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Abstract

Results related to time-mean pressure distributions around a circular cylinder in cross-flow are pre-
sented and discussed briefly with special emphasis on the effect of relative pressure hole size and the
position of separation. Experiments cover Reynolds numbers from 0.2 × 103 to 2.1 × 105.

1 Introduction

This communication concerns aspects of time-mean surface pressure distributions around a circular cylin-
der in cross-flow, especially effects of relative pressure hole size and Reynolds number, Re = ρUd/µ,
where d is the cylinder diameter. The surface pressure field is described by the pressure coefficient,
Cp = (p− p∞)/q, where p is the local time-mean surface pressure, p∞ the static pressure of the oncoming
stream of velocity U and q = ρU2/2, the dynamic pressure.

Evidently, the first report on effects of dh (hole diameter scaled with d) is Hemke (1926). From wind
tunnel tests with dh = 0.01− 0.25 for Re ∼ 6× 104, Hemke finds that the pressure on the greater part of
the upstream half of the cylinder increases as dh increases whereas pressures on the downstream half are
unaffected. Rounding the edge of the hole has the same effect as increasing its size. If dh is less than 0.12,
Cp is not in error by more than 5%. The next related study is Thom (1928). Thom observes that pressure
distributions Cp(ϕ), where ϕ is the angle from the frontal generator, for various dh and in air flow, can be
brought into substantial agreement if it is assumed that the pressure inside the hollow cylinder is equal
to the true surface pressure at an angle dh/2 closer to the front generator than the centre of the hole.
Thom subsequently reports (corrected) pressure distributions for Re = 28 − 17 × 103, later extended to
experiments in water and oil for Re = 3.5 − 174 (Thom 1933). As shown in Linke (1931) the error in Cp

(due to finite dh and on the frontal side) is approximately proportional to the product of dh and the local
(measured) surface pressure gradient with respect to ϕ. For small dh this reverts to the result of Thom,
albeit Linke finds that the correction angle is about 0.43 × dh, see also Schiller & Linke (1933).

The main purpose of the present paper is to put forward further results and analysis on the effect of
the pressure hole size along with some reflections on the effect of Reynolds number on Cp(ϕ), based on
measurements for Re = 0.2 × 103 to Re = 2.1 × 105.

2 Experimental Details

Measurements were carried out in the low-turbulence wind tunnel L2 at Chalmers University of Technol-
ogy, Sweden. Cylinders with diameters 4 mm and 10 mm, used for studying the effect of relative pressure
hole size dh, were mounted vertically at the center of the working section (of height 1.25 m and width
1.80 m) and fitted with circular end plates of diameter D = 10 at an aspect ratio of ℓ = 80 (Dimensions
directly related to the cylinder itself have been scaled with the cylinder diameter.). These cylinders could
be rotated with a computer-controlled DC-stepper motor and positioned to an angular accuracy of about
0.05◦, using a high-resolution angular transducer. Streamlined struts with internal bearings for smooth
and stable rotation were used as extensions to the roof and floor. Mounting details for other cylinders can
be found elsewhere (Norberg 1994, 2003). For cylinders with diameters ≤ 10 mm the pressure hole was
carefully drilled through the cylinder wall. Silicone rubber and medium-soft PVC tubing were used in be-
tween the cylinder and the micromanometer (Furness Controls Ltd. FC013). The angle ϕ was determined
from the symmetry of measured pressure distributions, to an accuracy of about ±0.2◦.

The dynamic pressure (q) was taken out with a Pitot-static tube mounted upstream (United Sensor
PCD-12), p∞ from the static pressure tap of the Pitot-static tube. Great care was taken to reduce errors
due to insufficient integration times. The overall uncertainty for the uncorrected pressure coefficient, at
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constant odds 20:1, was estimated to be ±0.01. For dh ≤ 0.1, the following scheme was used for correction
of the pressure coefficient:

Cp = Cm
p + CT

(

∆

4

)

dCm
p

dϕ
−

(

∆2

24

)

d2Cm
p

dϕ2
(1)

where ∆ = 2×dh is the angular extent of the hole and CT = 1.0 (ϕ ≥ 0). The second term is the inferred
leading-order correction from a simple averaging over the hole area. Prior to the correction using Eq. (1)
the results were adjusted for blockage effects using the Maskell scheme (Maskell 1963), see also Sohankar,
Davidson & Norberg (2000).

3 Results and Discussion

Figure 1: Left: Pressure distributions Cm
p (ϕ) showing the effect of relative hole size dh for Re = 3 × 103.

Right: Pressure coefficient at ϕ = 30◦ vs. dh.

Fig. 1 (left) shows the effect of relative hole size dh for Re = 3×103. There is a marked influence of dh on
the major part of the frontal side. However, as from the about ϕ = 70◦ and onwards to the base the error
for dh < 0.1 is negligible. As shown in Fig. 1 (right) for ϕ = 30◦, including results of Thom (1928) and
Linke (1931), there is an approximately linear increase of Cm

p with dh. The present data for |ϕ| < 70◦ and
Re = 3× 103 indicated that the ratio between the gradients of Cm

p with respect to dh and ϕ, respectively,
was about 0.52 × dh. Linke reports 0.43 × dh for Re ≈ 10 × 103 (Schiller & Linke 1933), suggesting that
the value might be somewhat decreasing with increasing Re. In fact, present measurements with a 1 mm
cylinder for Re = 400 and dh = 0.05, 0.2 indicated a ratio of about 0.6 × dh. Nevertheless, it seems that
Thom’s indicated original value of 0.5 × dh is quite reasonable (CT = 1.0, Eq. 1).

For dh > 0.1, see Fig. 1 (left), there was an indicated local influence on the flow development within and
slightly downstream of the separation region (ϕ = 80◦ − 95◦). No simple correction based on measured
pressures can be expected here. For dh ≤ 0.1, using Eq. (1) with CT = 1.0, all corrected pressure
coefficients around the cylinder were within ±0.02 (Re = 3 × 103).

Some corrected pressure distributions within the initial part of the subcritical regime, Re = (0.3 −
1.5) × 103, are shown in Fig. 2 (left); base suction data up to Re = 2 × 103 is compiled in Fig. 2 (right).
Fig. 3 depicts iso-contours of Cp from Re = 3 to 3× 105 (left) together with a collection of critical angles
(right), as deduced from both time-mean and r.m.s. pressure distributions.

From about Re = 0.3×103 to 1.6×103 there is a dramatic decrease in both spanwise axial correlation
and sectional r.m.s. lift coefficient, the so-called ”lift crisis” (Norberg 2003). The associated variations
for the time-mean pressure loading are not that dramatic (Fig. 2, left), the mean pressure drag coefficient
(CDp) decreases only by about 18%, the decrease in base suction (−Cpb) is about 25% (Table 1). Inter-
estingly, there was a corresponding downstream movement of the mean separation point, as indicated by
the angular position (ϕs) of local maximum for dCp/dϕ (Fig. 3, right). For laminar shedding the actual
separation occurs downstream of this position (Sharman 2002). However, for increasing Re within the
turbulent shedding regime, i.e., Re > 300 approximately (Norberg 2003), it can be expected that ϕs closes
up with the (time-mean) separation point, the attached near-surface flow then behaving more and more
like a classical laminar boundary-layer. In fact, boundary-layer series solutions for Re = 3×103 produced
separation angles within the degree from ϕs (ϕs ≃ 82◦, see Table 1). For high Re, also the position of
local maximum for the r.m.s. pressure coefficient is an indicator of the mean separation point (Norberg
2003). With increasing Re, it is inferred from Fig. 3 (right) that this critical angle is closing up with ϕs
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Table 1: Summary of data from mean pressure distributions, Cp(ϕ)

n Re/103 d[mm] dh ϕ0[
◦]⋆ ϕm[ ◦]† −Cp (ϕm) ϕs[

◦]‡ −Cpb CDp

1 0.20 1 0.05 37.3 82 1.25 101 0.87 1.02
2 0.27 2 0.05 35.2 80 1.38 98 1.03 1.08
3 0.32 2 0.05 35.0 80 1.37 95 1.00 1.06
4 0.40 1 0.05 35.2 80 1.31 - 0.95 1.02
5 0.41 2 0.05 35.2 79 1.32 94 0.96 1.02
6 0.45 2 0.05 35.5 78 1.28 93 0.94 1.00
7 0.75 2 0.05 36.0 76 1.20 90 0.85 0.95
8 1.0 2 0.05 35.9 74 1.15 88 0.81 0.91
9 1.5 2 0.05 36.1 73 1.10 86 0.78 0.89

10 3.0 4 0.05 35.5 71 1.12 83 0.81 0.92
11 3.0 4 0.10 35.6 71 1.13 82 0.82 0.92
12 3.0 6 0.065 35.8 71 1.10 81 0.81 0.92
13 3.0 10 0.02 35.2 71 1.12 82 0.82 0.91
14 4.0 6 0.065 36.0 71 1.17 84 0.88 0.98
15 5.0 6 0.065 35.5 71 1.21 83 0.94 1.02
16 7.6 20 0.030 35.0 70 1.20 83 0.99 1.02
17 8.1 6 0.065 35.0 72 1.19 81 1.02 1.07
18 10. 20 0.030 34.9 70 1.24 80 1.05 1.08
19 20. 20 0.030 34.7 70 1.26 79 1.16 1.16
20 20. 40 0.012 34.3 69 1.27 78 1.19 1.16
21 41. 20 0.030 34.5 69 1.24 78 1.20 1.18
22 61. 40 0.012 34.4 68 1.23 76 1.22 1.19
23 214. 120 0.005 33.7 68 1.32 75 1.28 1.23

⋆Cp(ϕ0) = 0. †ϕm is at minimum Cp. ‡ϕs is at maximum dCp/dϕ.

from the upstream side. The angular distance between the point where Cp reaches a minimum (at ϕm)
and the subsequent maximum of dCp/dϕ (at ϕs) decreased with increasing Re.

The iso-contours of Fig. 3 (left) reveal some interesting variations related to flow transitions, e.g. at
Re ≃ 0.3 × 103 (onset of high-quality turbulent shedding), Re = (1.5 − 1.6) × 103 (onset of shear-layer
vortices), and Re = (5 − 8) × 103 (onset of low-quality turbulent shedding), see Norberg (2003).

The author acknowledges the usage of pressure distributions from 2-D numerical simulations by Park,
Kwon & Choi (1998), as kindly provided by Dr. Haecheon Choi (Seoul National University, Korea).

4 Conclusions

Surface pressure distributions around a circular cylinder in cross-flow, as determined experimentally in-
cluding a verified correction for finite pressure hole size, have been shown to be a complementary analyzing

Figure 2: Left: Cp(ϕ) for the 2 mm cylinder. Right: Base suction vs. Reynolds number. Solid line: 2-D
simulations of Oliver Posdziech (personal communication, 2000); dotted line: 2-D, (Henderson 1995); +:
3-D, (Posdziech & Grundmann 2001); ×: 3-D, (Evangelinos & Karniadakis 1999).
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Figure 3: Left: Iso-contours of Cp with ∆Cp = 0.1; dotted line: Cp = 0; line-dotted: Cp = ±1. Right:
Some critical angles; •, 2-D (Park, Kwon & Choi 1998); ◦, 2-D (Sharman 2002); ∇, exp. (Norberg 2003).

instrument in the ever-continuing study of this canonical bluff-body flow case.
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