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ESDU 91029
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published and unpublished, and are invariably supported by original work of ESDU staff engineers or consultants.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.

THE PREPARATION OF THIS DATA ITEM

The work on this particular Data Item which was monitored and guided by the Aerodynamics Committee. This
Committee first met in 1942 and now has the following membership:

The technical work in the assessment of the available information and the construction and subsequent development
of the Data Item was undertaken by
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ESDU 91029
EXCRESCENCE DRAG MAGNIFICATION FACTORS AT THE DRAG-RISE 
CONDITION FOR AEROFOILS WITH A SPECIFIED FORM OF UPPER-SURFACE 
PRESSURE DISTRIBUTION

1. NOTATION AND UNITS

SI British

lift coefficient, (lift) 

pressure coefficient

aerofoil chord m ft

Mach number

excrescence drag magnification factor

kinetic pressure, N/m2 lbf/ft2

Reynolds number based on aerofoil chord and free-stream flow 
properties at drag-rise Mach number

static temperature K K

aerofoil maximum thickness m ft

velocity m/s ft/s

streamwise co-ordinate, measured along chord from leading 
edge

m ft

chordwise location of end of upper-surface pressure plateau 
(“roof-top”)

m ft

chordwise location of boundary-layer transition m ft

aerofoil angle of incidence deg deg

boundary-layer momentum thickness m ft

density of air kg/m3 slug/ft3

Subscripts

denotes value at drag-rise (i.e. design) condition

denotes value at excrescence location

denotes lower-surface value

CL /q∞c

Cp

c

M

md

q ½ρu2

Rc

T

t

u

x

xR

xtr

α

θ

ρ

D

E

l
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ESDU 91029

2. INTRODUCTION

This Item presents the chordwise variation at the drag-rise condition of the excrescence drag magnification
factor, , over the upper and lower surfaces of aerofoils designed to combine a high drag-rise Mach
number with a high lift coefficient for a given thickness/chord ratio. The data can be considered as typical
of aerofoils designed for such a purpose. The aerofoils are members of the families described in Item
No. 71020 (Derivation 1) which gives details of geometry and pressure distribution at the design condition.
The corresponding profile drag data are given in Item No. 67011 (Reference 6).

The data for md were obtained using the computer program for the method for turbulent boundary layers
given in Item No. 91028 (Derivation 3) which is based on a compressible flow form of the Nash and
Bradshaw equation (Derivation 2) with a compatible method for the boundary-layer momentum thickness
development. Section 3 gives a brief résumé of the aerofoil design philosophy, describes the aerofoil
designation system used and lists the aerofoils. Section 4 outlines the basis of the data, which are presented
in two forms. Detailed normalised local flow properties together with boundary-layer momentum thickness
ratio and  data for the upper and lower surfaces are given in tabulated form while the chordwise variations
of  are also presented graphically. Section 5 discusses a number of features of the chordwise variations
of  as affected by the aerofoil design variables. Section 6 gives the Derivation and References and
Section 7 illustrates, by way of an example, a typical use of the data.

3. THE AEROFOIL FAMILIES

3.1 Design Philosophy

The aerofoils for which data are provided in this Item are members of the families (Derivation 1) designed
to combine a high drag-rise Mach number, , with a high lift coefficient, , for a given
thickness/chord ratio, / . The aerofoils are specified primarily by the form of the upper-surface pressure
distribution at the drag-rise condition and the form of the thickness distribution. Of lesser importance are
the values ascribed, firstly, to the Reynolds number, , based on chord length and free-stream flow
properties at the drag-rise Mach number and, secondly, to the location of boundary-layer transition, / ,
on each surface. Therefore, for a specified combination of  and  (and, strictly, for given values of
Rc and / ) there is a unique camber line and incidence, , associated with the chosen form of thickness
distribution and t/c.

The particular form of upper-surface pressure distribution chosen to comply with the conditions for a high
value of  in conjunction with a high  is the flat “roof-top” form in which a pressure plateau extends
from the immediate vicinity of the leading edge to a given chordwise station / , followed by a linear
rise to the trailing edge. The associated local Mach number over that part of the upper surface encompassed
by the roof top is taken as 1.02. The philosophy behind the design, and the design process itself, are described
in detail in Item No. 71019 (Reference 8) in the Transonic Aerodynamics Sub-series.

denotes value at trailing edge

denotes upper-surface value

denotes value at edge of boundary layer

denotes free-stream value

T

u

1

∞

md

md
md
md

MD CLD
t c

Rc
xtr c

MD CLD
xtr c αD

MD CLD
xR c
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ESDU 91029
3.2 Aerofoil Designation

Any aerofoil corresponding to the general specification described in Section 3.1 is, as noted, primarily
described by the thickness form and the values of / , /  and ; the values of  and /  on each
surface having a minor influence. The aerofoils are designated by means of identifiers relating to each of
these seven parameters. The aerofoils of Item No. 71020 are based on the RAE 101 to 104 series of
thickness distributions (Reference 4), which have a wedge-shaped trailing-edge and are somewhat similar
in form to the NACA 6A-series (Reference 5). An example of the aerofoil designation system is

where the seven identifiers taken in sequence have the following meaning

For convenience, the bracketed numbers in the designation are omitted because they are invariant
throughout, i.e. the aerofoils were all designed for = 107 and /  = 0.05 on both surfaces.

The aerofoils, taken from Item No. 71020, are listed in Table 3.1 together with their design values of
incidence, , and lift coefficient, , i.e. values at the drag-rise condition.

102 – 10 – 40 – 75 (7.0, 05, 05)

102 denotes RAE 102 series thickness distribution

10 = 100 / (i.e. /  = 0.10)

40 = 100 / (i.e. / = 0.40)

75 = 100 (i.e.  = 0.75)

7 = index of  expressed to a base of 10 (i.e. = 107)

05 = 100 / (i.e. /  = 0.05)

05 = 100 / (i.e. /  = 0.05).

t c xR c MD Rc xtr c

t c t c

xR c xR c

MD MD

Rc Rc

xtru c xtru c

xtrl c xtrl c

Rc xtr c

αD CLD
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ESDU 91029

TABLE 3.1  Aerofoils taken from Item No. 71020

Aerofoil Designation
Design Incidence

 (degrees)
Lift Coefficient

101 - 16 - 30 - 60
101 - 06 - 30 - 65
101 - 10 - 30 - 65
101 - 14 - 30 - 65
101 - 16 - 30 - 65
101 - 06 - 30 - 70
101 - 10 - 30 - 70
101 - 14 - 30 - 70
101 - 06 - 30 - 75
101 - 10 - 30 - 75
101 - 06 - 30 - 80

102 - 10 - 40 - 65
102 - 14 - 40 - 65
102 - 16 - 40 - 65
102 - 06 - 40 - 70
102 - 10 - 40 - 70
102 - 14 - 40 - 70
102 - 16 - 40 - 70
102 - 06 - 40 - 75
102 - 10 - 40 - 75
102 - 06 - 40 - 80

103 - 14 - 50 - 65
103 - 16 - 50 - 65
103 - 06 - 50 - 70
103 - 10 - 50 - 70
103 - 14 - 50 - 70
103 - 16 - 50 - 70
103 - 06 - 50 - 75
103 - 10 - 50 - 75
103 - 06 - 50 - 80

104 - 14 - 60 - 65
104 - 16 - 60 - 65
104 - 06 - 60 - 70
104 - 10 - 60 - 70
104 - 14 - 60 - 70
104 - 16 - 60 - 70
104 - 06 - 60 - 75
104 - 10 - 60 - 75
104 - 14 - 60 - 75
104 - 06 - 60 - 80
104 - 06 - 60 - 85

3.95
3.27
2.98
2.74
2.64
2.23
1.95
1.69
1.41
1.12
0.77

3.03
2.85
2.78
2.25
2.02
1.83
1.75
1.45
1.21
0.82

2.90
2.86
2.21
2.04
1.93
1.88
1.46
1.27
0.86

2.87
2.84
2.10
2.00
1.95
1.91
1.40
1.29
1.21
0.85
0.40

0.97
0.98
0.82
0.65
0.57
0.68
0.50
0.31
0.43
0.22
0.21

0.92
0.76
0.68
0.76
0.58
0.40
0.30
0.49
0.28
0.25

0.87
0.78
0.83
0.67
0.49
0.40
0.55
0.35
0.30

0.94
0.86
0.91
0.75
0.56
0.47
0.61
0.42
0.20
0.34
0.08

αD CLD
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ESDU 91029
4. BASIS OF DATA

The data for the variation of  across the upper and lower surfaces of the 41 aerofoils listed in Table 3.1
at their drag-rise condition were obtained by means of the computer program for the method of
Item No. 91028 (Derivation 3). The program evaluates the compressible flow form of the Nash and
Bradshaw equation

(4.1)

and assumes that the boundary layer is turbulent from the aerofoil leading edge ( /c = 0) with the
momentum thickness ratio, , being given by means of the Spence method adapted to compressible
flow and with the required flow parameters being determined from the isentropic flow relationships (see
Derivation 3) for a given pressure distribution. Therefore, the only input data required were the free-stream
Mach number for the drag-rise condition, , and the pressure distribution for the relevant surface
taken from Item No. 71020. As noted in Item No. 91028, the values of  determined from Equation (4.1)
are independent of Reynolds number. Further, the method ignores the minor effect of the small extent of
laminar flow over the first 5% of the chord taken in the design of the aerofoils. The resulting values of ,
together with the momentum thickness ratio and normalised local flow properties across the upper and
lower surfaces of each aerofoil are presented in tabular form in Tables 8.1 to 8.41. The data for md are also
presented graphically in Figures 1 to 18 in which, for convenience, the data for a given combination of MD
and /  are collected together in each Figure. The values of md for  are given as broken lines,
indicating a need for caution in their use, see Section 5.1 of Item No. 91028. As an aid in locating the
relevant Table and Figure for a particular aerofoil Table 4.1 gives an index.

md

md

ρ1T

ρ∞
-------- 

u1E

u∞
--------
 
 
  4.2 0.6M∞

2–( ) u∞
u1T
--------
 
 
  1 M∞

2–( ) θE

θT
------
 
 
 0.2

=

xtr
θE/θT

M∞ MD=
md

md

xR c x/c 0.8>

Copyright Engineering Sciences Data Unit 
Provided by IHS Markit under license with ESDU Licensee=/, User=, 

Not for Resale, No reproduction or networking permitted without license from IHS

-
-
`
,
,
`
`
`
,
,
,
,
`
`
`
`
-
`
-
`
,
,
`
,
,
`
,
`
,
,
`
-
-
-

Full document details: ESDU 91029 1991

http://www.avadocuments.com/doc/esdu-91029-1991
http://www.avadocuments.com/doc/esdu-91029-1991


 

ES
D

U
 C

op
yr

ig
ht

 m
at

er
ia

l. 
 F

or
 c

ur
re

nt
 s

ta
tu

s 
co

nt
ac

t E
SD

U
. 

6

ESDU 91029

TABLE 4.1  Index to tabulated and graphical data

Aerofoil Designation Table No. Figure No.

101 - 16 - 30 - 60
101 - 06 - 30 - 65
101 - 10 - 30 - 65
101 - 14 - 30 - 65
101 - 16 - 30 - 65
101 - 06 - 30 - 70
101 - 10 - 30 - 70
101 - 14 - 30 - 70
101 - 06 - 30 - 75
101 - 10 - 30 - 75
101 - 06 - 30 - 80

102 - 10 - 40 - 65
102 - 14 - 40 - 65
102 - 16 - 40 - 65
102 - 06 - 40 - 70
102 - 10 - 40 - 70
102 - 14 - 40 - 70
102 - 16 - 40 - 70
102 - 06 - 40 - 75
102 - 10 - 40 - 75
102 - 06 - 40 - 80

103 - 14 - 50 - 65
103 - 16 - 50 - 65
103 - 06 - 50 - 70
103 - 10 - 50 - 70
103 - 14 - 50 - 70
103 - 16 - 50 - 70
103 - 06 - 50 - 75
103 - 10 - 50 - 75
103 - 06 - 50 - 80

104 - 14 - 60 - 65
104 - 16 - 60 - 65
104 - 06 - 60 - 70
104 - 10 - 60 - 70
104 - 14 - 60 - 70
104 - 16 - 60 - 70
104 - 06 - 60 - 75
104 - 10 - 60 - 75
104 - 14 - 60 - 75
104 - 06 - 60 - 80
104 - 06 - 60 - 85

8.1
8.2
8.3
8.4
8.5
8.6
8.7
8.8
8.9

8.10
8.11

8.12
8.13
8.14
8.15
8.16
8.17
8.18
8.19
8.20
8.21

8.22
8.23
8.24
8.25
8.26
8.27
8.28
8.29
8.30

8.31
8.32
8.33
8.34
8.35
8.36
8.37
8.38
8.39
8.40
8.41

1
2
2
2
2
6
6
6
10
10
14

3
3
3
7
7
7
7
11
11
15

4
4
8
8
8
8
12
12
16

5
5
9
9
9
9
13
13
13
17
18
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ESDU 91029
5. INFLUENCE OF SYSTEMATIC CHANGES IN PRIMARY DESIGN VARIABLES

5.1 General

In Item No. 91028 it is noted that the parameter having by far the most significant effect on  is the
local velocity at the excrescence location, mainly due to the magnitude of the index to the term  in
Equation (4.1) compared to that on the momentum thickness ratio term, . That being so, it follows
that those design variables having a major effect on local pressure, and hence velocity, will also have a
major effect on . It also follows from a study of Equation (4.1) that maximum values of  will occur
in regions of high local velocity coupled with large values of momentum thickness. From Tables 8.1 to 8.41
and Figures 1 to 18 it is seen that, typically, such regions occur at a chordwise location corresponding to
the end of an upper-surface roof-top, and often at the same chordwise location on the lower surface,
depending upon the magnitude of / . An excrescence located in such regions would obviously suffer a
higher drag penalty than when located elsewhere.

A study of Figures 1 to 18 reveals a number of features in the chordwise variation of  as affected by
systematic changes in any one of the primary design variables, /c, /c and  as the other two are held
constant.

5.2 Variation of t/c

The design specification for the upper-surface pressure distribution means that it depends mainly on the
two parameters  and /c. Consequently, Figures 1 to 18 show that the variation of  for the upper
surface of the aerofoils with given values of  and /c is very largely the same for wide variations of

/ . The minor variation with /  is mainly dictated by the trailing-edge pressure variation with /c.

In contrast, the Figures also show that the lower-surface chordwise variation of  for fixed values of 
and /c is very heavily dependent on / , with a pronounced increase in , especially in the region
around x = , as /c increases. This tendency is a direct reflection of the tendency of the loading to
concentrate more over the forward and rearward parts of the aerofoil as /c increases with, typically, an
associated change in the camber line shape from convex (wholly positive camber) at low /  to an S-shape
(negative camber forward, positive rearward) at high / , as discussed in Item No. 71020. These changes
also result in a reduction of  as /c increases, as can be seen from Table 3.1 for given values of 
and /c.

Sketch 5.1 illustrates the trends with variation of /  taking /c = 0.4 and = 0.70 as typical.

5.3 Variation of /c

If /c is varied, with  and t/c fixed, then the variation of  over the upper surface up to x =  is
virtually independent of /c as can be seen from Figures 2 to 5, 6 to 9, 10 to 13 or 14 to 17. This is a
direct reflection of the constant pressure over the roof-top being dependent only on . Over the upper
surface, for ,  decreases approximately linearly to the trailing edge, at which point it is
substantially independent of /c. For the lower surface with fixed values of  and /c, as /c is
increased the same groups of Figures show that up to x =  the values of  decrease, reflecting the
corresponding trends in pressure distribution discussed in Item No. 71020. For  the trends in 
with /  are very similar to those for the upper surface, but less linear, especially for the larger values of

/c and /c.

Sketch 5.2 illustrates the trends with variation of /c taking  = 0.70 and /c = 0.10 as typical.

md
u1E/u∞

θE/θT

md md

t c

md
t xR MD

MD xR md
MD xR

t c t c t

md MD
xR t c md

xR t
t

t c
t c

CLD t MD
xR

t c xR MD

xR

xR MD md xR
xR

MD
x xR> md

xR MD t xR
xR md

x xR> md
x c

xR t

xR MD t
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ESDU 91029
5.4 Variation of 

The effects of varying  for fixed values of /c and t/c are very similar for any combination of those
two parameters. A typical example is given for /c = 0.4 and /c = 0.10 in Figures 3, 7 and 11 for 
varying from 0.65 to 0.75, the data for which are reproduced in Sketch 5.3. That sketch shows that, for a
given value of /  the variation of  on either surface is roughly linear with , with the upper-surface
values decreasing with increase in  and the lower-surface values increasing with increase in . For
a given combination of /c and /c the trailing-edge values of  are only weakly dependent on .

MD

MD xR
xR t MD

x c md MD
MD MD

xR t md MD
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 91029Sketch 5.1  Variation of t/c 
(xR/c = 0.4, MD = 0.70)

Sketch 5.2  Variation of xR/c 

(MD = 0.70, t/c = 0.10)

Sketch 5.3  Variation of MD 

(xR/c = 0.4, t/c = 0.10)
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7. EXAMPLE

In an assessment of excrescence drag in the cruise condition of an aircraft with a high aspect ratio wing
of modest sweep, the relative penalties due to the narrow lateral grooves formed by the gaps between
adjacent skin panels on the wing upper surface is required. The wing mid-semi-span region may be
assumed to be subject to quasi-two-dimensional chordwise flow, to which the present Item is applicable.
The wing skin joints of interest in that region are at 0.15c, 0.40c and 0.80c. The boundary layer may be
assumed to be wholly turbulent at a Reynolds number = 107 , and the depth of the grooves, h, is defined
by h/c = 5 × 10–4 . The wing section corresponds to aerofoil 102 – 10 – 40 – 75, whilst the cruise condition
corresponds to this aerofoil operating at its drag-rise condition, for which .

Item No. 75028 (Reference 9) is used to obtain the values of CDfp , the drag coefficient increment due to a
groove in uniform flow. The parameter CDfp is based on groove width, w (which is assumed to be
independent of location) and the local kinetic pressure, q1E , at the edge of the boundary layer at the
groove location, x/c, in the absence of the groove.

In order to use Item No. 75028, it is necessary to know , the Reynolds number based on groove depth
and local flow conditions at the edge of the boundary layer, in the absence of the groove. If it can be
assumed, as in Appendix A of Item No. 75028, that

(7.1)

where  is the dynamic viscosity, then the kinematic viscosity, , is given by

. (7.2)

Therefore, since

, (7.3)

then

, (7.4)

which, with the use of Equation (7.2), becomes

. (7.5)

The values of  and , together with  and hence M1E (required later) at the groove
locations are obtainable to satisfactory accuracy, for the present purpose, from linear interpolations* within
the data in Table 8.20(a). They are given in Table 7.1.

* The program for the method of Item No. 91028 can provide calculations corresponding to interpolations based on the inbuilt curve-fitting
procedure.

Rc

M∞ MD 0.75= =

Rh

ρ T 1–  and µ T0.8∝ ∝

µ ν

ν µ
ρ
--- T1.8∝=

Rc

u∞c

ν∞
---------=

Rh Rc
h
c
---×

u1E

u∞
--------×

ν∞
ν1E
--------×=

Rh Rc
h
c
---×

u1E

u∞
--------×

T1E

T∞
---------
 
 
  1.8–

×=

u1E/u∞ T1E/T∞ M1E/M∞
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Use of Equation (7.5) with = 107 , h/c = 5 × 10–4 and the values of  and , given in
Table 7.1, gives the values of  in Table 7.2.

The values of Cf , the local skin friction coefficient at the groove location, in the absence of the groove,
are also required for use in Item No. 75028. In the absence of calculated values for the aerofoil, the use
of Item No. 68020 (Reference 7) for flat plates is an acceptable approximation. The values of Rx , the
Reynolds number based on x and local conditions at the edge of the boundary layer, in the absence of the
groove, are obtained from Equation (7.5) with x/c substituted for h/c, giving the values shown in Table 7.3,
which, with the corresponding values of M1E from Table 7.1, give the values of Cf obtained from Item
No. 68020, also shown in Table 7.3.

Then use of Item No. 75028 for grooves normal to the flow (or swept less than 30°) with the values of M1E
from Table 7.1,  from Table 7.2 and Cf from Table 7.3, gives the values of CDfp in Table 7.4.

TABLE 7.1  

xE/c M1E

0.15
0.40
0.80

1.31
1.29
1.04

0.92
0.92
0.99

1.36
1.34
1.05

1.02
1.01
0.79

TABLE 7.2  

xE/c

0.15
0.40
0.80

7.61 × 103

7.49 × 103

5.29 × 103

TABLE 7.3  

x/c (= xE/c) Rx Cf

0.15
0.40
0.80

2.3 × 106

6.0 × 106

8.5 × 106

0.00287
0.00248
0.00240

TABLE 7.4  

xE/c CDfp

0.15
0.40
0.80

0.0099
0.0083
0.0072

u1E/u∞ T1E/T∞ M1E/M∞

Rc u1E/u∞ T1E/T∞
Rh

Rh

Rh
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Use is made of Equation (3.1) in Item No. 90029 (Reference 10), which for an aerofoil means that the
excrescence reference area Aref is replaced by w and the wing reference area Sref is replaced by c and the
factor K = 1 (if the geometry and orientation of the grooves in the present example are taken as identical
to those for which data are given in Item No. 75028). Thus,

(7.6)

where CD is the drag coefficient increment due to a groove, based on aerofoil chord, c, and free-stream
kinetic pressure, .

The drag penalties due to the skin grooves, for a given (fixed) value of w/c, are therefore proportional to
the product CDfp × md .

Figure 11, with MD = 0.75, xR/c = 0.40 and t/c = 0.10 gives, for the upper surface, the values of md shown
in Table 7.5, together with the values of CD/(w/c) from Equation (7.6) obtained using the CDfp values from
Table 7.4.

 

From Table 7.5 it can be seen that, for grooves of the same width at the locations considered, those within
the roof-top, i.e. , have the most serious implications in terms of drag penalty, with more than
twice the drag of that at 0.8c.

TABLE 7.5  

xE/c md CD/(w/c) = CDfp md

0.15
0.40
0.80

1.86
2.12
1.17

0.0184
0.0176
0.0084

CD CDfp
w
c
----× md×=

q∞

xE/c 0.40≤
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8. TABLES

TABLE 8.1  

* Values of md are of increasingly doubtful validity for excrescence locations aft of xE/c = 0.8 (see Section 5.1 of Item No. 91028).
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TABLE 8.2  

* Values of md are of increasingly doubtful validity for excrescence locations aft of xE/c = 0.8 (see Section 5.1 of Item No. 91028).
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TABLE 8.3  

* Values of md are of increasingly doubtful validity for excrescence locations aft of xE/c = 0.8 (see Section 5.1 of Item No. 91028).
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TABLE 8.4  

* Values of md are of increasingly doubtful validity for excrescence locations aft of xE/c = 0.8 (see Section 5.1 of Item No. 91028).
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TABLE 8.5  

* Values of md are of increasingly doubtful validity for excrescence locations aft of xE/c = 0.8 (see Section 5.1 of Item No. 91028).
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