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ESDU Data Items

Data Items provide validated information in engineering design and analysis for use by, or under the supervision
of, professionally qualified engineers. The data are founded on an evaluation of all the relevant information,
both published and unpublished, and are invariably supported by original work of ESDU staff engineers or
consultants. The whole process is subject to independent review for which crucial support is provided by
industrial companies, government research laboratories, universities and others from around the world through
the participation of some of their leading experts on ESDU Technical Committees. This process ensures that
the results of much valuable work (theoretical, experimental and operational), which may not be widely available
or in a readily usable form, can be communicated concisely and accurately to the engineering community.

We are constantly striving to develop new work and review data already issued. Any comments arising out of
your use of our data, or any suggestions for new topics or information that might lead to improvements, will
help us to provide a better service.

The preparation of this Data Item
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following constitution:
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MEAN FORCES, PRESSURES AND FLOW FIELD VELOCITIES FOR CIRCULAR
CYLINDRICAL STRUCTURES: Single Cylinder with Two-dimensional Flow

1. NOTATION AND UNITS

Re

S Unit
mean drag coefficient of two-dimensional circular cylinder whose
longitudinal axis is normal to flow; drag force per unit length/(%2pV_ D)
set of force coefficients acting along and normal to flow direction and to
cylinder axes respectively (see Sketch 4.1); force per unit
length/(2pV_ D)
mean pressure coefficient at cylinder surface, (p—p_,)/ (‘/szoo2 )
instantaneous value of the fluctuating pressure coefficient
extreme value of Cy(t)
value of Cy on cylinder surface in wake region (see Sketch 7.1)
minimum value of C, on cylinder surface (see Sketch 7.1)
mean pressure coefficient at distance r from cylinder centre and angle 6 (see
Sketch 7.2)
cylinder diameter m
protrusion height m
factor in Equation (4.7) accounting for effect of cylinder inclination on Cy
crest or peak factor (see Equation (7.9))
gap width between cylinder and plane surface (see Sketch 6.1) m
intensities of turbulence; 6, /V_, and 6,/V_, (see Table 10.2 for typical
values)
length of cylinder m

lateral integral scale of U-component of turbulence (see Table 10.2 for typical m
values)

local static pressure N/m?

Reynolds number, V_Dsec¢/v

Issued October 1980
With Amendments A to D, March 2019 DOCU ments
1 Document Sharing Hub

Full document details: ESDU 80025 D 2019 IHS Markit copyright material


http://www.avadocuments.com/doc/esdu-80025-d-2019
http://www.avadocuments.com/doc/esdu-80025-d-2019

ESDU 80025

Regit critical Reynolds number, i.e. Re at which Cp, = 0.8 in rapid drag fall (see
Appendix A)

Re, effective Reynolds number, AA Re(see Section 3)

Rep Re at which rapid fall in Cpy, at transition begins (see Sketch 3.1)

Re, V_X/v

r distance between cylinder centre and point in flow field m

u(t), v(t) fluctuating components of free-stream velocity in direction of flow, and m/s
normal to flow direction and cylinder longitudinal axis, respectively

V_ mean free-stream velocity m/s

Vg local mean flow velocity at surface of cylinder m/s

V(r;0) local mean velocity in flow field at distance r from cylinder centre and m/s
angle 0

Vet effective mean free-stream velocity in boundary layer (see Equation (6.1)) m/s

Vv, local mean free-stream velocity in boundary-layer flow (see Sketch 6.1) m/s

X length of plane surface upstream of cylinder location m

a power-law index giving approximate variation of V, with height from surface

B(r;0) angle between local flow direction and free-stream direction (see Sketch 7.2)  deg

€ effective roughness height of surface (see Table 10.1 for typical values) m

0 angular location of point (see Sketches 5.2, 7.1) deg

0y value of 6 where Cp, first equals Cpy, deg

Om value of 6 where Cy = Cpn, deg

A parameter defining effect of surface roughness on Reg (see Section 3.1)

Ay parameter defining effect of flow turbulence on Re, (see Section 3.2)

v kinematic viscosity of free-stream m?/s

p density of free-stream kg/m3

Scp standard deviation of fluctuating pressure coefficient

G, -0y standard deviations of u(t) and w(t) m/s
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0 angle between free-stream direction and normal to longitudinal axis of deg
cylinder (see Sketch 4.1)

U} ratio of open area to total area

Subscripts

crit denotes value at critical Reynolds number

eff relates to effective value based on Vg

h relates to value for gap width h

m relates to value where Cy = Cp

max denotes maximum value

0 denotes value for cylinder inclined to flow at angle ¢

0 denotes value for two-dimensional conditions (see Section 2.4)
oo denotes free-stream value

2. PURPOSE, SCOPE AND USE OF THIS DATA ITEM
2.1 Purpose

The purpose of this Data Item is to provide data for estimating the mean forces induced by flow around a
cylindrical structure of circular cross-section. Only single cylinders are considered in this Item; mean forces
on cylinders in groups will be the subject of a separate Data Item. In the present context the data apply
when the effect of the flow around the free end (or ends) can be ignored (e.g. for long cylinders).
Reference 1 provides additional information in the form of correction factors which can be applied to these
data to account for end effects and shear flow effects, such as those associated with cantilever structures in
the non-uniform atmospheric wind.

The circular cylinder is one of the most commonly occurring shapes in engineering structures. Typical
examples are chimney stacks, towers, storage tanks, silos, cables, pipe lines, space vehicles and missiles,
and elements of structures such as lattice towers and off-shore structures. Other examples are pipes and
struts inside ducts but in these cases the confinement effects due to the proximity of the duct walls must be
taken into account (see ESDU 80024°). In many situations the overall response (mean and fluctuating) of
the structure to the approaching flow, such as the atmospheric wind, is needed for design purposes. This
Item provides data for estimating the mean components of loading. The fluctuating components, such as
those arising from buffeting by a turbulent flow or from vortex shedding, must also be considered;
ESDU 870357 provides methods for estimating the maximum design loading due to buffeting by
atmospheric turbulence (along the wind direction) and Reference 8 deals with the across-flow response due
to vortex shedding.

Documents
3 Document Sharing Hub

Full document details: ESDU 80025 D 2019 IHS Markit copyright material


http://www.avadocuments.com/doc/esdu-80025-d-2019
http://www.avadocuments.com/doc/esdu-80025-d-2019

ESDU 80025

2.2 Scope

The data presented (used in conjunction with Reference 1 to account for free-end effects and shear flow)
form the basis for estimating mean force coefficients acting on circular cylindrical structures of many types
in a variety of conditions. The following data can be obtained from this data Item.

Data Section No.
Drag coefficients of plain cylinders 3
Force coefficients of inclined cylinders 4
Drag coefficients of stranded cables 5.1
Drag coefficients of perforated cylinders and perforated shrouds 5.2
Drag coefficients of cylinders with strakes 5.3
Drag and side force coefficients for cylinders with isolated spanwise protrusions 5.4
such as ribs, joints, icing droplets, cables and pipes

Drag and side force coefficients of cylinder with its longitudinal axis parallel to 6
nearby plane surface

Mean pressure distributions 7.1
Fluctuating pressure distributions 7.2
Velocity flow field around the cylinder 7.3

It must be emphasised that with circular cylindrical structures there are a number of parameters that can
have a very significant effect on the flow-induced forces. The effects of the following parameters are
particularly important and can be taken into account when estimating data from this Item.

Parameter Section No.
Reynolds number (up to full-scale values) 3,
Roughness of cylinder surface (up to /D = 0.12) 3,3.1
Turbulence characteristics of the approaching flow 3,32
Cylinder inclination to flow direction (0 to 90°) 4

2.3 Use of the Data Item
To make the best use of this Data Item proceed as follows:

6)] Select the appropriate calculation sheet, or sheets, from Tables 10.3 to 10.5. Read the general
background notes referred to in the appropriate Sections of interest. (Section 8 contains two worked
examples and Appendix A provides a general description of the features of the flow around a
circular cylinder.)

(ii) Take note of the general applicability and uncertainty of the data (see Section 2.4).

(iii) If, for the structure under consideration, end effects are significant (i.e. length to diameter ratio less
than about 25 as with most stacks and towers) and/or the approaching velocity profile is
non-uniform, other correction factors must, in general, be applied to the values obtained from this

Item; these correction factors are given in Reference 1.

(iv)  For repeated calculations many of the data in this Item can be programmed using the equations in
the text and in Appendix C.
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24 Applicability, Limitations and Uncertainties

The data presented in this Item are principally derived from data associated with uniform, two-dimensional
flow conditions. This means that either the cylinder is sufficiently long that end effects, which induce a
three dimensional flow around the tip, are essentially localised to that region or that end effects are
minimised by placing the cylinder between end plates. In this latter situation truly representative
two-dimensional conditions will only prevail if the length to diameter ratio of the cylinder is greater than
about 5 or 6; this then allows the three-dimensional cell-like structure of the wake associated with vortex
shedding to develop naturally. Correction factors to account for finite-length cylinders in shear (or
boundary-layer) flow, such as the atmospheric wind, are provided in Reference 1.

Other limitations on the use of the data are either implied by the comments in the text and the Figures or
by the range of experimental data used to derive the various correlations summarised in the Table in
Appendix D. Where possible the data have been interpolated and extrapolated to conditions other than
those for which experimental data are available.

The uncertainties of the data presented are, in general, indicated on the appropriate Figures or discussed in
the related text.

3. DRAG COEFFICIENT OF ISOLATED CYLINDER NORMAL TO FLOW

The calculation sheet in Table 10.3 provides a summary of the steps required to estimate a value of Cp, for
a given set of input conditions. The following notes provide a background to the derivation of the data.

The flow pattern around a circular cylinder (and the resulting drag coefficient) are primarily determined
by the position of the separation points at which the upstream boundary layer leaves the cylinder surface
to form the wake region. The location of the separation points is primarily determined by the Reynolds
number and turbulence characteristics of the approaching flow and by the roughness of the cylinder surface.
The flow pattern development from very low to very high Reynolds numbers, and the general effects of
turbulence and surface roughness, are described in Appendix A for conditions where compressibility effects
can be ignored (Mach number less than 0.25)*. In practice, the drag coefficient of a two-dimensional
circular cylinder can be correlated with flow and surface roughness conditions in the form

Cpo = f[Re,,&/D]

as given by Figures la to lc. The effective Reynolds number Re (= AAgRe) is a modified Reynolds
number incorporating the factor A, dependent on the turbulence characteristics of the approaching flow,
and Ay dependent on the surface roughness parameter &/D .

The derivation of these factors is described in Sections 3.1 and 3.2 and their values for specified conditions
are given by Figures 2 and 3. The procedure for evaluating Cpy is described in Section 3.3, or the calculation
sheet in Table 10.3 can be used for this purpose. In addition Section 3.4 provides guidance on the use of
these effects to provide simulation of high Reynolds number flow for wind-tunnel tests.

* The effects of compressible flow around circular cylinders such as axisymmetric bodies and stub cylinders normal or inclined to the flow
will be considered in future Data Items to be included in the Aerodynamics Sub-series.
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3.1 The Roughness Factor Ag
T /ReD
~
AN
c LV 7 _ ,@_— — — Moderately rough surface
Do \\\ AT Smooth surface
i - ‘ e/D <0.002 x 1073
Mg = Re,/Re,
Re, Re; log Re —

Sketch 3.1 Effect of surface roughness

For the reasons summarised in Appendix A, increasing surface roughness has the effect of decreasing the
value of Ry (= Rep) at which the rapid fall in Cp, begins (see Sketch 3.1) and Ay is a parameter which
characterises this effect. It may be defined as the ratio of Re for a smooth cylinder giving a specified value
of Cp to Re for a rough cylinder in the same free-stream giving the same Cp, both measured in the
transition region following Rep ; in practice it is related to €¢/D . This relationship is shown in Figure 2
which has been derived from an analysis of data for cylinders with uniformly distributed roughness.
However, Figure 2 (and Figure 1c.) can be used for uniformly-distributed elements such as helical strakes
taking € as the element height (usually about 0.1 D for a helical strake).

Some approximate values of the quantity € for a number of different surfaces are given in Table 10.1.
These values are equivalent sand-grain roughness heights, the derivation of which is discussed in
Appendix B. Considerable variation in these values can apply as indicated in Table 10.1. Itis also important
to remember that the deterioration of a surface with time usually increases the surface roughness and, unless
special maintenance procedures are employed, this should be taken into account when selecting an
appropriate value of €.
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3.2 The Turbulence Factor At

Trans-

T Subcritical critical | sypercritical
@ Free-stream with low turbulence
<< (e.g. inawind tunneIT)
N (2) Turbulent free-stream
Cbo ‘\\ == (e.g. the atmospheric WindT)
o N
‘ @
~
Re¢rit 2 Re it logRe  —=

Sketch 3.2 Effect of turbulence in approaching flow

Turbulence in the approaching flow, such as the atmospheric wind, has a strong effect on the variation of
Cpo with Rein the transition region as illustrated in Sketch 3.2. The physical reasons for this (and for the
rapid variation of Cp with Re in the transition region) are explained in Appendix A. An analysis of data
from various sources (see Appendix D) shows that the effect of free-stream turbulence on Cp; becomes
increasingly important for Re greater than about 104 although its effect decreases again for Re> Rep (the
value of Re at which Cp begins to fall in the transition region) and is negligible for Re=3x10". Fora
given surface roughness this effect is represented in Equation (3.1) by the factor A;. This parameter

depends on Re and Regj, which in turn is determined by A and Ag, and is given by

5
4.5%x10
Re it =

(3.1)

)‘Tcrit)‘ R .
In general, Rejt is the value of Re at which Cpy falls to a value 0of 0.8 in the transition region”. Figure 3a
pr0V1des values of A asafunction of the turbulence parameter | ,(D/ L )1/5 The parameters |, and

L represent the intensity and scale of the turbulence in the approaching ﬂow (Appendix A explalns the
phys1ca1 significance of these properties) and typical values are given in Table 10.2.
33 Calculation Procedure For Evaluating Cp,,
@) Obtain a value of the surface roughness parameter, €, from Table 10.1 and evaluate €/D .
2) Determine Ag from Figure 2.

3 Evaluate Re=V_D/v. If Re>2x 106 then the factor A= 1.0 and steps 4 to 8 can be ignored.
oo T

“) Obtaln typlcal values of the intensity (I ) and scale of turbulence ("L ) fromTable 10.2 and evaluate
I, (D/ L )
u

" Note that when &/D is greater than about § x 107 then Cp is always greater than 0.8 but the definition of Regyjt given by Equation (3.1)
must be used because it is compatible with the way in which the method was derived.
T Typically, for a low-turbulence wing-tunnel flow, Aqgit is about 1.4 whereas for the atmospheric wing A, is about 10.
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34

(5) Determine Aq,;; from Figure 3a.

(6) Evaluate Re

5
orit = 45 X107/ (AerihR) -

(7) Evaluate Re/Regjt

®) Determine (A—1)/(Aqy—1) from Figure 3b and hence evaluate A+ .
9) Evaluate Re, = AtAgRe.

(10)  Determine Cp from Figure 1a, 1b or lc as appropriate.

Wind-tunnel Simulation of High Reynolds Number Flow

In wind-tunnel studies it is often difficult to simulate high Reynolds number flow conditions associated
with many full-scale structures because of limitations on model size (and hence on Re). In practice, the
data in Figures 1 to 3 show that the addition of moderate surface roughness (and sometimes an increase in
turbulence in the approaching flow) can be used to promote supercritical flow conditions at Reynolds
numbers when the flow would otherwise have been subcritical, as illustrated in Sketch 3.3. For example,
referring to Sketch 3.3, the pressure distribution represented by conditions at A (relatively high Re, relatively
smooth surface and low turbulence flow) is found to be more or less identical to the pressure distribution
represented by conditions at B which relate to a rougher cylinder in turbulent flow but at a significantly
lower Re.

T Subcritical flow

\ e Rough surface, turbulent flow

DO \ Smooth surface, smooth flow

Supercritical flow

log Re —
Sketch 3.3

This technique, however, has limitations. It cannot be used for groups of cylinders since wake-interference
effects nullify the Reynolds number equivalence. It cannot be used when Reis less that about 3 x 10% since
roughness then has no significant effect on the flow regime. It can only be used sensibly over a relatively
small range of effective Reynolds numbers. However, the Data Item can be used to provide guidance in
ascertaining the degree of additional roughness (and turbulence) that would be required to generate the
appropriate supercritical flow conditions in a wind-tunnel test.
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4. EFFECT OF CYLINDER INCLINATION TO FLOW

A number of structures, or their components, are naturally inclined to the approaching flow. Examples are
leg members of lattice structures and off-shore structures, bridge cables and pipe lines. The data presented
in this Section provide force coefficients giving either the drag force or the force normal to the cylinder axis.

The method of allowing for cylinder inclination depends on whether the flow is subcritical (Reg<3 x 105)
or supercritical (Re,>3x107). For subcritical flow the simple cross-flow theory given in Section 4.1
applies. For supercritical flow the evidence is that this simple cross-flow theory underestimates CD0¢ or
Cy for relatively smooth two-dimensional cylinders and should not be used; Section 4.2 provides guidance
for this situation.

The critical flow velocity (corresponding to Regjt) for an inclined cylinder is found to be lower than that

for the same cylinder normal to the flow. In practice the critical Reynolds number is approximately
independent of ¢ if expressed in terms of the streamwise components so that

Regi = [V..D sec 0/v]_ = 4.5%10°/(Argriphg) 4.1)

crit —
and more generally
Re, = AAg(V..D seco/v) 4.2)

The general calculation procedure for dealing with inclined cylinders is set down in the calculation sheet
in Table 10.3 but Sketch 4.2 illustrates how the different methods for the subcritical and supercritical flow
regions fit together.

41  Subcritical Reynolds Numbers Re, < 3 x 103

Sketch 4.1

For subcritical Reynolds numbers experimental data show that the force coefficients are dependent on the
component of free-stream velocity normal to the cylinder axis, i.€. on V= V_ cos¢ , and on the streamwise
component of Reynolds number. Thus for inclined cylinders the normal force is given by

2
Cn = Cpgcos™ @ 4.3)

where Cp) is obtained from Figure 1 for Re, = AtAg(V, D seco/v).
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An analysis of data'! shows that the axial force is small but that its variation with ¢ can be represented by
(for 0<$<90°)

= kT _ 6T
CT/CDO_k‘Dmo(Z ¢180) (4.4)

For long, smooth circular cylinders, k= 0.033 but for a rough or uneven cylinder, such as a stranded cable,
k=0.045 is a more reasonable estimate.

Drag and side forces parallel to, and normal to, the free-stream direction respectively can be obtained from
a simple resolution of forces. Thus,

Cpg/Cpo = €050+ Cysind/Cpy . (4.5)

CLoo/Cpy = €os 0sin ¢~ Crcosd/Cpy - (4.6)

4.2 Supercritical Reynolds Numbers (Re,> 3 x 105)

For supercritical Reynolds numbers data'> indicate that the simple cross-flow theory described in
Section 4.1 tends to underestimate Cy; for relatively smooth, inclined circular cylindrical members. The
reason for this is that while for Re<Re;; the laminar boundary layer (and the associated pressure
distribution) tends to depend only on the cross-flow velocity, when transition to turbulent flow in the
boundary layer has occurred (Re>Re_;;) the subsequent development and separation of the boundary
layer are adversely affected by the three dimensional nature of the turbulent wake flow. This exerts a
considerable influence on the pressure distribution and increases the flow-induced forces over those
predicted using simple cross-flow theory.

15, 44

An analysis of the available data indicates that in this flow regime the force coefficients may be

estimated using

Cn = Cpyo fy (4.7)
CD0¢ = Cycos ¢, (4.8)
and CLoq) = Cysin ¢ 4.9)

where fq) is given by Figure 4 and it is assumed that the axial force Cy can be ignored. Appendix C provides
equations representing the data in Figure 4.

T Equation (4.3) or (4.5)

\

[y

™
|
|
|
|

\ Equation (4.7) or (4.8)

(T
Cpoo| Suberitical .-
region

Supercritical region

3x10° —
Re, = A Ag (VD sec ¢/v)

Sketch 4.2 Variation of force coefficients for inclined cylinder
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The data for f, in Figure 4 for smooth or relatively smooth cylinders can be taken to apply up to say
€/D<0.1x1073. For very rough cylinders the adverse effect of the roughness elements causing earlier
separation of the boundary layer from the cylinder is unlikely to be made significantly worse by the
three-dimensional wake effects induced by cylinder inclination. For this reason it is probable that the simg
cross-flow theory described in Section 4 1 can be applied to rough cylinders say (¢/D>0.1x107").
Between &/D = 0.1x 1073 and 10 x 1073 values of f, between the two extreme recommendations are
likely to apply as indicated in Figure 4 and by the Equations in Appendix C. No data have been found to
verify these tentative recommendations and this is clearly an important area needing further research.

4.3 Curved Cylinders

Data”* suggest that, for Re,<3 x 10° , Equations (4.3), (4.5) and (4.6) may be applied locally to long, not
too highly curved cylinders by taking ¢ as the local inclination of the curved cylinder to the free-stream
and then summing the local forces along the cyhnder length. In the absence of any other information a
similar procedure may be used for Re >3 X 10° using the appropriate data in Section 4.2.

5. CYLINDERS WITH SURFACE IRREGULARITIES
5.1 Stranded Cables

Figure 5 gives drag coefficient data for stranded wire cables as a function of Reynolds number and the ratio
of strand to cable outside diameter (d/D). The correlation follows the trend of a collection of data®> 47
which show a scatter of about 0.1 in Cp about the smoothed mean correlation curves. The experimental
data indicate that for smooth flow conditions (I ,<0.01) the rapid fall in Cp, with Re occurs at a Reynolds
number of between 2 x 10% and 3 x 10%. It is not expected that turbulence will have a very significant effect
on Cp but data*’ indicate that for [, = 0.11 the value of Rep, at which the rapid fall in Cp, with increasing
Re occurs (see Sketch 3.1), is decreased to about 1 x 10%.

Insufficient data are available for d/D <0.07 to indicate how Cp, varies for Re> 3 x 107, Extrapolation
of Figure 5 to lower values of d/D is therefore not recommended.

For stranded cables that are inclined to the approaching flow it may be assumed that the simple cross-flow
theory described in Section 4.1 applies. In this case Regj; (based on streamwise components) can be taken

as the value of Re in Figure 5 at which the rapid fall in Cp begins.

5.2 Perforated Cylinders and Shrouds
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(a) Perforated cylinder (b) Cylinder enclosed by
perforated shroud

Sketch 5.1
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Perforated cylinders, either in the form of (a) in Sketch 5.1 or in the form of (b) where a perforated shroud
is fitted over a circular cylindrical structure, can be used to inhibit flow-induced oscillations. For example,
dampers consisting essentially of a perforated cylinder of 60 per cent open-area ratio (y = 0.6) and L/D =4
when attached to overhead cables are often used in reducing the amplitude of wind-induced galloping
motions®!. The use of shrouds (¢ =0.20 to 0.36) fitted to the top 25 per cent of circular cylindrical
structures has also been shown to be effective in reducing oscillatory motion due to vortex shedding. The
perforations in the cylinder act to reduce the tendency to shed strong vortices.

Drag coefficient data for a uniformly perforated cylinder are presented in Figure 6 as a function of the
open-area ratio (). Similar data for a cylinder enclosed by a perforated shroud are given in Figure 7. In
this case data are provided giving Cp, for the cylinder-shroud combination and the component of this total
Cpo acting on the shroud.

Particular features to note in Figure 6 and 7 are that (i) the drag coefficient of a perforated cylinder can be
greater than that for an equivalent solid cylinder and (ii) that with shrouded cylinders the drag coefficient
of the inner cylinder can be negative.

Since the data on which Figures 6 and 7 are based are limited to specific configurations they have been
extrapolated to other open-area ratios and cylinder-to-shroud diameters using methods outlined in
Section 5.2.1.

5.2.1 Derivation

Data are available’! for a perforated cylinder with an open-area ratio of 0.6 and values of L/D from 2.7
to 8. An approximate estimate of the drag of a perforated cylinder is given by considering two perforated
plates in series using data presented in [tem Nos 70015 and 81027. By comparing these estimates with the
measured data, a correction factor can be obtained which is found to be only slightly dependent on L/D.
Correction factors for the extreme cases where y = 0 and 1.0 can also be determined which, when
correlated with the values for y = 0.6, then provide a basis for a general method of estimating Cp, for a
perforated cylinder from y = 0 to 1.0. This forms the basis for Figure 6.

For a cylinder enclosed in a perforated shroud, data for open-area ratios of 20 per cent and 36 per cent are
available?® for a range of cylinder-to-shroud diameters from 0.73 to 0.85. Values of Cp for both the
shroud-cylinder combination and the contributions acting on the shroud were measured. These data have
been extrapolated through to values of the cylinder-to-shroud diameter ratio equal to zero (given by
Figure 6) and unity, when Cp (at subcritical Re) will be about 1.2 for the cylinder-shroud combination.
Of this total approximately (1—y)Cp, will be the contribution acting on the shroud when the cylinder
and shroud diameters are equal.

5.3 Effect of Fins and Strakes

Helical strakes of the type fitted to stacks and towers to inhibit vortex-induced oscillations cause a
significant increase in the drag coefficient. An analysis of data'® for cylinders fitted with helical strakes
over part of their length shows that a good estimate of Cp for the straked portion can be obtained by equating
the strake protrusion height (d) to € and using Figures 1 to 3 with the corresponding value of €/D . Typically,
for Re>3x10”, Cpy = 1.15(1 +2d/D).

A similar procedure can be used to estimate Cp for cylinders with fins or ribs spanning the length of the

cylinder at regularly spaced intervals around the circumference. Section 5.4 provides guidance on the
effect of isolated spanwise protrusions.
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54 Effect of Other Spanwise Protrusions

Clo { Defined as positive when directed away

from 'upper surface' as depicted in sketch (d = % droplet height)
e o)
Coo
Protrusion type Plate—ridge Cylindrical-ridge Icing—droplet ridge
Cho Fig. 8, 10 Fig. 8, 10 Fig. 8, 10
Co Fig. 9, 10 Fig. 9, 10 Fig. 9, 10
Protrusion type 2 plate-ridges Forward—facing step Rearward—facing step
Cho Fig. 10 Fig. 8 x 1.15 Fig. 8 x 1.15
Lo Fig. 10 Fig. 9 See text

Sketch 5.2 Cylinder with various types of protrusions along its length

For practical engineering structures it is rare that the outside surface will be free from surface irregularities.
Circular cylindrical structures are no exception and are often encumbered with spanwise protrusions such
as pipes, ladders, brackets, overlap joints and ice droplets many of which can be idealised by the simple
protrusion shapes illustrated in Sketch 5.2.

The effect of these spanwise protrusions is twofold. First, the maximum Cp( of the cylinder with a
protrusion is usually significantly greater than that of the plain cylinder. Secondly, the addition of a spanwise
protrusion causes the configuration to become asymmetrical with the result that a side force (represented
by C| ) is induced. The physical explanation for the origin, direction and variation of these forces with Re
is summarised in Section 5.4.1.

Figures 8 and 9 provide data giving the variation of the maximum values of Cpyand C| ( with Re,; Figure 10
provides guidance on typical variations of Cp( and C, ( with the angular location of the protrusion for the
subcritical and supercritical regimes. These data apply for two-dimensional conditions; the correction
factors for finite aspect ratio and shear flow effects from Reference 1 can be used where necessary. The
calculation sheets on Tables 10.4 and 10.3 summarise the steps necessary to obtain Cpj and C| .

Although there are few data sources dealing with the protrusion problem it is clear that to a large extent
both the maximum Cp, and C , tend to be independent of the protrusion shape. Data presented in Figures 8
and 9 provide typical values of Cpy and C; based on data for plate-type?® 38 step-type®® and
cylindrical-type®® protrusions and closely spaced ice droplets®>. It may be assumed, in the absence of other
information, that the maximum values apply for similarly shaped protrusions although the qualifications
noted later for ‘steps’ should be taken into account.

In some situations a gap may exist between the protrusion and the cylinder surface (e.g. as with a pipe
running along the cylinder length). In this case, providing the gap width (h) is not large (less than about
0.25 D) the data in Figures 8 to 10 can be assumed to apply approximately by taking the protrusion height
asd+h.
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The original data were obtained in low turbulence (1 ,<0.005) flow but the application of Figures 8 and 9
has been tentatively extended to cover other conditions using the effective Reynolds number
(Re,=AtAgRe) to correlate the data. In this way the turbulence factor A (Section 3.2) can be used to
account for the effect of turbulence in the approaching flow. In addition the factor Ay (Section 3.1) can
be used to account approximately for the effect of slightly rough surfaces (up to ¢/D=0.05x 10 ™) but for
rougher surfaces it is likely that the addition of a protrusion invalidates the use of Ag as given by Figure 2.

For forward-facing or rearward facing steps (typical of overlap joints generated when a metal sheet is rolled
into a cylinder) the data®® indicate that Cpo 1s approx1mately 15 per cent higher than the values given in
Figure 8 for subcritical Reynolds nurnbers (Reg<4.5% 10°). The C_( data are less well defined and are
based only on data for plate protrusrons (supercrrtlcal Re) and forward-facing steps38 (subcritical Re).
For a rearward facing step, and subcritical Re, C| .o appears to be up to about 50 per cent greater than the
values given in Figure 9 for values of d/D greater than 0.03. At supercritical Re(Re,>4.5 X 10° ) it may
be assumed that there is no dependence on protrusion shape within the limited apphcablhty of Figure 9.

5.4.1 Comments on the effects of protrusions

The variation of Cp( with Re for a cylinder with a protrusion is similar to that for a plain cylinder but with
some important differences which are also associated with the occurrence of significant values of C| (. As
with the plain cylinder Cp is a maximum at lower values of Re but its variation with Re goes through two
transition stages. A premature boundary layer transition to turbulent flow on the upper surface (with
reference to Sketch 5.2) is caused by turbulence produced by the protrusion element and results in delayed
flow separation, larger suction pressures, higher base pressure and an initial decrease in Cp( with increasing
Re. This is followed at a higher Re (corresponding approximately to Regj; for a smooth cylinder) by a
further drop in Cp as the lower surface boundary layer becomes turbulent at separation.

At subcritical Re the larger suction pressures on the upper surface (due to the delayed boundary layer
separation) cause the lift force to be positive (i.e. directed upwards). At supercritical Re the protrusion
causes a larger separated flow region to occur on the upper surface, thus eliminating its region of high
suction pressures, but increases the suction pressures on the lower surface (typically by about 30%); this
results in a negative lift force (directed downwards). The maximum C| ; occurs at just supercritical Re
(giving negative C| ;) when there is a maximum differential between the flow separation points on the upper
and lower surfaces. In general the maximum values of Cp, and C;( do not occur for the same
circumferential position of the protrusion; except at high Re, C| .o« tends to occur for a value of 0 at which
Cpo 1s a minimum, and vice versa.
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6. PROXIMITY EFFECT OF PLANE SURFACE PARALLEL TO CYLINDER AXIS

Sketch 6.1 Cylinder near plane surface

Interference effects associated with the proximity of a plane surface parallel to the longitudinal axis of a
circular cylinder occur in various practical situations such as with pipe lines on the sea bed or with stacks
located near a boiler house wall. The proximity of the plane surface not only causes large variations in Cpy,
but also induces significant side forces (C () associated with the asymmetry of the flow which acts to repel
the cylinder from the surface.

The calculation sheet in Table 10.4 provides a summary of the steps to obtain Cp and C| given in
Figures 11 and 12. These data provide information for an idealised situation; in practice conditions may
be significantly different from this and in such circumstances the data should only be used as a guide. Note
in particular that V_ is the local free-stream velocity which in the presence of other nearby surfaces or
obstructions may be significantly different from the undisturbed free-stream velocity.

The information presented in Figures 11 (h=0)and 12 (h>0) is based on limited sources>> 4> 44 giving
the mean value of Cp and C| , for a range of values of /D and Re. The data apply to long cylinders where
end effects can be ignored.

Figure 11 deals with the case when the cylinder is resting on the surface. The forces induced are dependent
on the thickness of the boundary layer on the surface just upstream of the cylinder location. These boundary
layer effects can be approximately accounted for if Cp and C, ; are defined as the mean drag or lift force
per unit length/(%p V2D ) where Vit 1s @ mean effective velocity given by

2
Veff 1D+th > 2
v —th V, V.. dz (6.1)

[=S]

which, assuming that V,/Vg = V/V_ = (2/8)& , gives (for d/h>1)

Vzeff:§ 1 1_(h/_D)2&+1 s

oo

(6.2)

Ol=
Olo

Values of & for a turbulent boundary layer on a smooth flat plate can be obtained from Item No. 680202
or from the correlating equation representing these data:

5 x & 0078(log, Re) % x

O_Xo_ - 6.3
D DX 1-303(log,,Re) % D ©3
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