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SUMMARY

Mothods and charts are presented for estimating the critical com-
pressibllity speeds of a large mumber of alrxfolls and streamline bodiles.
A method Introduced to allow for the combination of these parts permits
the estimation off the critical speed of an ailrplane wing including the
effects of fuselage and nacelles. The systematic effects of thickness,
thickness distribution, camber, camber location, leading-edge radius,
and 1ift coefficlient are considered.

The results indicate that with a given 1ift coefficient the thick-
ness of the ailrfoil or of the body 1s the primary factor controlling
its critical speed. TFor high values of critical speed, the location of
maximum ‘thickness and maximum camber should be near the 50-percent-
chord point. An airfoll should be designed to have a high value of the
critical speed for the 1ift coefficient at which high-speed operation
will occur.

IRTRODUCTION

The criticeal speed 18 defined as the specd at which a breakdown
in flow, caused by compresslbllity effects and lmown as the compressi-
bility burbls, occurs. This flow change 1s usually evidenced by a
rapid rise 1n the drag coefficlent. At about the same speed, there
is generally a marked change in the 1lift coefficient. The difficulties
of flight wmder such conditions are apparent. These adverse effects
were first observed on propeller tips but, as the speed of flight is
increased, the oritical speeds of other parts of the airplane may be -
reached. It therefore becomes necessary to estimate whether the
critical speed of any part of an alrplane llies below the highest speed
for vhich the alrpleme 1s designed and, if so, to choose an airfoll
and body combination having a critical speed higherr than the maximmum
speed of the alrplane or at least having as high a critical speed
as possaible.

Because the propeller wvas the part of the ailrplane on which critical
flow wvas first observed, Investigation of the criticel speeds of ailrfolls
has heon primarily concentrated on propellsr sectlons. In addition to
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the tests of propellers operating at high tip speeds, the results of tests
of various airfoll sections sultable for use in propellers are available.
Clark Y and R.AJF. 6 sections have been tested in the NACA 11-inch high-
speed tunnel (reference 1). Among 16 related alrfolls tested (reference 2),
one suitable for propeller sections (the NACA 2409-34) was found to give
lower profile dreg at high speeds with low or modexrate 1ift coefficients
than propeller sections commonly used.-

Experiments on an NACA 4412 airfoil reported in reference 3 were
concerned with the investigation of the nature of the flow changes that
occur in the high-speed renge. The large increase 1n drag assoclated
with the compresslbillity burble was shown to correspond to the loss of
available energy behind a shock wave somewhat similer to that formed at
the nose of a bullet in flight. The inciplence of the shock wave was
found to correspond rather closely to the attaimment of the local speed of
sound at some polnt on the alrfoll. It was therefore comncluded that
critical speeds could be estimated with reasonable accuracy from a
knovledge of the pressure or the veloclty dlstribution.

The present report is concerned wlth the practical application of
the method of predicting critical speeds from low-speed veloclty distri-
butions. The paper is divided into three sectlions. Part I briefly
reviews the theoretical basis and discusses the acciracy end the limi-
tations of the method used. The principal.sectlon, part II, presents
and explaine the use of charts for estimating critical speeds; this
portion may be directly used for alrplane design work without reference
to the other sections. Peart ITT discusees the shape characteristics
indicated by the method to be desirable for high-speed alrfolls.

This paper wes originally prepared in 1939. Since that time further
nowvledge and additional wmderstanding of compressibility effects have
been obtained. Certain additions and revisions have therefore been made.
The most important changes are (a) the substitution of the more acowrate

von Kédrmin compressibility factor for the factor 1/\/1 Y- previously
used for estimating the change in pressure coefficlent with Mach mmber,
and (b) the inclusion of & method to allow for the necessary change with
Mach number of the alrplane 1ift coefficient.

I. THE USE OF PEAK PRESSURES IN ESTIMATTRG CRITICAL SPEEDS

This section briefly presents the theory and the experimentel
evidence for the occurrence of the compressibility burble and for the
prediction of critical speeds for pressure or velooclty distributions.
The limitatlons of the method and the factors affecting its accuracy are
also discussed. )



Theory

As the speed of flight is increased, a speed — or more definitely a

. Mach.mmber. (the ratio of the speed of flight to_the speed of sound in

air) — 1s reached at which the local airspeed at some point on the airplane,
Tor example on the wing, attalns or sllightly exceeds the speed of sound. -
Various conslderations suggest that, at thls speed, a shock wave may form,
terminating the supersonic flow. (See reference 4.) The flow' through the
shock 1s nonisentropic and a loss in total pressure occurs. The corre—
sponding increase in drag of the alrfoll may be very large. The theory
of shock waves and of compressible flow, both below and above the speed
of sound, is discussed 1n reference 5.

The exlstence and the nature of shock waves on airfoils have been the
subject of considerable investigation. Schlieren photographs have been
obtalned of shock waves on airfoils tested in the NACA 24—inch high—
speed tunnel (references 3 and 6). Investigations have also been made
of the drag increase, the change in 1ift, and the total pressure loss
ceused by these waves. Shock waves of eomewhat less severity have been
obtained on an airfoil tested in an open—throat tummel in Italy (refer—
ence 7). TFurther study of the compressible flow 18 necessary to determine
with quantitative accuracy the effect of compressibllity on alrplane
rerformence. Nevertheless, experiment supports the conclusion that shock
waves, lnvolving large losses 1ln efflclency, may occur on alrfolls when
the relative local velocity at any point reaches or slightly exceeds the
speed of sound.

If the critical speed 1s assumed to be equivalent to the fllght speed
at which the speed of sound 1s attalned at some polnt, the critical speed
can evidently be predicted from a knowledge of the maximm velocity (or
minimum pressure) on the ailrfoil. The required relation between peak
negative pressure and critlical speed will now be developed. The followlng
gymbols are used:

P pressure

P density

a gpeed of sound (\[?>

v veloclity

Ver critical veloclity

4 ratio of specific heats (OB/OQ of air
q dynamic pressure —épovoa)

P pressure coefficlent (P—E—'-P>




M Mach mumber (Vo/ao)
My critical Mach mmber
t ordinary temperature, °F
absolute temperature (460 + t),-OF
Subscripts:
o valuea in the wndisturbed stream
cr values when the local speed of sound has been reached at some point
1 values for incampressible flow

From the Bernoulll equation for compressible flow,

2

2_/8V . -._ Y+
B (po) 1-2(y-1) 2\ 1 (1)
from wvhich
2
a” . = Po
ao‘?' 9 2 P (P)
1 v2[ v
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At the critical speed, the values of pressure, veloclty, and speed of
sound at the polnt wvhere the local spesd of sound has been attalned
ere D = Poyp, V = &,., & = 8crj Bo that, from oquation (2),
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or, if P 18 considered the lndependent varlable,

p.l {0.83h { +o0.2 Mcra)] 32 -% (6b)
Mox

vwhere M e 18 the critical Mach mmber, This equation gives the
critical pressure coefficlent Pcr corresponding to any Mach number Mo

or the critical Mach number Mor correspondlng to any pressure coef—
ficient P.

The criticel speed Vcr corresponding to M., depends on the
gpeed of sound

a, = 49.1 \/T_o feet per second
= 33.5 \/'Fo- miles per hour
Therefore,
Ver = z—::—!: X 8y = Mg X 49.1 \/—T_; feet per second
= Mgy X 33.5 \/'I-I_o- miles per hour

Equation (6) cannot be used directly for the prediction of
critical Mach nmmbers from low-sepeed or calculated pressure distributlions
because, in general, the absolute values of the pressure coefficlent P
increase with Mach number. Ackeret (reference 8) has shown that, for a
particular form having small induced velocity, the pressure coefficient

should theoretically increase (in ebsolute value) as 1/\]1 - M°2. He
achleved this result by neglecting the two terms in the general equation
of continuity that contaln the veloclty normal to the forward velocity

as a factor. Both of these terms are small but one of them 1s not entirely
negligible, even for a form only 1 percent thick. Glauert (reference 9)
making the same assumption as to the thinness of the alrfoll, obtalned

the same factor, Jle - Moa, for the increase in 1lift (or lift—curve

slope); from these results 1t can be deduced that the average pressure
coefficlent should increase by this same factor. The increase with Mach
number of lift—curve slopes for alrfolls of moderate thickness is in
approximate agreement with this theory. (See reference 5.) In most

cases, even for moderately thick airfolls, the increase of the pea.7 5-__.2_
negatlve pressure coefficlents follows approximately the factor 1 - .
(Sea, for instance, reference 3.) As the theoretical factor 1s applied

to larger and lerger values of the peak negative pressure caoof—

ficient (—Pj) naz’ however, 1t is found increasingly to underestimate the

rise in valus wlth Mach number.



A factor given by von Kermsn in reference 10, which takes accownt
of this effect, 1s

] SRR v I MRy
. "M+ -
2(1 + \/1 - Mofj
When P4 18 negative, this expression wg more rapidly with M than

does 1/\/1 - M,°, end the larger the absolute velus of P, the more rapid

is the increase. The. von Kérmén relation was derived by a study of the
flov equation in the velocity plane (hodograph method). In order to
obtain a generel solutlon, the assumption ¥ = -1 was made. The derived
factor thus strictly applies only to & fictitious gas for which 7 = -1,

but an approximate solutlon obtained by assuming 1_-2_L_f_ equal to a mean
2 (&
1 -

Poa .
little more repldly than that obtained by assuming 7 = -1l. The result
obtalined is clearly not greatly influenced by the value of 7y used.
Regardless of the theoretical gquestions involved, however, the expression

1

M 2p,
\/1—-—“? * 2(1 + o\/lijdoa)

is shown by experimental evlidence, of which that cited in reference 10 is
only one example, to express the increase in absoluts value of the negative

value Y1lelded an expreseion Increasing with Mach number only a

pressure coefficlent more accurately than 1 V 1l- M°2 and as accurately,
in fact, as can be expected with any single mathematical formmula.

Jacobs (reference 4), assuming that the pressure coefficlents increese

with Mach number according to the factor 1f\/1 - M2, obtained a relation
between the maximum low-speed negative pressure coefficient ('Pi)m and

the criticel Mach nwiber. A similer relation can be obtained with the
von Kérmén factor by substituting

Py

/lj _ Mcr2 . Mcy” P31

P




in equation (6b), whence

P \‘1 - Mcra
Pi = - (7)
1‘2 P
1

) 2@. +V1 —Mcra)

wvhere P 1s to be teken from equation (6b). Equation (7) forms the basis
for the prediction of critical speeds from camputed or low-speed pressure
distributions. The critical Mach number Mg, of an alrfoll is determined
by the largest negative pressure coeffliclent (_Pi)max exlsting at any
point on the surface.

Accuracy of the Method

The exactness wlth which critical speeds may be predicted from the
critical-speed curve obtalnsd from equation (7 depenis on the correctness
of the assumptions involved and also on the precision with which the
preseure coefficlents can be obtained.

The first assumptlion, that the compressibllity burble corresponds to
the attalnment of the local speed of sound at some point on the alrfoll,

hes been verified for two—dimensional flow by the results of reference 3.
This assumption has also been verified in the case of three—dimensional
f16w over cowlings (reference 11).

Change of pressure with Mach number.— The second assumption, that
the pressure coefficlents 1ncrease 1n absolute value according to
von Karman's factor

1

Mo2 Py

T2G Vo)

1 — M2

mey be compared with the results of Kaplan's theoretical investigations of
the subsonic compressible flow about elliptic cylinders (reference 12) and
about symmetrical Joukowskl alrfolls (reference 13). These Inveastigations
indicate that the peak negative pressures rise more rapldly than those at
other points on the airfoll, a result which is in agreement with the theory
of von K&rmén. Experimental results on a Joukowski airfoil (reference 1k),
as well as unpublished pressure data obtailned in the NACA 8-foot high— .
speed tumnel, show qualitative agreement with the theory of Kaplen. The
rise of the peak negative pressures with Mach number, however, 1s more
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rapid than that predicted by Kaplan 8 theory, which gives a rate of

increase less than
4 2
P
\/1 - M2 + =
2{1 + l1-M

Thie result may be due to insufficiemnt accuracy of Eaplen's second approxi- '
mation. Thus, the factor -

2
\/1 Mo + " Pi

2@. + \/1 - M°§>
seems to express the increase of the peak negatlve pressure coefficient more

satisfactorily than the theory of Kaplan carried to a second approximation,
although additional approximations may be expected to glve better results.

Examination of a large number of pressure distaibutions obtained in
the NACA 8-foot high-speed tumnel showed negative-pressure peaks increasing
in some cases more rapldly and In other cases leas repldly than

\/1_._2 +
"o 2(1 + \/1 - M°2

For the cases in which von Kdrmén's factor wnderestimates the increese,
figures 12(a), (b), (c) of reference 10 are typical in that the underesti-
mation 1s usuelly small. In cases for which von Edrmén's fector overesti-
nmetes the increase, the difference may be large. The reesons for fallure
of the actual increase to follow the theoretical factor are nov falrly well
understood. The theory 1s based on the assumptlon that. the flow follows
the contour of the alrfoll but actually, because of viscoslity effects, the
flow path often deperts from the alrfoll surface. This departure 1s always
of such a nature as to tend to decrease the peak negative pressiure coeffl-
ciepte. TIf at low speeds the flow in the vicinity of the position of the
negative-pressure peak 1s laminar and fails to follow the alrfoll contour,
it may at higher speeds (lerger Reynolds numbers) become turbulent and
follow more closely the alrfoll surface. The negatlve-pressure peaks may
then increase more repldly than by the factor

1

N L A T
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If, on the other hand, the flow is critical as regards separation throughout
the Mach number range or if, because of Reynolds mumber or Mach number
effects or a combination of both, it becomes critical, the tendency of the
peak negetive pressure coefficient to increase with Mach number mey be
counteracted by a wider departure of the Flow from the contour, and the

peak may faill to increase or may even decrease in value. ZExcept for cases
involving severe separation, which In 1tself produces effects sin}ila’r to some
of those observed when the critical speed is exceeded, the von Karmen factor
generally expresses satisfactorily the experimentally determined increase

of the peak negative pressure coefficlients with Mach number..

The von Kérmdn factor was derived only for two-dimensional flow and
generally overestimates the compressibility effect for three-dimensional
flow. With bodies of revolution, for instance, the compressibility factor
has been found theoretically to decrease with increasing slenderness of
the body and to approach wmity for fineness ratio approaching infinity.

(See reference 15.) The critical speed of complete airplanes will not
likely be determined by the pressures over slender bodies, however, because
the veloclities induced over such bodles are small; and for dblunt bodies

or other bodies having induced velocities comparable to those over wings

the von Kermsh factor may be assumed to apply with reasonable approximation.
This assumption has been found to be correct for the very large peak
negative pressure coefficients on radial-engine cowlings (reference 11) as
well as for much lower peaks found on other bodies tested in the NACA 8-foot
high-speed tunmnel. In the case of the sphere, comparison with the theory
of Keplan (reference 16) indicates that the vom K&rmén factor may slightly
overestimate the Increase of peak negative pressure coefficient with Mach
number. These examples suggest that for practical application the

von Kermdn factor

1

ST HE + 552
2@. +\1 - 1402)

may satlisfactorily estimate the increase in peek negative pressure coeffi-
cient for three-dimensional as well as for two-dimensional flows. The use
of this factor in this report for three-dimensional flows is considered
conservative.

Estimation of the peak negative pressure.- The pressure coefficients
over the forward portions of airfolls and near the negetive-pressure peaks
can, In most cases, be computed with sufficient accwracy from the potentiel
theory. But in the case of high, sharp, negative-pressure peaks, involving
large positive pressure gradients, flow separation may occur, particularly
at low Reynolds numbers; and the peak negative pressure coefficlents cen no
longer be accurately computed. If separatiomn occurs, the critical speed
estimated from the computed peak may be too low because the predicted peak
negative pressure 1s higher than that actually attained. On the other hand,
critical speeds predicted from negative-pressure peaks obtalned experimentally
at low Reynolds numbers may be higher than the values actually attained at
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higher Reynolds numbers because, as the Reynolds mmiber is increased, peak
negative pressures occurring near the nose tend to approach more nearly the
theoretical value. The flow changes occurring neer the critical speed are

“incompletely wnderstood, but theoretical: .peek negative pressures may be a

more satisfactory criterion for estimating the critical speeds than experi-
mental values obtained at low Reynolds numbers.

High, sherp pressure peaks with the accompanying large positive
preesure gredlents causing separation usually occin near the leading edge.
For e symmetrical airfoil, the height and the sharpness of the peak
increase with the 1ift coefficlent. This Iincrease 1s greater the smaller
the leading-edge radius or the thinner the airfoil. (See pt. ITI.) For
a cambered alrfoll, there 1s some 1ift coefficlent for which the peak
negative pressure ig a minimum. Cambered alrfoils, particularly those
having emall values of the leading-edge radius, often have high sharp
peaks on the lower surface when operating neer zero lift.

The effect of high, sharp, negative-pressure peeks is 1llustrated
in teble I, vhich presents a comperison between estimated and experimentally
determined critical epeeds for 1% NACA airfolls tested in the NACA 1ll-inch
high-speed tumnel. (See reference 2.) The experimenteal determination of
TABLE I

COMPARTISON OF ESTIMATED WITH EXPERIMENTALIY DETERMINED
CRITICAL MACH NUMBERS FOR 15 NACA AIRFOILS
[Experimental valuee teken from roference 2]

At cq9. =0 At c;, = 0.2 | At ¢ = 0.4
NACA i ke !

airfoil |Esti- j[Experi- | Esti- |uxperi-| Beti- |Experi-
mated |mental | mated |mental | mated |mental

0006-62 | 0.81 | 0.85 0.61 | 0.77 OLT | 0.62

00]2'63 072 .76 -63 -72 05!|- -&
0009- 63 -75 080 .& o'ﬂll- n? oﬁ
0009-62 .70 T3 .62 .69 S5k .60
0(”9-@1- 577 c83 061 .77 050 -63
0009'65 -78 -79 -62 .76 -50 067
0009-66 7 T 62 <73 50 .63
0009-03 .T6 80 0 T3 (o] .68
0009" 23 -77 080 -59 072 -,-|J-|- 063
0009-93 62 | .19 52 |1 .70 45| .5k
0009-05 81 .82 0] .T9 0] o5
0009-35 81 .80 53 7 .39 .69
0009-234 80 .80 .56 <Th " W10 .70

2209-34 52 .79 .72 5 66 .68
2409-134 62 .8 .73 <Th 69 ST .
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the critical speed was based on the sherp drag Ilncrease occurring at

the critical speed. These alrfolils were tested at low Reynolds numbers;
the chord was only 2 inches. The flow must have been laminar over &
considerable portion of the alrfolls and would therefore separate in-
regions of large posltive presswure gredlent. Ivery cease of serjous
disagreement between the estimated snd the experimental values of the
critical Mach number might reasomably be explained as belng the result

of flov seperation. At high Reynolds numbers, the actuel criticel speeds
might therefore be expected, In most ceses, to agree more nearly with the
estimated values. In cases In which separatiomn 1s not & factor, the
egreement between estimated snd experimental criticel Mach numbere 1s
elmost within the error of the estimation of the criliticel speeds from
the experimental drag velues.

Further experimental results are needed to ascertalin at vhat velue
of the peak negative pressure and for what sherpness of the peak the
breakdown of the flow occurs amnd, when such breakdown of the flow does
occur, whether the critical speed corresponds more closely to the actual
or to the theoreticel peak negative pressure. Such Informetion would be
of value especlally for estimating the criticel speed 1n a dive, in which
cage an alrfoll designed for 1ift would be operating neexr zero 1lift and
might have a high sharp peak on the lower swuxrfece near the nose.

The fallwre of the method In the case of separation of the flow,
vhen the theoretical peek negatlive pressure coeffliclents are used for
the estimation of the critical speeds, is gemerally of little practical
consequence for the followlng reasons:

(1) In regard to this type of error, the method 1s conservative;
thet is, higher critical speeds are attpined then will be estimated.

(2) At high Reynolds nmumbers, the method will usually be more accurate
becanse with the negative-pressure peak 1ln the most common position nesr
the nose separation will be less likely to occur.

(3) When seperstion occurs, the flow is usually undesirable from
considerstions of 1ift and drag, and the critical speed is no longer
reoquired.

It may be concluded that, In gemerel, critical speeds may be estimated
with reasoneble accuracy from the theoretical peek negative pressures (or
from the peek velocities). The method is inaccurate for cases in which
Ligrk shearp peeks occur, not only becsuse in someo Instances the theoretical
peek may not be atteined but also beceuse in others the increase in pesk
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negative pressure may be somevhat more replid than indicated by the factor
1

P ST %E,_?i i
1-MS~+
2@_ + \;1 - M2 ,
Although the critical speeds may, if separation occwrs, be estimated
considerably too low, they will not ordinmrily be estimated much too high.

The cases for which the estimation is wmsatisfactory are precisely those
for which the flow 1s unideslirsble becauss of other comsiderations.

II. CHARTS FOR USE IN ESTIMATING CRITICAL SPEEDS

In this section are presented charts (figs. 1 to T) to facilitate
the estimation of critical speeds from theoretical low-speed peak negatlve
pressure coefficlents (-P1),,,- The method is based on the critical Mach

number curve given by the approximate relation (7) of pert I. The low-
speed pressure coefficilents P4 of this curve have been converted to
the corresponding veloclty coefflclents

-:i-\/l-]':'i

o

and these coefflcients have been plotted agminst the critical Mach
numbers to give the M,,. curves of figwes 1 to 6. On the same charts

are presented peak-velocity coefficients (71/70) for a large number
of alrfoils end, in figure 6, for prolate spheroids and for a few

streemline bodies. (See references 17 to 22.) The critical Mach number

is estimated slmply by moving horlzontally fram the point representing
the peak velocity for the alrfoll to the curve M,;,. then vertically

upward to the Mgy 8cale. Such ean estimation for ‘the NACA 2415 airfoll
at an Incompressible-flow 1ift coefficient of czi = 0.2 i1s indicated

" by the dashed lines in Figure 3. The estimated critical Mach mumber is

approximately 0.675. The critical speed mey be obtained from the critical
Mach number by the relatlion

i 'Mcrx33.-5vll-60+t miles per hour
vhere + 1s the aﬁ temperature in °F.

The pressure coefficlents P;, from which the velocity coeffi-
cients Vi/V, used in estimating the critical speeds have been obtained,
wvere computed on the basls of the assumption of potential flow. The
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coefficients for two-dimemsional flow have been obtained by the method of
reference 23. Theoretical pressure distributions for 20 airfolls are givem
in reference 24. Other distributions cen be obtained from references 25
and 26 by the method of reference 26. Reference 27 glves the theory used
in computing the pressures over ellipses and prolate spheroids. The
pressures over the NACA fuselage form 111 and form 111 modified were
computed from a source-sink distribution defining the body (reference 17).

For readers wnfamiliar with the system of designating NACA ailrfoils,
a brief explemation will be given here. For the airfolls designated by
four diglts, such as the NACA 4412 airfoll, the first digit indicates the
mean camber 1n percent of the chord, the second diglt gives the position
of the maximum cember in tenths of the chord back of the leadlng edge,
and the third and the fourth diglis glive the maximm thiclkmess in percent
of the chord. When the dssignation has two additional digits preceded by
a dash, the first additiomal diglt designates the leading-edge radius;
and the second, the locatlon of the maximm thickness in tenths of the
chord back of the leading edge. The slgnificance of the leading-edge
radius designations 1s as follows: O 1is a sharp leading edge; 3 1s
one-fourth normal leading edge; 6 1s a normal leading-edge radius;
and 9 1s three times a normal leading-edge radius or greater. (See
reference 2.)

For the 230 serles of elrfolls (reference 28), the maximm camber
is 15 percent of the chord back of the leading edge and the camber has
a value such that the ldeal angle of attack for the mean line will corre-
spond to a 1ift coefficient of 0.3. For the cherts of the presemt report,
an X 1n place of one of the shape variables indicates that its value
is given along the absclissa scale, the curve holding for all the airfoils
in thet particular serles. As other alrfolls or streamline bodles are
developed, the corresponding velocity coefficlents may be plotted 1n the
charts of figures 1 to T.

Symnetrical Alrfoils at Zero Lift

In figure 1 are presented the peak velocltles for a numbexr of
symetrical airfoils at zero 1ift. This chart will be useful in estimating
the critical Mach numbers of struts, fairings, propeller shanks, or any
other airfolls operating at zero 1ift or having a thickness so great that
the 1ift coefficient is a factor of secondary lmportence. Individual
airfoils are indicated by circles. The thickness of the NACA airfoils
for which a thickmess varlatlion 1s glven 1s Indlcated by XX in the
designation of the airfoil. Thus, the NACA 0012-63 airfoil is represented
by & point on the 00XX-63 curve ebove 12 on the thickness scale. Peak
velocitles are glven for a typical propeller saenk at positions 0.2
end 0.3 of the propeller redius from the hub. These values may be
compared with the pesak velocltles on elliptic cylinders of egual thiclmess.
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Yor symmetrical alrfolls not represented in flguwre 1, a rough
approximation to the peak velocitles can be obtained by fitting.an ellipse
to the alrfoll and taking the peak veloclty on the equivalent ellipse
as equal to that on-the alxfoil (reference 29). The accuracy of this
method obvliously depends om how closely the forward portion of the
airfoll may be represemnted by the ellipse. The assumption involved 1s
that the velocities over the forward portion of the airfoll are only
8lightly affected by the velocitles over the rearward portion. The
equivalent ellipse may be obtained by assuming that the major axis a 1is
twice the distance from-the leading edge of the alrfoll to the position
of maximum thiokness and that the minor axis b 1s equal to the thickness
of the alrfoil. The thicknesa ratio is then

b - thickneas of alrfoll 1n percent chord
a - %twice the position of maximm thickness In percent chord

The peak veloclty may them be obtalned from the relation
v b
i —
@), -*-%
max

The critical Mach number may be estimated from the peak velocity by the
use of the curve of Mgy in figure 1. Table II gives a comparison
between peak velocities estimated by this method and those calculated by
the more exact theory. The agreement is generally good.
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TABLE IT

COMPARISON OF PEAK VELOCITIES ON SIMMETRICAL ATRFOILS

WITH THOSE OF EQUIVALENT IFLLIPSES

Peak velocity,(?@{>
Location Vo max
Thickness of
Airfoil (percent | maximm Estimated Computed
chord) thickness from from
(percent | equivalent | potential
chord) ellipse theory
NACA:
0006-63 6.0 30.0 1.10 1.10
0009-33 9.0 30.0 1.15 1.15
0009-35 9.0 50 .0 1.09 1.10
0009-45 9.0 50.0 1.09 1.10
0009-62 9.0 20.0 1.23 1.23
0010-63 10.0 30.0 1.17 1.17
0009-64 9.0 40.0 1.11 1.12
0009-65 9.0 50 .0 1.09 1.13
0012-63 12.0 30.0 1.20 1.20
0012-64 12.0 40.0 1.15 1.16
0012-65 12.0 50.0 1.12 1.15
0018-63 18.0 30.0 1.30 1.28
0025-63 25.0 20.0 1.42 1.39
U.S. Navy
No. 2 gtrutl 28.6 38.1 1.38 1.37
Rankine
struts:l
I 28.5 25.2 1.56 1.47
IT 28 .6 3.1 1.42 1.1
IIT 28.5 38. 1.37 1.37
Iv 28.5 33.2 1.43 1.35
v 28.6 40.2 1.36 1.33

1See reference 30.
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Lifting Alrfoils

Figures 2, 3, 4, and 5 are similar to figure 1 but present data for
the estimation of critical Mach numbers on alrfolls at incompressible-
flow 11ft coefficients of 0, 0.2, 0.4, and 0.6, respectively. Cases in
which the peaks are high and sharp, involving such large positive pressure
gradients that the computed peak may ordinarily not be attained are
indicated by double circles or dashed lines.

For cambered airfoils, the minimum peak veloclty occurs at some lift
coefficient other then zero. This 1lift coefficient of minimum peek
velocity corresponds to the theoretical maximum critical speed of the
airfoll. Except for the cage of symmetricel airf01ls it does not, in
general, correspond to the "1deal angle of attack" discussed by
Theodorsen and Garrick in reference 23. At the angle of attack corre-
sponding to the minimum peak velocity for a glven airfoil, the incom-
pressible-flow 1ift coefficient will ordinarily be lower than that for
which this airfoil is particularly suited because this condition corre-
sponds to a marked negative-pressure peak on the lower surface equal, in
fact, to the negative-pressure peak on the upper surface. The 1ift
coefficients of minimum peak velocity for the airfoils included
in figures 2 to 5 are presented with the corresponding peak velocities
and critical Mach numbers in table ITI. This table is useful in inter-
polating between the 1ift coefficlents given in the figures because it
indlicates the 1ift coefficlent at whilch the peak velocity changes position
from the upper surface to the lower surface; hence, it defines a point of
discontinuity in a plot of peak velocity against 1ift coefficient for a
given airfoil. Peak velocities for 1lift coefficients intermediate
between those glven by the charts can be obtained by interpolation, if
a linear relation is assumed between peak velocity end 1ift coefficient
except when the minimum, given in table III, occurs in the interval. In
such a case, the value of (vifvo) will be obtained by interpolation

each way from the minimum.




TABLE IITI

PEAK VELOCITY AND CRITICAL SPEED AT THE

INCOMPRESSTIBLE-FLOW LIFT COEFFICIENT OF MINIMUM PEAK VELOCITY

Peak Estimated Peak Estimated
Lift velocit—, | critical Lift velocity, | critical
Alrfoll coefficient, (Vi Mach Airfoil coefficient, (Vi> Mach
c T nunber, c . number,
li VO max Mcr 11 Vo max Mcr
NACA: '
23009 0.10 1.2k 0.69 ||Boeing 103A, 10.5 0.24 1.2k 0.69
23012 .08 1.27 67 |[RAF. 15, 105 .26 1.26 67
23018 - .06 1.27 67  |[R.AWF. 19, 10.5 95 1.52 Sk
23012-64 .09 1.24 .69  ||gSttingen 398, 13.75 .38 1.37 61
2209-34 .15 1.19 .73 GSttingen 387, 14.85 <50 1.41 .59
2209 22 1.23 .70 |[naca - M6, 12 11 1.25 .68
2212 11 1.25 .68 N-22, 12.37 .34 1.32 .6k
2215 .09 1.28 66 |[UsS.A. 27, 11012 Niyd 1.37 .61
2218 .09 1.31 64 |lUS.A. 358, 11.61 .32 1.30 .65
2409-34 .11 1.17 .75 Clark Y propeller
2409 22 1.20 .72 sections:
ey12 17 1.21 .71 6 22 1.19 T3
2415 A7 1.25 68 9 24 1.22 .70
L2 .36 1.29 .65 11.7 .28 1.27 67
6512 .59 1.35 .62 18 A1 1.38 60
Clark Y M,18% 27 1.35 .62 ||Clark Y double-camber
Clark Y M,15 28 1.31 64k ||Navy design 5868 at
Clerk Y M, 9 37 1.24 .69 L%= 0.k, 17.5 50 1.42 .58
NACA CYH, 18 A1 1.31 .6l
NACA CYH, 11.7 16 1.28 .66 R":‘;i,;igngf”ener
c-72, 11.85 .32 1.27 67 25 1.22 70
9 .38 1.31 .64
15 5k 1.42 58

8The number after the comma in the following airfoll designations indicates the

in percent chord.

thickness of the airfoil

gt
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Some difficulty may be experienced in eaxriving at the proper value
of ¢, for use in the charts. With a given angle of attack the 1ift

. coeﬂiio}ent may be assumed to increase with Mach mmiber according to the

Glauert factor 1/\/5 - MoE (reference 9). The true 1ift coefficients
corresponding to the incompressible-flow values c1, given In the

charts are then
c
g ©

If a values of c, be assumed, this relation mey be used with

figures 2 to 5 and table ITI to make a simple plot of M, end M,
against Cyy° The intersectlon of the two curves gives Cyy and the

corresponding value of M,.. It vill usually be sufficient, however, to
use c3 1n the charts to obtaln an approximate value of M, that may
be inserted in (8) to give a value of czi for a second approximation.

If the wing loading W/S 1s fixed, oy, 1s & somewhat more
complicated fumction of the Mach number. Thus
oW

C 2 -
2
PoVo

vhere W/S must be taken as the wing loading pertaining to the particular
section being investigated, and with V, = Mja,, (8) gives

o0
-~ 8 l1-M
cziupa;z MOE (9)
o

With the given value of W/S and values of p, eand &, correspanding
to the exlsting temperature and pressure, N, may then be plotted

against C145 and, with M,,, from figures 2 to 5 and table IIT plotted
against ¢y om the same scale, the required values of czi end M,
are given by the Ilntersection of the two curves.

Streamline Bodies and Interference

In figurs § ars presented peak velocities on prolate spheroids and
certain other bodies of revolution. Except for the prolate spheroids
and NACA fuselege form 111, the peak velocitlies have been obtained from
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" measured pressure distridutions. In a manmner similar to that suggested for
symmetrical airfoils, the peak veloclity on a streamline body may be approxi-
mated from the peak veloclty of the prolate sphexroid that can be most nearly
fitted to the forwerd part of the streamline body. The cwrve for élliptic
cylinders has been included for comparison with the prolate spheroids. The
induced velocity on a three-dimensional body 18 seen to be less than half -
that on the corresponding two-dimensional body amd the ratlo to decrease

as the fineness ratio increeses. A curve for the prolate spherolds

at 6° angle of attack 1s Included to show the Increase In peak veloclty
vith angle of attack. The computed effect i1s mmall, though & much larger
offect was found experimentally for the U.3. airship Akron. From the

given peek velocltles, the critical Mach mumbers for bodies of revolution
can be estimated. The critical speeds of three-dimemsional bodles will
generally be much higher than the critical speeds of two-dimensional bodies.

Vhen two aerodyneamic bodles are operating close together, the critical
speed of the combination may be lower than that of either body operating
alone because each 1s influenced by the veloclty fleld of the other. A
rough approximation to the critical speed of the combination may be obtained
by considering the body having the lower critical speed to be operating in
a velocity fleld given by

_v— =1 + Av;

Vo Vo
vhere AV/V, 1s the induced, or excess, velocity, expressed as a fraction
of the forward velocity V,, due to the other body. For emall (usual)

_velues of the velocity ratio, a good approximation to the effect of
campressiblility 1s given by multiplying the induced velocity by the

factor 1/\/1 — M2, Thus

AV_ 1 AV
o VionE Yo

The critical speed of the cambination 1s then given by

Critical Mach number of combination = _Av_ncr
1l+—

Yo

vhere

I
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and M., is the critical Mach mmber of the body having the lowest critical
speed, usually the wing. (See figs. 1 to 6.) The value M, -in the

factor ‘I/V1 - 'Moa should etrictly be somewhat ‘less then M., but the
error involved in using M;, is smal]l and conservative. If several
bodies contridute interference, AVy/V, may be ‘taken as the sum of the
interfering velocities:

a9 (A_vi +(fl) .
For bodies opereting behind the propeller, the effect of the slipstream
may be included by adding the exsess velocity AV/Vy, due to the

slipstream at high-speed operating conditions directly to the excess
velocity AV/Vo due to the interference.

In the estimation of the interference velocitlies due to a body at
a distence, an additional campressibility effect may be included by
expanding the field of the interfering body in a direction normal to

the flow in the ratio 1/\/1 - M2 (see reference 8) or otherwise, for
the estimation from incompressible-flov data, decreasing the distance by

the factor Vl - “02. The effect of this correction on the estimated

critical Mach number will usually be insignificant but, if it is to be
applied, an approximate criticel Mach number obtained without comsider-
ation of this correction may be used for estimating the expansion of the
field.

Interference and slipstream veloclties oftem operate to chenge the
1ift coefficient of the wing seoctlon subject to the interferemce, but
the effect is assumed to be sufficiently =small that the change in angle
of attack of the airplane is negligible.

The method outlined has not yet been fully Justified by experiment
end may not, in every case, be conservative; but, pemding further results
of experiment, it should serve for a rough epproximation of the effect of
interference on the critlcal speed. If pressure distributions are
available for nacelles, cowlings, windshields, or other bodles, they may
be converted into induced velocity coefficlents by the low-speed relation
between induced veloclty coefficlemts and pressmre coefficlents

av
—=Vi-7 -1

(o]

The peak velocitles may then be used elther to estimate the interference
of the body on the airfoll and the critical speed of the combination or
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to predict the critical speed of the body alome. For blunt bodies, such
as covlings and windshields, the critical speed may be lower than that of
the wing and it may be desirable to estimate the interference effect of
the wing on the critical speed of the body. For memny bodies, the peak
velocities may be estimated directly from figure 6. For emn estimation
of the interference effect at a distance from the surface of a body,
figure T shows the decay of velocitles with distence in the medlan plane
of prolate spherolds and elliptic cylinders.

The method of estimating critical Mach numbers when interference
is present will be demonsirated by an example.

Assume a two-engine monoplene of the following characteristics:

Wins 10&6.111&, pmmﬂ.ﬂ/ﬂquﬂ‘e fwt ® o 8 @ ® ® ® % & ° @ ® ® © & v o @ ?
Wing wﬂe at melagﬁ ® © @ 8 ® ® ® 5 ® ® ®» ® @ ® ® ® s » m.A. 230],8
Wing profile at nacelle .« « « « o« = « = s ¢ - s o » = o o « NACA 23016
F'uselagﬁ 'wid.th., mhes @ ® ® ® ® ® ®© 8 ® ® & ®W & m ® ® ® ® e ® ® e ® ll-8
Fuﬂel’gﬁ leng‘l'h, mes e © ® & & 9 ®» 5 @ ® & ® ® ® v ®w ® e ® ® v @ II-BO
Distance from airplane center line to

nacelle center 1ine, INCHO8 « + « « = « o ¢ e o s « ¢« « s « » » o 108
Nacelle d.imter, INChEeB « o o ¢ ¢ o« o s 8 ©» o ¢ o o 6 0 @« » 8 o o o 56
Opera.ting altit'ud-e’ feet ® ® o ® ® @ 5 ® @ ® ®© P 2 & ® vV O @ @ o 20,000
Dmiw ratio [ ) [ ] L] L] ® [ ] L ] L ] [ ] L J [ L] L ] L ] L] L J L ] [ ] [ ] L ] L] L L] [ L] 0.5?7
Velocity of sBound, miles pexr hour .« « ¢ o s ¢ ¢« o o 6 s ¢ s o ¢ « » TO9
Velocity of sound, feet per second « « o« « ¢« ¢ = o ¢ ¢ ¢ ¢ o.o +» « 10kO

The fuselage fineness ratio is 10 in plen view and 8 in elevation.
The induced velocity at the wing-fuselage Jumcture due to the fuselage
is estimated to be the same as for a prolate spherold of fineness ratio 6.
The induced velocity at the nacelle-wing Juncture due to the nacelle is
estimated to be the same as for a prolate spherold of fineness ratio 2.5.
The corresponding induced velocity (fig. T) is 0.15 emd the corresponding
pressure coefficlent, approximately P = -0.3, agrees with values
coammonly found on the central part of nacelles.

At the wing-fuselage Juncture, the maximum induced velocity due to
the fuselage (fig. 7, fineness ratio = 6, x/D = 0.5; or see fig. 6)
1s 0.05 and that dus to the nacelle (fig. 7, fineness ratio = 2.5,
x/D = (108 - 24)/56 = 1.50) 18 0.025. The critical Mach nmumber for the
NACA 23018 airfolil 1s estimatsd from figures 2 and 3 as follows:
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Morﬂng.lmrm'011-°oo-oocooo-.o.o-.o. 0.650
Mu.ﬂng..lonefor021-00200000000-0.0000- 00&5

Fuselage’ AV O " 8¢ e T e.s 8 s s s s a s a e a0 e 005
Nacells AVi * o . s o6 s s s e s s 0 e 0 e.00 00 -025
melm + meue Avi No e L] L] L] [ ] L] [ ] L] L ] [ ] L] L ] L} - [ ] o .W5

Fuselage + nacelle AV’/V‘O for ozi -o(-' 7—"%} e e s s 0.09
1'0.

Fuselage + nacelle AV/V, for cy = 0.02 -Vm?a.. 0.09%
° /vO 11 ( 1"0060)

. 0.6%
Morvi.ng+f‘usolaao+nacellaforoh-0(-m o« e s 0.592
M,y wing + fuselage + nacelle for 011-0.2 - 0:605 « 0.553

1 + 0.094

With values of M, chosen near the values of M,,, corresponding values
of oy, from equation (9) are

c-,_iforuo-o.60< Ex 3 353_%).... 0.104

0. 002378xo.5327x10ho§

cziforMO-o.%G E)L-g 'l- )

0.002378%0 .5327x 10402

&  0.124

The intersection of the M, and the M,, 1lines in figure 8(a)
glves the required critical Mach number

Mcr = 0n5'?
and the corresponding critical speed at 20,000 feet
Ver = 0.57 X 709 = 4Ok miles per hour

The epproximate critical speed thus obtainod could be used to reduce
the distance to the nacelle from x/D = 1.5 to an effective distance

(.;.) =1.5x% 1 - 0.57 = 1.32 and, from figure 7, the coefficient
ef £
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of the interference veloclty due to the nacelle wonld be 0.030 instead
of 0.025. The corresponiing value of the critical Mach mumber is 0.567,
but the accurecy of the method is insufficlent to Justify this correction.

At the inboard wing-nacelle jincture, the maximm induced velocity
due to the nacelle (fig. 7, fineness ratio = 2.5, /D = 0.5; or ses fig. 6)
is 0.15 and that dus to the fuselage (fig. 7, fineness ratio = 6,
x/D = (108 - 28) /48 = 1.67) 1s 0.015. The induced velocity in the
slipstream at high speed i1s assumed to be 0.0Lk. The criticel Mach number
at this point on the wing 1s then:

Mcrﬂnsaloneforclj-IOU.no--.-o'oo.-.ooo-.0.6$
Mcz.wi.ngalon.efor011-0-2o..---.........._-.. 0-613

NacelleAVj_/vo---.o-----.-..-l..o...0.15

FnBelageA'Vi/VO -.....-...-00000000.0-000152
Nacelle + fuselege AVy/Vy « « = o o . e o « 0.165

Nacelle + fuselage AV/V, for cyy = 0 (. T%)
1-0.

Nacelle + fuselage AV‘/'\To for 011 = 0.2 (- Os . )
1 = Qe

0.222

0.209

SlipstremAV/VO ..-o.--.l-oo-.-.oo..-.o-o-oll-o

Mcer wing + nacelle + fuselage 0.668
(' 1+0.25+0 .oh) "t

+ slipstream for c7'1 = 0 0.529

ving + nacelle + fuselage
l‘cr -002(- 0.613 )..oo.o- o-ll'91

+ slipstream for c T
Y 1+0.209+0 .04

From relation (9),
cliforllo-0.53 -..o-.o--o....---.oo-o-o.l’-l-l

cziforMo-OJlQ -n.-...ooooo.-.ooo---oc00170

The plot of M, and M,,. eagainst Cyy in figure 8(b) shows
Mep = 0.30

Ver at 20,000 feet = 0.50 X T09 = 355 mlles per hour

The critical point mn the wing is therefore the nacelle-wing jJuncture.
Because this critical region is emall, however, the dreg increase will be
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less serious at the corresponding critical Mach number tham if the break-
down of the flow had occurred over a larger part of the wing.

" IIY. BEFFECT OF VARIOUS ATRFOIT, SHAPE CHARACTERISTICS

From the foregoing charts and discussion, 1t 1s apparent that hi
critical speeds correspond to low peek negative pressure (or velocity
coefficlentas. As a partial answer to the questlon of Just what kind of
airfoll is best for high speeds, a brief and necessarily incomplete
analysis end discuselon of alrfoll shape cheracteristics in relation to
critical gpeeds will be presemted.

Because of the required pressure difference between upper and lower
surfaces of the wing the critical speed must, In general, necessarily
decrease with increase in the absolute value of the lift coefficlent;
but this effect 1s of ten masked by the effect of the large additional
pressures that appear near the nose when, either through angle-of-attack
change or through cember, the nose angle of attack becomes different
from zero. A negative-pressure peak near the nose may often be relieved
by a change in cember, and the alrfoill may thus be rendered more
sultable for use at the given 11ft coefficient. This fact is 1llustrated
in the charts (f:lgs. 2 to0 5) where, as the 1ift coefficient 1s increased,
the more highly cambered alrfolls show the lowest velocity coefficienta
and the highest crltical speeds.

One of the most importent shape characteristics 1s thickmess. The
influence of thickness is evident from the curvee of figures 1 to 6.
Except vhere some other characteristic - such as camber or leading-edge
radius - 1s effective, the induced veloclty at constant angle of attack
is almost a linear function of thickness. This result might have been
expected from the results for the elliptic cylinder, for which the
maximm induced veloclty coefficlent at zero 1ift is equal to the thickness
ratio. The rate of increase of veloclty with thickness 1s generally
pomevhat greater for airfolls than for elllptic cylinders because of
the necesslity for a streamline tall. As the thickness 18 increased, the
alrfoll hecomes less semsltive to other charecteristics and, for very
thick airfolls, the peak velocity 1s determined largely by the thickmess.

Figure 9 shows the influence of the position of maximm thiciness,
vhich ie indicated in the alrfoil designation by X. For symmetrical
airfolle at zero 1ift, the highest critical speed i1s attained if the
position of maximm thickness 1s about 50 percent of the chord from
the leading edge. This conditlon should also be true for cembered airfolls
operating near the deast 1if't coefficlent. The cuxrve of figure 9 through
the points for the NACA 23012-63 and the NACA 23012-64 alrfoils
at Cqy = 0.1 indicates this trend.
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The effect of camber is shown in figure 10, where each alrfoil 1is
represented at the 1ift coefficient of minimm peak velocity. As would
be expected from the fact that the 11ft coefficlent corresponding to
minimum peak velocity increases as the camber 1s increased (see fig. 11),
the velocity coefficlent 1s Increased by camber. Figure 10 also indicates
that the effects of camber are less marked on thick airfoils and that thin
airfolle are particularly eemnsltive to changes of camber.

Figure 12 shows the effect of the position of maximum camber on the
velocity coefficient for the 1lift coefficlent of minimm peak velocity
of several NACA alrfolls. Thus, the decreasing velocity coofficlent
with rearward movement of the maximm-cember position is partly due to
the fact that the 1ift coefficient corresponding to minimum peak veloclty
becomes less; but other comsiderations Indicate that this trend is the
same if the 1ift coefficlent is eliminated as a variasble, so that camber
positions forward of the 4O-percent-chord point ere not to be recommended
for high-speed alrfoils.

Another characteristic affecting the criticel speed 1s the leading-
odgoe radius. The significance of the index of the leading-edge radius
as well as of the other mmbers designating the variebles in the airfolls
of the NACA series 1s explained in reference 2. The leading-edge radius
is particularly important if the alrfoll i1s to be operated at an angle
of attack different from the ideal (referemce 31). If the leading-edge
radius is too small (say, meer index 3), high, sharp, negative-pressure
peaks will be built up on the leading edge when the angle of attack
varies considerably from the ideal. If, on the other hand, the index
of the leading-edge radius is greater than ebout 6, a negative-pressure
peak may occur on the leading edge at or near the 1deal angle of attack.
A somevhet larger Index may be permissible for thick airfoils than for
thin ones. Figure 13 Indlicates that, for the 9-percent-thick symmetrical
airfoils at zero lift, an index near 4 gives the lowest peak velocitiles.
Further investigation, taking account of the maximm 1ift as well as of
the peak negative pressures over the angle-of-attack range, 1s nseded to
determine what leading-edge radius is most satisfactory for airfolls to
be used in high-speed operation.

CONCLUDING REMARRS

Critical compressibllity speeds can, in most cases, be satisfactorily
estimated from pressure or veloclty distributions not only for two-
dimensional but also for three-dimensional flow. The relation between
peak velocity and critical Mach number is glven, together with the
necessary peak-veloclty data for a large numbexr of alrfolls and streamline
bodies, so that the critical Mach numbers can be convenlently estimated
directly from the charts. A method is Introduced to ellow for the
interference from other bodies, thus permitting a closer approximation
to the critical speed of the combination of wing, fuselage, and nacelles
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than would otherwise be obtained. Because the msthod of allowing for
interfering velocities may not in every case be conservative, ample mergin
should be allowed in the design of parts subject to such Interference.
Pending further investigation, the method should, however, furnish a
satiefactory engineering approximation to the effect of :lnterference
velocities on the critical speed.

The eritical speed of an alrfoll is determined by the thickmess,
the thiclmess distribution, the camber, the camber distribution, the
leading-edge radius, and the 1lift coefficlent at which the alrfoll operates
at hlgh speeds. For high critical speeds, the positions of maximum
thickness and maximm camber should be in the vicinity of the 50-percent-
chord point, and the camber should be chosen for the 1ift coefficlent at
vhich the high-speed operation will occur.

Langley Memorial Aercnautical Leboratory,
National Advisory Committees for Aeromautics,

Langley Fileld, Va.
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