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TECHNICAL NOTE MO. 1372

CONSITRRATIONS OF THE TOTAL IRAG OF
SUPERSONIC ATRFOIL SECTIONS
By H. Reeso Ivey and E. Bernard Klunker

The results of caloulations of the viscous and prescure drege
of some two-dimensicnal supersonic airfoils at zero 1lift are presented.
The results indicates that inclusion of viscous dreg alters many
previous results regayrding the desirability of certain airfoil shapes
for securing low drags at supersonic speeds. At -certain Reynolds and
Mach numbers, for instance, a ciroularears airfoil may theoretically
have less dreg than the previous)y advooated symmetrical wedge-szhape
profile; although under different conditions, the cu-culu--aro
airfoil may have the higher dreg.

nrag oa.lculuticnn for S-percent-thick sy-atrioa.l circular-arc
and double-wedge airfoiln are presented for Mach numbers of 1.35

and 1.6 and Reynolds numbers from 107 to 10°. Unseparated flows are
considered and apmroximate correctiocns for boundary-layer and shock=
wvave interaction are applied only to the momentum thickness at the
trailing-edge shock wave. The theory of viscous supereonic flows
viuh:.n to be extended beicre a more exact analysis of the dreg ie
possible.

INTRODUCTION

Recent experiments indicate that airfoil shapes heretofore
considered good for supersonic speeds may in fact be inferior to
Profilee having higher pressure drsgs. In order to understend better
the behavior of airfoils at supersonic speeds, it ie.desirable to
eliminate and explain apperent contradictions between experiment and
theory. The dreg of thin airfoils may be considered as-the sum of the
Pressure and visgous dregs. Although 2 great deal of work:has been
done on the caleouldtion of the pressure drag, little theoretical work
haa‘boenattenmtod.onthacucuhum of the viscous drag. The purpose
of this paper is.to consider the seperate effects of viscous and
Fressure dreg on the total dreg for-two thin airfoil sections.




the flat lsading and trailing sec
doundary-layer trensition and vis
that of a flat plate. Viscous

that a curved airfoil, such as a double oircular arc, vhich has a
favorable pressure gredient may also have more laminar flov then a
flat-side airfoil and therefore less viscous dreg over a oertain renge
of Mach and Reynolds mmbers.

of the circular-erc mofile is higher then that of the symetriocal
vedgs shapes, the total dreg (viscous and pressure) of the circular
arc might poasidbly dbe the lower for certain oonditioms.

. In order tp demonstrate the effects of viscous and rresswre areg
on the total dreg, celoulations were msde for: two, G-percent-thick
airfoil shapes =-a double circular arc and a symmetrical wedge vith
maximm thickess at the 50-percent chord. ' The calculations were
made for Mach nunbers 81' 1.35 and 1.6 and ‘covered a rangs of Reynolda

mumbers from 107 to 10 .

The preésent paper is intended to serve only as a preliminaxy
. study of the total drag.of a two-dimensional airfoil and neglects
many factors. A more ocmplete analysis would require considereation
of the effects of separation, interaction between the boundary layer
and the shock waves, and angle of attack. Existing thecries need
ocnsideredle develoment before all these factors can be inolwded.

The dreg of a two-dimensional airfoil at zero lift at supersonio
assumod to be the sum of the rwessure dreg and the &rsg due
pressure distribdution is calculated dy assuming
boundary layer,and the shock drag is then resdily
determined froam the pressure distribution. The boundary-layer
} to this pressure djstridbution is
risoqus dreg is then determined from the momsntum
thickness -at the trailing edge of the airfoil,
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The mathod of reference & was used to determine the shock dreg
88 woll as the local values of Mach mmber, velooity, density, and
other conditions along the airfoil. This method requires the
existence of attached shock waves and is therefore restricted to
sharp-ncse sirfoils. In the absence of a boundary laysr and flow
separation the caloulations are aoccurate for the wedge airfoll and
aye & closs approximation for the oircular-arc airfoil. In a more
complete analysis the pressure distridution should be adjusted for
changes in the flowv pattern caused by boundary-layer thickness and
by sudden changes in slops of the boundary-layer displacement
thickmess due to treansition or separation.

The calculated presswre distridution is used to compute the
doundary-layer momentun thickness along the airfoil by the method
of reference 5. Reference 5 assumes the following: The skin-
friction coefficient ie independent of Mach number and pressure
gredient; a fixed velocity mrofile independent of pressure gradient
may be usred; the Prandtl mumber is 1; and no heat canduction occurs.
Both laminar end turbulent boundary layers may be computed apyroxi-
mately by this method with the use of the appromriate constante
given in the reference. For the precent calculations, transition
from laminar to turbulsnt flow was considsred to ocour gsuddenly.
Therefore, in order to compute the momentum thickness along the surface
of the airfoil, perameters corresponding to laminar flow were used
from the leading edge to the point of trensitiocn, and peremeters
carresponding to turbulent flow were used in the equations fxom the

point of transition beck to the trailing edge.

Trancition from laminar to turbulent flow is dependent on such
factors as Mach number, Reynolds number, pressure gredient, streanm
turbulence, and surface roughness. Determination of trensition for
& given body and flow conditions is therefore difficult. Lees (refer-
ence 6) and Schlichting (refsrence 7) have investigated the effect of
Mach number and velocity gredient, respectively, on the stadbility of
the luhmrbmmdmlnnrhyaumingnnishmglymuusmm
In the absence of a stadility theory which accounts for both velooity
greadients and compressibility, it wes necessary to combine the work
of these references. The boundary-layer thicimess for neutrel
stability was considered to be the valus for a flat plate in incom-
pressible flow multiplied by factors to correct for Mach number and
preossure gradient. The critericn used to estimate transition in the
:pmsent mveatigation was consideration of the neutral stability of

leminsx boundary layer. The notation N =1 1s used to denote
tnnaiticn occwrring vhen the boundary-layer momentum thickness
reaches the value for noutrel stability. If the airfoil is well
faired and in a stream of low initial turbulence, trensition need not
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ocowr until the boundary layer is thicker. For example,the transition
curve K =2 correeponds to trensition at a point vhere the doundary-
layer momentunm thickness is twice that for neutral stability.

Bofore a more extended troatment is possible, the stebility
thecry nust be developed to include the cembined effecta of compressi-
bility and precsure gradient. A more complete anslycis will require
en investigation to determine the existence of transition regions, or
shock waves (end hence changes in the pressure Adistridution) due to
transition or separation. In the present paper valuss of the momentum
thickness of the lominar boundary layer were calculoted along the
surface of the airfoil and compared with the corresponding values of
nomentum thickness for neutrel stability. The intersection of the
curves through these pointa gives a possible point of instability
for a given Mach number end Reynolds mumber. The atability criterions
indioate that the critical part of the boundary layer from consideration
of possidle transition is woll forward ocn the curved airfoil.

The momentum thickness increases in passing through the trailing
shock. Approximate corrections for this effect heve bdeen supplied to
the authors dy Mr. Neal Tetervin.of the Phyricdl Research Division.
The assumptions are that the bowndary-leyer mementum equation applies
and that the length over which the pressuro rise takes place on the
surface is .so short that the skin friction can be neglected. The
correction becomes:

92 l)ncav-’a &.
6 "\, P2

vhore 6 1is the momentum thickneos,. V is the velocity tangential

to the boundary layer, H, 15 the average value for compressible .
av ’

flow of the ratio of displacement thicimess to momentux thickness
across the shock, and p 4o the density at the edge of the boundary
layer. The au:bucripts 1 and 2 refer to conditions before and after
the shock,respectively.

In the actual cace, the interaction of the shock wave end
boundary layer resulte in an increase in the momentum thickness, en
increase in the displecement thiclkness,and a change in the velocity
Profile and may cause flow separation. The effect of separation is
to reduce the pressure drag end increase the viascous dreg. At low
Reynolds numbers there mmy be considerable separation resulting in a
total dreg less than the theoretical shock drag (refercnce 8). The
method used was chosen for lack of a more exact method.




- PEESENTNTION OF PIOUNES

Figure 1(a) gives the visocus=dreg coefficient of a flat plate
as a function of Reynolds number based on cherd. The trensition
curves for a Mach nwider M, of 1.35 are nmbered according to the

ratio of boundary-leyer mcmentum thickness ut trensition to the

bound .ry-layer thickness for neutral stedility (N = 2 to 10).

Figores 1(b) and 1(c) give the vorresponding curves of viscous dreg )
at My = 1.35 for's S-psroent-thick circular-arc airfoil and §-perocent-
thick double-wedge airfoil, respectively. The tremsitiocn oocours at

& very much higher Reynolds number for the curved airfoil than for

the flat plate ox wedge airfoil. As the Reynolds mumber is increased,
an abrupt rice in the dreg for the circular-src alrfoil is notioed.

The rezson for the sudden dreg rise is thet the ratio of local
boundary-layer thicimess to the thickriess for local neutral stability
(ss given by Schlichting's theory) resches a maximm well forverd on
this airfoil so that the critical part of the eirfoil (as regands
stability or trenaition) is also well forwerd. A ccuplete wing would
not necessarily experience & sharp drzg rise as the Reynolds number

is inoreased since trensition may cocur at different Reynolds mmbere
over different sections. Purts of the transiticn curvea for the

vedge are dashed to indicate possidle theoretical exrors introduced

by the sudden expansion at-the midchord. The sctual curves may dbe
somevhat to the left of the dashed curves (closer to flat-plate

b o1 s 2(a) end 2(b) give the viscous-drag coefficient at
M, = 1.6 for the G-percent-thick circular-arc and wedge airfoils,

Yespuctively. - These curves show again that transition occurs at a
much higher Rsynolds muber on the cireular arc than on the wedgs;
hovever, transition on both types of airfoil occurs at a lower
Reynolds muber at M, = 1.6 than at M, = 1.35. (See fig. 1.)

Fgures 3(a) and 3(b) compare the vizowus-drog coefficients of
the airfoils at M, = 1.35 and at M, = 1.6, respoctively, for a
oconstant transition number KN = 5. .These figures indicate that the
ciroular-erc airfoll may have a much lower viscous-drag coefficient
than the wedge over a certain range of Reynolds numbers.

The pressure-drag coefficienta are determined t'o be as follows
(from yeference 4): . -
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Alrfoil Pressure.dreg coefficient
(6 percent ﬂuck)“o-l-” = 1.00

Circular arc 0.0218 © 0.0158
Double wedge +0160 0116

When these pressure-drag coefficiente are added to the visoous-
drag coefficients of figwres 3(e) and 3(b) (or in general to figs. 1
and 2), curves are cbtained for the totale-dreg coefficients. See
figures 4(a) and 4(D). For N = 5 the circular-erc airfoil has at
least elightly more dreg than the wedge for all Reynolds mubers
investigated at M, = 1.35; however, the analysis shows that the

wvodge may have the more drag over a certain Reynolds muiber renge
at My = 1.6. The actual comparison cbtained depends on the velue

of N used for the analysis. Since N is a functicn of many
paremeters, such as surface finish and stream turbulence, it is
difficult to assign N e proper value for a given profile. Some
information concerning the effeot of stream twrbulence on transition
at low speeds is given in reference 9.

This peper demonstreatee the need for including doth Mach number
end Reynolds number, 25 well as such factors as stream turbulence
and surface finish whero poasible, in papers of experimental work
since these factors may influence the interpretation of the data for
full-scale application.

It must be kept in mind that the present peper has compared the
dregs of two airfoil shapes of the game thiclmees ratioc

of eirfoils giving the

more favorable to the curved airfoil.

CONCLUDING REMARKS

An analysis has been presented which serves as a preliminary
study of the total (viscous and pressure) drag of supversonic airfoil
sections at zero lift. Within the limitations of the present paper
certain conclusions have been drewn:

The relative pressure dregs of airfoils at supersonic speeds is
in general different from the relative totzl dregs even at zero lift.
The airfoil shape for minimum dreg varies with Reynolds numbsr, Mach
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number, turbulence, swrface finish, and other factors, end is not
necescerily the shape that would give minimm thecretical presoure
dreg.

Langley Memorial Aeronsautical Laboratory
Naticnal Advisory Committee for Aercnautics
langley Field, Va., May 9, 1947
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Reynolds number based on chord, R,
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Figure 3.- Coneluded.

(b) Gomparison of oircular-are airfoil and wedge airfoil. N, = 1.6.
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