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DRAG OF TWO-DIMENSIONAL STEPSAND RIDGESIMMERSED IN A
TURBULENT BOUNDARY LAYER FOR MACH NUMBERSUP TO 3

1 NOTATION AND UNITS
S British
Cp incremental drag coefficient due to atwo-dimensional
excrescence, based on its height (h) and kinetic pressure at
edge of boundary layer
] Cf local skin friction coefficient in absence of excrescence, based
= on kinetic pressure at edge of boundary layer
)
- h height of step or ridge, see Sketch 2.1 m ft
[S)
©
€ K, factor relating drag of chamfered step to that of plain step
o (Equation (3.2))
>
E K, factor relating drag of radiused step or ridge of that of plain step
42 or ridge (Equation (3.3))
(]
= I streamwise length of chamfered step, see Sketch 2.1 m ft
(S)
E M, Mach number at edge of boundary layer
'% P function in Equation (3.1), see Appendix A
E Q function in Equation (3.1), see Appendix A
<
20 Ry, Reynolds number based on velocity and kinematic viscosity,
§ both at edge of undisturbed boundary layer and h
O
) r edge radius of step or ridge, see Sketch 2.1 m ft
a
(%]
L S streamwise length of ridge, see Sketch 2.1 m ft
u, friction velocity (1:W/pW)1/2 m/s ft/s
vy, kinematic viscosity at the wall m?/s ft?/s
Py density at the wall kg/m® slug/ft3
T, wall shear stress N/m? Ibf/ft?
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2. GEOMETRIES CONSIDERED AND SCOPE OF ITEM

The two-dimensional excrescences considered in this Item are shown in Sketch 2.1. Insufficient data are
available for the analysis of chamfered ridges.
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Q Thechartsgiveninthisltem were derived from experimental datafor excrescencestransverseto the stream
Ll

in aturbulent boundary layer on aflat wall (corresponding to aflat plate at zero incidence), covering the
Mach number range up to 3; they apply to airflow with zero heat transfer and zero pressure gradient and
are considered valid for excrescences with heights up to about one tenth® of the boundary-layer thickness.
Guidanceon other aspectsof applicability, including the presence of streamwise pressuregradients, isgiven
in Section 4. Notes on the accuracy are given in Section 5.

3. PRESENTATION OF DATA

The equations and curves presented were derived essentially from two series of tests, one at RAE
Bedford® ° and the other at ARA® on the same models covering arange of excrescence heights (1.27, 2.54
and 3.81 mm for the steps and 3.81 mm for the ridges). The RAE tests were for Mach numbers of 0.2
and 0.8 and 1.4 to 2.8 whilethe ARA tests covered therangefrom 0.6 to 1.4. Derivation 4 presentsformul ae
for the calculation of the parameters involved in the RAE correlation and these formulae are used as the
basis of the present Item. Other supporting data are contained in Derivations 1 and 2.
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In both the RAE and ARA tests the excrescences were mounted on the circular plate (of diameter 368 mm)
of a floating-element drag balance set into the wind-tunnel wall. The excrescences were effectively of
infinite span, end effects being avoided by means of extensionsfixed to thewind-tunnel wall. The measured
drag represents the load on the excrescence itself plus any changesin skin friction on the balance plate due
to the presence of the excrescence lessthe skin friction on that part of the plate covered by the excrescence,
but does not include the effect of drag changes induced downstream of the plate.

3.1 Plain Sepsand Ridges

Theincremental drag coefficient dueto aplain step or ridgein two-dimensional flow may be represented by
Cp = (P+Q)C . (321)

Thefunctions P (dependent on M; and R,)) and Q (dependent on M, and Cy) are developed in Appendix A
and presented in Figure 1 (forward-facing steps), Figure 2 (rearward-facing steps), Figure 3 (square ridges)
and Figure 4 (rectangular ridgeswith ¥h=2)." In application to flat plate flowswith zero pressure gradient
C; may be obtained from Item No. 68020. For other applications see Section 4. The ranges of the
experimental data on which the charts are based are shown in Table 8.1 and the appropriate ranges of R,
are indicated on the charts. Outside these ranges the charts should be used with caution.

At supersonic speeds data for plain steps and plain square ridges were available for at least three Mach
numbers, and a trend with Mach number could be established. For rectangular ridges, however, the tests
were performed at M; = 1.4 and 1.7 only; in the construction of Figure 4 a dependence on M, similar to
that exhibited by square ridges was assumed and the supersonic range was terminated at M, = 2.

For forward-facing steps (Figure 1), square ridges (Figure 3) and rectangular ridges (Figure 4), the charts
for Q have areas on them, indicated by hatched lines for which, aslog,(R;,) approaches 3 the charts may
become less meaningful; indeed a negative drag may be indicated in some instances. For these cases the
implication is that Equation (A2.1) has been extrapolated beyond its limit of applicability and Cp should
be taken to be zero.

Appendix A contains numerical data developed from Figures 1 to 4 that allow the calculation of Cp/C¢
for steps and ridges in two-dimensional flow without the need to read from graphs.

ESDU Copyright material. For current status contact ESDU.

32 Chamfered and Radiused Steps and Radiused Ridges
Thedrag coefficient of achamfered stepis presented intermsof that of aplain step of the sameheight. Thus,
Cp(chamfered step) = k. Cp(plainstep), (3.2

where the values of k; are given in Figures 5 and 6 for forward-facing steps and rearward-facing steps
respectively.

The drag coefficient of aradiused step or aradiused rectangular ridgeis similarly presented. Thus,

Cp(radiused step or ridge) = k Cp(plainstep or ridge), (3.3)

where Figures 7, 8 and 9 show the values of k. for forward- and rearward-facing steps and rectangular
ridges respectively.

" For rectangular ridges of different s/h values, interpolation may be made between the data of Figures 3 and 4 together with the assumption
that for a rectangular ridge having s/h>5 the drag is the sum of the drags of a forward-facing step and a rearward-facing step. This
interpolation process should cater for amaximum 5 intherange 1<s/h<5 for most combinations of My, Ry and G-
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Figures 5 and 6 were compiled from experimental data® relating to chamfers given by values of 1/h of
0,1, 5, 10 and 30. The I/h = 10 case was not tested for rearward-facing chamfers. Figures 7 and 9 were
derived from data® > © relating to radiusing given by values of r/h of 0, 1/3, 2/3 and 1, while Figure 8 was
derived from data® rel ating to radiusing given by values of r/h of 0, 1/3 and 2/3 for transonic speeds only.
These values of chamfer angle and radius parameter are shown as appropriate on each of Figures 5 to 9.
The experimental data were obtained from excrescences with heights, h, equal to the largest used for plain
steps and ridges (3.81 mm). Fewer experimental data were available to construct Figures 6 and 8 which
should be regarded as less soundly based than Figures 5, 7 and 9. The ranges of the experimental data on
which Figures 5 to 9 are based are shown in Table 8.1. Outside these ranges the Figures should be used
with caution.

, 5,6

Where only subsonic and supersonic dataare available (Figures 5 and 7) thevalues of k. and k; areindicated
by two hatched areas, each encompassing the effects of M, and R, . Where transonic dataare also available
(Figures 6, 8 and 9) an attempt has been made to indicate mean lines for individual Mach numbers and to
quote accuracy bands for these according to the spread of R, covered in the test data. The presentations for
the five configurations are described in Sections 3.2.1t0 3.2.5.

3.21 Chamfered forward-facing steps

Figure5 givesthe values of k for chamfered forward-facing steps. It showstwo hatched areas for subsonic
and supersonic speeds, which indicate the bounds of experimental data from Derivation 5 and supporting
datafrom Derivation 1. No dataare availablefor chamfered forward-facing steps at transonic speeds. There
is atendency at supersonic speeds for the higher Mach number data (M, = 2.0) to lie towards the upper
boundary, and thelower Mach number data (M, = 1.4) towardsthe lower boundary. No consistent Reynolds
number effects were in evidence. At subsonic speeds it is difficult to separate the effectsof M, and R, .

3.2.2 Chamfered rearward-facing steps
The data for k; for chamfered rearward-facing steps, obtained from Derivations 5 and 6 for a roughness
Reynoldsnumber (u_h/v,,) of 1000, werefound to correlateinterms of M, asshowninFigure 6. Attention

is drawn to three important features of Figure 6:

M For small chamfer angles the factor k;, rises with Mach number up to M; = 1.2 and then decreases
again.

ESDU Copyright material. For current status contact ESDU.

(i) Unlessthechamfer lengthislarge compared with the step height (tan‘l(h/ I)>40° to50° , roughly)
it is possible to obtain a drag greater than that of the plain step. This drag “overshoot” is
substantiated by the low-speed data of Derivation 1.

(iii) In practice, chamfering arearward-facing step islikely to be beneficial in reducing drag only if the
chamfer angle is very small (tan‘l(h/I) <5° say).

Experimental data’* ° are available for roughness Reynolds numbers down to a value of about 200. When
expressed intheform of Equation (3.2) these datayield values of k whichinthemajority of casesliewithin
+0.2 of the appropriate curve in Figure 6. However because only very few data are available and because
of the difficulty involved in measuring excrescence drag accurately at low roughness Reynolds numbers,
no firm conclusions can be reached concerning the variation of k. with roughness Reynolds number.
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3.2.3 Radiused forward-facing steps

As there were no transonic data available, Figure 7 shows the values of k. for forward-facing steps as two
hatched areas, encompassing the effects of M, and R, , for subsonic and supersonic speeds. At subsonic
speeds the Mach number effect was negligible, the spread of data within the hatched area being almost
entirely due to Reynolds number effects. The lower Reynolds number data (R, = 6x 103) tended to lie
towards the upper boundary while the higher Reynolds number data (R;,= 5x 104) tended to lie towards
the lower boundary.

At supersonic speeds no Reynolds number effects werein evidence, and data for the higher Mach number
(M, = 2.0) tended to lie towards the upper boundary and the data for the lower Mach number (M, = 1.4)
towards the lower boundary.

3.2.4 Radiused rearward-facing steps

For this case, only the transonic data from Derivation 6 were available, covering therange 0.6<M;<1.4
for roughness Reynolds numbers of about 1000 (Ry,=5X% 10%) . It wasimpossible to determine any Mach
number dependency and Figure 8 shows the value of k. as a mean line through the data. The scatter over
theMach number rangeconsideredisupto+0.04ink, , thelarger scatter occurring at thehigher valuesof r/h.

3.25 Radiused rectangular ridges

Figure 9 shows the values of k. for radiused rectangular ridges, deduced from the data of Derivations 5
and 6 for a roughness Reynolds number (u_h/v,,) of 1000, given as mean lines for a range of Mach
numbers.

Data® are available for uh/v,, =200 at subsonic and supersonic speeds only. For r/h>0.3 there is
evidence that reducing u_h/v,, to 200 reduces k. by up to 0.08 for the supersonic cases M, >1.4 and
increases k. by up to 0.2 for the subsonic cases (M;<0.8).

4. NOTESON APPLICABILITY
The ranges of experimental data on which the charts are based are summarised in Table 8.1 and the

appropriate ranges of R, are indicated on Figures 1 to 4. Outside these ranges the Figures should be used
with caution.

ESDU Copyright material. For current status contact ESDU.

Information for this Item was derived from two-dimensional data but for the specific case of ridges, tests
on finite length square ridg%1 indicate that the Item may be valid for planform aspect ratios down to 8.

This Item is restricted to excrescences in the wall region of the boundary layer. The heights of the
excrescences tested® * © ranged up to about 0.05 times the boundary-layer thickness, but it is considered
that the data may be applied to heights up to about one tenth of the boundary-layer thickness.

Although the Item was derived from excrescencesin aturbulent boundary layer on awind-tunnel wall with
zero streamwi se pressure gradient, the datawoul d be expected to apply to excrescenceson aparallel circular
cylinder in axisymmetric flow provided that lateral curvature effects were small. In practical terms this
condition is satisfied if the displacement thicknessis less than five per cent (say) of the cylinder radius.
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In flows with pressure gradients the incremental drag coefficient is changed (i.e. amplified or attenuated)
compared with its flat plate value. Some allowance could be made for upstream effects on the drag due to
the excrescence by using in Figures 1 to 4 and Equation (3.1) alocal value of C; that is consistent with the
pressure gradient. This value might be calculated by means of current theoretical methods™ such as
References81to 11. Having donethisit would still be necessary to account for the changesin drag that arise
downstream as a result of the changes in boundary-layer characteristics. No immediate recommendation
can be made on this, except at sub-critical Mach numbers where Reference 7 provides useful guidance.
Notethat in Reference 7 a correction factor was derived in which the total incremental drag coefficient due
to an excrescence was based on the kinetic pressure in the free-stream, whereas the local incremental drag
coefficient was based on the local kinetic pressure at the edge of the boundary layer, asin this Item.

5. ACCURACY

The ranges of the RAE and ARA tests® > © are shown in terms of R,, on Figures 1 to 4. For estimating the
accuracy of thisltemwithin theserangesthefollowing table gives, approximately, the maximum differences
between the experimental values of C, and values predicted from this Item for plain steps and ridges. In
this comparison the test results from the larger excrescences were primarily considered, since they yield
the larger drags and should have provided the more reliabl e balance measurements. A similar examination
covering all excrescence heights tested showed in some cases differencesin Cp of as much as £30C; .

Deviation band on C,
Excrescence Type
M,;<0.8 0.8<M,<14 14<M,<30
Forward-facing plain steps +5C; +10C; +15C
Rearward-facing plain steps +5C; +10C; +10C;
Square or rectangular ridges +10C; +10C; +15C;

For radiused and chamfered steps and ridges the accuracy islikely to be of the same order as shownin the
table for those geometries for which measurements were made. For intermediate geometries however, and
particularly for chamfered rearward-facing steps (Figure 6), the errors are possibly much greater.

ESDU Copyright material. For current status contact ESDU.

" Programsfor these methods can be located through Catalogue of digital computer programsin fluid dynamics (with amendments, 1975).
Ministry of Defence (Procurement Executive) BR 29590 and BR 48470, March 1975.
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6. DERIVATION AND REFERENCES
Derivation

The Derivation lists selected sources that have assisted in the preparation of this Item.

1.  WIEGHARDT, K. Erhéhung des  turbulenten Reibungswiderstandes  durch
Oberflachenstorungen. ZWB ForschBer. 1563, 1942. (Trandlation
available as “Increase of the turbulent friction resistance caused by
surfaceirregularities’, MAPR & T 103, 1946.)

2. WINTER, K.G. A programme of tests on the drag of excrescences proposed for the
GAUDET, L. 8ftx8ft wind tunnel and a brief anaysis of some previous
measurements. Unpub. RAE Rep., 1967.
8’ 3. GAUDET, L. Measurements of the drag of various two-dimensional excrescences
% JOHNSON, P. immersed in turbulent boundary layers at Mach numbers between 0.2
- and 2.8. RAE tech. Rep. 70190, 1970.
©
‘g 4, SIMPER, J.I. Formulae and proposed layout of graphs for the application of RAE
o HUTTON, PG 8 ft x 8 ft tunnel results to the rapid estimation of excrescence drag.
3 ARA Memor. 133, 1972.
©
E 5. GAUDET, L. Measurements of the drag of some characteristic aircraft excrescences
5 WINTER, K.G immersed in turbulent boundary layers. In CP 124, proceedings of
§ AGARD Conf. on Aerodyn. Drag, Turkey, 1973.
o 6 PALLISTER, K.C. Wind-tunnel measurements on the transonic drag of excrescences
"_", immersed in aturbulent boundary layer. ARA Rep. 37, 1974.
©
% References
S
%D The References are sources of information supplementary to that in this Item.
s
) 7. NASH, JF. The magnification of roughness drag by pressure gradients. J.R.
; BRADSHAW, P. aeronaut. Soc., Vol. 71, pp. 44 - 46, 1967.
a
i 8. BRADSHAW, P. Calculation of boundary-layer development using the turbulent energy
FERRISS, D.H. equation. J. Fl. Mech., Vol. 28, pp. 593 - 616, 1967.
ATWELL, N.P.
9. PATANKAR, S.V. Heat and mass transfer in boundary layers. Intertext Books, London,
SPALDING D.B. 1970.
10. GREEN, JE. Application of Head's entrainment method to the prediction of turbulent

boundary layers and wakes in compressible flow. RAE tech.
Rep. 72079, 1972.

11. GREEN, JE. Prediction of turbulent boundary layers and wakes in compressible flow
WEEKS, D.J. by alag-entrainment method. RAE tech. Rep. 72231, 1972.
BROOMAN, JW.F.
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7. EXAMPLE

A change in the skin thickness at a circumferential joint on an aircraft fuselage, of local radius 1.75 m,
createsaforward-facing step of height 3.0 mm at apoint in theturbulent boundary layer defined by x = 10 m,
where x is measured along the surface from the virtual origin of the turbulent boundary layer. Given that
the Mach number, velocity, kinematic viscosity and kinetic pressure at the edge of the boundary layer are
0.7, 215 m/s, 2.9 x 10~ m?/s and 1.204 x 10* N/m? respectively, check that this Item is applicablein that
theratio of step height to local boundary-layer thicknessislessthan about 0.1 and the local boundary-layer
displacement thickness is less than five per cent of the local fuselage radius, then find the drag increment
associated with this step. Find also the minimum drag reduction due to chamfering the step by 45°.

For the purposes of this example it will be assumed that the flow is axisymmetric. In addition, pressure
gradient effects will be ignored, but it should be pointed out that they may not be negligible in practice.

To determine that the Item is applicable it is first necessary to estimate the thickness and displacement

thickness of the boundary layer. These are determined from Item No. 68020 by first evaluating the Reynolds
number based on X,

R, = 215 x 10/(2.9 x 10™°) = 7.41 x 107.

X

Hence, from Item No. 68020, with R =7.41x% 107 (and in the Notation of that Item),
— 5
R8(0.999) = 0.8 x 10°.

Thus §(0.999) = 9.8x 10°x 2.9x 107°/215 = 0.132 m and, therefore, h/5(0.999) = 3.0x 10-3/0.132
= 2.3x 1072, whichislessthan 0.1.

With M; =07 and R =7.41x% 107 Item No. 68020 also yields, in the Notation of that Item,

= 78x 10"

Rer
H, = 1475.

and

Hence from Equation (4.1) of Item No. 68020

ESDU Copyright material. For current status contact ESDU.

Ry = 78x 10% x 1.475 = 1.151 x 10°.

Thus, 8 = 1.151x 10° x 2.9 x 10 /215 = 0.0155m
and, therefore, 5*/local fuselage radius = 0.0155/1.75 = 0.0089, which is less than five per cent (0.05).

Therefore, since h/5(0.999) islessthan 0.1 and 6*/local fuselage radius is less than 0.05, this Item is
applicable.

Also from Item No. 68020, with M, = 0.7 and R, = 7.41 x 107 ,

C; = 0.0018.
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The Reynolds number based on h (3 mm = 3 x 1078 m)is
-3 -5 4
R, = 215x30x10 /(29x10 ") = 222x 10",

and therefore,

'0910(Rh) =435.
From Figure 1 with M, = 0.7, log,((R;) = 4.35 and C; = 0.0018,

P=76
and Q=17
Hence, by Equation (3.1),
Cp = (76 +17) x 0.0018
=93 x 0.0018

= 0.167.
(See footnote.”)

The frontal area of the step = m(1.7532—1.752) = 0.03302n?.

Therefore asthe kinetic pressure at the edge of the boundary layer is 1.204 x 10* N/m? the drag of the step
is0.167 x 0.03302 x 1.204 x 10* = 66.4 N.

For the effect of chamfering the step, reference to Section 3.2.1 indicates no consistent Mach number or
Reynolds number trends within the subsonic hatched area of Figure 5. The minimum drag reduction is
therefore predicted by the upper boundary of this hatched area.

With tan~Y(h/I) = 45°,

ESDU Copyright material. For current status contact ESDU.

k.<0.57.

Hence, chamfering reduces the drag coefficient by at least
0.167 x (1-0.57) = 0.072,

which corresponds to a drag reduction of 28.6 N.

" Numerical datain Appendix A alow the calculation of CD/Cf without the need to use Figures 1 to 4. In this case, see page 24, the
numerical data yield CD/ C; = 93.8; the difference from the value obtained graphically is well within both the reading accuracy of
Figure 1 and the deviation band of +5for M, < 0.8 quoted for this excrescence type in Section 5.
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