 10 m/s, co:respondmg to Rey ina ‘subcritical °
flow regime of 1.6x10*. At this-speed, the incoming

"boundary layer on the tunnel floor, measured at the
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reference location, had a 95% thickness, Sw; and a

displacement thickness, 81, of 25 mm and 6.5 mm
respectively, giving 6,/D =1 and 8,/ D=026. The
gap d was varied for 8 values: 5.5, 11.5, 17.5, 23.5, 29.5,
35.5, 47.5, and 150 which are corresponding to /8 of

0.9, 1.8, 2.7, 3.6, 45, 54, 72, and © (no wall or
freestream condition).

4. Results _
4.1. Boundary layer profile and boundary layer
thickness

In the determination of the boundary layer thickness,
the boundary layer profile was measured with a
laboratory-built pitot probe and a static pressure tap at the
reference location, 4 diameters upstream of the test
cylinder. The measured profile was then used for the
calculation of the 95% and the displacement thickness
without any priori correction for the effect of the size of
the probe. Figure 4a shows the measurement result on a

Clauser's plot, ¥/uqVS Re,=u,y/v on a semi-log

plot, Clauser (1954). In the figure are also shown for
comparison the plots for boundary layers with skin

friction coefficients Cf of 0.0030, 0.0033, and 0.0036.

From the plot, the skin friction coefficient of the
boundary layer was then determined to be between
0.0033 and 0.0036 with the best fit in the log region at
0.0035. The result was then used for the calculation of
the profile according to Cole's law of the wake (Coles,
1956),

u' =llny+ +B+£I—W(X]
K K )

&)
or
’C C C
L?_—_ L _fln J_Re +B _f
u, |x\2 V 2 7 \J 2
R G ©
e
+dsin?| 22| 2L
2 Rey 2
where ' =ulu, —u.=\Jrlp  y =yulv,

Res =u,8/v, T=xdi2, Wiy/6)=2sin’CL),

K= 0.41, B=5.0, A=2.35. In this case the best fit is at
c 7 =0.0033, and the result is shown in the same figure.
Figure 4b shows the same data on a linear plot. The
measured data fitted Cole's law fairly well except in the
near wall region, approximately within 4 mm from the
wall. This is to be expected owing to the size of the
probe. From the measured data, the 95% thickness S and
the displacement thickness &1 .were determined tobe 25
and 6.5 mm respectively.
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Fig. 4. Boundary layer profile at the reference location:
(a) on semi-log plot, (b) on linear plot.

4.2 Pressure distributions and aerodynamics
coefficients

All the results related to the pressure distribution and
the aerodynamic characteristics are summarized in Table
1 (see back) together with the estimates of experimental -
uncertainty. The nomenclatures are given below. In
processing the data for. the distributions of the static

pressure, C p(g), we correct for an error in angular
position owing to misalignment by taking the angular
position of the point of maximum P~ Pry in case
d/6;= © a5 an offset. The offset value is then
subtracted from all other data points. This ‘maximum
P~ Pres value is also taken as the dynamic pressure of

the fresstream, Eq. 1. Thus, for the determination of C,

for all other data points, the corrésponding value of
P~ Pres are normalized by this maximum value. As a

result, the uncertainties in the measured angular position
€ and in the calculated pressure coefficient C, are

estimated to be within + 2.5° and + 0.03 respectively.
Note that because of the finite size of the pressure tap
(0.8 mm), the reading of the pressures is approximately
an average value over + 1.8°.



Figures Sa (see back) shows the results for static
pressure distributions on the circumference of the

cylinder for cases d/6,, <1: d/6,=0.9, 1.8, and 2.7;
and Fig. 5b, for cases d/&8,,>1: d/8,=4.5,5.4, and 7.2.

Cases d/6,=3.6 (d/5,=0.94) and  are repeated in
both- figures for corriparison. Note that, for cases in Fig.
5a part of the lower surface of the cylinder is submerged
in the wall turbulent boundary layer (d/J,<1), while
that for cases in Fig. 5b the cylinder is clear from the
boundary layer (d /45 ,,>1).

Also shown in the figures is the corresponding static
pressure distribution according to the inviscid theory,

. 2

C,(@)=1-4sin" 0. @)
As is obvious from the results, all cases have

common characteristics as depicted in Fig, 6; therefore,

for convenience, we shall use the following notations:

the maximum value of C o

Cpmin the local minimum value of C, ahead of
. the wake region;

Cpw  the average value of C p in the wake
region;

Ymn  the angular position of C s

Ymax  the angular position of the local maximum
just ahead of the wake region;

Yo the angular position of the zero-crossing;

Ayma the angular distance between y ., and
¥ min2 Measured across the leeward surface;

Ay mx the angular distance between y..., and

¥ max 2 Measured across the leeward surface;
subscripts 1 and 2 refer to the upper and the lower
surface respectively.
In addition, we shall use the notion of quadrant to
indicate the angular position: Q,: 0° <@ <90°, Q,: 90° <0
< 180°% Q,: - 180° <8 <-90° Q,: -90° <9 < (°.

General characteristics

For all cases tested, i.e., d/5,=0.9 to «, the results
show no drastic change in the general characteristics of
the pressure distribution, C, (&) . That is, there is a local

maximum of pressure at or near the nose (6 = 0°)
followed by a descending to zero and to a local minimum
near each pole (north-south) and then by a local
maximum that levels off to a flat region on the leeward
surface of the cylinder. From the case of a cylinder in
freestream, it can be inferred that separations on both
upper and lower surfaces occur approximately at
6 =+83°. (In general, separation occurs approximately at
the location of y ., see Table 1.) This implies that the

boundary layers on the cylinder surfaces still remain
laminar at the points of separations. Hence, the flow is
subcritical. In addition, for this freestream case, the well-

AQ

known characteristics of the distribution approaching that
predicted by inviscid theory near the nose is observed.

C,

C

pmax

7D

LAV
S

pmin

X4

Fig. 6. Notations for characteristic pointson C, VS 8.

On the other hand, an increase in the degree of
asymmetry of C,(6) as d/&, decreases is obvious. For

cases of high d/J,, specifically for cases in Fig. 5b in
which d/8,>1, the pressure distribution is symmetric
and approaches that of the freestream case with an almost
exact replica from the nose upto approximately the point
of minimum pressure ( —{ 7 pin2 1< < ¥ min1 )» after which
point some deviation is observed on the leeward surface. :
The deviation is nonetheless minor that a fraction of it

can be contributed to experimental uncertainty. As d /&,
decreases below 1 but 4/, still above 1 (Fig. 5a), the -
most obvious change is the reduction in Cppyy-
Nonetheless, the pressure distribution is still very much
symmetric except for case d/§,. = 1.8 in which some

deviation from symmetry is observed starting
approximately 10° after the point of zero-crossing on the
lower surface (y,,). When d /&, is comparable to 1 as
in case d/6,=0.9, asymmetry in C,(6) is pronounced,
starting practically right at the nose. V
Another related observation is the curvature of
C,(0) at the nose. The change in characteristics is

similar to the asymmetry discussed above. That is, it is
observed to depend on three regimes: t<d/é,, d/6,,
<1 and 1<d/é,, and d/J,<~1. Note that the change
may not be abrupt, nonetheless it is noticeable. For cases
with 1<d /&, practically no change is observed. For
cases with d/58,<1 and 1<d/§,, slight change can be
observed for which in this case is the reduction in
curvature. And, for case with d/4J,<~1, a significant or
drastic change is observed. In the latter case, for case
d/8,=0.9 an almost flat region spanning approximatety

15° from 6 =-7.5°to +7.5° is observed.
Another drastic and obvious change can be seen in

the level of C,in the wake region, or C,, . Here we

define the wake region as the region that lies between



Ymax1 and Ymax2 measured across the leeward surface,
ie, 7max1<8<180° U —180°<9<7max2 , because the

points of separation that are the origins of wake on the
upper and lower surfaces can be approximated by the

corresponding locations of ¥max1 and ¥max2 . For this, no

significant change in' Cpw relative to the value of the
freestream case is observed for cases 1< d/és, . For cases
in which 4/9,<1 and 1<d/8) s hpweyer, a significant
reduction in € pw is observed. In contrast, as dlé,
decreases further until d/81<1 as'in the case d/%;=
0.9, ia drastic increase in C pw is observed.

We. shall ‘now present each and additional
characteristics in details.

Cpmax » Cpmfn ’ pr

Figure 7 depicts the change in characteristic Cp 's as
the width of the gap change. Also shown in the figure is

the uncertainty in measurements which is estimated to be
+0.03 forall Cp's.

As the results show, Cpma starts decreasing as

d!é, decreases below 1. This implies that the “mean”
streamline that leads to the point of Cpmax moves closer

to the wall as 4/ &, decreases. We shall discuss this in
more details in the nexg.section.
On the other hand, Cpmint and Cpmin2 change by

practically equal amount as 4/ _decreases — down to
the case d/9 =(0.9, making the change — at least in
magnitude — symmetric with respect to the upper and the
lower surfaces. In other words, Cpminl and CpminZ are

always equal even when the gap is reduced t0 0.9 5. As
we shall soon see, however, that this is not the case for
the locations of Cpminl and Cpmina.

As the gap decreases below .S, but still above 4,
slight decrease in C pmin (1 and 2) is observed. As the gap

-decreases further below &1, however, a drastic increase
by almost 40% is observed. This change in characteristics
is echoed with .a slight decrease followed by the
corresponding drastic increase by pressure distribution in
the wake region behind the cylinder, indicated by Cpw .
Note that s a fluid particle moves downstream, from
the nose, along the circumference of a cylinder, it
experiences a decrease in pressure upto.the point of
minimum pressure, Ymin . After that, it regains pressure
for a short interval upto approximately the point of local
maximum pressure Ymax, before the boundary layer
separates. The pressure recovery after ‘the point of
minimum pressure is then given by Cpiocat max ~C pmin

where Cplocalmax is the local maximum which is
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approximated by Cpw. A closer look at the pressure

recoveries on both upper and lower surfaces is given in
Fig. 8, together with the uncertainty estimates. In this
case the uncertainty estimates are given as + 0.04
although for the cases with d/8,>1, they are more
likely less. From the figure, despite the unéertainty the
pressure recoveries are observed to generally decrease as
d/6; decreases.

( 2 4 6 8 Freestream

* Cpmax =+ Cpw

& pmin2

& Cpminl

Fig. 7. Effects of the gap width on characteristic
pressure coefficients.

0.3

0.0 T T T T
0 2 4 6 8 Freestream
a’s ]
+pr‘ pminl s pw™~pmin2

Fig. 8. Effects of gap width on pressure recoveries.

Y max s ¥ min s Yo

Better understanding of the flow comes not from the
characteristic pressure coefficients but from * the
characteristic positions. Figure 9 (see back) shows the
results for various characteristic angles together with the
estimates of experimental uncertainty.

The angular position for a local minimum pressure is
designated by 7min . From the figure, it can be seen that



the gap width has relatively little or:no effect on y ., -
On the other hand, it gradually has strong effect on
¥ min2» Starting right from d/6,,~1, and causing a delay
in reaching -a local minimum pressure. For case
d/8,=0.9, the delay is approximately 20° relative to the
case of freestream. Thus, it is seen that the reduction in
gap width below &, causes asymmetric change in the
locations of local minimum pressures on the upper and
the lower surfaces. This is clearly in contrast to its effect
on C, ., in two aspects as discussed above. Specifically

and firstly, unlike its effect on y 4, , the reduction in gap

width causes a symmetric and equal change in C

and C, 0, - And, secondly, it starts to have significant

and, in fact, sudden effecton C only when d <~§,.

p min

The state of affairs is revealed when the positions of
local maximum pressure, y .. , are examined. But before
the results are presented, some words regarding the
determination of y,,, are in order. Unlike the local
minimum, the local maximum, if it exists, is relatively
difficult to be determined owing to the gradual leveling
offof C, towards C,,,, together with the relatively low
resolution of the experimental setup. Therefore, as
mentioned earlier we take C,, as the representative

value for this local maximum. y . is then defined as the

first angular position approached, from the point of the
corresponding  local minimum, at which the

corresponding €, lies within the experimental
pwo i€, Cp 2 Cp,-0.03.

As mentioned earlier, the position of ¥,

uncertainty of C

corresponds approximately to the point of boundary layer
separation. For subcritical flow, in which the separated
boundary layer is laminar, separation occurs at &~ 82°%
and for supercritical flow, in which the separated
boundary layer is turbulent, §~120° (White, 1994). The
results, shown in Fig. 9 and Table 1, indicates that for the
freestream case. ¥ .~ |Zm2!| ~ 83°% hence, the
separated boundary layer is laminar and the flow is
subcritical on both upper and lower surfaces. As the gap
width d decreases, y_,, and |y,.,,| increase
approximately equally - making a symmetric change in
the locations of local maxima — until the gap width is
reduced to d /6, = 2.7, at which point the points of local
maxima are de'layed by an equal amount of
approximately 10°. As d decreases further, however,

Y maxi TEMains approximately constant at 88°-93° while
|7max2 | continues to increase to 103° for d4/4,=0.9.
Initially, the delay in |y .., | is relatively slow, by 10°
from d /6, =oto 2.7. From d/8,= 2.7 to 0.9, however,
the delay is accelerated, by an additional amount of 10°.

The delay in | 7, | from 83° in the freestream case
to 103° in the case 4/ 5,=0.9 suggests the corresponding
delay in boundary tayer separation. This suggests that the
boundary layer on the lower surface for cases of low
d/é,, particularly case d/&, =0.9, is not laminar but
turbulent when it separates. This implies that early
transition from laminar to turbulent must have been
induced and, as a consequence, rqsults'in the ability of
the boundary layer to remain attached for additional 20°
(from 83° to 103°). Realizing that for casés with low
d 18, , particularly cases with d /&, <1, part of the lower
surface is submerged in the turbulent boundary layer (for

‘a fraction of time approximately equal to the local

intermittency factor at the edge of the boundary layer),
one is not surprised of the source of trigger for early

~ transition. That is, turbulence in the wall boundary layer
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acts as the triggering agent for early transition for the
boundary layer on the cylinder lower surface ~ in much
the same way as the effect of freestream turbulence on
transition.

" What s rather intriguing, however, is the fact that the
characteristics of Vmax1 18 very similar to that of y ..,
in the range of 2.7< d /8, < despite the fact that the
upper surface is pdinted away from the wall. In addition,
given this, it is also intriguing from the point of view of
7 max that the effect of the wall can be felt as far as
d/6;=720r d/5,=1.9 (¥ paxy=83°and 88° for d /5, =
o and 7.2, respectively.)

Figure 9 also shows the points of zero-crossing, y, .
It is seen that, except for the lower surface of case
d/5,=0.9, the gap width d has little effect on the zero-
crossing either on the upper surface or on the lower
surface. For the lower surface of case d/5,=0.9, 7,,
changes as much as 14° Another characteristics shown in
Fig. 9 is the angular interval for pressure recovery,
indicated  bY (Va1 ~Zmim1) 304 [Ymax2 =V mina] -
Fluctuations on both surfaces are observed as the wall is
approached, though. the general trend seems to be
increasing.

Figure 10 (see back) is a replot of Fig. 5 in the
angular coordinate 0°<@<360° so that the extent of the
wake region, indicated by Ay .y =7 max2 — 7 maxi - Can be
examined more closely, and the results are summarized in
Fig. 11 below. The results indicate that for cases with

d/é8,>1, the extent of the wake region is uniformly
affected by the gap width, an approximate reduction of
12°. As d /&, decreases below 1, however, the extent of

the wake region on the lower surface progressively starts.
to contract, causing a total reduction of the wake region

as much as 30° for case d/&,=0.9. Also shown in the
figure is Ay, . The reduction in Ay, occurs only

when d /6 ,<1.



240
—_—

201 A '
Ay
(deg)

180 4

150 T : . .

0 2 4 6 8 Freestream

a’s

1

- AYmin e Aymax

Fig. 11. Effects of gap width on the extent of the wake
region, A7 max , and AY min .

Crand Cp

The effects of gap width on the lift and drag
coefficients as well as on the lift-per-drag ratio are shown
in Fig. 12. The results show relatively no effect on Cp
for cases with /8, >1. As d/6,, decreases below one,

however, Cp first increases slightly but then decreases
drastically as 4/, falls below 1. The drastic decrease in
Cp is owing to a reduction in Cpmaxas well as a
significant increase in Cpw . On the other hand, a drastic
increase in C. is obsérved for case 4/ S <1, elsewhere
C. is not affected by gap Width. This is undoubtedly a
result of an asymmetry in C,(6) which is, in turn, is a

result of early boundary layer t'ransitioxi and delayed
separation. Consequently, the lift-per-drag ratio remains
zero for allcases except for case d/9i<1 in which a
jump to 0.17 is observed.
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Fig. 12. Effects of gap width on lift -and drag

coefficients.

S. Discussion
The reduction in Cpmax with d/é, is worth

examining in more details. The fact that Cpmax decreases

as d/8, decreases below one implies that the “mean”

streamline that leads to the point of Cpmm( comes from
within the boundary layer and that it moves closer to the
wall as d/9,, decreases. In addition, since the angular

position of Cpmax almost remains unchanged, i.e.,

remains at the nose (Fig. 5a), for cases d/6,=1.8 and2.7
and possibly changes but relatively little for case
d/6,=09, this further implies large deflection of the
leading streamline away from the wall as it approaches
the cylinder.

In addition, a reduction in Cpmax can be used to

locate the approximate position of the leading streamline.

For example, for case 4/81= 09, the reduction of

Cpmax to approximately 0.5 times of the freestream case
gives a rough estimate of the mean velocity of the leading

streamline to be ¥ / V2 . Hence, this gives (Fig. 4) the
estimated location of the leading streamline to be at 5-6
mm from the wall, an order of the gap d. Similar
arguments can be made for cases 4/, = 1.8 and 2.7, and

the estimated-location of the leading streamline is found
to be in the order of the gap d from the wall

Another related point that is worth noting is the fact
that the curvature of Cp (8) at the nose decreases as

d/8, decreases below one. In other words, the pressure
distribution in the neighbors of the nose becomes more
uniform as /0, decreases below one. This is likely
owing to the mixing nature of turbulence that tends to

-make flow properties become more uniform.

6. Conclusions-

Ground effects on pressure distribution and
aerodynamic coefficients of a cylinder in subcritical flow
were investigated. The results showed that, as the gap
width decreased such that the near wall surface of the
cylinder was in the vicinity of the wall turbulent
boundary layer, early transition from laminar to turbulent
of the boundary layer on that surface was promoted by
the trigger from turbulence that was originated from the
wall boundary layer — in'as much the same way as the
effect of freestream turbulence on transition. This caused
a delay in separation and, in effect, caused a change from
laminar boundary layer separation to turbulent boundary
layer separation, or from subcritical flow to supercritical
flow. As a result, the extent of the wake region was
reduced.

The results also showed that the observed changes in
pressure distribution and force coefficients could be
divided roughly into three regimes: 4/6,>1, d/6, <|

and 4/6,>] and d/6)<~1. Different characteristic
parameters behaved differently in these regimes.

For the aerodynamic force coefficients, it was found
that .gap width had a drastic impact when 9 16; was
comparable to or less than one. In that case, a reduction
in drag and an increase in lift coefficients were observed.
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Fig. 5. Ground effect on static pressure distribution on the circumference of a cylinder in subcritical flow,
Rep =1.6x10°, 6 /D=1, 8;/D=026: (a) for cases 4/6, < 1: d/81=09, 1.8, and 2.7 (b) for cases

d16,>1: d/8,=4.5,54, and 7.2. Cases 4/81=3.6 (4/J,=0.94) and © are repeated in both figures for
comparison.
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Fig. 10. A replot of Fig. 5 using different coordinates system (0°< 6 <360°) illustrating the relative extent of the wake
regions.
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Table 1. Summary of the characteristics of ground effects on the cylinder in subcritical flow with Re, =1.6x10",
8,/ D =1,and &, /D =0.26. The number in parentheses indicates the estimate of experimental uncertainty.

dls,
0.9 13 27 | 36 a5 54 | 72 o
dis. | o0z 0.46 0.7 0.94 118 1.42 19 o
Cormr (£ 0.03) 0.57 0.74 0.86 097 0.95 0.97 0.98 )
Corr (£0.03) 061 | 094 | 094 | 097 | 090 | 092 | -087 | 090
Coms (£ 0.03) 058 | 094 | 057 | 057 | 090 | 097 |08 | 090
C,. (£0.03) 046 | 080 | 080 | -078 | 072 | -072 | 067 | 069
Cou-Comims (£0.04) | 0.15 0.14 0.14 0.19 0.18 0.20 0.20 021
CowComma (£008) | 012 | 0.14 0.17 019 | 018 0.20 0.20 021
T (£2.59) 68 70 70 68 68 68 68 68
Yo (£2.5°) 89 30 73 68 768 768 68 T
Yoo 1 (£ 2.59) 93 | 88 93 90 %0 88 88 83
Yooa 1 (£2.5% 103 | -103 93 90 88 50 250 83
Ao 1 (£3.59) 205 210 218 | 225 225 325 225 225
M 1 (£ 3.5 165 170 175 180 183 183 183 195
T (£35) | 25 | 18 23 3 23 20 20 5
oo Yomal (£ 3.5%) 15 23 20 23 20 23 3 15
Yo (£2.59 36 35 35 35 36 36 37 37
Yo (£2.5% 52 38 37 34 37 33 38 38
C, (£001) 0.11 0 0 0 0 0 0 0
C, (£001) 0.64 0.88 0.91 0.92 0.87 0.88 0.86 0.88
C,/Cp(£0.02) T o7 0 0 0 0 0 0 0
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