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A METHOD FOR ESTIMATING THE PRESSURE DISTRIBUTION BETWEEN THE
CREST AND THE TRAILING EDGE ON THE SURFACE OF AN AEROFOIL SECTION
IN A SONIC STREAM

1.

INTRODUCTION

The transonic flow past the surface of an aerofoil, at stream speeds below sonic, is characterised by the
presence of a region of local supersonic flow enclosed between a sonic line, the aerofoil surface, and, at
the downstream end, a terminating shock wave. Transition from this phase to one which is characterised
by the presence of a small region of subsonic flow at the leading edge, embedded in an otherwise wholly
supersonic flow, occurs as the free-stream speed approactiesTdis transition is achieved by a growth

of the local supersonic region outwards aedrwards, the rearwards growth beirantrolled by the
movement of the terminating shock (Figlmgwhich approaches the trailing edge as the stream speed nears
sonic. The corresponding development of théage prasures is illustrated by an example in Figlire

The pressure distribution that is established whenrdeedtream isonic (M, =1) is significant for two
reasons. Firstly, it is essentially invariant for a small range of stream speeds on either side of sonic speec
and is often referred to as theohic-range’ pressure digtution; the correspondingear-stabnary point

in the variation of surface pressure wih, at any given fixed point upstream of the shock wave is often
referred to as the ‘sonic-freeze’. Secondly, the form of that part of tkeyseedistribution between the

crest (defined as the point at which the aerofoil surface is tangential to the undisturbed free-stream direction,
as shown in Figur@) and the terminating shock wave remains similar for an even wider range of speeds
below (M, =1), Sinnott shows how this part of the pressure distribution may be derived from the
sonic-range pressure distribution as a stage in his method for predicting mixed supersonic/subsonic pressur
distributions which, in turn, form the basis for predicting the onset ofeffexts ofshock-induced
separation, such as buffeting. It is in this context that the need to estimate the sonic-range pressure
distribution is most likely to arise.

The method presented here is similar in principle to that suggested by Shutatiffers appreciably in

detail, and is founded on data that are far more extensive and general than those available to Sinnott. Firstly
the flow conditions at the crest and the trailing edge are established in terms of the Prandtl-Meyer flow
deflection anglew (see Secti@r?). The Prandtl-Meyer angle at the crest is obtained by a method based
on the local linearisation theory developed by Spreiter and Afkemesharp-nosed non-lifting aerofoils,

but here extended empirically to both round-nosed and lifting aerofoils. The Prandtl-Meyer angle at the
trailing edge is predicted from an empirical relation similar to that suggested by Hdlten, between

the crest and the trailing edge, the distribution of the expansion wave thatriatgdrdirectly by the curved
surface of the aerofoil (Figu® and the distribution of the interacting compression wave that is reflected
from the sonic linare based on theoretical relatsiips for sonic flow.

To apply the procedure, detailed in Sect®iit is necessary to specify only the aerofoil geometry and the
geometric angle of incidence for which the calculation is to be made.
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2.

2.1

NOTATION

AX

W
chr
Suffixes

Ccr

te

Units

aerofoil chord

pressure coefficient

stagnation pressure in undisturbed stream
local Mach number

free-stream Mach Number

local static pressure
a parameter involving the leading-edge shape (see S&ction

a parameter involving the thickness-chord ratio and the changdacesiope near the
crest (see Sectiohl)

aerofoil maximum thickness
a parameter involving the chordwise distance (see Se2pn
chordwise distance measured from the leading edge

chordwise distance between points on the aerofoil surfaceafh—a) = 4° and 2°
(see Figure @

angle of incidence
ratio of specific heats of air, here taken as 1.4

geometric flow-deflection at the trailing edge assuming zero downwash

aerofoil surface slope relative to the chord line
aerofoil nose radius

Prandtl-Meyer angle corresponding to local Mach number on the aerofoil surface
effective compression angle

correction term dependent &

pertaining to the crest position

pertaining to the trailing edge

Throughout this document all angles are given in degrees.
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2.2

3.1

Definition of w

The Prandtl-Meyer angley , is defined as the angle through which a streamline would have to be deflected
in a simple-wave (or Prandtl-Meyer) expansion in order to accelerate the flow from an initial local Mach
number of unity to the value in question.

METHOD '

The method is based on theoretical relationships for sonic flow, modified and extended in applicability by
empirical factors derived from an analysis of numerous experimental results. It has been found to give
reliable results for a wide range of aerofoil section shapes but for aerofoils having zero or very small
leading-edge radius the prediction @f, may be in error for angles of incidesatergthan 2° (see
Sections4.1 and6.1).

The local flow characteristics on the surface of the aerofoil are determined in three siagesxfressed

in each case in terms of the Prandtl-Meyer flow-deflection angle . The three stages comprise the
evaluation ofw at the crest, the evaluationwof  at the trailing edge and the distribution of  between the
crest and trailing edge. In a fourth and final stage is converted to a pressure ratio, a pressure coefficient
or a local Mach number as indicated in Sec8ch

The procedures in Secti@nlto 3.3detail the application of the method to the upper surface of an aerofoil

for agiven incidence, and with the geometry specified in terms of co-ordinates and surface slopes. However,
the procedure may readily be applied to the lower surface by inverting the aerofoil and changing the sign
of the incidence.

The Evaluation ofw at the Crest

® Determine the chordwise stations corresponding to
@ 6=aqa,
(b) 8 =a+2°,
(©) 8=a+4°,
and hence evaluate AX _ g _ O

C_[bDG:cx+2° Cely = g + 4

(i) Evaluate the thickness parameleand the leading-edge parame®emwhere

_ (wtic)??
T = Ml
Ax/c

AXOPo
Oc 00O
and R _—

oo oo
(e, 60

T Attention is drawn to the alternative and more comprehensive method for predicting the complete sonic-range pressuoa distributi
an aerofoil in T.D. Memo 69013. The results of applying the methods of T.D. Memos 6511 and 69013 are in substantial agreement over
that part of the chord where comparison is possilgiebetween the crest and the trailing edge. T.D. Memo 6511 is, therefore, retained
in the Series since it provides the more rapid estimate of the sonic-range pressure distribution where this is requiesthdofvhstr
crest only.
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(i) GivenT, determing(w,,—Aw,,) from Figura.

(iv)  GivenR, determineAw,, from Figuré.

(V) Evaluatew.. , where

cr ¢
Wer = ((*)cr - A(‘ocr) + A(‘ocr'

3.2 The Evaluation ofw at the Trailing Edge

where
o)

® Determined,,, ,

a - 6,, (see Figure).

te =
(Note thatB,, is a negative quantity and that this relationship assumes zero downwash.)
(i) Determinew,, from the relation

Wye = O + 1°.

3.3 The Evaluation ofw at Points Between the Crest and Trailing Edge

(i) Evaluate®te , where

G)te:(*)cr_lo'

The remaining calculations must be performed for sufficient values of x, between the crest and trailing
edge, to establish a well-defined pressure distribution.
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(i) Evaluate the chordwise parame}rwhere
X —
X = o
C— Xr

(i) Given X, determined/Gy, from Figurd and hencéy at each chordwise stakion
(iv) Determine the local Prandtl-Meyer flow-deflection angle

W =w, + (0-6) — .
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3.4

4.1

The Conversion ofw to Other Quantities
Use w to determine either
(@) the static pressure ratip/id) from Figure6,

(b) the pressure coefficiefC,.)  from Figufé
or (c) the local Mach numbeM) from Figures8.

T It should be noted that although FiguBeand8 can be used generally if desired, Figtiaplies only for1\/|O =1 .

Figures6, 7 and8 are derived from the following equations, taking 1.4

Y v
I = rv-Dly O e a0 -0y O
T (w+90) = cosecl{L%D - 15} + [y +1(f" tan tE—2— R0 _1f

180 y—1EHD T y+10HO g
y/(y-1)
2
. %%l#/z(y—l)MoJ ~1
P YoyM> ’
2
M = L2 0 Hpr =Y 15/ .
F—10 S0 .

BASIS OF THE METHOD

The method has been built upon a number of empirical correlations, some of which are theoretically based,
and all of which have been substantiated by experimental results on a wide variety of symmetrical and
cambered aerofoils.

Prediction of W,

It has been demonstrafedthat the value of the sonic-range pressure coefficient at the crest, calculated by
the local linearisation theory of Spreiter and Alksfier a family of sharp-nosed non-lifting aerofoils,
compares favourably with experimentfede-stream Mach numbers closeutaity. For affinely related
aerofals at zero incidence the theory shows B3¢, is directly proportiorfsdtia)2/3 and Thdmpson
noted that by introducing the paramefed/c , first used by Sfhribé theoretical results of Spreiter and
Alksne for a family of paraboliarc aerodils produced a unique curve @f,  vergusie then found that
allvalues ofw,,, calculated by Spreiter for a range of sharp-nosed aerofoils collapsed onto this same unique
curve. Furthermore, it has now been shown that experimentally determined crest pressures for a large
number of round-nosed aerofoils of arbitrary shape, over a range of incidence, also collapse onto the same
curve, as illustrated in Figur@— the points represented by solid symbols having a special significance
discussed in the next paragraph. :

The collapse is not complete for all the aerofoils shown in theledon. In particular, some round-nosed
aerofdls (and most sharp-nosed sections at incidence) were found to exhibit an over-expansion peak near
the leading edge under conditions for which the sonic point was so situated on the leading edge as to allow
a large flow deflection in the initial rapid expansion. In some cases this phenomenon, illustrated in Figure
10, caused the crest pressure to deviate considerably from the value predicted by the curve th Figure
Thus, to improve the collapse of Figi@even further, a correction terdw,,  was introduced to account

for this deviation, and is presented in Figlileas a function of the leading-edge correction paranketer
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The modified correlation of experimental ddta., —Aw,,) , which results when the oecion term given

by the mean line of FigurEl is taken into account, is shown by FigliPevhere (as on FiguB the points

for which the corecion termAw,, is significantife. R>0.04) are shown by solid symbols. The overall
accuracy in the estimation of,,  is now implicit in Figdée For most caseSw.,  is zero and the curve
for the paraboliearc family of aerofoils, derived from the theory of Spreiter arkdA¢, remains unchanged
between FigureS and12 sincep/c , and henakw,, , is zero. For the same reason Eiygannot be
used to estimate the effect of thedeay-edge oveexpansion on the crest pressure for sharp-nosed sections
at incidence. However, the deviation @f, from the predicted value given by the curve in%ifprre
incidences below about 2°, is relatively small for the majority of sharp-nosed sections.

Data for 26 round-nosed sections at varying incidene@wsed in the comptlan of these correlations,

and the maximum deviation from the mean lines is ahdiit . Of the data analysed only the NPL 491
aerofoil (forwhich the position of maximum thickness isxat = 0.2) at incidences greater than 2°, shows
deviations considerably in excess of this. Above this incidence, the crest of this aerofoil is forward of about
x/c = 0.12, which draws attention to a possible need for caution when the crest position is very near the
leading edge.

4.2 Prediction of Wye

A correlation ofw,, andb,, was first suggested by Hdlder the present work a similar correlation has
been established but extended to very much higher valdgs of  , as shown iiBigure analysis shows

that for values of6te from about 1.0° to 18.5°, the mean variatiowtgf &{gh can be expressed
empirically as

W = O+ 1°.
Some comment is appropriate on the method adopted in analysing the experimental results to derive the
value of w,, plotted in Figuré3. In most instances the measured data indicate that the influence of the
trailing-edge shock-wave spreads upstream of the trailing edge because of the interaction of the shock anc
the boundary layer. In the method herein presented, no attempt is made to account for these effects and th
value ofw,, is appropriate to flow in which the influence of the trailing-edge shock does not spread forward
onto the aerofoil. For the purpose of the correlation in Figj@tbe experimental points were extrapolated

from a point upstream, free from the influence of the shock, to give an equivalent valyg of (see
Figure10). The extrapolation was performed using a procedure similar to that in S&&&md therefore
consistent with the application of the method. :
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4.3 Distribution of w Between Crest and Trailing Edge

The variation ofw between crest and trailing edge can be determined from (i) the strength of the simple
wave that would be generated by the change of slope at the surface if the supersonic flow approaching the
crest were uniform, and (ii) from the strength of the compressive wave that must be superimposed on this
to account for the non-uniformity of the flow. The compressive wave can be considered as originating from
the sonic line bounding the local supersonic flow. Ooge @pd have been established the total
magnitude of the compression between crest and trailing edge is known from the following expression:

Wie = W

+6te—w

te r te*

From the relation given in Sectidn2, this expression simplifies to:

. — o
Wi = (’ocr_:L :
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6.1

6.2

Sinnotf showed that by representing the distribution of the compression in the non-dimensional form shown
in Figure5, the same distribution was obtained for all aerofoils, at least to the same order of accuracy as
obtained in the empirical relations foy,, aogl, . In his method for predicting sonic-range pressure

distributions Sinnoftused the theoretical distribution for a double-wedge aerofoildret the slution of

Spreiter and Alksnefor a 10% thick paraboliarc section is used (FiguR because it gives an equally

good correlation and is more consistent with the derivatico pf

ACCURACY

The accuracy of prediction obtained with the present method, within the limits of applicability discussed
in the next Section, would be expected to correspond tadberacy withwhich w., andw,, can be
predicted. Figured1-14 suggest this to be withinl® an  (or to the corresponding limits on pressure
or local Mach number) for the majority of cases. Some additional error may accrue from the adequacy with
which Figure Fepresents the distribution of compression between crest and trailing edge. The comparisons
with experiment shown in Figufiel suggest that this latter effect does not significantly affect theaogu
because maximum deviations in the local pressure gtih,are about:0.015 (awesponding to about

+1° on w forw less than about 20°) excepiinthe trailing edge, where the experimental results are
influenced by the trailing-edge shock. The discrepancies near the trailing edge do not materially detract
from the value of the method.

Although the overall accuracy of the method may be judged by the adequacy with which it represents
experimental data, the question arises whether some allowance must also be made for inherent inaccuracie
in these data. In this respect it is appropriate to add that the experimental data have all been obtained fron
tests at the National Physical Laboratoryewehresits® have shown thatrrors due to windunnel wall
interference lie within, and indeed partly account for, the scatter of the correlations. These maselts

also shown that if tunnel ietference effects are eliminated, the agreement between experiment and the
theory of Spreiter and Alksne is extremely good for those aerofoils for which comparison is possible.

APPLICABILITY OF THE METHOD

The method presented in this Memorandum may be applied to a wide range of round-nosed lifting aerofoils
and also, in a more limited extent, to sharp-nosed aerofoils.

Because the method is partly founded on experimental data, viseffasts, other than
boundary-layer/shock-wave interaction near the trailing edge, are included. Also, since the results used or
derived in this method agree well with the inviscid theory of Spreiter and Alkemerever comparison is
possible (see also Referereit follows that the method may be applied over a wide range of Reynolds
number.

Application to Sharp-Nosed Aerofoils

Experimental evidence indicates that for sharp-nosed sections, or sections with a leading-edge radius les:
than about 0.0Q4, the procedure for estimatimgcr should be limited to an incidence less than about 2°.

Application to Round-Nosed Aerofoils

It is not possible to specify precise limits for which the method is applicable to round-nosed aerofoils.
However, the values of the geometric parameters given below represent the range of available experimenta
data used to establish the validity of the method, but do not necessarily represent the ultimate limits of
applicability.

Documents
7 Document Sharing Hub

Copyright Engineering Sciences Data Unit
Provided by IHS Markit under license with ESDU Licensee=/, User=,
No reproduction or networking permitted without license from IHS Not for Resale,

Full document details: ESDU TD MEMO 6511 A 1969


http://www.avadocuments.com/doc/esdu-td-memo-6511-a-1969
http://www.avadocuments.com/doc/esdu-td-memo-6511-a-1969

