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A METHOD OF ESTIMATING DRAG-RISE MACH NUMBER FOR
TWO-DIMENSIONAL AEROFOIL SECTIONS

SUMMARY

A method is given of estimating drag-rise Mach number for any two-dimensional aerofoil. This Mach
number is defined as that beyond which any further increase would lead to a rapid increase of drag
coefficient due to the development of shock-wave drag. It is evaluated as a function of lift coefficient.

The method is based on the observation that, in general, the shock-wave drag first develops rapidly as the
shock wave moves downstream away from the aerofoil crest, and therefore that the drag-rise Mach numbel
is that at which the shock coincides with the crest. The problem of predicting the drag-rise Mach number
is thus reduced to that of predicting the Mach number for shock-at-crest, which is achieved by applying a
simple criterion to the subsonic pressure distribution.

The validity of the method has been demonstrated by comparison with experimental data for a large numbel
of aerofoils; the aerofoils and the different sources of the data are listed in Appendices. On the basis of this
comparison it is concluded that the present method should predict the Mach number for the rapid drag-rise
to an accuracy af0.015 for the majority of cases. For a few particular cases of aerofoil shape and pressure
distribution a slow but significant growth of shock-wave drag may precede the rapid increase predicted by
the present method; a procedure is included for recognising these cases.
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1. NOTATION
(aq) slope of lift-coefficient curve with incidence for the two-dimensional aerofoil section
c aerofoil chord
Cp drag coefficient
C. lift coefficient (see also Figu)
Cip lift coefficient whenM = M
Cp pressure coefficient
Cpcrest pressure coefficient at the aerofoil crest; the crest being defined as the point at which the
aerofoil surface is tangential to the undisturbed free-stream direction

F the Karman-Tsien compressibility correction factor
H stagnation pressure in undisturbed stream
M Mach number
M it Mach number at which sonic flow first occurs on upper surface
Mp drag-rise Mach number (see also Figdire
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I indicates incompressible viscous flow

IT indicates theoretical incompressible inviscid flow

p local static pressure
Re Reynolds number based on chord length
too thickness of aerofoil at 90 per cent chord
tog thickness of aerofoil at 99 per cent chord
X chordwise distance measured from the leading edge
z aerofoil ordinate measured normal to the chord
z aerofoil ordinate measured normal to the free-stream direction from an arbitrary datum
=) o} angle of incidence (see also Figdje
[a)
(%]
L ag angle of zero lift
4+
<
g Bo (1 - M3)*; the Prandtl-Glauert compressibility correction factor evaluated at the
It drag-rise Mach number
>
+=
§ Y ratio of the specific heats of air, here taken as 1.40
)
g A indicates a small increment
5
o 0 aerofoil surface-slope relative to the chord line
o
L
: T trailing-edge angle given btan (1./2) = (ty,— tge)/(0.18¢
o a g-edge angle g tan (1,/2) = (tgg—tgg)/( )
2 Suffixes
S
+=
49
.90
>
Q.
o
O
o)
&)
(%]
wl

2. INTRODUCTION

In the preliminary stages of an aircraft design estimates are often needed of the drag-rise Mach number o
two-dimensional aerofoils equivalent to the section shapes of the wing, to help either in choosing the section
shapes or in predicting the drag-rise Mach number of the aircraft itself. The method now presented provides
the best available theoretical estimates and should be sufficiently straightforward to use at any stage, eithe
directly for individual aerofoils, or indirectly via generalised charts for families of related aerofoils. The
basis of the method was first described by Sinnott in Refefemaethe procedure presented here includes
certain refinements which lead to greater accuracy.
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The drag rise in question develops with increasing free-stream Mach number when a shock wave forms to
terminate the region of local supersonic flow adjacent to the surface of the aerofoil, and subsequently grows
in strength and in height above the surface. The source of this wave drag is the loss of momentum at the
shock, but the drag itself is transmitted to the aerofoil by readjustments in the pressure distribution over
the surface. A full prediction of the wave drag development would thus require a detailed prediction of the
shock growth or, alternatively, of the related development in the mixed subsonic/supersonic velocity
distribution on the surface. Fortunately, however, it is possible to define a stage in the development of the
local supersonic flow, up to which any shock-wave drag is generally trivial but beyond which the drag can
be expected to rise rapidly. This stage is that at which the shock, either on first being formed or on moving
from an upstream station, first appears immediately to the rear of the crest of the aerofoil; the crest being
defined as the point at which the aerofoil surface is tangential to the undisturbed free-stream direction.
Furthermore, this stage, which from now on will be referred to as the shock-at-crest condition, can be
predicted directly by means of a simple criterion from the pressure at the crest position at low speeds. The
use of the shock-at-crest condition thus leads to a definition of drag-rise Mach number that not only has
considerable relevance in practice but also lends itself readily to prediction.

The method, discussed in Sectihimcludes an itemised procedure that leads to the prediction of a drag-rise
locus, or boundary, with lift coefficient and Mach number as parameters. The final step of the procedure
identifies a certain class of pressure distribution for which the slow development of shock-wave drag at
free-stream Mach numbers below that corresponding to the shock-at-crest condition may not be trivial.

THE CRITERION FOR DRAG-RISE MACH NUMBER
The criterion is

Mp is the value of free-stream Mach number for which the crest pressure, calculated from the low-speed
value by application of the Karman-Tsien compressibility factor, equals 0.515H.

This simple criterion is derived from the definition that the drag-rise Mach number coincides with the Mach
number for shock-at-crest and from the prediction of the shock-at-crest condition in Sinnott’s transonic
aerofoil theory. The ‘equivalent shock downstream pressure’ is taken as the value that would exist at the
position of the shock in a pressure distribution derived by applying the appropriate compressibility factor
to the low-speed distribution. For the weak shocks appropriate to the present context, this equivalent
downstream pressure can be taken as constant and equal to 0.515H. The shock will thus coincide with the
crest at the Mach number for which the crest pressure, factored from its low-speed value, equals 0.515H
and this leads to the criterion quoted above.

THE METHOD

The method, embodied in a procedure detailed in Sedtignis illustrated by the five sketches in
Figure la It is necessary to specify only the aerofoil geometry (Sketch 1) and to prescribe values of
incidence(a,;) for which the incompressible-flow pressure distributions (Sketch 2) are to be calculated.
The incompressible-flow pressure distribution constitutes the kernel of the process. Its integral is the lift
coefficient (Sketch 3) which, when account is taken of viscous effects on lift-curve slope, yields the true
incidence(a,) . This, coupled to a knowledge of the aerofoil surface-slope (Sketch 4), identifies the crest
position. Recourse to the incompressible-flow pressure distribution gives the low-speed value of the crest
pressure which is related M by a unique law (Sketch 5) derived from the drag-rise criterion and the

appropriate compressibility factor. Finally the lift coefficie@, , Is factored for compressibility to
yield C .
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4.1

The drag-rise boundary is formed from the locus of the péifs C, ) and will normally be associated
with the incremental velocities on the upper surface of the aerofoil. Usually, therefore, the procedure need
only be applied to the upper surface. However, for cambered aerofoils at small positive or at negative values
of lift coefficient, the boundary may be associated with the velocities on the lower surface. Under these
circumstances, the steps from (vi) onwards should be repeated for the lower surface and the smaller valug
of My (and its associated value Of ) used to form the drag-rise boundary.

Procedure

The procedure detailed below is based on a theoretical incompressible inviscid pressure distribution derivec
for an explicit aerofoil geometry. The method may be applied to a design pressure distribution for which
the equivalent aerofoil section has not been accurately established, but the uncertainty regarding the positiol
of the crest must then be expected to detract from the accuracy. The method can be applied without loss ©
accuracy to known low-speed experimental data, in which case steps (i) to (v) would be unnecessary.

The individual steps in the procedure follow:-

(1) Determine the chordwise incompressible inviscid pressure distribution for a chosen set of
incidence values(a,) and integrate each pressure distribution to obtain the lift coefficient
Cuir)-

It is recommended that the Weber forniufabe used to obtain the pressure distribution (see
Section5.1)

(i) Assume that for any given value of lift coefficient the pressure distributions in
incompressible inviscid flow and in incompressible viscous flow are identical in the vicinity
of the crest, but are associated with different angles of incidence, namety aad . The
latter must be determined (step (v))

The analysis now proceeds on the basis of the set of pressure distributions derived in (i) with the
corresponding set of lift coefficien{€, ;)  equatedCiq

(i) From the data obtained above, calculate the lift-curve slope in incompressible inviscid flow
(al)IT at zero lift.

(iv) Determine the lift-curve slope in incompressible viscous roWal)I from Figur@ using the
value 0f(a1)|T obtained in (iii).

Figure2 assumes transition to occur at the leading edge but requires a knowledge of the Reynolds
number (R;) . The latter will usually relate to specific flight conditions which implies a
pre-knowledge of the drag-rise Much number. However, the procedure is not greatly sensitive to
Reynolds number and an initial assumption thig§ = 0.7 — made purely for the purpose of
evaluatingR, — will almost certainly be adequate.

(V) Determine the incidence in incompressible viscous floga;)  corresponding to the values of
C,, obtained by the assumption of (ii) above, from

a, = C,_,/(al)I + (Go)l_l_.

It should be noted that this equation assumes that the zero lift angle in viscous flow is unchanged
from that in inviscid flow. This assumption is adequate to the purpose of this paper but may not
be valid in other contexts.
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The procedure so far has led to a set of pressure distributions each associated with &yalue of and

(vi) Determine the aerofoil upper-surface slopd8) for a series of chordwise stations such that
the numerical range of8 slightly exceeds the numerical range a@f, , taking into account
both positive and negative values odr,

(viiy  Determine:-

(@) the chordwise position of the crest for each value af, - the crest being defined as the
point at which the aerofoil surface is tangential to the undisturbed free-stream
direction, i.e. 0 = a, ,

(b) the incompressible pressure coefficient at the cre¢C for each value af

pcres?

(vii)  Use Cpcrest to determineM, from Figure3.

This figure presents the relationship that

0.515 1+ 0.M3)3° - 1
perest 0.7FM2

derived from the more general expression

_ (PHYL + %(y-1)mMgpYo-D 1
P oyFM2 '

F is the Karman-Tsien compressibility factor and in the former expression is given by

F= [BD + 1/2(1_BD)CpcresJ_1'

(ix) Use the Prandtl-Glauert compressibility correction factor (By) evaluated at the drag-rise
Mach number (M) to obtain the lift coefficientC, ;, from

Cip = Cu/Bp-
x) Plot the drag-rise boundary as the locus of the pointéC, 5 , M)
(xi) Examine the pressure distribution in relation to the criterion introduced in Sectio4.2.1 to

determine the incidence range for which a premature slow growth of wave drag with Mach
number may be anticipated.

The reason for using different compressibility correction factors in steps (viii) and (ix) is given in
Sectiorb.2 Other differences between the above procedure and that of Refeagackiscussed in Sections
5.3and5.4.
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4.2

42.1

With the possible exception of obtaining the incompressible pressure distribution, the process itemised
above may be readily evaluated by hand. Nevertheless, if the method is to be used regularly a digital
computer programme should be of value. A flow diagram is given in Fidure

Applicability

An assessment of experimental data (Sediand Figuregl to 7) has shown that the method has a wide
range of applicability. This stems from the general validity of the proposition that the shock-at-crest
condition corresponds to the onset of the rapid increase in drag coefficient, and hence by definition to the
drag-rise Mach number, and from the accuracy with which this condition can now be predicted. The
applicability is conditional upon the flow over the section being everywhere attached, but other limitations
are mostly ones of degree only, arising from certain special cases in which the proposition that the
shock-at-crest condition corresponds to the rapid increase in drag coefficient needs some qualification.

The shock-at-crest condition

The correspondence between the rapid drag rise and the shock-at-crest condition on which the method i
based is valid for the majority of cases. Sirfhdtowever, demonstrated the failure of the method for one
case and Referendesuggests that two classes of special cases exist for which the significance of the
shock-at-crest condition needs further clarification. These classes represent two forms of behaviour which
can occur when a suction peak exists ahead of the crest and arise when the development of the loce
supersonic flow from the peak is either:-

(a) so conditioned that the shock grows significantly in strength even before reaching the crest, or
(b) so contrived that the shock can be kept weak and short even after passing over the crest.

Features of the pressure distributions for cases (a) and (b) have led to their being referred to respectively
as of ‘triangular’ or ‘peaky’ type. These descriptions derive principally from the shape of the pressure
distribution when presented in the form of a suction loop generated by plotting pressure against a skewed
zordinate (designaterd ) as illustrated in Figiréhe same identifying features may also be recognised

in the conventional plot of pressure against chordwise distance, but the former plot is the more pertinent
because it combines the relevant features of both the chordwise pressure distribution and the aerofoil shape

For the triangular case the characteristic feature of the incompressible-flow suction loop lies in its full,
triangular form (Figurd). This figure also illustrates the reduction in the size of the suction loop effected

by the first significant-drag-producing shock wave. A second feature of the triangular case is the failure of
the flow over the foremost part of the chord to achieve the expansion necessary to maintain, with increasing
free-stream Mach number, an overall balance representing zero wave drag in the face of pressure change
over other parts of the chord. This feature is apparent when the suction loop formed by the actual distribution
is compared with the ‘equivalent shock-free distribution’ derived by applying the appropriate
compressibility factor to the low-speed pressure distribution.

A precise criterion for recognising the triangular case is given later.

The characteristic feature of the peaky case is the pronounced hollow downstream of the peak suction. Thi
hollow can be identified in the incompressible chordwise pressure distribution and, more readily, in the
incompressible-flow suction loop as indicated in Figui&hen, with increasing free-stream Mach number,

the local flow becomes supersonic a suction peak is retained near the leading edge and this ‘leading-edge
suction, integrated over the forward facing areas, remains sufficiently high to balance some development
of low pressure supersonic flow to the rear of the crest.
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The following additional remarks relate to the significance of the shock-at-crest condition and have a
bearing on the applicability of the method.
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(a) The case having a suction loop of triangular form

In this case, the development of the local supersonic flow leads to significant shock strengths and
wave drag even while the shock is upstream of the crest. However for small or moderate angles of
incidence theapid increase in shock strength is usually deferred until the shock reaches the crest
whereupon theapid increase in drag is still encountered. An analysis of experimental results
(Sectiorb) has shown that for this case the shock-at-crest condition and the drag-rise Mach number,
My, predicted by the present method continue to give a good indication of the Mach number for
the rapid drag-rise, but, beloM , at the free-stream Mach numbers for which a region of local
supersonic flow exists, a significant supercritical drag-creep occurs. This can result in increases in
Cp varying from perhaps 0.002 near zero lift to 0.01 (or more in extreme cases) at moderate values
of C, (say, 0.6) aM = My , prior to the start of the steep drag-rise. The typical variation of drag
coefficient at constant incidence in such a case is illustrated in several of the examples in
Figure 6. The NPL 491 aerofoil (Figui®) provides a relatively extreme example; the first
occurrence of local sonic floWM.;,) on the upper surface, derived from two-dimensional
wind-tunnel data, being indicated for= 2° and 3° to illustrate that the drag-creep in question is
a supercritical phenomenon.

The strength of the early shocks upstream of the crest generally becomes progressively stronger a:
incidence is increased on any given aerofoil and the distinction between the initial slower rise and
the later more rapid rise becomes less marked as the supercritical drag creep becomes more
pronounced. Eventually shock-induced separation tends to occur — at some point before the
predictedM, (see Sectign2.2. The drag variation is then of the form indicated in the top curve

of Figure 5e.

An empirical criterion for identifying the features of the aerofoil and its pressure distribution which
contribute to the full triangular form of the suction loop has been established. It is implicit in the
development of the local supersonic flow associated with such a suction loop that this criterion will
identify cases which exhibit a supercritical drag-creep. Thus the criterion may be stated in the
following terms:-

A premature slow growth of wave drag should be anticipated if the negative incre tin in
the incompressible-flow pressure distribution exceeds in magnitude 0.07 for an increment of 0.25
in Z)C(rest 8d(x/c), or, for a decrement of 0.0044 in z/c, in moving upstream from the crest at the
appropriate incidence being measured in degrees

The summation is an approximation to the change in ordinate of the aerofoil but in the context of
the procedure (Sectighl) may be the more convenient to use.

The derivation of this criterion is illustrated in Figudésand11 and is described in Appendix

In certain cases (the NACA 0015-63 aerofoil in Figlités an example) the criterion will predict

a supercritical drag-creep at all values of incidence and it is implicit in the criterion that as the
incidence is increased, all aerofoils will eventually develop a pressure distribution of the form that
leads to a supercritical drag-creep. The incidence above which this happens for any particular
aerofoil will depend on the rate at which adverse pressure gradients develop with increasing
incidence, and the rate at which the crest moves forward into them. This topic is the subject of
further discussion in AppendiX.
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4.2.2

4.3

(b) The case having a suction loop of peaky form

In this case the onset of the rapid drag-rise may be delayed until the shock is substantially
downstream of the crest. The predicted valudgf may therefore be conservative (by as much
as 0.02 or possibly more).

The attainment of the optimum effect at a specified design lift coefficient, however, is critically
dependent on the precise features of the surface slope and pressure distribution (see Reference
It requires a specialised design procedure which is outside the scope of this document.

A degree of the favourable effect is sometimes obtained for a limited range of incidence on
conventional aerofoils — usually, if at all, just above the incidence corresponding to the condition
of a roof-top pressure distribution in compressible flgw=Mp) . The results for the 12%
RAE 103 aerofoil in Figure 5e provide an illustration of this.

It is emphasised that the term peaky or triangular is strictly applicable to the form of the suction loop and
may be relevant to an aerofoil over only a limited range of incidence. The majority of cases as demonstrated
by Figures7a andl11 conform to neither of these patterns. For these the correspondence relating the
shock-at-crest condition to the rapid drag-rise is undoubtedly valid and the method presented here provides
an excellent prediction of the Mach number corresponding to the development and rapid growth of wave
drag.

The attached-flow condition

The method should only be applied when the flow is attached. This implies that the ¢&jyedMpy)
locus will cease to be valid when either subsonic-type separation under strong adverse pressure gradient
or shock-induced separation occurs at Mach numbers Hdigw

The limit set by subsonic-type separation can, if necessary, be estimated by the availablé® fioethods
predicting the separation of either laminar or turbulent boundary layers in subsonic flow.

Shock-induced separation should present no limitation to the applicability for cases in which a supercritical
drag-creep is not encountered, at least for boundary layers that are turbulent at the shock, because th
separation will then almost certainly be delayed until the strength of the shock is considerably greater than
that which provokes the rapid drag increase appropridiéto

The development of relatively strong shock waves upstream of the crest, however, can restrict the
applicability of the method with increasing severity as incidence is increased progressively beyond that at
which a premature slow growth of wave drag is first encountered. This arises when the shock becomes
strong enough to cause shock-induced boundary-layer separation while it is still upstream of the crest, anc
hence before the predicted valueMf, . The premature drag-rise then becomes even more severe and i
some cases quite rapid. Under this circumstance the method is no longer applicable and would be expecte
to fail completely. An example of such a case is shown in Figure &c fo6°

Accuracy

Comparisons with experimental data (Sec@phave shown that the method predicts the onset of the rapid
drag-rise to withint0.015 in Mach number for the majority of cases. Alternatively, the accuracy of the
method may be stated as being equivalent to an R.M.S. error of 0.01 in Mach number between prediction
and experiment. No significant shock-wave drag should be present at the predicted vislges of , except
for the cases identified by the criterion of Sectib@.1 For these a slow but significant growth of
shock-wave drag would be expected at lower Mach numbers.
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For those aerofoils designed using specialised techniques to have a ‘peaky’ pressure distribution, or for
those which fortuitously develop a degree of this favourable effect, the method should give an estimate of
Mp which is conservative by 0.02 or possibly more.

5. THE DETAILED DEVELOPMENT OF THE METHOD

The steps in the development of the method that will be of most interest to the user are those that have
contributed and are essential to the level of accuracy and generality achieved in predicting the shock-at-cres
condition from a knowledge only of the aerofoil geometry. This development — from the stage at which
Nitzberg and Cranddlused as the criterion sonic velocity at the crest — has been based on the more realistic
criterion of Sectior8, the framework provided by Sinnbtand on further studies of the viscous effects

and compressibility correction factors.

5.1 Incompressible Pressure Distributions

The method in its present form has been developed around the use of the Weber formula for calculating the
incompressible inviscid pressure distribution because, although this formula is based on linearised theory,
it takes into account many important non-linear terms. Furthermore, its use is consistent with the adoption
of the Weber formula throughout a large section of the British Aircraft Industry as a ready means of
determinigg the pressure distribution for the more general case of finite, swept wings of non-zero
thickness”.

The procedure of Sectiof.l is not restricted, however, to the Weber theory and any equally valid
alternative method may be substituted.

5.2 The Compressibility Correction Factors

The values of shock-downstream pressure used in Sinnott’s transonic aerofof| gretbiy particular the

value of 0.5151, which defines the location of a weak shock wave (Se8jiamere established empirically.

In deriving his empirical relationships, Sinrfottade some use of a compressibility correction factor but

he was careful to avoid uncertainties due to tunnel interference in particular experiments by considering
changes for small increments only in Mach number. This also avoided the dependence on any one
compressibility factor and hence any further uncertainties on this score. He formulated his theory in such
a way that it could be used with the factor considered most appropriate for a particular purpose and could
be adapted in the light of subsequent progress in the derivation and justification of improved rules.

ESDU Copyright material. For current status contact ESDU.

It is now clear that the most generally appropriate compressibility correction factor will be a function of
chordwise position (or surface slope) as well as of the value of the incompressible velocity or pressure
coefficient at any position. The precise form of this function has not yet been determined. In the meantime,
an analysis of representative experimental'datas indicated that the variation with Mach number of the
pressure coefficient near the crest position is well represented by the Ka&rman-Tsien rule and that this rule
can be used to predid,  from the incompressible-flow value of the crest pressure coefficient. The
variation of overall lift coefficient is, on the other hand, best represented by the Prandtl-Glauert rule. These
different rules are thus used respectively in steps (viii) and (ix) of the procedure and are strongly
recommended for the present. It will be clear, however, that the method is still formulated in such a way
as to be readily adapted if and when a more precise method of dealing with the compressibility corrections
should become available.
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53 The Correction for Viscous Flow

The pressure distributiarear the cresbbtained for a given lift coefficient and Mach number is relatively
insensitive to viscous effects provided, of course, attention is confined to attached flow. As indicated by
Sinnott, therefore, the major influence of viscosity can be eliminated by deriving a drag-rise boundary
directly in terms of Mach number and lift coefficient. However, it has now been $htvanin selecting

the crest pressure from the theoretical inviscid pressure distribution for the purpose of esMpating for
agivenvalueo€C , (andhenG) itisfrequentlyimportantto know the crest position more accurately
than would be given by taking the inviscid flow lift-curve sloﬁml,)I , and angle of incidgnce . The
procedure for estimating;,  was thus evolved as a further Jevelopment from Referandewas
instrumental in widening the range of aerofoils for which the predictions agree well with experiment. As
might be expected this is particularly relevant to those cases in which a substantial pressure gradient exist
in the neighbourhood of the crest. On the other hand the sensitiWwty, of to this correction is not such as
to merit a more sophisticated estimation of the lift-curve s(@gg than that indicated in 8eiction

54 The Restriction to a Single Criterion for Predicting Drag-Rise

In Referencel an alternative definition of drag-rise was suggested, to be invoked in certain special cases
in preference to the definition in Secti®nThis alternative definition was chosen to give the higher values

of M appropriate to a particular ‘roof-top’ pressure distribution which led to a delayed formation of the
shock wave. However, the alternative definition was not found to be generally applicable in the manner
expressed in Referenté¢o the wider range of experimental results now considered. The overall correlation
with experiment was in fact slightly better using the general definition only. This also has the merit of giving
the more conservative prediction in the cases of doubt. The use of this particular alternative definition is
therefore not recommended, but certain results in FigarasadL1 clearly demonstrate the need for further
analysis leading to a more appropriate definition of the régime in which the formation of the shock is
delayed, and a criterion by which these cases can be recognised.

6. EXPERIMENTAL VERIFICATION

A preliminary step in the verification of the method was to collect a brief bibliography of experimental
drag data on two-dimensional aerofoils at high subsonic speeds. This was restricted to data obtained a
Reynolds numbers (M = 0.7) greater than £0to data believed to be free from condensation effects and
data either free from tunnel interference effects or corrected adequately for them. This bibliography
although not necessarily exhaustive may be of wider use in its own right and so it is included here as
AppendixB. In particular, the aerofoils for which data have been collected, nearly 100 in number, are listed
in Tables B1.1 and B1.2 of this Appendix.

ESDU Copyright material. For current status contact ESDU.

Initially the drag-rise boundary was calculated for all but a few of these aerofoils using a method closely
resembling that outlined in ReferenteThe results obtained highlighted the need to take account of the
effect of viscosity on lift-curve slope (see Secttf) in determining the crest position for a given lift
coefficient. The inclusion of this step proved particularly significant for the cases having suction loops
exhibiting or approaching full triangular form since for them the crest is in a region of marked pressure
gradient so that small changes in crest position noticeably (o1 andMgnce . This first study
also prompted an examination of available compressibility laws (see Se@ido establish which most
nearly represented the variation@lgCrest and with Mach number.
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The method in its developed form (Sectibh) was applied to some 30 of the aerofoils, selected to represent
the whole range of aerofoil design parameters but also to include, relative to the initial selection, an
unrepresentatively large proportion of those showing a supercritical drag creep. These aerofoils and the
values of incidence for which specific comparisons have been made between prediction and experiment
are listed in AppendiX. The incidence range for each aerofoil was limited either by the availability of
data or by the requirement that for strict applicability of the method neith€, tivea 0y thev

curve should be influenced by boundary-layer separation pridpto . However, the latter requirement was
waived in a few cases to illustrate (for example, the 12% RAE 103 aerofoil on Eijutteat when
shock-induced separation occurs before the predicted valivg, of , it is a natural sequel to the type of
supersonic flow development for which a supercritical drag creep occurs.

The predictedMp €,) locus (Figu# was obtained for each aerofoil from a set of arbitrarily chosen
incidence valuesy,; , with Reynolds number assumed to be that correspoiing.foin the appropriate
wind tunnel tests and with transition assumed to be at the leading edge.

The experimental values of drag-rise Mach nunibég.) were assessed, in general, from measurement:
of drag coefficient made at constant values of incideage, , for vigjich varied with Mach number.

Figure 4 illustrates that in attempting to correlate prediction with experiment, there are, for a given
assessment d¥l,, , two possible interpretations of the predicted drag-rise Mach number, although the
predicted boundary itself is quite unique. These possibilitieS\/@lg (constant incidendé), and
(constant lift coefficient, namely, the value ©f measured at the experimental drag-rise Mach number).
The latter interpretation has been used throughout this memorandum because it is the more appropriate t
aircraft design and also leads to the more conservative assessment of the accuracy of the method, althouc
it has the disadvantage of being dependeriign

The definition ofM, is itself open to some debate and for the primary analysis in this memorandum the
experimental drag-rise Mach number has been taken as that Mach number fo€yyhich first noticeably
departs from an extrapolation of the subcritical curve, assuming no wave drag, as illustrated bak-igure
The measured subcritic&,-v-M  curves will have included variations of profile drag coefficients that are
due to compressibility effects which arise in the absence of shock waves, to changing Reynolds number
(which increased with increasing Mach number) and, possibly, to changing transition position (where this
was not deliberately fixed near the leading edge). The extrapolated subcritical curve will, by implication,
also include these effects, varying in a consistent manner with Mach number. Thus it was thought that this
definition of M, obviated any need to correct the experimental data to constant Reynolds number and
transition position.

For aerofoil sections showing a supercritical drag-crivhp, , by virtue of the above definition, lies at the
beginning of the drag-creep rather than at the beginning of the rapid rise. In order to assess the accurac
with which the present method continues to predict the beginning of the rapid drag rise, a definition of the
experimentafapid drag-rise Mach numbe¥ ., , has been invoked. This isMbat is the free-stream
Mach number for whicdlC,/dM =0.05 . This slope is far less than the maximum slope Gf,tveM

curve but greater than that of the supercritical drag-creep. In the absence of a supercritical drsigsgreep,

would therefore not differ noticeably froMp, . Asisthe caséfgy, , two interpretations of the predicted
drag-rise Mach number correspondingMg,, are possible, naMg[yer Mglpd (seelFigure
In Figures 5 and 6 the predicted values of drag-rise Mach nuMBgE , are indicated by arrows for direct

comparison with typical experimental results.
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Figure 5 presents a selection which excludes aerofoils designed specifically to exploit peaky characteristics
and those falling within the criterion defined in Sectldh 1at very low values of incidence. The agreement
between prediction and experiment is seen to be extremely good. Attention is drawn to the data for the 12%
thick RAE 103 aerofoil in Figure 5e which shows results that are optimistic compared with prediction for
small finite values of incidence. This feature has been observed on other similar aerofoils and is an example
where the local supersonic flow development is approaching that achieved with peaky velocity
distributions.

Figure 6 presents a selection of results for aerofoils for which a drag creep would be expected, by virtue of
the criterion of Sectiod.2.1for incidences above a certain small value in each case and for these incidences

Mpe, and Mpper are also indicated. It will be seen that, in general, the characteristic creep preceding

Mp., becomes more pronounced as incidence is increased for a given aerofoil.

The complete set of results is presented in Figaras a correlation between prediction and the initial
drag-rise determined from experimental data. Some of the scatter in Fayoa@ be attributed to the
uncertainty in this interpretation 8,  but it was chosen after much consideration as the most consistent
and the most apt of several possible interpretations. This uncertainty in interpretation is clearly increased
by the supercritical drag-creep when present, but would in no way account for the consistent lack of
agreement of the initial drag-rise with the predicted value for the examples identified by the criterion of
Section4.2.1— shown in Figur@aby solid points. All but one of these points are displaced from the line

of perfect correlation by more than —0.015Mp,, . The extent of the displacement is a measure of the
Mach number range over which the slow supercritical drag-creep can be expected. Some of the points or
Figure7a which showM, toexceed,,, by more than 0.015 are attributable to cases exhibiting varying
degrees of the favourable effect associated with peaky velocity distributions.

The cases represented by solid points in Figaeee re-presented in Figuiein the form of a correlation
between the experimental rapid drag-ridép,,) and the corresponding prec(lvtg)&r) . Good
correlation is now obtained, indicating that the shock-at-crest condition retains its importance in marking
the onset of a rapid increase in wave drag even for those cases subject to a significant supercritica
drag-creep. Figuré& and’b, taken together, justify a high degree of confidence being placed in the method.
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