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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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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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DRAG OF CIRCULAR CYLINDERSNORMAL TO A FLAT PLATEWITH A
TURBULENT BOUNDARY LAYER FOR MACH NUMBERSUP TO 3

1. NOTATION AND UNITS
a coefficient in Equations (3.1) and (3.4)
b index in Equation (3.1)
. C index in Equation (3.4)
o)
= Cp drag coefficient of cylinder in presence of boundary layer,
= based on kinetic pressure at edge of undisturbed boundary layer
I and frontal area, D/(q,hd)
c
§ Coref drag coefficient a Ry = 2 x 10°
>
§ Cp drag coefficient of two-dimensional cylinder (h/d— o) with
= = longitudinal axis normal to uniform stream
(O]
§ Cs local skin friction coefficient in absence of cylinder, based on
5 kinetic pressure at edge of boundary layer
L
= D drag
(O] . .
g d cylinder diameter
= h cylinder height
.90
= M, Mach number at edge of undisturbed boundary layer or Mach
S number in free-stream
o)
g a, kinetic pressure at edge of undisturbed boundary layer
Ry Reynolds number based on conditions at edge of undisturbed
boundary layer (or in free-stream) and cylinder diameter
Ry, Reynolds number based on conditions at edge of undisturbed
boundary layer and cylinder height
R, Reynolds number based on conditions at edge of undisturbed
boundary layer and length, x, from virtual origin of turbulent
boundary layer on flat plate
1
u, friction velocity (t,,/p,,) 2
X distance from virtual origin
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) local thickness of boundary layer on flat plate (thickness for m ft
local velocity in boundary layer equal to 0.99 x free-stream
velocity)

Vi kinematic viscosity at wall m?/s ft?s

Py density at wall kg/m® slug/ft

T, wall shear stress N/m? Ibf/ft?
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Sketch 1.1 Geometry
2. INTRODUCTION

This Item provides a means of estimating the drag due to acircular cylinder mounted with its longitudinal
axis normal to aflat plate at zero incidence for Mach numbers up to 3. The cylinder can be either wholly
or partially immersed in a turbulent boundary layer on the plate (see Sketch 1.1).

The complexity of the flow around a circular cylinder and its variation with cylinder geometry, Reynolds
number and Mach number is such that no single drag prediction method could be expected to represent all
possible geometries and flow conditions.
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The availability of sufficient quantities of experimental data has enabled two ranges of cylinders to be
catered for by separate empirically-based methods. Section 3 presents amethod which is applicable to any
cylinder whose height is not less than its diameter and which is not restricted with respect to the cylinder
dimensions compared to the boundary layer thickness (but see Section 3.1). Section 4 presents a method
applicable to low speeds for cylinders whose heights are generally small compared with their diameters
and the boundary layer thickness.

The methods apply to air flow with zero heat transfer and zero pressure gradient on the plate which is
assumed to be aerodynamically smooth. A general discussion of applicability and accuracy is given in
Section 5 and worked examples are given in Section 7.

3. METHOD FOR h/d>1
The method given in this Section applies broadly to any cylinder whose height is not lessthan its diameter.
The method for estimating the drag of cylinders on aflat plate in the presence of aboundary layer isgiven
in Section 3.1 for cylinders immersed in the boundary layer. Section 3.2 gives a method applicable to
cylinders only partially immersed in the boundary layer.

31 CylindersImmersed in the Boundary Layer, h/8<1
Analysisof experimental datafor thedrag of circular cylindersmounted on aflat plate showsthat log, (Cp)

is essentialy linear with log,4(h/d) at a Reynolds number, R, , of about 2 x 10° , which is adopted as a
reference value in this Item, i.e.

Corer = 4 g)b. (3.1)

For M, =0 experimental data (Derivations 15 and 16) show that a and b are functions of d/d only. The
coefficient aisaweak function of d/6 and may be assumed constant over therange 0<d/d<1. Thus, for
M;=0 and d/d<1

a = 0.617 (3.2

and
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b= o.261+o.586( ) . (3.3)

[eZh o}

Datafor M;>0.2 (Derivations 10 and 11) are restricted to asmall range of d/§, centred around 0.1, and
analysis shows that both a and b are dependent on M, . The coefficient a, presented in Figure 1, can be
assumed independent of Ry and d/d (at least for d/§<1). The variation of the index b with M, for
Ry=2x 10° and d/& = 0.1 is shown in Figure 2. There is no substantial evidence as to the effect of d/d
on the index b for other than low speeds.

The effect of Reynolds number on Cp isgiven as CD/CDref in Figure 3 for M 1=02,08,14,22 and 2.8
respectively. These Figures were obtained from analysis of the experimental data of Derivation 10. Values
for intermediate M ach numbers may be obtained by cross-plotting the datafrom Figure 3. It can be assumed
that for M, <0.1 the effect of the variation in Ry is negligible over the range used in the Figures, at least
for h/56>0.2.
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3.2 CylindersPartially Immersed in the Boundary Layer, h/d>1

Analysis of experimental data for cylinders protruding from the boundary layer (Derivations 10, 11 and
15) shows that log,4(Cp) is essentialy linear with log,, (h/8) , independent of R, and d/d (at least for
d/6<1),i.e

Cp =4 g)c. (3.4)

Figure 1 provides datafor the coefficient a while the index c is given in Figure 4 asafunction of M, .
Equation (3.4) may be applied provided that Cj is less than Cj_, the vaue appropriate to a
two-dimensional cylinder in auniform stream. If C, evaluated using Equation (3.4) is greater than Cp_,,
then Cpo Must be used. The variation of Che with M 1 the Mach number in the free-stream, is presented
in Figure 5. The curve was obtained from a correlation of experimental data (Derivations 1, 2, 3, 5 to 10,
11, 13 and 14) for two-dimensional cylinders in the main, although a few data were obtained by
extrapolating drag data for finite length cylinders with large values of h/d. The peak and trough in the
curve between M, = 0.7 and 0.8 is due to compressibility effects suppressing the instability of the wake
which builds up for Mach numbers greater than the critical, M, = 0.4 (see Derivation 7). The correlation
is largely independent of Reynolds number provided that M, is greater than about 0.4. For M, less than
about 0.4 the Reynolds number Ry » based on free-stream conditions and cylinder diameter should be
subcritical, i.e. Ry<2x 10° , approximately.

In order to use the method of Sections 3.1 and 3.2, data for the boundary layer thickness at the cylinder
location will be required. Such data for flat plates are given in Figure 6, which was obtained from Item
No. 68020 (Reference 17).

4. METHOD FOR h/d<0.5, h/6<0.2 AT LOW SPEEDS (M, <0.1)

When acylinder issmall in height compared with itsdiameter (h/d < 0.5) and the boundary layer thickness
(h/56<0.2) thelow speed data of Derivation 4 are shown in Reference 18 to be essentially correlated using
the method adopted in Item No. 75031 (Derivation 12) for small scale two-dimensional forward-facing
steps, i.e. Cp/C; as afunction of the roughness Reynolds number u_h/v,, . The data are correlated by the
expression
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o _ 60 | e 80 4.1

Appendix A of Item No. 75031 gives the relationship between u_h/v,, and the more practical parameters
R+ M; and C; . For low-speed flows the relationship reduces to

b (G 4.2
vy, N2 (4.2)

which, when substituted into Equation (4.1), gives

Cp o
c =30 Ioglo( J + 60 log;o(R,) — 80. (4.3)

If the Cy calculated using Equation (4.3) is negative, avalue of C = 0 must be used.
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