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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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.
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government research laboratories, universities and others from around the world through the participation of some
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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
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BLOCKAGE CORRECTIONSFOR BLUFF BODIESIN CONFINED FLOWS

1 NOTATION AND UNITS

P
Re
Ref

Re

e

S

cross-sectional area of wind tunnel or duct at reference plane

cross-sectional dimensions of prismatic or similar body (see Sketch 1.1
and Section 10)

maximum cross-sectional area of separation bubble

cross-sectional dimensions of ellipse or similar body (see Sketch 1.1 and
Section 10)

cross-sectional dimensions of wind tunnel or duct at reference plane (see
Sketch 1.1 and Section 10)

across-flow, lift, or side, force coefficient; lift force/( 1/2pVo% S)
drag coefficient; drag force/(Y2pV2 S)

lift-induced drag coefficient (see Section 4.4)

force coefficient”; force/ (Y2pV2 S)

pressure coefficient; (p—p, )/(Y2pV2)

diameter of circular cylinder

larger across-flow dimension of isolated body, dimension between walls
or normal to surface for surface-mounted bodies (see Sketch 1.1 and
Section 10)

net static-pressure loss coefficient for obstruction in duct
(see Equation (8.3))

wake expansion factor, B/S; (see Appendix A2)
vortex-shedding frequency
static pressure

reference static pressure (correspondingto V)

Reynolds number, V_a/v,V_c/v or V_d/v

Reynolds number based on effective flow velocity (see Section 6.2)
effective Reynolds number (see Section 6.2)

reference’ cross-sectional area of body, bH

For Footnotes see end of Notation Section.

Issued November 1980
With Amendment A, March 1998 - 46 pages
1
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Hz
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St Strouhal number, nb/V_ or nd/V
\% local mean axial flow velocity m/s
Vy mean flow velocity at distance H from wall or surface m/s
Vi, area-averaged flow velocity in duct, (volume flow rate)/A m/s
vV, reference mean flow velocity (see Section 6.1) m/s
w body width projected normal to flow, for bodies at incidence m
(see Sketch 1.1)
XY, Z distances along Cartesian-coordinate body-axes, defined such that Ox is m
inthe flow directionfor oo = mw/2(=90°) (see Sketch 1.1)
o angle of inci dence’ of approaching flow (see Sketch 1.1) rad
v power-law exponent for mean wind speed (see Section 6.1)
) boundary layer thickness, value of z at maximum velocity in shear flow m
€ Maskell’s!? blockage correction parameter, —1/ C st (see Equation (4.1))
Ais o shape factors for quasi-streamlined flow blockage corrections (see
A3, Ay Equations (4.4) to (4.9))
v kinematic viscosity of fluid m?/s
P density of fluid kg/m®
() lift-dependent drag factor (see Equation (4.11))
Subscripts
b value on base* of body (i.e. on surface downstream of separation points
of body, particularly at furthest downstream point on body)
f value corrected to, or appertaining to, ‘free air’ or unconfined flow
conditions
S value at the separation position (except in Equation (8.3), see Kg)
z value at position z on body

The suffix F is used as a general notation and represents the appropriate suffix for the force component considered: D (drag),
C (lift or sideforce), X, Y, Z, (in Ox, Oy, Oz directions respectively).

Care should be taken when using data from other sources in conjunction with this Item since the reference area used and inci-
dence definition may differ from those here.

Theterm “base” originated with its usage in description of the drag of artillery shellsin supersonic flow which arises predom-
inantly from pressure forces on the downstream face.
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Sketch 1.1

Rectangular prism in uniform flow
(two-dimensional flow)

Elliptical cylinder in shear flow
(three-dimensional flow)
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2. INTRODUCTION

Most wind-tunnel testsare aimed at predicting some of theforces, pressures, moments and other parameters
that will be experienced by afull-scale structure in an unconfined or ‘free air’ situation. The wind-tunnel
boundariesimpose constraints on the flow around the model so that the measured val ues of these parameters
differ from the required free-air values and need correction to obtain the free-air values. Conversely, if the
free-air drag coefficient of abody is known, inverse application of the correction allows estimation of the
corresponding drag coefficient for the body in the confined flow of aduct, from which theresultant pressure
loss may also be estimated.

The flow boundariesin awind tunnel may be, (a) solid walls, which impose a condition of zero transverse
velocity ontheflow at thewall or, (b) thejet boundary in an open-jet wind tunnel whichimposesacondition
of approximately constant static pressure (equal to ambient pressure) along the boundary. Blockage
corrections for closed-wall and open-jet boundaries are essentially of opposite sign and this has led to the
usein aeronautical wind tunnels of dotted or perforated wallsto minimise blockage correcti ons . Movable,
flexible walls (usualy the roof when atmospheric winds are simulated) can, in principle, be contoured to
match the shape of a stream-line in the unconfined flow to minimise blockage effects. In practice the exact
required shape variesfor each model and the shape used may then be estimated from other considerations.

2.1 Scope of the Data Item

This Data Item provides information on blockage effects on the forces and pressures on, and flow around,
bluff bodies in flows confined by straight, solid-wall* boundaries.

Bluff bodies can be regarded as those for which the flow is dominated by large regions of separated flow,
such asflat plates or rectangular prisms normal to the flow. Bodies such as circular or €elliptical cyligders
may behave as bluff bodies or as quasi-streamlined bodies according to the operating flow-regime = and
the Item therefore includes appropriate corrections for this latter case. Bodies such as aerofoils or
streamlined-section struts may behave as bluff bodies at high incidence, i.e. in stalled flow.

Blockage correction methods may be needed for one of three requirements:

M for correction of existing wind-tunnel data (or to assess corrections aready applied),

(i) for correction of wind-tunnel measurements yet to be made,

(iii)  for estimation of forces on, or pressure drop across, obstructions sited in ducts.

There are also special reasons for the use of perforated-wall or slotted-wall wind tunnels for transonic flow, see Derivation 16, Chapter

VI for abrief discussion.

T Wind-tunnel corrections for streamlined bodies, such as aerofoils, are given in Reference 5 and Derivation 16.

*  Some information for open jet wind tunnels, for which blockage corrections may be equally important but generally of opposite sign, is
given in Reference 2 and Derivations 16 and 47. Because of the relatively short working section length of the jet, speed measurement
errors, resulting from blockage effects propagated upstream from the model to the speed measuring pressure tapping in the nozzle, may
be important. The corresponding effect in closed wind tunnelsis discussed in Appendix C1.

** See Section 6 and References 7 and 8 for information on flow regimes for such shapes.
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Blockage effects can be neglected only if the model is very small in relation to the wind tunnel or duct,
(less than, say 1 per cent” of the cross-sectional area). In wind-engineering studies, this requirement isin
direct conflict with the need to test large models in order to achieve adequate Reynolds numbers, allow
representation of small details of structural shape and generate forces large enough to allow their accurate
measurement. Consequently blockage arearatios, A, of 5 per cent are common and even up to 10 to 15
per cent are used, requiring appreciable correction to measured results.

Although the supporting experimental datawere derived largely from wind tunnel tests, the methods apply
generaly for incompressible flow of gases and for liquid flows provided that cavitation does not occur in
the wake. Some information on the effects of confinement on cavitating flows is given in Reference 44.

Section 3 of the Item provides an introduction to blockage effects and methods of determining them
(Appendix C notes some problems and uncertainties in using wind tunnel data for this purpose). Three
recommended methods are introduced in Section 4 which considers their application to mean force
coefficients while Section 5 extends the application to mean pressures (Appendix A gives additional
background information on the recommended methods and A ppendix B briefly describesanumber of other
correction methods which have been applied to bluff bodies). Section 6 considersthe appropriate reference
flow conditions and Section 7 considers fluctuating quantities. The application of blockage correctionsto
duct-flow situations is considered in Section 8.

3. BACKGROUND DISCUSSION OF BLOCKAGE EFFECTS

Unconfined
flow
streamlines

Sketch 3.1

Thegeneral nature of theeffectsof confinement on theflow past abody may beappreciated from Sketch 3.1.
If the solid walls indicated by the heavy lines a—b are imposed on the flow originating across section a—a
it isevident that the flow pattern shown by the unconfined-flow streamlines must be modified in order that
this flow is contained within the walls. Firstly, the expansion of the streamlines around the body and its
wake is restricted by walls and secondly, the inclination of the streamlines is modified to become parallel
to the wall downstream of the body.

" The value adopted here will depend on the accuracy required in the final results. A blockage area ratio of one per cent probably results
in blockage corrections of less than three per cent.
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Thefirst effect, usually termed “blockage”, resultsin increased velocitiesin the flow around the body and
its wake. For reasonable blockage arearatios it has been demonstrated that the principle of “invariance
under constraint” T can be applied to both streamlined-body attached flows and bluff-body separated flows.
The principle implies that the form of the pressure distribution on a body (and its separation bubble) does
not vary with the degree of constraint and allows the blockage effect to be equated to a uniform increase
in reference velocity. Blockage affects both along-flow (drag) and across-flow (lift or side) forces and is
important for all bodies of blockage arearatio greater than about one per cent.

The second effect influences primarily the across-flow or lift force and is consequently termed “lift
interference”. Lift interference® is most important for streamlined bodies designed to generate lift, such as
aerofoils. Most bluff bodies areinefficient generators of lift (theratio lift/drag issmall) and lift interference
can generally be neglected”” in comparison with blockage effects. For three-dimensional flow there is,
however, an additional effect of lift since the total measured drag will include the lift-dependent or
lift-induced drag which does not contribute to blockage effects (Section 4.4).

31 Streamlined Body Flow

DT EERT s Wake (50 ng

—>—\_/—\

——

Sketch 3.2 Sreamlined body flow

Sketch 3.2 shows the time-averaged flow around a non-lifting streamlined body in a confining channel.
Theflow remains attached to the body surface over most of the body with asurface boundary-layer growing
in thickness towards the rear. This boundary layer separates from the surface near the rear and forms the
viscouswake, alow velocity region of flow extending downstream from the body. The cross-sectional area
of the wake continues to increase downstream as a result of viscous mixing at its boundary.

For such a body the blockage effect is usually considered in terms of ‘solid-body blockage' and ‘wake
blockage' . Closely associated with thewake blockageisacorrection to the drag force that is conventional ly
called the ‘longitudinal-buoyancy drag’'. These effects are discussed in the following paragraphs.

() Solid-body blockage is a function of the volume and shape of the body. Continuity of mass flow
through the channel requires increases in the flow velocities near the body compared with the
velocities in unconfined flow; downstream the flow is assumed to revert to the undisturbed
upstream flow conditions. Theincreasesin velocity from the unconfined flow situation vary across
the channel, being largest near the walls and extend for some distance upstream and downstream
of the body location, as shown in Sketch 3.3. Solid-body blockage for a streamlined body is
independent of the body drag except insofar as the body shape may be assumed to include the
displacement thickness of the body boundary-layer.

" Typically for blockage arearatios, A, up to about 10 to 15 per cent.
T See Appendix A.
+OLift interference, and blockage, corrections for streamlined bodies are given in, for example, Reference 5 and Derivation 16.
" An approximate guide can be obtained from the lift interference predicted for a two-dimensiona aerofoil for which Reference 5 gives
(using present notation) s\ 2
ace=-02(2%)c

C C

Documents
6 Document Sharing Hub

Full document details: ESDU 80024 A 1998


http://www.avadocuments.com/doc/esdu-80024-a-1998
http://www.avadocuments.com/doc/esdu-80024-a-1998

ESDU Copyright material. For current status contact ESDU.

ESDU 80024

Body
location
VIV ‘ ‘ plp.,
Body
location
X X

Sketch 3.3 Solid body blockage effect

(i) Wake blockageisafunction of the drag of abody. As noted, the wake isan expanding low vel ocity
region of flow extending downstream from the body. Continuity of mass flow therefore requires
that the velocity outside the wake increases along the channel as a result of wake blockage, as
shown in Sketch 3.4, so that the effective velocity past the body location increases. This increase
is uniform across the section and, because the momentum deficit in the wake is a measure of the
body drag, is proportional to the drag per unit cross-sectional area of channel.

Body
location
_ ,‘ ,,,,, F ,,,,,,,,,,,,,,,

location

X X
Sketch 3.4 Wake blockage effect (V and p outside the wake)

Associated with theincreasing axial velocity caused by wake blockage is a decreasing static pressure. This
pressure gradient along the body causes an additional drag, conventionally termed ‘ longitudinal -buoyancy
drag™’, which does not occur in unconfined flow. The overall drag measured by a wake traverse method
does not include the buoyancy drag but the overall drag measured by a balance or by integration of body
pressure measurements must be corrected for buoyancy drag.

Boundary layer growth on the duct walls may contribute to the wake blockage and longitudinal buoyancy
effects by partially blocking the flow. In wind tunnels it is common practice to prevent this by allowing a
gradual increase in tunnel cross-sectional area along the working section.

The total effect of solid-body blockage plus wake blockage, assuming that they can be superimposed, is
therefore to produce velocity and static-pressure variations along the wind tunnel of the form shown in
Sketch 3.5.

" The term buoyancy should strictly be applied only to forces arising from density differences but its usage in this context is widespread.
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Body
location
______ +____+___________________
VIV_ plp..
location
X X

Sketch 3.5 Total blockage effect (V and p outside the wake)
3.2 Bluff-body Flow (Flow separation occurs at or ahead of maximum cross-sectional area of body.)

Sketch 3.6 shows the time-averaged flow around two bluff bodies in confined flow. The main difference
from the streamlined body flow of Sketch 3.2 isthat although the flow is attached over the front face of the
body it separatesat aposition at or before the maximum cross-sectional areaof the body. The static pressure
at the separation position depends on the body shape. The separated flow initially diverges from the body
at an angle determined by the separation pressure and then curves to form the boundary of aregion of low
speed, recirculating flow behind the body known asthe separation bubble. Outside the bubbl e the separated
boundary layer (usually termed the free shear-layer) follows the bubble surface, growing in thickness, and
closes around the rear of the separation bubbleto form aviscouswake similar to that for astreamlined body
flow.

(@) Circular cylinder, two-dimensional subcritical flow (b) Square prism, two-dimensional flow

Sketch 3.6 Bluff-body flow

Along the boundary of the separation bubble the static pressure remains substantially constant and equal
tothe separation pressure12 at least asfar asthe maximum cross-sectional areaof the bubble. Thisboundary
together with the front face of the body behaves much as an effective ‘body’ asfar as blockage effects are
concerned.

Documents
8 Document Sharing Hub

Full document details: ESDU 80024 A 1998


http://www.avadocuments.com/doc/esdu-80024-a-1998
http://www.avadocuments.com/doc/esdu-80024-a-1998

ESDU Copyright material. For current status contact ESDU.

ESDU 80024

Blockage effects could in principle, be considered in terms of solid-body and wake blockage with the ‘ solid
body’ including the separation bubble. The total blockage effect would be similar to that in Sketch 3.5.
However the size and shape of the effective body isnot generally known" and it isusual ly more convenient
to use other approaches (see Appendix A2 and Section 4.1). Since the bubble shape and the pressureis a
function of the body drag, both the bubble blockage and the wake bl ockage are functions of the drag of the
body and can be evaluated as asingle correction. Unless a substantia proportion of the body extends ahead
of the separation position, solid-body blockage will be negligible and, similarly, ‘longitudinal buoyancy
drag’ will be small because most of the body isenclosed in the nearly constant-pressure separation bubble.

3.3 Quasi-streamlined Flow
(Flow separation occur s behind maximum cross-sectional area of body.)

Theflow around bluff bodies such ascircular or elliptical cylinders and rounded-edged polygonal sections
behaves in a manner intermediate between streamlined-body flow and bluff-body flow in the condition
known as supercritical flow. Examples are shown in Sketch 3.7. In such cases the flow remains attached
past the maximum cross-sectional area and the separation pressure and separation angle are such that the
separation-bubble boundary converges and forms asmaller bubble than for bluff-body flow. Consequently
the effective body shape differs less from the actual body shape and the streamlined body corrections can
be applied approximately (with appropriate body shape parameters and drag coefficients).

p//(‘p\uw Q’/ 900850 P

maﬂi on bubble ’—maraﬂ on bubble——
S R e ) ittt e Wake Gtoov e

%

(@) Circular cylinder, two-dimensional supercritical flow (b) Elliptical cylinder, two-dimensional supercritical flow

Sketch 3.7 Quasi-streamlined flow
34 Lifting Bodies

Assuming that lift-interference corrections can be neglected (as discussed in the introduction to Section 3),
two other considerations must be taken into account for lifting bodies.

Firstly, separation no longer occurs symmetrically around the body. In this case the flow will be defined as
bluff-body flow if separation occurs at or ahead of the maximum lateral extent on one side of a
two-dimensional body as shown in Sketch 3.8. A similar criterion can be established for three-dimensional
flow.

" But see Section 4.3 and Appendix A4.
T The principal determining parameter isthe effective Reynolds number of the flow. Ranges of effective Reynolds number for supercritical
flow for various body shapes are given in References 7 and 8.
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Sketch 3.8 Lifting bodies: M denotes maximum lateral extent of body, S denotes separation
position (schematic only). A and B in Bluff-body flow, C in Quasi-streamlined flow

Secondly, in defining the drag coefficient to be used in the blockage correction equations, allowance must
be made for lift-dependent or lift-induced drag, incurred on three-dimensional lifting bodies, which does
not contribute to blockage effects. Some guidance is given in Section 4.4.

35 M ethods of Obtaining Corrections

It might appear that blockage effects could be estimated easily by measuring the required parameters (say,
drag coefficients) of aseries of different sized modelsin onewind tunnel or of one model in different sized
channels, and extrapol ating the resultsto zero blockage” . However, although an apparently simpletechnique
with application to complex flow situations, the method has a number of disadvantages. In the absence of
atheoretical or semi-empirical blockage model the results can only be applied to the configuration tested;
testing time (and cost) will be greatly increased by the need to repeat tests for each model/channel
combination; flow and model scaling problems may arise with size changes and measurement accuracy
over awide range of magnitudes may make trends in data uncertain. Despite such uncertainti es," which
makethetechniqueimpractical asageneral approach, such data' are requiredin order to confirm theoretical
or semi-empirical methods.

Theclassical method of deriving blockage effects (outlined in Appendix A3) isto represent the confinement
by a series of images (of the flow around the body in unconfined flow) reflected in the channel walls. For
streamlined bodies, linearised potential-flow* models of the flow around the body have been used
successfully (see Derivation 16 and References B1 and B3 for example). The solid body is represented by
a‘doublet’ (asource and sink pair of equal strength at an infinitesimal distance apart) or by a distribution
of sources and sinksand thewake by asource and sink pair an infinite distance apart with the sourcelocated
at the body position.

Application of the streamlined-body model to bluff body flowsisnot generally successful however because
the solid body in this case now effectively includes the separation bubble. A number of ‘free-streamline
methods have been proposed to define the bluff-body flow model (References 3 and 4 for example) but
they are restricted in practice to relatively simple body shapes and to bodies with zero or small lift or
cross-flow force in order to permit evaluation of the methods and require an empirical input for defining
separation position. In the method of Hackett et al.3%>! the necessary experimental data to define the flow
model isobtained from wall-pressure measurements along the channel (see Section 4.3 and Appendix A4).

The capabilities of modern computational methods offer the possibility of a numerical solution of the
Navier-Stokes equations governing the flow around a bluff body and the addition of boundary conditions
representing the channel walls could then alow direct computation of confined flows. Because of their
complexity thesemethodsdo not yet represent apractical method for general cal culation of bl ockage effects.

" Sincefor small bl ockages the correction is proportional to Cp S/A, extrapolation on that basis might be preferable.
T See Appendix C for discussion of some other considerationsin obtaining and interpreting such wind-tunnel data.
* A basic discussion of potential flow theory may be found in text books on aerodynamics or fluid mechanics, for example Reference 1.
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4, BLOCKAGE CORRECTIONS FOR MEAN FORCE MEASUREMENTS

Data cannot generally be corrected to ~—— a General applicability of methods

equivalent unconfined flow . .
@ Section 4.3 Wall-pressure signature method

60 X X X X XX
Section 4.1/4.2" applicable (see footnote to Table 4.1)

methods less reliable,

Reliable results only
from Section 4.3

use only when Section method Section 4.1/4.2 methods
>< 4.3 not available Reliable
Lessreliable
~
Blockage A\, ] Not preferred
ratio 15 . .
SIA % X Kok a%ins Section 4.1/4.2 b. Choice between Section 4.1 and 4.2 methods
methods less reliable increasingly difficult L
to generalise C

DF A NON NN N NN
5 Use Section 4.1 method
All’methods applicable Section 4.1/4.2methods 0.8+
can usually be generalised
to complex models | Use Section 4.2 method
1 /

0 Corrections generally negligibl eW

Simple shapes Complex models 4x 10*
Sketch 4.1

108 Re

Three recommended methods are given in this Section. The choice of method depends on a number of
factorsand guidance on various aspects of thechoiceisgivenin Table4.1 and Sketch 4.1. Thewall-pressure
signature methods of Section 4.3 are universal in application but the theoretical/empirical methods of
Sections 4.1 and 4.2 require a decision as to the position of flow separation. For sharp-edged bodiesthisis
often obvious but for rounded-edged bodies it may not be. If tests over a reasonable range of Reynolds
number are feasible it may be possible to deduce when the flow is supercritical since Cp generally drops
when supercritical flow is reached. Wall pressure measurements as described in Section 4.3.2 can give an
indication of changes between bluff-body flow and quasi-streamlined flow. In the absence of any other
criterion it is suggested that for rounded bodies the m5ethod of Section 4.1 be used if Re;<4x 10" or
Cp¢= 0.8 and the method of Section 4.2 if Re;>5x 10" or Cp;< 0.8, see Sketch 4.1(b).

Documents
11 Document Sharing Hub

Full document details: ESDU 80024 A 1998


http://www.avadocuments.com/doc/esdu-80024-a-1998
http://www.avadocuments.com/doc/esdu-80024-a-1998

