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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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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.
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MEAN FORCES, PRESSURES AND MOMENTSFOR CIRCULAR CYLINDRICAL
STRUCTURES: finite-length cylindersin uniform and shear flow

ESDU Copyright material. For current status contact ESDU.

1. NOTATION AND UNITS
S Unit

Cho mean drag coefficient of two-dimensional circular cylinder (H/D — o)

whose longitudinal axisis normal to a uniform-velocity flow
CouCps mean overall drag coefficient, based on Vri , of finite-length cylinder in

uniform and sl}ear flow respectively; overall drag force per unit

length/(Y2pV,, D)
CDZu Cp,s Meanlocal-drag coefficient at height z, based on VZ2 , inuniform and shear

’ flow respectively; local drag force per unit length/(Y2pV, D,)
Cilo mean side-force coefficient (defined in Section 8)
Cp quasi two-dimensional pressure coefficient based on VZ2 ;
N 2

(P — P,/ (%pV,)
Cpb value of Cp on cylinder surface in wake region (see Sketch 9.1)
Cpm minimum value of Cp around circumference at particular spanwise section
Cps pressure coefficient in shear flow

, S 2
Cps pressure coefficient in shear flow based on (V')
éps(t) extreme value of fluctuating pressure coefficient
D cylinder diameter m
Dy.Dg diameter at tip and base of cylinder respectively m
1
Dm mean diameter: D = IODZd(z/H) m
D, local diameter at height z m
fH overall correction factor on CDO for effect of tip; CDu/CDO
fy, local correction factor at height zon C | for effect of tip; Cp,,,/Cp,
f, local correction factor on C,, for effect of closed top
frz local correction factor at height z on Cpm for effect of shear flow
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S Unit
. . 2,.,2
fOZ correction factor on Cps, (\/Z) IV,
fg additional correction factor on Cou for overall effect of shear flow;
C:Ds/CDu
fs, additional local correction factor at height zon Cp,,, for local effect of
shear flow; Cp,/Cp,,
f, correction factor on Cpy, for effect of taper
H height or length or surface-mounted structure m
S L length of cylindrical body with two free ends m
[a)
ok L\ local bending moment Nm
(S)
©
‘g M moment about base N m
(S)
é p local static pressure on cylinder surface N/m?
42 P, free-stream static pressure N/m?
(O]
§ Re Reynolds number, V,D,,/v
2 Re, effective Reynolds number; see Section 4.1
®
g V.V, mean free-stream velocity at heights H and z respectively m/s
S - : : :
%o Vv, local velocity in shear flow just ahead of stagnation point m/s
s
§- Vrﬁ mean value of VZ2 over appropriate length of structure; see Equation (4.1) m?/s?
o)
g X, local shear force acting along x-axis N
Xt overall shear force (egqual to total drag force) N
Yo overall mean side force acting along y-axis N
X,Y,Z system of rectangular cartesian co-ordinates with x-axis aligned with mean
flow direction and z-axis vertical
z height measured from ground plane m
z distance measured from tip of cylinder towards ground plane m
ZepurZeps centre of pressure position in uniform and shear flow respectively; point at m
which total drag force can be considered to act
Z height measured from lower level of ith section m
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a shear flow parameter (see Section 4.2)
Oe effective value of o for non-standard shear flow (see Section 7)
€ effective surface-roughness height of cylinder (see Reference 1)
0 angular location of point (see Sketch 9.1)
0, valueof 6 where Cp first equals Cpb
0, value of 6 where Cp:CIom

>

- v kinematic viscosity of free-stream fluid

wl

g p density of free-stream fluid

c

S Scps standard deviation of C,,

>

© Subscripts

3 H denotesvalueat z=H

? [ refersto value for ith step or section

o

i S relates to value in shear flow

&

oy u relates to value in uniform flow

©

S

=

= 2. PURPOSE, SCOPE AND USE OF THISDATA ITEM

<y

O 2.1 Purpose

o)

&)

(%]

wl

S Unit

degree
degree

degree
m?/s

kg/m?®

The purpose of this Data Item is to provide data for estimating the mean forces, pressures and moments

induced by flow around a finite-length cylindrical structure of circular section. It supersedes the data
presented in Item No. 70014 and considerably extends the range of information previously given.

Dataare presented in Item No. 800251 for two-dimensional flow conditionswhen the effectsof flow around
thefree end (or ends) can beignored, aswith very long cylinders. The data provided by thisItem arein the
form of correction factors to the two-dimensional values to account for

(1) the effect of the free end (or ends),

(i) the effect of a shear flow (i.e. anon-uniform approaching flow where, as in the atmospheric wind,
V, varies along the length of the structure).
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The scope of the information presented is summarised in Section 2.2. The main applications for the data
lie in calculating the mean wind loading acting on ground-based structures such as stacks, towers, silos,
storage tanks and chemical processing equipment but the data are also relevant in the calculation of the
aerodynamicforceson thebodiesof aerospacevehiclesand missiles’ and theexcrescencedrag of ancillaries
such as aerials.

This Data Item provides the means for estimating the mean forces, moments and pressures induced by the
flow of air, or other fluid such as water, around the structure. For design purposes, fluctuating components
of loading, arising from buffeting dueto turbulence or induced by vortex shedding, must al so be considered,;
Item No. 87035° provides methods for estimating the maximum design loading due to buffeting by
atmospheric turbulence (along thewind direction) and Item No. 96031 deal swith the across-flow response
due to vortex shedding.

2.2 Scope

The following Table outlines the scope of the information presented in the Item.

The numbers indicate the Uniform Flow or Shear Flow
relevant Sections
Shear forces: X Moments: M Pressures:
Overall Local: Base Local rocal

' My ML Cps Cps(D)
.';ar ae'r'gd'i‘ O:?g d‘g’r!”der 5 5 5 5 9.1,9.2,9.3
Stap o i dere 611,612 | 611 |611,612| 611

epped cy! 6.2,6.2.1 6.2 6.2,6.2.1 6.2

Cylinder with part-span 6.3 6.3
roughness (e.g. strakes) ' '
Top open or closed —see Section 5.1
Effect of efflux from top —see Section 5.1
Application to other flow velocity profiles — see Section 7
Velocity flow field around cylinder —see Section 9.4

ESDU Copyright material. For current status contact ESDU.

The effects of parameters such as Reynolds number, surface roughness, flow turbulence and full-span
protrusions (such as pipes, plates and ladders) are accounted for in the estimation of Cpq obtained from
Item No. 80025" .

*

The effects of compressible flow around finite-length circular cylindrical bodies will be considered in future Data Items to be included
in the Aerodynamics Sub-series.

Documents
4 Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 81017 A 1987


http://www.avadocuments.com/doc/esdu-81017-a-1987
http://www.avadocuments.com/doc/esdu-81017-a-1987

ESDU 81017

2.3 Notes on the Use of the Data | tem

M To make the best use of this Data Item use the Table in Section 2.2 as a guide to the appropriate
Sections of interest. Select the appropriate calculation sheet from Table 12.1 to 12.6. Read the
general background notes in the appropriate Sections of interest (Section 10 contains two worked
examples and Appendix A provides a general description of the features of the flow around
finite-length cylinders of circular cross section).

(i) Take note of the general applicability and uncertainty of the data (see Section 3). The use of dashed
lines in the graphical data indicates extrapolated values or values with a higher uncertainty than
normal.

(iii) In order to estimate the wind- or other fluid-loading for afinite-length circular cylindrical structure
using this Item, data for the two-dimensional flow case around an “infinitely long” equivalent
cylinder arerequired from Item No. 800251 (see Section 4.1). Calculation sheets are also provided
in that Item to assist in making this estimate easily and conveniently.

(iv) For repeated calculations many of the datain this Item can be programmed using the equationsin
the text and in Appendix B. Appropriate equations are also given in [tem No. 80025.
3. UNCERTAINTIES, LIMITATIONSAND APPLICABILITY
The estimated uncertainties in the data are, in general, noted on the appropriate Figures.
The limitations on the use of the data are either implied by comments in the text or by the range of
experimental data used to derive the various Figures (summarised in Table C1.1 in Appendix C). Where
possible the data have been interpolated and extrapolated (using semi-theoretical models) to practical

conditions other than those for which experimental data are available.

The applicability of the data, with particular reference to the various approaches to estimating static wind
loading, is described in Sections 3.1 and 3.2.

31 Application to Wind L oading Problems

ESDU Copyright material. For current status contact ESDU.

There are two main approaches to estimating wind loads on structures; these are the so-called “discrete
gust loading” approach (Section 3.1.1) and the “statistical” approach (Section 3.1.2). The data presented
in this Item can be used in both approaches. There are, however, implications in the discrete gust loading
approach which make it less reliable than the (preferred) statistical approach for the reasons discussed in
Section 3.1.1.

3.1.1 Thediscrete gust loading approach

In the discrete gust loading approach the assumed increase in the design wind speed (V) with height is
broadly equivalent to that exhibited by a gust sufficiently large to envelop the structure (or the relevant
element of astructure) under consideration so that all pointsareloaded by the same gust coincidentaly. The
sizeor spatial influence of agust isrelated to the time over which the wind speed is averaged. For example,
a 5 second averaging time is appropriate for structures with a maximum dimension in the range 20 m to
50 m whilst 15 seconds is a more appropriate time when the dimension is larger than 50 m.
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The discrete gust loading approach suffers from several disadvantages. Firstly, although the way in which
the averaging times are derived allows, to some extent, for the fact that the spatial influence of at-second
gust islimited to certain dimensions, thisinfluence or “ correlation” tendsto be overestimated for relatively
small eddies such as represented by a 3, 5 or 15 second gust. Also, the maximum gust speeds, (V) , do
not occur simultaneously at each level. A summation of local forces, derived using local values of (V) ,
will thus tend to give an overestimate of the overall loading.

/ 1
/
/

Locus of maximum gust velocitie§n,\/at

each height irrespective of when they occur.
Variation of coincidental gust velocities, V
(all occuring at the same time).

Mean-hourly//

1
wind speed ,:

Wind speed—>
Sketch 3.1

Secondly, the local forces generated depend partly on the magnitude of the local shear (defined as the rate
of change of velocity with height). In the real situation the rate of change with height of the coincident
mean gust velocity, V, (i.e. the local mean shear measured coincidentaly at all heights) is very irregular
compared with that exhibited by the mean-hourly wind speed, asillustrated in Sketch 3.1. Thus the use of
force coefficient data appropriate to shear flow profiles which are monotonic in form (as assumed in this
Data Item and elsewhere) will introduce further uncertainties into the gust loading calculation. These
uncertainties cannot be quantified but in view of the generally conservative nature of the discrete gust
loading approach they are ignored.

Finally, the discrete gust loading approach provides only a static |oading estimate; it cannot be extended to
estimate dynamic effects.

These drawbacks are overcome if the statistical approach (Section 3.1.2) is used.

ESDU Copyright material. For current status contact ESDU.

3.1.2 Thestatistical approach

The statistical approach is based on estimating a mean loading due to the mean-hourly wind speed, V,,
onto which is superimposed a component to account for fluctuations in the wind speed about the hourly
mean (turbulence). This approach uses statistical relationships to account for correlation effectsin amore
realistic way than the gust loading approach. In addition, the mean-hourly wind speed increases
monotonically with height so that the effect of the local velocity gradient on the local mean forces can be
more rationally accounted for from wind-tunnel datathan is possiblein a gust loading estimate.

The compl ete statistical method is more rational but more complicated to use from first principles than the
discrete gust loading approach; however, in Item No. 87035° the approach has been reduced to a simple
form which in most situations is no more difficult to apply than the discrete gust loading method. The
statistical approach has the advantage that the concepts may be extended, through the use of spectral data,
to deal with dynamic effects due to turbulencein an equally simple and rational way as again provided by
Item No. 87035°,

Documents
6 Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 81017 A 1987


http://www.avadocuments.com/doc/esdu-81017-a-1987
http://www.avadocuments.com/doc/esdu-81017-a-1987

ESDU 81017

3.2 Application to Other Prablems

The data in this Item are also applicable to situations when the loading is induced by the flow of afluid
other than air, e.g. water flow. In the case of liquid flow the main restrictions are that free-surface effects
are not included and the data will be inapplicableif cavitation in the wake flow takes place.

Inrelation to gasflows, the dataare applicable only for incompressibleflow (i.e. free-stream Mach numbers
less than about 0.3). The effects of compressible flow around finite-length circular-cylindrical bodies will
be considered in future Data Items to be included in the Aerodynamics Sub-series.

4, INPUT DATA ACCOUNTING FOR EFFECT OF FLOW PROPERTIES AND
CYLINDER ROUGHNESS

The methods of estimating loadings on various types of finite-length structure are described in Sections 5
to 8. In all these cases a knowledge of the basic force coefficient for the equivaent two-dimensional
conditionisrequired and al so, for estimating overall forcesand moments, an appropriate mean flow velocity
is needed. The sources of these data are described in Sections 4.1 and 4.2.

4.1 Two-Dimensional Force Coefficients

The flow-induced forces acting on a finite-length circular cylinder can be related to those acting on an
infinitely long (two-dimensional) cylinder in uniform flow. The flow pattern around a two-dimensional
circular cylinder is controlled by the separation of the boundary layer from each side of the cylinder. This
separation is affected by the turbul ence characteristics of the approaching flow (the free stream), the surface
roughness of the cylinder and the flow Reynolds number. The flow-induced forces appropriate to a
finite-length cylinder are similarly affected by these characteristics; in practicetheir effect can be accounted
for viatheir influence on Cpg, the drag coefficient for the equivalent cylinder with two-dimensional flow
when tip effects are not present (H/D — «0).

In this Item the drag coefficient associated with a parallel-sided finite-length cylinder is related to Cpg
through various correction factorsto account for the flow around thetip and the effect of shear flow. Values
of Cpp can be estimated using Item No. 80025! for flow conditions and cylinder surface roughness
appropriatetoz=H. Reference 1 providescal cul ation sheetsfor this purposewhich have specific procedures
for including the effects of free-stream turbulence, surface roughness and spanwise surface-protrusions
(such as strakes, pipes and plates). The value of Cpg is determined by /D and by an effective Reynolds
number, Re, = AyAgRe, in which the factors A+ and Ay account for the effect of free-stream turbulence
and cylinder surface roughness on the Reynolds numbers corresponding to the various flow regimes.

ESDU Copyright material. For current status contact ESDU.

In the case where surface protrusions (such as strakes) do not extend over the whole length of the cylinder,
Section 6.3 provides specific guidance on how to deal with thissituation. Also, if asurface protrusion causes
theflow around the cylinder to be asymmetric, side forceswill be generated; Item No. 80025 provides side
force data for two-dimensional flow conditions and Section 8 explains how these data may be used for
finite-length cylinders.

4.2 Mean Flow Velocity

In most cases, the maximum design flow speed (and its variation with height) will be assumed for the
calculation. However, if Vi is such that the effective Reynolds number (see Section 4.1) liesin the range
3x 10" <Re,<6x 10" itisrecommended that arange of design flow speedsisconsidered for thefollowing
reasons. Firstly, in this Reynolds number range transition from laminar to turbulent boundary-layer flow
takes place near the separation point (see Appendix A of Reference 1). Thistransition regionischaracterised

Documents
7 Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 81017 A 1987


http://www.avadocuments.com/doc/esdu-81017-a-1987
http://www.avadocuments.com/doc/esdu-81017-a-1987

ESDU 81017

by arapid fall in Cp as Re, increases and the drag coefficient is subject to higher uncertainties than at
other values of Re,. Secondly, on arelatively smooth finite-length cylinder, transition in this Re, region
does not necessarily occur simultaneously at all spanwise sections, thus further increasing the uncertainty.
Additionally, where Cpq isfalling rapidly as Re (and V) increases, the actual drag force (oc CpV,) can
decrease as Vi increas%ﬁ. For these regsons if, at the design flow speed, the corresponding value of Re,
fallsintherange 3x 10" <Re, <6 x 10 itisadvisable to investigate the range of flow speeds represented
by the extent of this Re, range and take the highest loading as being the design case, irrespective of the
originally assumed maximum flow speed.

The effect on the overall loading of a non-uniform velocity profile, of the typeillustrated in Sketch 5.1, is
twofold. Firstly, thelocal flow velocitiesin the shear flow are smaller than those in acorresponding uniform
flow and these induce correspondingly smaller forces. Secondly, spanwise velocities along the cylinder
axisareinduced by the three-dimensional nature of theflow (see Appendix A) and thelocal drag coefficient
values are thus different from those occurring in uniform flow, being smaller near the tip and larger near
the base for the reasons described in Section 5.4.

In practice it is found that, for a cylindrical struc%ure in a velocity gradient of the type illustrated in
Sketch 5.1, asummation of thelocal valuesof %2pV, DC, over the appropriate cylindgr length (z,-z;)
gives approximately the same overall force per unit length as the quantity “2pV  DCp , (2,—2;)
appropriate to acylinder in an equivaent uniform flow (with the same properties at z= H) of velocity V.
The velocity V,,, is an integrated mean velocity over the appropriate cylinder length defined from

Vv

2 1 2L 2
= Ve dz. (4.1)
m ZZ_ZJ_J.Zl z

The approximation to the overall force in shear flow can be refined by a small additional correction (fy),
dependent on the nature of the shear flow and the value of H/D as described in Section 5.2, but in most
casesit is approximately unity.

Equation (4.1) can be evaluated from a knowledge of the particular design flow conditions. In the case of
wind flow, local mean wind speeds can be evaluated from sources such as Item No. 82026 which
recommends the use of the log-law type of relationship and ground roughness parameter z; to relate the
variation of V, with z. For simplicity, a power law approximation to the approaching velocity profile is
sometimes used in the form

ESDU Copyright material. For current status contact ESDU.

V o

z _ (2

Vy (H) (4.2)
fromwhich ~ V2/VZ = 1/(2a + 1) (4.3)
and a = JVAIVS-1). (4.4)

The parameter o isused in the present methods to correl ate the effects of shear flow on the drag forces. A
valueof a isthereforerequiredin calculating the load effect and the appropriate value should be eval uated
viathe use of Equations (4.1) and (4.4). However, sometypical values of a for mean-hourly wind speeds
(used in the statistical approach to wind loading — see Section 3.1.2) are givenin Table 4.1.

Documents
.8 Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU 81017 A 1987


http://www.avadocuments.com/doc/esdu-81017-a-1987
http://www.avadocuments.com/doc/esdu-81017-a-1987

ESDU 81017

TABLE 4.1 Typical Valuesof o for Mean-Hourly Wind Speeds

Terrain description Approx. value of a
Open seg; large stretches of open water 0.10-0.12
Rural areas; open country with few, low obstacles 0.14-0.16
Low density built-up areas; small towns; suburbs; 0.20 —0.24
open woodlands with small trees ' '
Town and city centres with high density of buildings; 0.26 —0.30
broken country with tall trees ' '
5. UNIFORM, PARALLEL-SIDED CYLINDER
Calculation sheet 1 — Table 12.1
v | v
—— = |—H’ N
| |
: H o |V, z Cps (based on V)
Du
Z
i Z(:pu | cps
' VYn |
'—>
Uniform flow Shear flow

Sketch 5.1 Parallel-sided cylinder

A “uniform” cylinder in the present context means that the external surface is uniformly smooth or rough
over the whole length and that any spanwise protrusions also extend over the whole length. Section 6.3
provides guidance on how to deal with “non-uniform” cylinders.

ESDU Copyright material. For current status contact ESDU.

In many applications the design loading condition will be the overall drag or shear force and bending
moment at the base of the structure. For this situation Equations (5.1) to (5.3) apply and theserequirevalues
of the overall drag coefficient Ch (= Cpofyyfs) and centre of pressure position, Zg .

In other applications local shear forces and moments at points other than the base may be required. For
example, in the case of a stack supported at a point (or points) along its length, the stress in the support(s)
may be required. Alternatively, in the case where a change in shell thickness occurs, the critical design
condition may occur at across-section away fromthe base. Inthese casesthelocal shear forcesand moments
will have to be estimated by summing local loading contributions over the relevant parts of the structure
and using, for example, beam theory to estimate local shear forces and moments. Equations (5.4) and (5.7)
will be appropriate for the estimation of local loadings on a free-standing structure and these require a
knowledge of thelocal drag coefficient Cp (= Cpf,fy,fs) - However, asshownin Appendix B, asimpler
but dlightly more approximate estimation of the local forces and moments is given by Equations (5.6)
and (5.8).

In the case of other non-standard cylinders (e.g. stepped cylinders) the shear forces and moments also need
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to be built up from a knowledge of the local drag coefficient values as described in Section 6.

The following equations give the overall and local values of shear force and bending moments for a
free-standing structure. Table 5.1 indicates where data for each of the factors may be obtained and also the
relevant Section which provides additional background information. The calculation sheet in Table 12.4
provides a convenient means of summarising the steps required for these particular estimations.

The overall shear (or drag) forceis given by

_ 1.,,2
Xp = 3PV DHCp,

where CDS = CDufS = CDOfos'

The overall moment at the baseis given by

MT = XTszs.

Thelocal shear forceat z = z for afree-standing structure is given by

1 H 2
X, = 5ijz V,Cp,e02
L
Cph,,C
_ Dzu~Dzs _
where Cozs = (Coe . = (Coof)fnsls:
Du ~Dzu

or more approximately (see Section B4 in Appendix B) from

)i_ ~ 1_(z_|_)2&+1
X-r H

The local moment at z = z for afree-standing structure is given by
1 H 2
M, = 5pDIZ V5Cp (2 — 2, )0z
L

or more approximately (see Section B4 in Appendix B) from

M P z Z\ 20 +2
L_1_20L+2_L+ 1 (_I_) .

My = 2a+1H 2a+1\H
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TABLE 5.1 The Factorsin Equations (5.1) to (5.8)

Factor Values given by Further information
\/r2n Equation (4.1) Section 4.2
Cpo Item No. 80025 (Ref. 1) Section 4.1

fiy Figure 1 Section 5.1
*fs Figure 2 Section 5.2
friy Figure 3 or 4 Section 5.3
"f Figure5 Section 5.4
Zeps Figure 6 Section 5.5
o Eqgns (4.1) and (4.4) or Table 4.1. Section 4.2

" The corrections (fs and fgy) to the data for the effect of a non-uniform velocity profile
(shear flow) should be made with caution if the approaching velocity profileis other than
that in which dV,/dz decreases monotonically with increasinP z as illustrated in
Sketch ~*~. The reasons for this are discussed in Sections sl and 5 and further
guidance for non-standard velocity profilesisgivenin Section .

51 Overall Correction Factor on Cpgfor Effect of Free End; fy (Figure 1)

The factor fyy (= Cp/Cpg) accounts for the reduction in the drag coefficient due to the induced flow over
thefreeend (or ends) of the cylinder. Thishasthe effect of increasing the pressuresin the base region behind
the cylinder and thus decreasing the drag coefficient. The extent to which this happens depends on H/D
and on Cpg as explained in Appendix A.

For ground-based structures of height H there is only one free end but in some situations, such asin the
case of aerospace and missile bodies, the cylindrical body has two free ends. In this case the factor fy is
given by Figure 1 taking H/D equal to %2L/D where L isthe body length. Thisfollows from the theoretical
consideration that the mirror image of the cylinder in an end plane does not affect the flow and the plane
can be considered asthe dividing streamlinein the flow around an isolated cylinder of length 2H. However,
this assumption is only strictly true for a uniform free stream when boundary-layer effects are not large.

When H/D is greater than about 4 the drag coefficient is larger when the free end is not closed, as with a
chimney stack; Figure 1 takes this into consideration. However, the effect of an efflux from the open end
is to decrease the drag coefficient to approximately that appropriate to a closed end; the design condition
for astack (in relation to loading in the mean wind direction) is therefore with the top open and no efflux.

ESDU Copyright material. For current status contact ESDU.

5.2 Overall Correction Factor on Cp, for Effect of Shear Flow; fg (Figure 2)

Thefactor fg accounts forzthe additional effect of ashear flow on the drag coefficient that it is not accounted
for through the use of Vv, in Equation (4.1). It is defined as

fs = Cpd/Cpy,
where Cpg and Cp, relate to shear flow and uniform flow respectively and are based on Vn% .

Figure 2 provides values of fg as afunction of H/D and a shear flow parameter oo which characterises the
variation of V, with z over the structure height through the power law expression given by Equation (4.2).
The power law relation is only an approximate empirical expression but it is sufficiently representative and
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simpleinformto enableageneralised expression for f5to be derived analytically (asdescribedin Section B1
of Appendix B) from alimited number of experimental data. The factor fg is not particularly sensitive to
variationsin a and in practice, for H/D greater than about 6, fsz 1.

5.3 Correction Factor Giving Local Cp,,; fy, (Figures 3 and 4)

The variation of fy, = Cp,/Cp,, aong the length of a5parallel-si ded cylinder in uniform flow is given by
Figure 3 for low Reynolds numbers (Re,<3x 10 % and by Figure 4 for high Reynolds numbers
(Re,>10"). The values of f,; in the range (3x 10" <Re,<10") are very uncertain for the reasons
explained at the begingi ng of Section 4.2. In general it will be safer to assume that the values given by
Figure 4 (for Re,>10") apply downto (Re,=3x107).

The “peaky” distribution” near the free end is associated with the formation of the tip vortex, as described
in Appendix A, which dominates the top two or three diameters. For this reason the distribution of local
drag coefficient in the tip region tends to be independent of H/D for H/D greater than 6. For H/D less than
about 6 thetip vortex system collapsesand the distribution of C, becomes more uniform along the cylinder
length.

For aclosed top thelocal drag coefficientsfor Re, > 10° near theti p arereduced (by afactor f, ,in Figure 4)
from those appropriate to the “top open” case. For lower Reynolds numbers (Re, <4 x 10”) there does not
appear to be any significant difference in f, between the “top open” and “top closed” cases.

54 Local Correction Factor on Cpy, for Effect of Shear Flow; fg, (Figure 5)

In a shear flow the existence of the velocity gradient tends to reduce the intensity of the tip vortex. In
addition, pressure gradients are induced along the length of the cylinder which, in particular, cause the
formation of astrong bound vortex system at the base of thecyli ndzer near the ground plane. Thus, compared
with uniform flow, the local drag coefficient values (based on V) are decreased near the tip and (in most
cases) increased near the ground.

The extent of these modifications depends on the local shear flow gradient. For shear flow profiles of the
boundary-layer type (in which dV,/dz decreases monotonically with increasing z as illustrated in
Sketch 5.1), Figure 5 provides values of fg, = Cp,/Cpz, @ afunction of zZH and H/D. These values are
based on datafor & = 0.2 and high Re (Re,, > 1.5 x 106) but, in the light of limited evidence™ 7 relating
to shear flow effects on a cylinder with no tip effect at subcritical Re, it is reasonable to assume that they
are applicable to all cases where Rey is greater than about 10%. :

ESDU Copyright material. For current status contact ESDU.

For forms of shear flow profile other than the boundary-layer type the data in Figure 5 are not strictlyf;
applicable but, in the absence of other information, the guidance in Section 7 may be of some help. :

55 Centre of Pressure Position; zg,s (Figure 6)

The centre of pressure position is the point at which the overall drag force can be considered to act when
estimating the overall moment at the base of the cylinder, asillustrated in Sketch 5.1. For a parallel-sided
cylinder the centre of pressure position, in uniform flow or in a shear flow of the type illustrated in
Sketch 5.1, is given by Figure 6 as afunction of H/D and the shear flow parameter o .

The values in Figure 6 are based on equations derived in Section B3 of Appendix B which are in good
agreement with thelimited number of experimental datafor both uniform and shear flow. It may be assumed
that the values apply for all cases where Rey, is greater than about 10%.

" Dueto this “peaky” distribution, the assumption (often made) that the local drag coefficient is constant over the length of the structure
can lead to significant underestimates of the local shear forces and bending moments.
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6.1

6.1.1

It is often assumed that the centre of pressure positionisat z7H = 0.5 but, as can be seen from Figure 6, this
can lead to significant errorsin some circumstances.

NON-UNIFORM CYLINDERS

Tapered Cylinders

Section 6.1.1 dealswith cylindrical structureswith alinear taper. Section 6.1.2 provides guidance for those
structures with lengths of varying taper.

Cylinder with straight taper

-~ =Dy
1
@ D =] D,d(zH)
0
I\~ D, Calculation sheet 4 — Table 12.4
z CDS
Zcps
Dy

Sketch 6.1 Tapered cylinder
For astraight, or nearly straight, tapered cylinder, limited evidence!” suggeststhat the local drag coefficient
(based on V, and D,) is approximately constant along the cylinder length. Assuml ng (as found to be

approxi mately truefor parallel-sided cylinders) that Cp,, = Cpg When based on V thetotal drag (or shear)
forceisgiven by

2
X; = ¥pV,2 D, H(Cpy fy) (6.1)
= ¥pV.2 D, H(Cpofiyfy)

where Vrﬁ isgiven by Equation (4.1) and Cpand f (Sections4.1 and Figure 1) areeval uated for conditions
appropriate to a parallel-sided cylinder of D = D,, where

1
Dy = J DA(2h) (6.2)

Thefactor f; (given by Figure 7) accounts for the reduction in Cp, dueto the taper which acts to reduce the
intensity of thetip vortex system.

The overturning moment, M+, is given by

My = X1Zgps (6.3)
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where Z,/H is given by Figure 7 as a function of the taper parameter (Dy—D,,)/D,,, and the shear flow
parameter o . The derivation of Figure 8 is explained in Appendix B.

Local shear forces and moments can be obtained from an integration of the local |oadings but as explained
in Appendix B these can be estimated directly, to a close approximation, from

200 + 14
N aozae]l-(1- (DDA
L 1—(—) _ , 6.4)
Xr H 1-(1-(D,/D,))22*1
HZ0 oG + 2
Mo _2a+31*@e+1Dy/Do7 25 +3 1 (Z_L)ZWZ
M, 2a +1 1+ (20 +2)Dyy/DgH 20 + 11 + (20 + 2)D,y/Dy H o5

~ 1- DH/D0 (i_)z& +3
1+ (2@ + 2)(Dy/D)\H

where X+ and M+ are given by Equations (6.1) and (6.3).

6.1.2; Cylinder with varying taper

Calculation sheet 5 — Table 12.5
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Sketch 6.2 Cylinder with varying taper

For acircular cylindrical structure with avarying amount of taper along its length it is recommended that
the structure is divided into components i = 1, 2, 3, ...... such that the taper of each component is
approximately linear. The overall data described in Section 6.1.1 can then be applied to each component i
by using equivalent val ues of the appropriate parameters eval uated for each component. The overall loading
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is then obtained by summing the contributions from each component. The detailed procedure is set out in
the Calculation Sheet in Table 12.5.

6.2 Sepped Cylinder

Calculation sheet 3 — Table 12.5

1
=

(D
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C B A Dzs
Sketch 6.3 Sepped cylinder

No simple equation can be given to cover al possible combinations of stepped cylinders but the following
procedure, illustrated in Sketch 6.3, can be used to estimate shear forces and bending moments. The
procedure assumes two step changes in cylinder diameter but obviously more, or fewer, steps can be
included. The Cal culation Sheet in Table 12.3 summarisesthe compl ete procedure and acal cul ated example
isgivenin Section 10.2.

Separate the stepped structure into various componentsi = 1, 2, and 3 of complete but separate
cylinders A, B and C of diameters D, , D, and D3 and each of height H.

Estimate Cpg (see Section 4.1) for each cylinder, A, B and C corresponding to flow conditions at
the top of each ith component.

Obtain values of fyy; = Cp/Cpg (assuming f = 1) for each cylinder A, B and C from Figure 1 using
H/D; H/D, and H/D3 and calculate Cp, for each cylinder.

Obtain values of fy, = Cp/Cp, from Figure 3 or 4 for various values of zH along each component
i assuming that each component is part of the respective cylinder A, B or C.

Obtain values of fg, = Cp,/Cp,, from Figure 5 for the same values of z/H as used in step 4.

Evaluate Cp (based on VZ2 and D,) for each value of z (or ZH).

Cozss = Cpu fhzfss - (6.6)
sep  (3)(4) (5
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