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ESDU DATA ITEMS
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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
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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 TWO-DIMENSIONAL STEPS AND RIDGES IMMERSED IN A
TURBULENT BOUNDARY LAYER FOR MACH NUMBERS UP TO 3

1. NOTATION AND UNITS

ST British

Cp incremental drag coefficient due to two-dimensional

excrescence, based on its height (/#) and kinetic pressure at

edge of boundary layer in absence of excrescence
C r 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
k, factor r'elating drag of chamfered step to that of plain step

(Equation (3.2))
k, factf)r relating d'rag of radiused step or ridge of that of plain step

or ridge (Equation (3.3))
/ streamwise length of chamfered step, see Sketch 2.1 m ft
M, Mach number at edge of boundary layer in absence of

excrescence
P function in Equation (3.1), see Appendix A
0 function in Equation (3.1), see Appendix A
R, Reynolds number based on velocity and kinematic viscosity at

edge of boundary layer in absence of excrescence,

and &
r edge radius of step or ridge, see Sketch 2.1 m ft
s streamwise length of ridge, see Sketch 2.1 m ft
7 friction velocity (t, / pW)l/2 m/s ft/s
) [= 5(0.999)], local boundary-layer thickness, in absence of m ft

excrescence, for which velocity in boundary layer is 0.999

times that at edge of boundary layer
v, kinematic viscosity at wall in absence of excrescence m?/s ft%/s
P, density at wall in absence of excrescence kg/m3 slug/ft3
T, wall shear stress in absence of excrescence 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.

Flow
direction - _
lh /77777 lh E r '
L
Plain Chamfered Radiused
Foward-facing steps
lh %577777 lh r /377777 [h
-
Plain Chamfered Radiused
Rearward-facing steps
| s=h | s=2h | | s=2h |
. - S /a
h | h Er r h
77777 Veceed v —
Square Rectangular Radiused rectangular
Ridges
Sketch 2.1

The charts given in this Item were derived from experimental data for excrescences transverse to the stream
in a turbulent boundary layer on a flat wall (corresponding to a flat 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.
Guidance on other aspects of applicability, including the presence of streamwise pressure gradients, is given
in Section 4. Notes on the accuracy are given in Section 5.

| A computer program of the method is provided as ESDUpac A7531 and is described in Appendix B.

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 a range 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 while the ARA tests covered the range from 0.6 to 1.4. Derivation 4 presents formulae
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 extensions fixed to the wind-tunnel wall. The measured
drag represents the load on the excrescence itself plus any changes in skin friction on the balance plate due
to the presence of the excrescence less the 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 Steps and Ridges

The incremental drag coefficient due to a plain step or ridge in two-dimensional flow may be represented by
Cp = (P+Q)Cf . (3.1)

The functions P (dependent on M| and R;) and Q (dependent on M, and Cf) are developed in
Appendix A and presented respectively in Figure la and 1b (forward-facing steps), Figure 2a and 2b
(rearward-facing steps), Figure 3a and 3b (square ridges) and Figure 4a and 4b (rectangular ridges with
s/h =2 ).* In application to flat plate flows with zero pressure gradient C, may be obtained from ESDU
68020. For other applications see Section 4. The ranges of the experimental data on which the charts are
based are shown in Table 4.1 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 4a and 4b 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 1a), square ridges (Figure 3a) and rectangular ridges (Figure 4a), the charts
for P have areas on them, indicated by hatched lines for which, as log,,(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 C}, should
be taken to be zero.

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

3.2 Chamfered and Radiused Steps and Radiused Ridges
The drag coefficient of a chamfered step is presented in terms of that of a plain step of the same height. Thus,

Cp(chamfered step) = k_ Cp(plain step), (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 a radiused step or a radiused rectangular ridge is similarly presented. Thus,

Cp(radiused step orridge) = k,Cp(plain step or ridge), (3.3)

" For rectangular ridges of different s/A values, interpolation may be made between the data of Figures 3a and 4a, and Figures 3b and 4b,
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 a maximum Cp, in the range 1<s/h<5 for most combinations of M ,
Ry and Cf'
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where Figures 7, 8 and 9 show the values of k, for forward- and rearward-facing steps and rectangular
ridges respectively.

Figures 5 and 6 were compiled from experimental data® > © relating to chamfers given by values of /4 of

0, 1, 5, 10 and 30. The //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 7/ of 0, 1/3, 2/3 and 1, while Figure 8 was
derived from data® relating to radiusing given by values of /A 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, 4, 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 4.1. Outside these ranges the Figures should be used
with caution.

Where only subsonic and supersonic data are available (Figures 5 and 7) the values of k. and k. are indicated
by two hatched areas, each encompassing the effects of M| and R, . Where transonic data are 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 3.2.1 to 3.2.5.

3.2.1 Chamfered forward-facing steps

Figure 5 gives the values of &, for chamfered forward-facing steps. It shows two hatched areas for subsonic
and supersonic speeds, which indicate the bounds of experimental data from Derivation 5 and supporting
data from Derivation 1. No data are available for chamfered forward-facing steps at transonic speeds. There
is a tendency at supersonic speeds for the higher Mach number data (M = 2.0) to lie towards the upper
boundary, and the lower Mach number data (M, = 1.4) towards the lower boundary. No consistent Reynolds
number effects were in evidence. At subsonic speeds it is difficult to separate the effects of 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

Reynolds number (u h/v, ) of 1000, were found to correlate in terms of M as shown in Figure 6. Attention
is drawn to three important features of Figure 6:

(1) For small chamfer angles the factor &, rises with Mach number up to M| = 1.2 and then decreases
again.
(i1) There exists a range of chamfer lengths (/) where the chamfer factor &, is greater than 1.0,

indicating a drag greater than that for a plain step. This occurs where the charnfer angle tan (h/ )

is between 8° and 50°; the exact range and maximum value is Mach number dependent with the
maximum value and range occurring at M, = 1.2. This effect is substantiated by low-speed data of
Derivation 1.

(iii) In practice, chamfering a rearward-facing step is only beneficial if the chamfer angle is small:
however, as noted in (ii), the beneficial range for chamfer angles will be dependent on the onset
Mach number (M,).
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Experimental data'" > are available for roughness Reynolds numbers down to a value of about 200. When
expressed in the form of Equation (3.2) these data yield values of k, which in the majority of cases lie within
+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.

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, = 6 X 103) tended to lie
towards the upper boundary while the higher Reynolds number data (R, =5 x 10%) tended to lie towards
the lower boundary.

At supersonic speeds no Reynolds number effects were in 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 the range 0.6 <M, < 1.4
for roughness Reynolds numbers of about 1000 (R, =5 X 104) . It was impossible to determine any Mach
number dependency and Figure 8 shows the value of &, as a mean line through the data. The scatter over
the Mach number range considered is up to£0.04 in k., the larger scatter occurring at the higher values of r/A.

3.2.5 Radiused rectangular ridges

Figure 9 shows the values of , 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 u h/v,, = 200 at subsonic and supersonic speeds only. For »/hA>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 £, by up to 0.2 for the subsonic cases (M <0.8).

4. NOTES ON APPLICABILITY
The ranges of experimental data on which the charts are based are summarised in Table 4.1 and the
| appropriate ranges of R, are indicated on Figures 1a to 4b. Outside these ranges the Figures should be used

with caution.

Information for this Item was derived from two-dimensional data but for the specific case of ridges, tests
on finite length square ridges1 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.
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TABLE 4.1 Details of Experimental Data for Two-dimensional Steps and Ridges

(a) Plain
Excrescence Derivation M, h/d s/h CfX 103 log,o(R;)
Forward-facing steps 1 0.07 0.04 to 0.3 _ 2.6 and 3.0 3.6t04.4
3,5 0.2 0.01t0 0.03 - 1.7t02.2 3.3t04.7
3,5 0.8 0.01t0 0.03 - 1.6 t02.2 33t04.7
3,5 1.4 0.01to 0.04 - 1.5t02.0 3.3t04.7
3,5 1.7 0.04 - 1.5t0 1.8 3.9t04.5
3,5 22 0.02 to 0.05 - 1.2t0 1.6 3.3t04.6
3,5 2.8 0.02 to 0.05 - 1.0to 1.4 3.1t04.7
6 0.6t0 1.4 0.03 t0 0.04 - 1410 1.6 461047
Rearward-facing steps 1 0.07 04t00.3 _ 2.6 and 3.0 3.6t04.4
3,5 0.2 0.01t0 0.03 - 1.7t02.2 3.3t04.7
3,5 0.8 0.01t0 0.03 - 1.7t02.2 33t04.5
3,5 1.4 0.01to 0.04 - 1.6 t0 2.0 33t04.5
3,5 1.7 0.04 - 14t01.9 3.8t04.7
3,5 2.0 0.04 - 13t01.6 3.9t04.6
3,5 22 0.02 to 0.05 - 1.3t0 1.6 33t04.4
3,5 2.8 0.02 to 0.05 - 1.0to 1.5 3.1t04.5
6 0.6t0 1.4 0.01 to 0.04 - 141t0 1.6 42t04.7
Ridges 1 0.07 0.03t0 0.16 0.1t019.6 2.6 3.6t04.2
3,5 0.2 0.01 to 0.03 1 1.7t02.2 3.3t04.7
3,5 0.8 0.01 to 0.03 1 1.8t02.2 33t04.4
3,5 14 0.01 to 0.04 1 1.7 to 2.4 33t04.3
3,5 22 0.02 to 0.05 1 13t0 1.6 33t04.5
3,5 2.8 0.02 to 0.05 1 1.0to 1.5 3.1t04.5
3,5 0.2 0.03 2 1.7t02.2 3.8t04.7
3,5 0.8 0.03 2 1.8t02.2 3.8t04.4
3,5 1.4 0.04 2 1.6t02.2 3.61t04.3
3,5 1.7 0.04 2 14t01.9 3.8t04.6
6 0.6to 1.4 0.02 to 0.04 1 1410 1.6 45t04.7
6 0.6to 1.4 0.03 to 0.04 2 141t0 1.6 4.6 to 4.7
(b) Chamfered
]
Excrescence Derivation M, h/d tan( de(gh)/l) C},x 103 log,(R;)
Forward-facing steps 1 0.07 0.15 24 10 90 2.6 42
5 0.2,0.8, 1.4 and 2.0 0.03t00.04 | 2,6,12,45 141022 3.8t04.7
Rearward-facing steps 1 0.07 0.15 24 10 90 2.6 42
5 0.2,0.8, 1.7 and 2.0 0.03 to 0.04 2,12,45 14022 3.8t04.7
6 0.8,1.0,1.2and 1.4 0.03 to 0.04 2,12, 45 14t01.5 421t04.7
(¢) Radiused
Excrescence Derivation M, h/d slh rlh Cpx 10° log;((R})
Forward-facing steps 5 0.2,0.8, 1.4 and 2.0 0.03t00.04 | — | 1/3,2/3and 1.0 | 14t022 | 3.8t04.7
Rearward-facing steps 6 0.8,1.0,1.2and 1.4 0.01t00.04 | — 1/3 and 2/3 l4t015 | 42t04.7
Ridges 1 0.07 0.02t0037 | 2 1 2.6and3.0 | 3.2t04.5
5 0.2,0.8,1.4,1.7and2.0 | 0.03t00.04 | 2 | 1/3,2/3and 1.0 | 14t022 | 3.8t04.7
6 0.8,1.0,12and 1.4 0.03t00.04 | 2 | 1/3,23and1.0 | 14t01.5 | 4.6t04.7
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Although the Item was derived from excrescences in a turbulent boundary layer on a wind-tunnel wall with
zero streamwise pressure gradient, the data would be expected to apply to excrescences on a parallel circular
cylinder in axisymmetric flow provided that lateral curvature effects were small. In practical terms this
condition is satisfied if the displacement thickness is less than five per cent (say) of the cylinder radius.

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 la to 4b and Equation (3.1) a local value of C,that is consistent with
the pressure gradient. This value might be calculated by means of theoretical methods such as References 8
to 11. Having done this it would still be necessary to account for the changes in 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. Note that in
Reference 7 a correction factor was derived in which the fotal incremental drag coefficient due to an
excrescence was based on the kinetic pressure in the free-stream, whereas the /ocal incremental drag
coefficient was based on the local kinetic pressure at the edge of the boundary layer, as in this Item.

5. ACCURACY

| The ranges of the RAE and ARA tests> > © are shown in terms of R ;, on Figures la to 4b. For estimating
the accuracy of this Item within these ranges the following 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 reliable balance measurements. A similar
examination covering all excrescence heights tested showed in some cases differences in Cp, of as much

as i3OCf.

TABLE 5.1 Accuracy of Method for Plain Steps and Ridges

ESDU Copyright material. For current status contact ESDU.

Deviation band on C,
Excrescence Type
M,;<0.8 0.8<M ;<14 1.4<M;<3.0
Forward-facing plain steps +5C Y +10C ' +15C r
Rearward-facing plain steps +5C ' + IOCf * IOCf
Square or rectangular ridges +10C y +10C y +15C '

For radiused and chamfered steps and ridges the accuracy is likely to be of the same order as shown in 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.

Documents
7 Document Sharing Hub

This page Amendment D

Full document details: ESDU 75031 D 2016


http://www.avadocuments.com/doc/esdu-75031-d-2016
http://www.avadocuments.com/doc/esdu-75031-d-2016

ESDU Copyright material. For current status contact ESDU.

ESDU 75031

DERIVATION AND REFERENCES

Derivation

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

1. WIEGHARDT, K.

2. WINTER, K.G.
GAUDET, L.

3. GAUDET, L.
JOHNSON, P.

4. SIMPER, J.I.
HUTTON, P.G.

5. GAUDET, L.
WINTER, K.G.

6. PALLISTER, K.C.

References

Erhohung des turbulenten
Oberfldchenstdrungen.

ZWB ForschBer. 1563, 1942, (Translation available as “Increase of the
turbulent friction resistance caused by surface irregularities”, MAP

R & T 103, 1946.)

Reibungswiderstandes durch

A programme of tests on the drag of excrescences proposed for the
8ft x 8 ft wind tunnel and a brief analysis of some previous
measurements.

Unpub. RAE Rep., 1967.

Measurements of the drag of various two-dimensional excrescences
immersed in turbulent boundary layers at Mach numbers between 0.2
and 2.8.

RAE tech. Rep. 70190, 1970.

Formulae and proposed layout of graphs for the application of RAE
8 ft x 8 ft tunnel results to the rapid estimation of excrescence drag.
ARA Memor. 133, 1972.

Measurements of the drag of some characteristic aircraft excrescences
immersed in turbulent boundary layers.

In CP 124, proceedings of AGARD Conf. on Aerodyn. Drag,
Turkey, 1973.

Wind-tunnel measurements on the transonic drag of excrescences
immersed in a turbulent boundary layer.
ARA Rep. 37, 1974.

The References are sources of information supplementary to that in this Item.

10.

11.

NASH, J.F.
BRADSHAW, P.

BRADSHAW, P.
FERRISS, D.H.
ATWELL, N.P.

PATANKAR, S.V.
SPALDING, D.B.

GREEN, J.E.

GREEN, J.E.
WEEKS, D.J.

BROOMAN, J.W.F.

Full document details: ESDU 75031 D 2016

The magnification of roughness drag by pressure gradients.
J.R. aeronaut. Soc., Vol. 71, pp. 44 - 46, 1967.

Calculation of boundary-layer development using the turbulent energy
equation.
J. Fl. Mech., Vol. 28, pp. 593 - 616, 1967.

Heat and mass transfer in boundary layers.
Intertext Books, London, 1970.

Application of Head’s entrainment method to the prediction of turbulent
boundary layers and wakes in compressible flow.
RAE tech. Rep. 72079, 1972.

Prediction of turbulent boundary layers and wakes in compressible flow
by a lag-entrainment method.
RAE tech. Rep. 72231, 1972.

Documents
8 Document Sharing Hub


http://www.avadocuments.com/doc/esdu-75031-d-2016
http://www.avadocuments.com/doc/esdu-75031-d-2016

ESDU Copyright material. For current status contact ESDU.

ESDU 75031

7. EXAMPLE

A change in the skin thickness at a circumferential joint on an aircraft fuselage, of local radius 1.75 m,
creates a forward-facing step of height 3.0 mm at a point in the turbulent 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, in
the absence of the step, are 0.7, 215 m/s, 2.9 % 107 m?/s and 1.204 x 10* N/m? respectively, check that
this Item is applicable in that the ratio of step height to local boundary-layer thickness is less than 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 ESDU 68020 by first evaluating the Reynolds
number based on x,

R = 215x10/(29 x 107%) = 7.41 x 107.

X

Hence, from ESDU 68020, with R =741 x 107 (and in the Notation of that Item),
_ 5
R5(0.999) = 9.8 x 10°.

Thus §(0.999) = 9.8 x 10°x2.9x 1073/215 = 0.132 m and, therefore, #/5(0.999) = 3.0x 1073/0.132 =
2.3%x 1072, which is less than 0.1.

With M| =0.7and R = 7.41 x 107 ESDU 68020 also yields, in the Notation of that Item,

- 78 x 10

RGr
H. = 1475,

and

Hence from Equation (4.1) of ESDU 68020

Ry = 7.8x10°x 1475 = 1151 x 10°.

Thus, §* = 1.151 x 10° X 2.9 x 10 >/215 = 0.0155m

and, therefore, 8*/(local fuselage radius) = 0.0155/1.75 = 0.0089 , which is less than five per cent (0.05).

Therefore, since 4/8(0.999) is less than 0.1 and 8*/(local fuselage radius) is less than 0.05, this Item is
applicable.

Also from ESDU 68020, with M, = 0.7 and R = 7.41 x 107,

Cf = 0.0018.
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The Reynolds number based on /4 (3 mm = 3 % 1073 m) is

R, = 215x3.0x10°/(29x 10°) = 222 x 10°,

and therefore,

loglo(Rh) =435,
From Figures la and 1b with M| = 0.7, log;,(R;) = 4.35 and Cf: 0.0018,

P=76
and 0=17.
Hence, by Equation (3.1),
Cp=(76+17)x0.0018
=93 x0.0018

=0.167.

(See footnote.*)
The frontal area of the step = 7(1.7532—1.752) = 0.03302 m?.

Therefore as the kinetic pressure at the edge of the boundary layer is 1.204 x 10* N/m? the drag of the step
is 0.167 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~!(h/1) = 45°,

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