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FLUID FORCES ON NON-STREAMLINE BODIES — BACKGROUND NOTES AND
DESCRIPTION OF THE FLOW PHENOMENA
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INTRODUCTION

The purpose of this Item is to provide background information which will assist the user of the series of
Data Items on the estimation of fluid forces on non-streanilmd{uff)* bodies. This series of Data Items

gives detailed numerical data for use in a wide range of problems in aeronautical, chemical, marine,
mechanical and structural engineering associated with the flow of fluid around bluff bodies. The Items
present the latest available information and contain numerical data for the effect of variations in all the
parameters considered of importance. They include flow charts to guide the user through procedures tha
will enable him to obtain numerical results without requiring him to have a specialist's understanding of
the physical phenomena that take place. This Item is intended to describe the physical phenomena for thos
who are not specialist aerodynamicists and want to understand the rudiments of the problem. It is mainly
concerned with wind flow around bluff bodies, such as buildings, but the information is also applicable to
other fluid flow problems providing the Reynolds number is sufficiently high. Further, more detailed,
descriptions and mathematical analyses of the problem can be found in the References quoted in Sectiol
12. A key word index is given in Sectids.

Fluid flowing around a bluff body exerts on that body forces which fluctuate with time. These forces can
be resolved into a mean (time-averaged) component on which is superimposed a fluctuating component
which varies with time. The first Data Items in the series are concerned with the estimation of the mean
component; a knowledge of this alone is satisfactory for many problems such as the design of most
structures, particularly those having high natural frequencies of vibration and high damping. These will
be followed with Data Items concerned with the estimation of the fluctuating component. It should be
remarked that, although it is possible to separate the mean component from the fluctuating component,
time-varying phenomena, such as turbulence, affect both the mean and the fluctuating components of the
force on the body. Consequently, a discussion of such time-varying phenomena is as relevant to an
understanding of the mean component as to the fluctuating component.

NOTATION AND NOMENCLATURE
Notation

Three coherent systems of units are given bElow

Sl British
A reference surface area ’m ft? ft2
a local speed of sound in fluid m/s ft/s ft/s
Cp drag coefficient,D/( 1/szmzA )
Ce force coefficient,F/( ¥2p VOEA )
C, lift coefficient, L/ (¥2pV 2A )

Definitions of streamline and non-streamline. (bluff) bodies are given in Secti@?3
T See Sectiog.2
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L, (u) ;Ly(u) ;L,(u)
Lx(v);Ly(v);LZ(v)
LX(W);Ly(W);LZ(W)

M

P

I o

force coefficients,X/(1/2PV002A )
YI(pVEA) ZI(YepV 2A )

moment coefficient (see Sectiérl)

pressure coefficie2r1t,
(P— Rep)/(2pVy )

drag force (measured in free-stream

direction)

force acting on body

centre frequency of narrow-band vortex Hz
shedding (see Sectidd.])

lift force measured normal to
free-stream direction

integral length scales of v andw
components of turbulence alorgy and
Z axes respectively

representative body dimension
local Mach numbel/a

local static pressure

total pressure

reference pressure usually takerpgs

correlation coefficient ofi component
of turbulence for two points situated on
X, y Or z axes respectively (see Section

10.3

correlation function oéi component of
turbulence (see Sectid®.3

Reynolds numbety /v

power spectral density functionswfv
andw components of turbulence (see

Sectionl10.]))

Strouhal numberfl/V

time

British

pdl Ibf

pdl Ibf
c/s c/s
pdl Ibf
ft ft

ft ft

pdl/ft2 Ibf/ft2
pdl/ft2 Ibf/ft2
pdl/ft2 Ibf/ft2
ft?/s? ft?/s?
ft?/s ft’/s
S S
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V(1)

u,v,w
X,Y,Z

X,Y,Z

v
p

o’ (u)

Subscripts

bl

int

Sl
velocity; a time-dependent quantity m/s
mean (time-averaged) velocity m/s
components of fluctuating velocity m/s

alongx, y andz axes respectively

component forces acting on body in N
direction ofx, y andz axes respectively

system of rectangular cartesian m
coordinates; distances alorgy andz
axes respectively

angle of inclination of free-stream
direction to body longitudinal axis

ratio of specific heat capacity of fluid at
constant pressure to that at constant
volume

equivalent height of surface roughness m
(see Section)

dynamic viscosity of fluid N s/f
kinematic viscosity of fluidu/p His
density of fluid kg/mi
mean square value of u2 He?

denotes value in boundary layer
denotes internal value

denotes free-stream value

British

ft/s ft/s

ft/s ft/s
ft/s ft/s
pdl Ibf
ft ft
degrees
ft ft
pdl s/fé  Ibf s/ft?
ft?/s ft?/s
Ib/ft3 slug/fté
ft2/s? ft2/s?
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2.2 Units

In the system of units known &the unit of force is the newton (N). A NEWTON is defined as the force
required to impart an acceleration of 1 frtts a mass of 1 kg.

In the two coherent systems of British units given in Secidrthe units of force are respectively the
poundal (pdl) and the pound-force (Ibf). A POUNDAL is defined as the force required to impart an
acceleration of 1 ftfsto a mass of 1 pound. A POUND-FORCE (lbf) is defined as the force required to
impart an acceleration of 1 #/0 a mass of 1 slug (which is 32.17 pounds) or, alternatively, as the force
required to impart an acceleration of 32.17%ftts a mass of 1 Ib. Similarly, in the metric system, a
KILOGRAMME-FORCE (kgf) is defined as the force required to impart an acceleration of Xavds
mass of 9.807 kg.

The units of pound-force and kilogramme-force must be distinguished from the local weights of bodies
having masses of 1 Ib and 1 kg respectively because the gravitational force or weight of the body is
dependent on the local acceleration due to gravity which may be different from the assumed standard value
of 32.17 ft/ or 9.807 m/&

Some conversion factors between units are given below.

1 newton (N) =1kgx1m/é 102.0 x 10%kgf

1 poundal (pdl) =11b x 1 ft/€ 31.08 x 103 Ibf

1 slug = 32.17 Ib.

2.3 Definition of Streamline and Non-Streamline (Bluff) Bodies

A STREAMLINE BODY is defined as a body for which the major contribution to the drag force in the
free-stream direction results directly from the viscous or skin friction action of the fluid on the body. A
NON-STREAMLINE or BLUFF BODY is defined as a body for which the major contribution to the drag
force is due to pressure forces arising from separation of the boundary layer flow adjacent to the surface
over the rearward facing part of the body. For example, a body of circular or rectangular cross section is
a bluff body and so is a flat plate or aerofoil inclined at a high angle to the oncoming flow. On the other
hand, a thin flat plate lying parallel and edge on to the oncoming flow is a streamline body since the flow
remains attached to the surface and skin friction accounts for up to 90 per cent of the total drag.
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GENERAL

The force exerted by a fluid on a body can be resolved along the normal and tangential directions to the
surface In the normal direction the force per unit area is called the local PRESSURE (se® Spufitile

in the tangential direction the force per unit area is called the VISCOUS or FRICTION STRESS (see
Section6.2).

Both the pressure and viscous forces on the body are dependent on the local properties of the fluid at the
point in question and these are affected by the history of the element of fluid at the point. Most theoretical
investigations in the field of fluid dynamics are based on the concept of a perfect, frictionless and
incompressible fluid. For streamline bodies this theory supplies in many cases a satisfactory description
of real motions but it does fail completely to account for the force on a body in the free-stream direction
(the drag force) which is, incorrectly, predicted to be zero. On a non-streamline body in particular this force
depends upon so many parameters that a complete theoretical solution of the problem cannot at the momet
be envisaged and most design data are of experimental origin.

If the results of one experiment, or of measurements at full-scale conditions, are to be related to another
situation of a different scale, it is essential that the requirements for comparability are known in detail.
Application of dimensional analysis to the problem, and other considerations, shows that the force exerted
on a body divided bf{l/Z)pVofA can be expressed as a function of a series of non-dimensional parameters
relating to both the characteristics of the free stream and the body surface. The force acting on a body is
conveniently presented in the form of a non-dimensional force coefficient defined as

C. = FI(%pVZ A)

Thus a non-dimensional general relationship for force coefficient in terms of the most important parameters
can be expressed as

O — O
0 yuz L(u) n§(n) ¢ g

CF = fgRe M, 'V_ T etc., > 'T . 3.1
T e

For the flow pattern around two geometrically similar bodies orientated identically to two fluid streams to
be similar {.e. for complete DYNAMICAL SIMILARITY), the values of all the non-dimensional
parameters must be the same in both cases. In Eqatigithe important non-dimensional parameters
are the Reynolds numbdrd), the Mach numbefM ) , the free-stream turbulence inte(ua?c)'/zlvoo ,
the free-stream turbulence length scale ratig(uj/l), the normalised power spectral density
(ns, (n)/oz(u)) and the surface roughness rgtidl)

It is impracticable to obtain complete identity of all parameters: however, in every instance some of the
parameters have little or no effect on the flow and can be ignored. One of the most difficult tasks in the
analysis of fluid flow problems around bluff bodies is to determine which are the mostimportant parameters.
The following Sections attempt to draw guidelines for this process. Each of the items on the right-hand
side of Equation3.1) is discussed in Sectionsto 10. Finally, in Sectionll the time-dependent
characteristics associated with vortex shedding are described.

Before proceeding with a description of pressure and viscous forces the concepts of ideal (inviscid) and
real (viscous) fluid flows will first be discussed.
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4. INVISCID FLOW

A fluid which is inviscid is sometimes called IDEAL. It produces no tangential viscous or frictional stresses
or a pressure drag in the direction of the free stream. All REAL FLUIDS are viscous and may involve
chemical changes. In order to develop a theory for a real fluid flow it is usually necessary to assume that
it is not only inviscid, but is also non-turbulent and chemically inert. In such a theory of fluid flow around

a body, layers of fluid adjacent to each other experience no viscous forces and act upon the body surfac
with pressure forces, normal to the body surface at each point, only. When the flow is steady a simple
relation exists between the pressure, density and velocity along a STREAMLTMES is obtained from

the equation of motion for the fluid flow and is

dp , ¢ 0F Bt =
L > +IlVdV+ glgdz% =0 (4.1)

wherez is measured vertically from a horizontal datum plane. If further it is assumed that the flow is
INCOMPRESSIBLE, that is to say that the density, , does not vary with pressure (and is therefore a
constant throughout the flow), this equation integrates to the well known relationship known as Bernoulli’s
equation

p + 1/sz2 + pgz = constant= p,. (4.2)

The valuep,, is a constant along a streamline and is known as the TOTAL HEAD or STAGNATION
PRESSURE. Its value can vary from streamline to streamline if the flow field upstream of a body is a
turbulent shear flow. Since the surface of a body is a stream surface it follows that in inviscid, steady
incompressible flow the relation between pressure and velocity on the body surface is given by Equation
(4.2).

In practice — that is in a real fluid flow — it is found that Bernoulli’'s equation applies to most regions of an
incompressible non-turbulent flow field except in the boundary layers (see SBdjommediately
adjacent to solid surfaces in the flow and in the near wake of a body.

When the flow is COMPRESSIBLE&. for gas flows at high speeds) Equatjér?) no longer applies and
Equation(4.1) has to be integrated, allowing for the variation of density with pressure. Thus for the flow
of a gas along a streamline, when the gas is inviscid and non-heat conducting, and when no heat is lost o
gained from the adjacent flow, the relation between density and presgip¥ is = constant. This is the
isentropic relationship which applies since the thermodynamic process is reversible. Hence, for an
isentropic gas flow, Equatig@.1) when integrated becomes

2 2 yli(y—-1)
L y=1Y1 Vo [0
e
2 0

P1

Py

OOoOodO

* A STREAMLINE is a curve such that its tangent at any point is in the direction of the velocity of the fluid at that pa@rtinae th
considered. For a steady flow it is the path traced by an element of fluid in its motion around a body.

T The contribution of the terngdz) in Equation(4.1)and (pg2) in Equation(4.2) for gases can be ignored. In homogeneous liquid flows
with no free surface the terpgz does not affect the motion as it is simply the hydrostatic pressure field for the fluid at rest.
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ForV, = 0,p; = p, when the equation reduces to

p _ I(y—-1)
Po _ 0O Y 1M2%V

= L+ 4.3)
O O
or, alternatively, foN2 =V, an¢b2 = p, itbecomes
_ 27y/(v-1)
P -yt a{l_LH (4.4)
Po O 2 v2 1o

VISCOUS FLOW
Friction Forces, Boundary Layer, Separation

The FRICTION or VISCOUS force arises from the tangential shearing flow of a fluid along the surface of

a body. The shearing forces are transmitted through the fluid shear layers adjacent to the surface a
illustrated in Sketch.1 This layer of fluid in which a large velocity gradient exists normal to the surface

is called the BOUNDARY LAYER and the flow in it is often referred to as a SHEAR FLOW. Atthe leading
edge of a body, or more explicitly near the stagnation point (see Sédijptine boundary layer has only

a small thickness. In general its thickness increases with distance along the surface, except in regions o
high acceleration where its thickness can be reduced.

Locus of points

| V=0
—
Boundary
Layer
Voo: Peo
Free stream / /

e

Sketch 5.1

In the boundary layer frictional forces act to slow down the fluid velocity relative to the body surface such
that at the surface of the body there is no slip between the fluid and the body. When the boundary layer
thickness is small compared with the body dimensions it is found that the pressure variation across the
boundary layer normal to the surface can be neglected. Thus, in a real fluid, although Bernoulli’s equation
can only be applied outside the boundary layer, the pressure calculated at the edge of the boundary layer |
also the pressure at the body surface when the boundary layer is thin.
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In the flow adjacent to a surface, viscous forces are set up and their magnitude, provided the fluid is
Newtonian, is equal to the product of the viscosity of the fluid and the velocity gradient normal to the flow
direction,i.e.

0z

Because the viscositfjt)  of most fluids is small, shear stresses of significant magnitude only occur near
the surface where a very large velocity gradient normal to the flow exists.

In addition to the viscous force, the mixing process of eddying fluid in a turbulent boundary layer flow (see
Section5.2) causes a greater interchange of momentum between fluid layers and produces an effective
shear stress which is additive to the shear stress produced by the true viscosity of the fluid. The effective
shear stress is called the REYNOLDS STRESS and in certain cases can be represented by an EDD?
VISCOSITY multiplied by the local velocity gradient normal to the surface (see Refefetcgs

For a rough surface, the roughness elements themselves act as small bluff bodies and eddies are cast ¢
them which cause an increase in the shear forces. The earth’s boundary layer is thick (about 200-600 m
compared to building heights and so buildings in the atmosphere must be treated as surface roughnes
elements in a boundary layer of shear flow.

The complete equations for the flow of a viscous fluid do not have solutions in closed form, except for
certain elementary flows. However, it is possible to simplify these equations to describe the flow in a
boundary layer. The latter equations can be solved if the flow outside the boundary layer is known to an
adequate approximation. The methods, however, in general only have application when the boundary layel
remains attached to the body surface. They do not apply in those regions, such as the downstream face
of bluff bodies, where boundary layer separation has occurred and the wake is both thick and unsteady. Ir
this case very large discrepancies between the calculated pressure forces and measured values are founc
occur.

A fluid forced to flow around a body attempts to resume its original undisturbed conditions of flow. In a
real flow this is not achieved until the flow has progressed some way downstream of the body because of
viscous effects in the boundary layer. Broadly speaking, over the forward facing part of the body the flow
is accelerated and the local pressure decreases, and over the rearward facing part of the body the flow |
retarded and the pressure increases again (see, for example, Sketch 5.5). A pressure increasing with distan
along the surface.€. a positive pressure gradient) is compatible with the velocity at the edge of the
boundary layer decreasing. On the other hand, at the surface itself a necessary condition is that the flov
velocity shall be zero relative to the surface. In order that this condition of zero slip be maintained the
velocity profile in the boundary layer must change as the flow moves downstream along the body.
Considering a decelerating flow as in Skeich at each value afthere will be a reduction in velocity in
passing downstream frofto B and this reduction will vary from zero at the wallXg at the edge of the
boundary layer. If the pressure gradient is large enough, or is maintained sufficiently far along the surface,
then there often comes a point at which the velocity gradient normal to the surface, at the surface, become
zero. At this point the viscous shear force must also be zero which means that the boundary layer can nc
longer progress along the surface and thus separates. Downstream of this point there is a region of reverse
flow close to the surface as illustrated in Skét¢éh A positive pressure gradient acting along a surface is
thus called an ADVERSE PRESSURE GRADIENT; a negative pressure gradient is conversely called a
FAVOURABLE PRESSURE GRADIENT because a boundary layer is stabilised in these conditions.
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Sketch 5.2

It should also be noted that discontinuities in surface slope, if sufficiently kggehe sharp edges of
many buildings and structures), will also cause the boundary layer flow to separate at the discontinuity.

Downstream of the separation of a boundary layer, the flow outside the separated regions does not follow
the contours of the body surface; the region between the separated boundary layer and the surface is fille
with an eddying flow in which the velocity and direction vary with time in an almost random manner and
bear little or no relation to that of the free stream. In addition, the pressure along a normal to the surface
no longer remains independent of distance from the surface over the thickness of the boundary layer.

One of the important adverse effects of separation, when it extends over the rearward facing part of the
body, is that the expected pressure rise towards the rear of the body referred to earlier is prevented. A
consequent increase in pressure drag results because the area of relatively low pressure on the rearwa
facing area of the body in the separated flow region acts to produce an increase in drag force.

For streamlined bodies at small angles of incidemce ( ) in a low speed flow the boundary layer usually
leaves the trailing edge smoothly. As the angle of incidence is increased a progressive separation of the
boundary layer develops, usually on the upper surface, as the adverse pressure gradient is increased by tl
increasing incidence. When the streamlined body is an aerofoil the lift suddenly falls beyond a certain
angle of incidence and the drag rapidly increases. This is the result of separation of the boundary layer
over most of the upper surface and is referred to as “STALLING”. For those bluff bodies covered by the
Data Items separation, for all practical considerations, always takes place. The exception to this is for a
very low Reynolds number flow (which usually implies a highly viscous liquid flow of low velocity). For
example, separation in the flow around a circular cylinder does not occur for values of Reynolds number
less than about 5.



ESDU product issue: 2003-03. For current status, contact ESDU. Observe Copyright.

71012

5.2

In the study of the flow over buildings it must be noted that the atmospheric wind upstream of the building
is itself a boundary layer. The variation with height of its mean velocity and turbulence intensity and scale
has several particular effects on the flow. For instance, the flow can never be considered two-dimensional
in a vertical plane because significant transverse flows develop around the sides of the building resulting
in vertical components of flow. In addition, separation of the “ground” boundary layer occurs just upstream
of the forward face of the building with the result that the lower portion of the building close to the ground
is engulfed in a separated flow region (see Sketch 5.5). A vortex in front of the building is formed in this
separated region and its ends are swept downstream with the result that significant three-dimensional effect
are produced.

Laminar and Turbulent Flow, Transition, Effect on Separation

In the flow over a smooth surface at low Reynolds numbers (which usually imply low velocity) every fluid
particle moves with uniform velocity along a uniform path. Adjacent fluid layers slide over each other and
only friction forces act between them. There is no macroscopic mixing of fluid elements between layers
as in the case of turbulent flow. Viscous forces slow down the particles near the surface in relation to those
in the external stream but the flow is well-ordered and is said to be a LAMINAR FLOW. In flows at low

to moderate Reynolds numbers the boundary layer at its point of origin is normally laminar. Laminar
boundary layers can only exist when disturbances such as turbulence, noise, etc. outside the boundary laye
are of low amplitude and do not excite resonances within the layer, when the external pressure gradient is
favourable and the surface of the body is sufficiently smooth.

The orderly pattern of laminar flow ceases to exist at higher Reynolds numbers (which usually imply higher
velocities) and strong mixing of all the particles occurs. In this case (TURBULENT FLOW) there is super
imposed on the main motion a subsidiary eddying motion (turbulence) which causes mixing.

These two flow regimes, laminar and turbulent, and the TRANSITION from laminar to turbulent, can be
observed in the boundary layer. Transition in a boundary layer takes place over a range of critical Reynolds
number where the characteristic length in the definition of Reynolds number (see 3eiidistance

along the surface from the stagnation point. The range of Reynolds numbers over which transition takes
place is itself affected by many parameters, the most important ones being the pressure distribution in the
external flow, the roughness of the body surface and the intensity of turbulence in the external flow.

/ Turbuient flow

Body surface

Not to scale
Stagnation point
Sketch 5.3

The major effect of the mixing of fluid elements in a turbulent boundary layer, and the consequent

inter-change of fluid momentum between layers is that the thickness of the layer increases (because edd
motions redistribute the momentum in the fluid flow between the surface and the edge of the boundary
layer). Furthermore, the mixing process causes the addition of an effective shear stress, represented b
eddy viscosity (see Sectidnl), to the true viscous shear force, and as a consequence the retarded fluid

layers adjacent to the surface can be pulled further along the surface into regions of higher pressure. Thu
a turbulent boundary layer is thicker, is able to progress further against an unfavourable pressure gradien
and thus first separates at a point further along a surface than would a laminar one under the same condition:

10
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In flows, such as past streamline shapes, where boundary layer separation does not occur the velocit
gradient immediately adjacent to the surface when the boundary layer is laminar is less than when the
boundary layer is turbulent; the drag force composed of viscous and pressure forces in the direction of the
flow is less in the former case. However, if the boundary layer is laminar and separation occurs, then, for
a given free-stream velocity, the drag force is usually greater than when the boundary layer is turbulent,
even if the latter also separates. The reason for this is that, on rounded bodies, transition to turbulen
boundary layer flow causes the separation point to move downstream, more to the rear of the body, which
considerably decreases the width of the wak®hus, in this case, the adverse effects on the expected
pressure recovery towards the rear of the body referred to in Sedtieme confined to a smaller area and
hence the drag force is less. On sharp-edged bodies separation is fixed at the forward sharp edge and tt
drag force is less affected by the state of the boundary layer.

Drag forces on bodies can, as described in the preceding paragraph, depend considerably upon the type
flow. Therefore the results of two experiments, one conducted in laminar flow and the other in turbulent
flow, can be considerably different. Itis essential to ensure that similar flow regimes occur for comparisons
to be meaningful.

In some instances it is possible for the boundary layer flow to be laminar at sep&aitio8ketchb.4)

and for transitionT; in Sketch5.4) to occur in the separated boundary layer. The properties of the then
turbulent layer may be such that the boundary layer REATTACHRE® Sketch5.4) to the surface.
Conditions may also be such that this reattached turbulent layer separateSagaskétchs.4). For a

direct comparison of experiments, all these phenomena must occur at corresponding positions relative tc
the model.

Not to scale Separation bubble

Sketch 5.4

Itis also possible for a boundary layer which has become turbulent while still attached to separate and ther
REATTACH at a point downstream: reattachment is not necessarily only associated with transition. When
reattachment occurs, the separated region is usually called a SEPARATION BUBBLE and often further
designated a laminar separation bubble or a turbulent separation bubble.

" The WAKE of a body is defined as the region downstream of a body where the flow velocity is less than the free-streanwradve and

there is a loss in momentum corresponding to the drag or resistance of the body to the fluid motion. This is also eetkgied tiftal
pressure and thus measurements of total pressure downstream of a body can be used to define the extent and growth of the wake.

11
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6.1

THE DETERMINATION OF PRESSURE AND VISCOUS FORCES
Pressure Forces

For a steady flow past a body, on which the boundary layer does not separate, the local pressures an
velocities are related by Bernoulli's equation (Equafi@) for incompressible flow). When the flow far
upstream is everywhere uniform with presspre and velwgjty Eqydtcan be written (for gases)

p+%pV2 = p, = p, + %pVs . (6.1)

The free-stream TOTAL PRESSURE or TOTAL HEAR), is also the pressure at the STAGNATION
POINT of the body (near the most forward part of the body) where the flow is brought to rest. The difference
between the total pressupg, and the static pressuge,for incompressible flow, is equal to the KINETIC
PRESSURE¥pV? . In compressible flow this difference is no longeV and is known as the
DYNAMIC PRESSURE.

In most flows at moderate to high Reynolds humbers pressures, forces and moments, made non-dimension:

with respect tol/zpv(f ,1/sz£ A andspV Al  respectively, vary little with change in velocity for a
given body. Thus pressure is expressed as a pressure coef@gjersyally defined as

Cp = (P =Pu)/%pVe, . (6.2)

Circular biuff body

Cop

NN

el

A\

-

o]

Pressure distribution
Rectangular bluff body on section abc

Sketch 6.1 lllustrations of flow patterns and pressure distributions for streamline and bluff bodies

In some casee(. measurements at full-scale conditio@p)is defined relative to a reference pressure

12
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which is notp,, . However, when evaluating pressure forces from an integration of pressures over a surface
as in Equation¢s.3) and(6.4), C, must be defined in the form of Equati@?2). Typical surface pressure
distributions are illustrated in Sketéhl for three particular bodies.

It follows from Equatior(6.1) that the maximum positive value @f in incompressible flow is 1.0 which

is achieved by bringing the flow to rest. The point where this happens is called the STAGNATION POINT
(point Ain Sketcl6.1). Itis easily possible to achieve negative valu€,afreater than 1.0 by accelerating

the flow; in fact, on bluff bodies values as large as —2.5 are commonplace and on aerofoils at high incidence
even higher values are achieved.

The component of the force on a body in a given direction is found by resolving the local normal force on
the body surface in that direction, and integrating over the body surface. It can easily be seen that this is
equivalent to an integration of the unresolved pressure over the surface area projected normal to the givel
direction. Thus, for example, referring to Skefch

C, = c [dzdy = —=— (6.3)
o IyII 1/2pV°2° L,
1
c, = — dxdy = —5—— (6.4)
g nyI I N 1/sz2| ly

and a similar expression can be developedior

Upper surface

a )

+ve

l

T

L
“Cpdz = Area A + Area B

e ln

Sketch 6.2

In Equationg6.3)and(6.4)l,, 1, andl, are the lengths of the body in they andz directions respectively,

andX andZ are the forces in theandz directions respectively. When a body surface can be subdivided
into two separate surfacesq. the upper and lower surface of an aerofoil) then the total component force
on the body is obtained by subtracting the integrated pressure force in the negative axis direction from that

13
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6.2

in the positive axis direction. Thus, in the case illustrated

1 |y |)(
C, = I——I—-yJI (Cpy — Cpy )dxdy (6.5)
X 00

whereCp, andC,, are the pressure coefficients on the lower and upper surfaces respectively.

In the case of hollow bodies the net pressure force acting on an element of body surface must be estimate
taking into account the fact that the internal pressure may be different from the free-stream static pressure
P, - Thus the mean forgeer unit areaacting normally to the face of an element of surface is

= 2
(Cp = Cp(int) ) 2P Veo

Whereép is the integrated mean value of the external pressure coefficient on the surface eleZygnj and
is the internal pressure coefficient.

Components of force along the free-stream direction are called DRAG forces and the components of force
perpendicular to the free stream, usually in the vertical sense, are called LIFT forces. This follows
aeronautical conventions. The force normal to both the free-stream direction and the lift force is called
SIDE or LATERAL force. The point within a body through which the total resultant force can be considered
to act is called the CENTRE OF PRESSURIE.(point P in Sketcts.2).

Pressure forces can, as their name suggests, always be found by integrating the measured pressu
distributions over the surface. The force component obtained by integrating in the direction of the fluid
stream is called the FORM DRAG or the BOUNDARY LAYER NORMAL PRESSURE DRAG. ltis
necessary to differentiate this from the TOTAL DRAG which includes the VISCOUS FORCE or
FRICTION DRAG.

Moment data due to fluid forces on a body are also usually expressed in the form of a non-dimensional
coefficient. The MOMENT COEFFICIENT is defined as

M

1pV2 Al

wherel is a representative body length. If the body centre of pressure position is known then the moment,
M, about a specified body axis is given by the sum of the product of all the total component forces along

body axes normal to the specified axis and their respective moment arms between the centre of pressur
point and the specified axis.

Cu =

Viscous Forces

The net VISCOUS FORCE or FRICTION DRAG is obtained by resolving the local viscous stress, which
acts in a direction tangential to the surface, in the direction of the free stream and integrating it around the
surface of the body.

It is difficult to measure viscous drag separately; it is usually obtained by measuring the total drag of a
model in a balance (or by calculating the loss in the momentum in the wake) and then subtracting the form
drag, previously derived by integration of the measured pressure distribution around the body, from this
total. This can produce poor accuracy when it is a case of subtracting two quantities of almost equal size.

Although a separated boundary layer can and does play an extremely important part in determining the
forces on a bluff body, it is usually the case that the actual friction drag is negligible for this class of bodies.
The exception to this arises for flows for which the Reynolds number is very small (which usually implies
a highly viscous liquid flow) when the friction force forms the major part of the drag.
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7.

EFFECT OF REYNOLDS NUMBER

The total force coefficient on a body was stated in Equ&8dt) to be a function of several parameters,
including the Reynolds number and Mach number. Reynolds number is defRRedaspV, |/p , Now
the inertia force acting on a body is of the orvaE, 12 while the viscous force is of the Ovtei )|

Hence the Reynolds humber can also be represented by

Re = PV, I _ pvfo 12 _ _Inertia Force (7.1)
M v, 5 Viscous Force '

Reynolds number, together with pressure gradient, surface roughness and free-stream turbulence, prescribe
transition. Its value at transition is called the TRANSITION REYNOLDS NUMBE®&); For a smooth
two-dimensional flat plate at zero incidence in a fluid stream of negligible turbulence its value is not less
than about 5 x Tbased orxr (see Sketcf.1).

PV X
Re, = m
r; X ——v-l
Voo __:/f- e TG LS X
Laminar boundory layer Turbulent boundary layer
Sketch 7.1

For bodies without sharp edges, where there is a laminar boundary layer separation and the velocity is
increased sufficiently to promote transition before that separation point, the position of separation will be
changed. The boundary layer becomes turbulent at the transition point and the flow separation point is
transferred downstream, relative to its position had the boundary layer remained laminar, for the reasons
given in Sectiom.2 This rearward movement of the separation point, as well as its character, has a marked
influence on the pressure distribution over the rearward surface of the body with the result that a marked
drop in the drag coefficient occurs as illustrated, for example, in S&gitcfihe Reynolds number based

on the characteristic length of the body (such as the diameter for a circular cylinder) at which this sudden
drop in the drag coefficient occurs is called the CRITICAL REYNOLDS NUMBER. It should not be
confused with the transition Reynolds number, even though both are associated with the result of transition
from laminar to turbulent flow in the boundary layer.

Separation is strongly dependent upon whether the boundary layer is laminar or turbulent and consequently
is affected by Reynolds number. Fortunately, in the case of flow around bluff bodies, if either laminar flow
predominates or turbulent flow is well established in the boundary layer, the exact value of Reynolds number
tends to become unimportant. The reason for this is that if either transition to turbulent boundary layer
flow does not occur, or the Reynolds number is sufficiently large that further increases in Reynolds number
do not significantly alter the transition point position, then the separation point is essentially fixed and the
drag coefficient varies only slowly with change in Reynolds number. In other words, providing the
Reynolds number, coupled with surface roughness and free-stream turbulence, is sufficient to produce the
same type of boundary layer flow, there are ranges of Reynolds number where the effect of Reynolds numbe
is small. This result is not true, of course, for streamlined bodies on which the boundary layer remains
attached.

If the body is sharp edged, separation will occur at the edge and Reynolds number becomes fairly
unimportant whatever the state of the boundary layer, but especially in a turbulent stream.
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If the body has no sharp edges, recent work would appear to suggest that by the use of surface roughne:s
not to scale, the effects of high Reynolds numbers can be reproduced experimentally at considerably lowel
values (see, for example, Referebye

EFFECT OF MACH NUMBER

Mach number is defined as the ratio of the local speed of flow to the corresponding local speedioé.sound,
M = V/a (8.1)

wherea” = (yp)/p . Itis a measure of the effect of compressibility in the flow. Whiersmall compared
with unity the fluid may be regarded as incompressible.

To allow for compressibility, Equation®.3) and (4.4) must be used instead of Equati@n2). The
expression for pressure coefficient then becomes

P — P P = Py
Cp = > =
Z VS S VL
2 (2] (o)
O 2 v/ (y — O
_ 0 v/ (y-1)
= ”2—5%{1 ¥ \Lz——lmfo[n _ V—ZE} 1 8.2)
ym_ O 0 vy 0
O O

Expanding Equatio(8.2) by the binomial theorem and substitutng 1.4 for air it becomes

2 3
C = [1-DXB2J+1/4MO%[1-EVX§} +%Mi[1—a/lg} +.. 83

Clearly, forM_, less than about 0.2, it is reasonable to ignore the effects of compressibility, as, for example,
in the calculation of wind loads on buildings and structures.

On slender wings and bodies at small incidences, an approximate inviscid flow theory due to Prandtl and
Glauert defines the relation between the pressure coefficient in compre€gipleaqd incompressible
flow (C,), at corresponding points on the same body, in the form

Cpe = Cpi X ———. (8.4)
1- M2

o]

Equation(8.4) can be used in practice provided the maximum local Mach number in the flow is less than
unity and no separation of the boundary layer occurs.

For bluff bodies a simple relation does not in general exist bet@gesndC,; . In addition, for values

of M_, of the order 0.45 and greater, the flow becomes supersonic over part of the body surface and shoc}
waves develop. The actual flow and pressure distribution must be obtained from experiment.

16



ESDU product issue: 2003-03. For current status, contact ESDU. Observe Copyright.

71012

10.

EFFECT OF SURFACE ROUGHNESS

The effect of surface roughness is to cause transition from laminar to turbulent boundary layer flow to occur
at a lower Reynolds number than if the surface is smooth. The consequent effect of this is usually to increas
the drag coefficient, compared with the smooth surface value, but in some circumstances, over certain
ranges of Reynolds number, the reverse happens as illustrated in Sketth this example of a non
sharp-edged bluff body, at sufficiently low Reynolds numbers the laminar boundary layer separates early
in its development, the wake is wide and the pressure drag is large. However, if, for the same Reynolds
number, transition to turbulent boundary layer flow is provoked by an increased surface roughness (or the
addition of a transition wire to the model) before separation occurs then the boundary layer is turbulent and
therefore remains attached further round the body surface than the laminar boundary layer. Consequently
the wake width and the pressure drag are reduced and a net reduction in the drag coefficient, over the smoot
surface value, occurs.

Transition occurring just
before separation

Rough surface

C”T

——
_lm

Smooth surface

Re ——-

Typical variation of drag coefficient with Reynolds number and
surface roughness for a rounded biuff body

Sketch 9.1

In practice, surface roughness varies from one body to another and depends on material texture, surfac
finish, extent of corrosion and the build up of depostg. (scale, rust, ice, etc.). For the purposes of
estimating drag forces it is convenient to define an equivalent surface roughnessheight, . The equivalen
roughness height of a rough body refers to the size of uniform particles evenly distributed over the smooth
surface of a geometrically identical body which gives the same resistance to motion under identical flow
conditions as the naturally rough body. It is usually assumed that the equivalent roughness height is
independent of Reynolds number so that the Eltio is a non-dimensional parameter influencing the value
of the drag coefficient.

FREE-STREAM TURBULENCE

The flow mechanisms through which varying degrees of free-stream turbulence can affect the mean forces
(and the fluctuating forces due to vortex shedding) acting on a body are mentioned in Setdiodkl. 1

The fluctuating velocity component in a turbulent free stream (as illustrated in SKefgtwill also

produce on a body fluctuating forces which vary with time about a mean value. A knowledge of the structure
of the turbulence in terms of its energy distribution (power spectrum) is important in determining the nature
of both the mean and the fluctuating forces. If the body is large compared with the scale of turbulence then
gust velocities produced by individual turbulent eddies will not occur simultaneously over the body. The
gust velocities are then not fully correlated over the body. Thus a knowledge of both the power spectrum,
and the correlation functions with respect to time and space, is hecessary in order to describe the natur
and spatial characteristics of turbulence. These properties can be defined in statistical terms and in the
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following Sections a description of the relevant parameters is given as an aid to the understanding of the
concepts and terminology which are used to describe the properties of turbulence.

v .Au M /N.MM l A /,/L /\,. Ao /\/\\\/] /’V\//\Ah

ettt fad

Time t — T (large)
Sketch 10.1

10.1  Power Spectrum

The fluctuating velocity component in free-stream turbulence is random in character but can be regarded
as being compounded of oscillations of cosine form of varying amplib)émd frequencyn), i.e. it can
be represented by a Fourier cosine series of the form

u=_2 b cos(2mt) n=1,2.3,..... (10.1)
where b, = ZJ'Oucos(ZTtnt)dt .

For a simple fluctuating velocity of the cosine form

u = bcos(2mnt) (10.2)

N/ N
K

=L
at=1

Sketch 10.2

the mean square of the fluctuating veloc@, , sometimes called the VARIANCE, is given by

_ 1 At b2
U2 = 2 = — 2dt = —=
oW = v 2
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This is also a measure of the kinetic energy or average power contained in the fluctuations. For a series 0
compounded fluctuations of cosine form the variance must be given by

o)

2
b
o'y = Y o

n=1
In practice, in random turbulence there will be so many individual frequencies that they can be considered
to exist as a continuous range of frequencies. The power spectrum can then be defined as

J: s,(n)dn = a*(u) (10.3)

and this is also a measure of the total energy present in the fluctuations. The §y@htdy is a measure
of the energy associated with that component within the narrow frequency range retnvdar dn and
Su(n) is known as the POWER SPECTRAL DENSITY of fluctuating velocitiesit frequencies. A
typical distribution of the power spectral density function is shown in SEé&¢h

r nS,(n)

Sufm) o 2(a)

d

N — In n —
Power spectral density function Normalised power spectral density
function
Sketch 10.3 Sketch 10.4

If Sketch10.3is replotted asmsu(n)/oz(u) againstiras in Sketci0.4then the area under this curve is

00 00

02tu)f_oonsu(n)d(ln n) = oztu)IO Sy(n)dn =1 (10.4)

and the curve is called the NORMALISED POWER SPECTRAL DENSITY FUNCTION.

Now the local turbulent velocity is a vector and has components in the three directi@sz, and so

the foregoing applies to the three velocity componentsandw in turn and there exist power spectral
density functions§,(n), S(n) andS,(n). When the statistical properties of turbulence become the same in
the three directions, so thge =2 =2 , the turbulence is described as ISOTROPIC. Atmospheric
turbulence is normally anisotropic but in certain cases (away from the immediate vicinity of the ground)
an isotropic model of turbulence can be employed.

10.2 Time Correlations
Time correlation functions, such as the autocovariance and autocorrelation functions, describe the time

scale of the random fluctuating component of turbulence and are a correlation of pairs of fluctuating
guantities measured at a point in space at times Aand

19



ESDU product issue: 2003-03. For current status, contact ESDU. Observe Copyright.

71012

10.3

The AUTOCOVARIANCE is obtained by measuring instantaneous fluctuating components at a given point
in space over a period of time and then taking the mean value of the product of pairs of fluctuating values
measured at timets and At . Thus the autocovariance is defined as

Up DU 4 A X
When the time lag is zero the autocovariance is equal to the varrog,

When the autocovariance is normalised by dividing by the variance, the resulting quantity is called the
AUTOCORRELATION coefficientR (t), where

U DU 4 A

a°(u)

The variation oR(t) with At is called the autocorrelation function.

R,(t) = (10.5)

I-0 Autocorrelation function

Time lag At —
Sketch 10.5

Thus the autocorrelation function, or more precisely the integral

00

I R,(t)d(At)
0

is a measure of the time interval over which there exists a dependency between the mean values of the
fluctuating component at a point in space. WRgft) is close to unity then the measured pairs of values

of the fluctuating component can be considered to occur in the same average eddyt When is large anc
R,(t) =0 then the behaviour patterns of each of the paired values are independent of each other and ther
is no correlation between values.

It can be shown (Referencks) that the autocorrelation function and the power spectral density function
are related by a pair of simple Fourier transformatibas,

s,(n) = 402(u)J'000 R, (t) cos(2mnt)dt
and R,(1) = oz(u)J'ooSu(n)cos(ZTrnt)dn :
0

Space Correlations

The autocorrelation function, which describes the time-sequential properties of turbulence at a point in
space, is satisfactory for bodies which are small in relation to the spatial scale of turbulence. However, this
reveals nothing about the random behaviour of turbulence in space and this characteristic is particularly
important for bodies which are large compared with the spatial scale of turbulence.
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If the fluctuating component, is measured simultaneously at two points in the flow and these instantaneous
fluctuating valuesi; andu, are multiplied together, the time averaged value of the product is called a
CORRELATION f{): eg.

r, = ug Ou,. (10.6)
It is advantageous to have this quantity in non-dimensional form, so it is divided by the product of the root

mean square values at the points to become a CORRELATION COEFFICIENT,

u, Ou
_ 142
Ru (20.7)

2|2
However, the relative location of the two points must be known. It is therefore better to write, for example,

up Du2

1,/ 2

so that it is obvious that the two points are locatagart in thex direction withy =z= 0. If the two points

are close together and the valueRgfis close to unity, then this implies that the variations, with time, of

the fluctuating componentg andu, at the two points are related in some way and that the two points can

be considered to occur in the same average eddy. On the other hand, if the two points are far apart compare
with the scale of turbulence then the time-dependent behaviour patterarafu, at the two points will

not be linked and the value Bj; is close to zero.

R,(% 0, 0) = (10.8)

R, (x,0,0),
R, (0,y,0)

R, (x,0,0)
R, (0,y,0)

—— —_——

Sketch 10.6

If R,(x 0, 0) is measured for a large number of values of spacys plotted as in Sketdl®.6 the area
under the curve has units of length and is called the INTEGRAL LENGTH SCA{il§,where

L (u) = I: R,(x,0,0)dx. (10.9)

This gives some idea of the size of eddiasinfthex direction. There will be nine scales in all, permutating

X, ¥, zandu, vandw. For similar types of turbulence, a knowledge of the value of length scale is useful,
but it must be appreciated that different power spectral density functions can be consistent with the same
integral length scale.
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When the turbulence is isotropic then the relationship between the various correlation coefficients is such
that

Ly(u) = 2L (u) = 2L,(u) 5
and 0 (10.10)
L, (u) = Ly(v) =L, (w). %

For the purpose of estimating the effect of free-stream turbulence on the_ magnitude of the mean forces

acting on a body, the turbulence is often defined simply by the INTENSQTH%lZ/Voo , etc.) and the
integral length scale.
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11.1

VORTEX SHEDDING
Two-Dimensional Flow

The boundary layer that forms on a body immersed in a fluid continues downstream of the body in the form
of a wake — a region of strongly retarded flow. On streamlined bodies, for which the flow remains attached
along the whole body length, the wake is of narrow width. On bluff bodies, from which the boundary layer
separates prematurely, the phenomenon of separation is associated with the formation of vortices and
large energy loss in a wide wake. At moderate Reynolds numbers the flow in the wake of a bluff body is
dominated by a periodic train of alternating vortices (see Skétdhknown as the KRMAN VORTEX
STREET. The boundary layers that separate from the two sides of the body are separated by a region o
the order of the thickness of the body. The boundary layers tend to roll up in this region producing large
vortices which, when they have achieved a certain size, separate from the body and move downstream
These vortices are much larger than the boundary layer immediately ahead of the separation point,
approaching the size of the body generating them, and producing fluctuations of large scale (and low
frequency) in the fluid flow. In certain regions of Reynolds number, this shedding process is inhibited and
a coherent set of vortices is not produced although a random shedding process of smaller scale still occurs

The mechanism of shedding has been established and is found to be the interplay between the boundar
layers from either side of the body. If this interaction is prevented by any means, physical or fluid, then
the “clock” mechanism described below stops and the regular vortex shedding breaks down into general

- QO °wv
- Qe 6

Sketch 11.1

The boundary layer from one side grows in the wake behind the body and eventually starts to entrain fluid
from the boundary layer from the opposite side. This slows down the growth of the first vortex and drags
the second boundary layer across behind the body. The fully grown vortex then separates from the boundar
layer and moves downstream, and the second boundary layer, which has moved across behind the bod
begins to grow into a vortex. Itis essential for this development for there to be free access across the wak
at the rear of the body. Should a restriction be placed here, the shedding phenomenon cannot occur.

The alternating frequency of vortex shedding is not a discrete value but a narrow band of values. The
central or predominant frequency of the narrow band of values is usually fairly easy to define and this
frequency, presented in a hon-dimensional form, is called the STROUHAL NUMBER,

st= L.

o]
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For a circular cylinder normal to the flow, or a rectangular plate with its surface normal to the flow, the
body dimension|,, in the definition of Strouhal number is taken as the cylinder diameter and plate width
respectively. For a very long (two-dimensional) circular cylinder in incompressible flow the Strouhal
number is approximately 0.2 for subcritical Reynolds numbers (see Séctad for a surface-mounted

flat plate the Strouhal number has a normal value of about 0.14.

The process of shedding vortices alternately from each side of a bluff body causes a fluctuating lateral force
(normal to the drag force) to be exerted on the body through changes in the pressure distribution on the
body itself. The alternating frequency range of the fluctuating force is the narrow band of values centred
around the Strouhal number frequerfcy,The magnitude of the time-dependent alternating lateral force
can be very considerable (of the same order as the mean drag force) and the dynamic effect on a structur
which is free to move or is lightly damped can be very significant.

The effect of free-stream turbulence on vortex shedding has not been systematically investigated but
increasing degrees of free-stream turbulence do not change the predominant frequency of vortex sheddin
but do increase the bandwidth of frequencies. It also decreases the peak value of the fluctuating force founc
at the Strouhal number frequency.

Three-Dimensional Flow, Trailing Vortices

TRAILING VORTICES (see Sketchl.3 are generated at the free ends of a finite-length cylinder which
is producing a lift (or side) force normal to both the free-stream direction and the cylinder major axis. They
are due essentially to the three-dimensional nature of the flow.

A simple physical explanation of how the trailing vortex system is generated can be obtained by considering
the flow development near the ends of a cylinder. Assuming that the cylinder is producing a lifting force
in the conventional sense (Sketth,2 then this implies that, on average, pressures on the upper surface
are less than those on the lower surface. Thus, because there can be no discontinuity in pressure betwe:
upper and lower surfaces adjacent to the ends of the cylinder, there will be a flow of fluid around the ends
of the cylinder from the relatively high pressure region on the lower surface to the lower pressure region
on the upper surface as illustrated in Sk&tcR This lateral motion of fluid, compounded with the forward
motion of the free stream, induces a spiral or vortex motion in the flow over the cylinder with the intensity
of vorticity (rotational motion) being strongest at the cylinder ends. A result of this is that, as the vortex
sheet (formed by the separated boundary layers shed from the sides of the body) moves downstream, |
tends to curl up at its free ends into discrete vortices as illustrated in $ke?ch

L

Free - stream direction
is out of page

C . relatively low| pressure D

relatively high pressure

Sketch 11.2
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Surface - mounted cylinder

Isolated cylinder
Sketch 11.3

The energy expended to generate the trailing vortex system manifests itself as a drag force, called the
INDUCED or VORTEX DRAG. This drag force appears by way of a modification to the surface pressure
distribution appropriate to two-dimensional flow past an equivalent infinitely long cylinder at the same
inclination to the free stream.

Clearly, for the flow around an infinitely long cylinder (two-dimensional flow) the trailing vortex system

is not generated because the lateral movement of fluid due to the end effects is eliminated (although vorte»
shedding of the kind described in Sectidnl may occur) and the induced drag is zero. For streamlined
cylinders (such as aircraft wings) the magnitude of the induced drag can be theoretically estimated in many
cases (see, for example, Referer®esb). For bluff cylinders, on which substantial regions of separated
flow occur, successful theoretical treatment is not possible and the induced drag is included as part of the
total pressure drag obtained by integrating the measured pressure distribution over the whole cylinder as
in Equation(6.3).
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