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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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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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AEROFOIL SKIN FRICTION DRAG FOR MACH NUMBERSBELOW THE

DRAG-RISE CONDITION

1 NOTATION AND UNITS

Cps aerofoil skin friction drag coefficient, based on ¢
CDfO value of Cpsat C =0, see Sketch 4.1

(CDfO)M: 0 value of Cpq inincompressible flow, see Section 3

)

% CL aerofoil lift coefficient, based on c

3]

g o aerofoil chord length, see Sketch 1.1

% Ky compressibility factor applied to (CDfO)M:O’ see Section 3
g M freestream Mach number

% R. Reynolds number based on ¢ and freestream flow conditions
'E. te aerofoil effective thickness, see Equation (3.2)

é t aerofoil maximum thickness, see Sketch 1.1

E too aerofoail thicknessat x = 0.9¢, measured perpendicular to chord
) line, see Sketch 1.1

§ X chordwise distance aft of leading edge, see Sketch 1.1

é Xip mean of chordwise distances to upper and lower surface

boundary-layer transition positions, measured aft of leading edge

Z aerofoil surface ordinate, see Sketch 1.1
Z aerofoil lower-surface ordinate

z, aerofoil upper-surface ordinate

Zim maximum value of z,,see Sketch 1.1
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Sketch 1.1 Aerofoil geometric parameters
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2. INTRODUCTION

This Data Item provides a means of predicting the skin friction drag coefficient of symmetrical and
cambered aerofoil sections with smooth surfaces and attached flow, in the presence of a pressurefield. The
predicted skinfriction drag coefficientisthevalueoccurring at zerolift (C| = 0) . Thisisa sorepresentative
of values of skin friction drag coefficient at other low values of lift coefficient when boundary-layer
transition position is fixed, because the variation of skin friction drag coefficient with lift coefficient is
small in this case (Section 4).

The method was created from an analysis of a database built by using the VGK program’ (Derivations 1
and 2). A systematic study was conducted to investigate the effects of Reynolds number, boundary-layer
transition position, Mach number and aerofoil geometry on skin friction drag coefficient.

The method for predicting aerofoil skin friction drag coefficient, described in Section 3, uses a factor
alowing for compressibility that is applied to the value of skin friction drag coefficient associated with
incompressible flow. Knowledge of Mach number, Reynolds number and the mean chordwise position of
upper and lower surface boundary-layer transition is required. The aerofoil geometry is defined using an
empirically derived effective thickness parameter which accounts for maximum section thickness and
trailing-edge geometry.

The effects of Reynolds number, boundary-layer transition position, section geometry and Mach number
on skin friction drag coefficient are discussed in Section 4.

The accuracy and applicability are discussed in Section 5, and the Derivation and References are listed in
Section 6. A worked example showing the application of the method is given in Section 7.

ESDU Copyright material. For current status contact ESDU.

The VGK (Viscous Garabedian and Korn) method is a computational method for determining two-dimensional attached flow past an
aerofoil immersed in a subsonic freestream, with allowance for viscous effects. The method couplesfinite difference solutions of inviscid
flow about the aerofoil with solutionsfor the displacement effects of the boundary-layers. External to the boundary layer theinviscid flow
element is governed by the full potential equation. The boundary-layer development is predicted by forward integration of three
simultaneous ordinary differential equations (momentum integral equation, entrainment equation and an eguation derived from the
turbulent energy equation). An iterative approach alows boundary-layer displacement and momentum thickness distributions to be
calculated, with allowance for the effects of the pressure field obtained from the inviscid flow element. The turbulent boundary layer is
assumed to start at a selected transition point and the laminar calculations at this point form theinitial conditions. The method of coupling
the viscous and inviscid flow elements permits converged solutions to be obtained for flows with attached boundary layers.
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3. METHOD

Analysis of data from VGK computations for a systematic selection of aerofails, listed in Table 5.2, has
shown that for Mach numbers below the drag-rise condition, the value of skin friction drag coefficient,
Cpto» Can be represented by the relationship

Coio = km(Copio)y=o- (3.1

where (CDfO)M:O is the value for incompressible flow and the factor k,, accounts for the effect of
compressibility.

Figures 1 and 2 give (CDfO)M:0 as a function of the Reynolds number (as log,R.) and the mean of
the upper and lower surface boundary-layer transition positions, x,, /c, for values of theempirical effective
thickness parameter, t./c, of 0.05 and 0.45, respectively. Linear interpolation is required for other values
of t/c.

e

The effective thickness parameter is given by

te _ In*+Stog

: —, (3.2)

where t isthe maximum aerofoil thickness and too isthe aerofoil thicknessat x = 0.9¢, see Sketch 1.1.

The parametric equation used to analyse the VGK aerofoil database and plot Figures1 and 2 is

t X ) (X
(Cotodyeo = K1 * kz(f] + ks(fj ¥ k4(§j (f} . (33)

Thefactors ky , K, , k3 and k, model the variation of (CDfO)M:O with t/c and x,,/c, for any particular
Reynolds number R.:
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k,x10° = 4.08+0.823(8.5—l0g, R )", (3.4)
I,x10° = 2.00+0.220(8.5—l0g; R ), (35)
kgx10° = —3.67-0.343(85—log; R ) (3.6)
and k,x10° = —3.06—0.031(85—l0g; R ). (3.7)

The effect of compressibility requires the use of the factor k;, , which is presented as a function of Mach
number M, and t /c in Figure 3. The equation used to plot Figure 3is

tm 2
k,, = 1—-{0.067 + 0.840—|M". (3.8
M c

Anapproximate limit to the applicability for symmetrical sections (to remain bel ow the drag-rise condition)
is shown dashed on the Figure (see Section 5).
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4, PARAMETRIC EFFECTS

Skin friction drag is the resultant force in the streamwise direction due to shear stresses at the surface of
the aerofoil. The VGK program may be used to obtain the skin friction drag coefficient, Cp;, of an aerofoil
within apressurefield. The program calculatesthe value of Cy; by integrating local values of skinfriction
drag coefficient around the aerofoil surface. The local skin friction drag coefficient in the laminar part of
the boundary layer is obtained from Thwaites's method (Reference 4), which gives an approximate
integration of Von Karman’'s momentum equation (Reference 4). The local skin friction drag coefficient in
the turbulent part of the boundary layer is related to the skin friction drag coefficient on aflat plate by an
empirical expression employing the known surface pressure distribution (Reference 6). The flat plate skin
friction drag coefficient is obtained from the correl ation of Winter and Gaudet (Reference 5), approximated
by the formula given by Green (Reference 6).

Thevariation of Cps with CL for three sel ected aerofoil sectionsat M = 0.05 and R. = 5% 106 , obtained
using the VGK method with fixed boundary-layer transition position, is shown in Sketch 4.1. For fixed
boundary-layer transition the effect of lift coefficient on Cp; is small. The present method predicts the
vaueof Cp; at C| = 0, denoted as Cpy, see Sketch 4.1,
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Sketch 4.1 Variation of Cps with C. for three selected aerofooils
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