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E THE SHAPE OF THE PROFILE UPCN THE POSITION
OF THE TRANSITION POINT*

' By K. Bussmann and A, Ulrich .

The position of the beginning of transition
laminar/turbulent as a function of the thickness and the
camber of the profile at various Reynolds numbers and
1ift coefficients was investigated for a series of
Joukowsky profiles., The calculation of the boundary
layer was carried out according to the Pohlhausen
method which may be continued by a simplified stability
calculation according to H. Schlichting (4), A 1list
of tables is given which permits the reading off of
the position of the transition point on suction and
pressure side for each Joukowsky profile,

OUTLINE - -

I. Statement of the problem
II. Extent of the investigation

IIT, The calculaticn of the potential velocity and the
practical application of the boundary laver and
stabillity calculations: ‘

$ag Potential flow
b) Boundary layer and stability celculation

#"Systematische Untersuchungen iber den Einfluss
der Profilform guf die Lage des Umschlagspunktes."
Zentrale fUr wissenschaftliches Berichtswesen der
cLuftfahrtforschung des Generalluftzeugmeisters (ZWB)
+Berlin-Adlershof, Technische Berichte und Vorabdrucke
aus Jahrbuch 1943 der. deutschen Luftfahrtforschung,
Band 10(1943), Heft 9, Sept. 15, 1943, TIA 010, pp. 1-19.
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(a) Influence of the ca~value and of the
Reynolds number

c

"bg Influence of the camber of the prof:le f/t
Influence of the thickness of the-
profile d/t

(d) List of tables for the separation and
instability points for all Joukowsky profiles

(e) Mean value of the laminar—flow distance of
suction and pressure side for all Joukowsky
profiles

V. Summary

Vi; References

X,y

SYMBOLS

rectangular coordinates in the plane

profile contour length starting from
the nose of the profile

wing chofd

length of the profile contour from.
nose to trailing edge (dipferent for
pressure and suction side) -

velocity of incoming flow

‘,potential vélocity at the profile

boundary layer th1ckness according to
Pohlhausen P4

dlsplacement thickness of the boundary

layer

nondimensional boundary layer thickness

 form parameter of the boundary—layer

profiles according to Pohlhausen P4
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XDG +form paraméter acqording to.
: . .7 % -7 --Pohlhausen: P& S
i.‘<7\‘ 4)’ g()\ 4) . universal functions of the boundary-—
P Sl P ..layer calculation s o
Sepit .. : : pééition of the instability point, * -
A i measured along the contour of. the -
- nose of the profile ' -
SAPA S ‘position of the“séparatioh point

. according to P5 method
I. STATEMENT OF THE PROBLEM

The position of the transition point laminar/turbulent
in the frictional boundary layer is of decisive importance .
for the problem of the thenretical calculation of the ‘
profile drag of an airfoil since the friction drag
depends on 1t to & high degree. The position of the
transition point on the airfoil is largely dependent
on the pressure distribution along the contour of: the
profile and, therefore, on the shape of the airfoil
section and on the 1lift coefficient, A way of theorctical
calculation of the start of transition (instability .
point), that is, the point downstream from which the
boundary layer is unstable, was recently indicated
by H. Schlichting (1,3,4) and J. Pretsch (2).

According to present conceptions the turbulence
observed in tests develops from an unstable ccndition
by a mechanism of excitation as yet 1ittle known; i
therefore, the experimental transition point is always
to be expected a 1little further back than the theoretical
instability point, S . '

. Knowledge of the. theoretical instability point is,
. nevertheless, important for the research on profiles,
in particular for the drag problem, Recently a report-

\ : ' ‘
iAn extract of this report was given in a lecture
of the first-named author at the Lilienthal meeting
for the discussion of boundary-layer problems in
G8ttingen on October 28 and 29, 1941,
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vas made . about airfoil sections which, due to a position
very far back of the instability and transition point,
have surprisingly small drag coefficients (laminar
pro;jleg§ Thus.far no systematical investigations of.
the influence of the shape of the profile upon the

" position of the transition point have been made either
experimentally or theoretically., The follov1ng calcu—
‘lation of the theoretical instabllity point is,
therefore, given for the Ffirst time in a sufflcwentlv
large range of ca-values and. Reypolds nunbers to
achieve a greater systematization of airfoill sections,.
In order to keep the extent of calculations within
tolerable limits only the two most important profile
peraineters, thickness and camber were varied, A rather
convenient and accurate mode of calculation of the
potential flow for the profileu is important for. these
investigations and the selecticn of a series of
Joukowsky proftles vas, therefore -natural, It was
not advisable to take for lnctance the NACA Series as
a basis; the calculation of the potential flow for
such DroPJWCS according to the methods ab present
avallable does not aﬂhievo the accuracy vhich is
_required her€.

'II. EXTENT OF - THE INVESTIGATION o

A series of ordinary Joukowsky profiles of the

rela+1vp thicknesses ¢/t = 0, 0,05, 0,10, 0,15, 0.20,

0.25 and the relative cambers f/t = 6, 0,02, 0, 04
0.08 vere taken as a basis, (See fig. l.) For ;nSUance
J 415 stands for the Joukows&y profile of camber
£/t = 0.0k and the thickness d/t = 0.15. The c,-region
vhich was examined is Cqg = 0 to 1 and the Re—number
S S Ut hoo 8. : -
range Re = _5" =.10% to 10 . The complete calculations
were carried out only for the following nrofilesg: 000,
005, 015, 025, 215, Loo, 415, 4es, 300, 315, and 825,
" The results for the remainjng profllps couid be obtained
by interpolation., Thus it was possible to obtain a
result with tolerable loss of time in SD te of the very
extensive program {(four parameters); a certain amount
of accuracy had to be neglected since tho interpolation
sometimes was carried out over three points,
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. TII. THE CALGULATION OF THE POTENTIAL VELOCITY
AND THE PRAGTICAL APSLICATION ‘OF -i‘IiE‘ BOUNDARY
LAYER, AND STABILITY CAICULATIONS
(a‘)’ThAfé Potentiél' Flow. . . .

: 'The calculation of. the potentlal v01001ty with its .
~first’and second derivatives along the profile contour
forms the basis for a boundary layer and stability
calculation, The potential flow abeut a Joukovsky
profile is obtained by conformel mapping of uhe flow
about a circular cylinder, (See fig, 2.)

A short list of the most important symbols and:
formulas for the profile contour and for Lhe velocity
dlstrlbution fo]lows- _

zZ =X+ 1yj : a
: = Coordinates in the complex plane

mapping functionE
. [}
-~ | € = Z -+ ...Z_..
cirdle Ky—3 mean caﬁber'liné of the profile

circle K —3cambered profile

a - radius of the un¢t cjrcle in the z—planpj

R ' '"raawus of the c*rc]e to be mapped in the z;piane
t o wing chord |

t' - length of the pr ofile contour from nose to

trailing cdge (d¢ffevent for siuction and
pressure swde)

¥, ° coordinates of the center of the circle to
be mapped in the z-plane (circle X)
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0, ¥1 . - center coordinateés of the mapping .circle of the
mean camber line of the pPOflle (c:rcle Ky )

o ‘ varV1ng anculae coordjnate of the conformal
transformatwon ‘

- zero lift,dlrectioni(See fig, 2.)

o angle of attack of fhe airfoil referred to
the theoreticallchord» :

ag o ‘geometrlcal anﬁle of attack referred to the

‘bitangent (See f¢o. 2.)
Proflle nose: ¢ =T + B

Trailing edge: ¢ = -B

x N N .
o . ‘ .
3 = ¢, = thickness parameter; k = 1 +'61
, A See table I.
¥1 :
B =€y = camber parameter

1 . €y

p = arc cos********TE = arc sin =3

The profile paramecters e],leu, and P can be found
in table 1. .

Profilile contour:

. | - A | 2N
, ) | _ 5
. [§ ' , ' (}c +€ -
..%~= %-(%\rl +'€42 cos _.s£><% + %>+ U A i>_
- - k+€1
. | , .
| T T o > (1)
. S N
%:%k<€4+'l+64 sinco)é_mN)
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= k9<§ * 254‘)+ ¢,° + 2% ql +t €y (}-G cos ¢ + €4k sin %)
4 . .

t 1 +\k + 61) L e L (1(a))

5 = 2+ o

a . X + € .

1

Nose radius P/ t:
For symnetrical profiles the equation:
.

B

i

ET T T o

. . 2¢ e ‘
1 4 1:+jfl .. ._(2)'_

is valid exactly. This formula may with a good approxi-
mation also be applied to cambered profiles, The - :
numerical values in table 1 show that the nose radius

of the Joukowsky profiles is only little larger than ‘
for the NACA profile- fam:;y accordlng to NACA report 460
for which P/t = 1,1(d/t)

Veloclty distribution:

<
“

U
m
— = 2'zin (¢ ~.a) +'sin (a -+ B) Po(e) (3)
U, | 1
~ Stagnation points: Back @ = — B

Front @ =T + B + 2a

Py (9) = el )

J(N - 1f2 + 4k? Gﬁn'+\ll +,€4é sin %)2

t
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Velocity .at the trailingxedée}

1im <Um‘>_~ cos (a + B{ S : )'
o 5)

o —> B
k{1+‘52

Arc length:

ds ax
s @
s as a function of ¢ is. to be ascertained from (6) by

graphical integration or can be seen directly in an
enlarged presentation of the profile contour (t = 1lm),

\

Velocity gradient:

1 d.-Um N _
g~ —- = 24 —=ux ¢os (9 -«
Yo ap N11}§~ 2 (9 - a)

% §;%7§wgin (o —-a) %.Sin (a —-ﬁg ‘

\ / .
A zsgkke4 + ql + 642 sin é)

= (N ~1)° + a°

B = Nl N! - N [kN ~ 1) N! + 2k\!1 + 542 A cos«ﬂ
Nt = 2k: 41 + € <’ sin o + euﬁ cos i) (7)
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The first derivativevof the potential velocity with
' au )

m
respect to the arc length -z~ wvas calgulated,

numerically from equatiors (6) end £7), and from that
a-u

.-

. graphically the second derivative v
S : as

Relation between c, end o:

R ., .
c, = 87 gsin (o + B)

kY1 + 62

1
3426 + ey

ot
]

; compare tables 1 and 2,

(b) Boundary-layer and Stability Calculation

After calculation of. the potential velocity with
its first and second derivatives along the profile
contour there is a bhoundary—-layer and stability calcu—
lation to be made for each profile, The boundary—layer
calculation according to- Pohlhausen (5) wag based upon
the differential equatbion for the boundary layer thick—
ness in the shape indicet.d by Howarth (6)%, - o

e

_odE ey
2! = wsrey = f*%“‘*& zyg (AU (

(@2}
~

2In the meantime a simpler form of the Pohlhausen .
equation was indicated by H, Holstein and T, Bohlen (10)
vhere the momentum thickness appears as independent
variable, For this method the second derivative U"
is unnecessary; the integration procedure is thus
simplified considerably. '

N
’
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The.follOWingTSYmbbls”stand for”

N

T o A 2ir
- c— -Uéﬂ i -j:'—-— E:;.L. 2 et :Ed !Im
=g, U= O Fqe -, Uz T,
o o o ds

-

N

thicknéss accoPding to Pollhousen

(o]
0
o
(é
feh
U]
]
o
s
)
g
[
R

kPhA: z& T = Porm parameter according to Pohlhausen

27 !

3 A )
- { - ,,’\’ - hr)!v
'Z z. ‘:I

630 650 1810y

. Initial conditions:
- At the stagnation point
Ko': 7.052

thet is,

fo
H \D
N
£
&

%o =07 = T - (9)

=
o

1

o

!

Lt}

Py,
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Besides, - .
o"

‘ ‘zuo‘ie - 5;391 ET?' tA | (10)

The isocline method was selected for the sclution of
the differential equation., The particular advantage of
this method is that not only the initial value z), is

known,-but that the inltial incllnatjon at the stag—
natlon point zuo also can be’ determined The latter

value is:obtained bv exact performance of the limiting

process' 1im %g. in (8) Lowarth(()) With Zyo! knovn
"U=0 : : '

the 1nte@ra1 curve passing through the initial value

is easily found vhich otherwise is not immedlately

possible because of the singularity of the Pohlhausen
equation at the stagnation point. ‘

Zho

For the profiles of the thickness d/t = 0, that is,
for the flat plate and the circular-arc profilcs the case .
where the flow does not enter abruptly (a = 0) "is
exceptional since there exists no true stagnation
point: the velocity at the leading edge has a finite
value different from 0, The initial value of the
thickness. of the boundary layer is here zero, that 15,
at the 1ead1n& edge there 1s’ - B

B (11)

Profile Cy net'abrupt
o ' flow entrance

0 0
200 .25
, J

‘UrOO_ ' e 5 ; S

8oo - |- 1
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The velocity nesr the leading edge of circular-arc
profiles takes the same course as \/'s:
Up = Ugg +CVe + . L ’
. . ) /
that is Ut becambs with 's—>0 infinite like 1/\F~
the ve1001ty has a perpendiculur tangent vhich always
.occurs when the contour  of .the profile shows = sudden

- change in curvature aS'it does here (v. Koppenfels (8)).

z), hear the 1ead1ng edge flor a circular-arc profile
behaves like 24 for the flat plate that is, z)  goes
in a linear relation to s, toward 0. Taking these
facts into considéeration there reqvlts et the 1ead1ng
edge:

A =05 izt = 34,08 - (12)

It has proved advantageous to calculate the line
elements zj' directly from the equation (8) by means

of & plotting of the curves. f(ApL) and g(AP ) (See

fig. 3.) This meuhod is superior to the calculat"on of
the line elcuent° by means of the often used nomograms

of Mangler (7) with respect to accuracy and its equal with
respect to loss of time. Generally it will be sufficient
to determine the line elements for each value of the
sbscissa s/t at two ordinate values only.,

The boundafy—layer calculation yielas for each
profile for a given. vaelue the nondimensionsl

P

boundary leyer thickness 2y and the form parameter KP4

as a function of the length of the arc s 'hlong the
contour. The distribution of velocity u(y) in the
laminar boundery laysr is then obtained from:

For the flat plate. 2, =34,03 s/t (according to
ohlheusen (5)). o



WACA TH No, 1185 ,‘ 13
cooo T L, 5*’):; Ol a3
| T T MG TR, )

with

F“ ?5?11, ] 2< > CPL)

' Gh'= 3 .1 j) @R 3‘_.l<iz;:§
-6 6PL Op, g’l!) *\3xl,

The results of the boundary-layer caloulation for

the profiles J 800 and - J 025 heve been plotted as

examples .in figures h snd 5t the form parameter k pli -
+.

and the nond1m9nsional disnlacament fuwck- .

> (1)

6')(' UOt . L. L
ness e <’ with .6* gtanding for the displace-

ment thickness.

The following relation exists between the displace-
ment thickness and the boundary laver thickness accordlng :

to Pohlhsusen:
Lo o '- h )\.PL}:
A 05 - 120, . (15)

The, displacemert thickness: ni the flat »nlate in longil-
tudinal’ flow (}‘Pl = O) is renpresented graovhically

in figures lf and 5 for comparisons The follewing equations
are valid: - ‘ ‘

5% [Uot _ _o* op) [Uot _ - o = E- Y
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The profile  J 800 (fig, u4). shows clearly that
the displacement thickness for accelerated flow (suction
side) is smaller than the displacement thickness of the
flat p*aue whereas it is. larger Lor retarded [low
(pressure side). (Compare also fig. 156.)

From the boundary-layer calculation there result
also the laminar separation points. According to
the four=term method of JonlhauSLn sepaLatlop occurs
at Mply T =12, according to the six=-term method (ses

below) at i hpg = -10 corrasponding to Apl, = -9.6%,
: A

Flow Uhotomrapho qav*»bcen talren in a Lippisch
smoke tunnel for ar pars of the calculated DPOILng of

b

models of bO-centlmeLar Wln CPO”d and at Re~numbers "

of about 2 X. 105 The n01n s of scparaulon have been
ascertained from the flow graphs (figs. 6 to 11, appendix).
Figure 12 shows the experimentzl and 'qeoretlcal separation
~points for wvarious proflles for comparison, -Compare

also table e PnP reumenu is Pa,uer gfod.

After o), has been ascertained as s function of
Ply

the length of the arc s _there results the instabllity .
p01nt (S/L) 1y, from a stability calculation '

(H. qchllchﬁn{* () based. on-the siz-term method of
Pohilhausen. The Pb-mefhod is based on a one-porameter

group (parameter %pé) of boundary-layer profiles

which can be represented by polynomials of the sixth degree,
An investigation of stability was carrlsd out for a. -
number of these boundary«luyo; profiles in (4); first,

. U 64€
the_critical Reenumber of the boundary'*aypr"( 5 ‘

as a function of 9 pg  Wes obtained, Thé critical
/016* g o :
Re-number of the 1aminav Waye ( " ags a function
. CKYU.
of KP? (xir. 13) is then 1mmed3au91y known .also .

because of a universal relation between: )4 and kPh
indicated in (li). : |
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Once ph(s/*) has been'aécéﬁtmiﬁéd from the

boah¢ary*ﬂayer chCulation accovdlqg to Pchlhausen's

. (Upd*
method a critical Re-humber"i. } may - be
' \ V. Arit, '

;‘coordinatei to each poinf of the profile by means of

figurs 15, Horeover the Re-anbnr of the boundary

RN ,
layer = can ve calculated for each point of the’
) v Tt
nroflle &t a cerualn -——,
v
i * B e - .
U. 8" 7. ¥ Ut :
m ‘m o~ 67 {70 S
= e | [ e 1
RN L TR 0o

The location of the instability point is then glven: by

U 6% /U A L
v /erit, L ,

I\I,o ) ﬂ.* IJTILTu

(a) Infl ence of the . ca—Value and the Re—number

The -results of the st%bllitv calculation, that is the
pouitlon of the cheorptical ¢nscabi11ty point ( '
Critu .
for the sample profiles J 800 and J 025 are plotted
in figures 1l and 15 against c¢_, with the Re-nuwuber

a
P PR . Uyt  pie
as“parameter end furthermore against e with the
£ : Ul _ : " ,

c -VG1Ub as paramcter. The characteristic course of the
curves. is the same for all prefiles; the following
stateméents are valid: the instability point travels,

Cg. @t a constant Re-number, forward
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on the- suction side, baclkiwerd onh the 'pressure side;
the instability point travelis forward on both suction.
and pressure side with increasing Re-number at a-
fixed c,-value. ,This behavior is domonstrated vary .
clesrly in figures 16 and 17 which represent the -
velocity distributions for the two profiles J. 800 and
J 025 for the various cg-values with instability and
separation pointe. One can sse in particular. that the
instability points of the suction side for Re-numbers
Ut -
from "=

5 ! : ° . - : ‘ N [y .
= 107 to 1071 lie near the velocity maximum;

mostly tiie position of the instsbility point for Re = lO6
£ J b -

agrees well with -the location of the velocity maxlmuime
The pressure side of J 800 in the case where the flow
does rnot enter abruptly (cg = 1) 1s an sxception

smong, the cbove mentioned examples, since the rlow from

the leading edge to the center of the profile is con~
siderably increased so that no relative velocity
maxirium existse. Measurements concerning the dependency
of the btransition point on the c,-value were fHaken

by A, Silverstein and J. V. Becker (9). These tests
showed (as s result) ths same dependsncy of the
transition point upon the 1ift ccefficisent as the
prescnt thscretical investigations.

/

h) Tnfluercs of the Camber of the Profile

' ‘The influence of the combsr upon the position of
nstability point can be described as followss

the ins

the instability point travels with incrsasing camber,
at.constant thickness, for all c, -values and Re-numbers
backward on the suction side, forward on the pressure
side, Tais influence of the camber csn be understood
from the fact thet the stagnation point and thersfore

the region of the accelerated stabilizing flow travels,

with incrcasing ceamber, backward on the suction side

whereas bscause of the flow around the nose of the
nrofile a region of considerably rstarded destabilizing
flow originates ilmmedistely bohind the noss on th '
pressure side. Figure 18 rcpraesents as an exsmple the
results for profiles of the thickness -4/t ={0:15,
with veriablé camber £/t for c¢_ = 0.25 and again

the Reenumber as parameter, The Curves for all thick-
nesses and all ca-values have the samc charscteristicse.

“o
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Ac) Influence of. the-ProPile-Thianess»

The dependency of the 1nstdb111ty point on the
thickness cannot be descrlbed in such genéral terms
as the influence of the camber since this influence
depends in the following way on the Cgq -value: A

l RN SO - ¥
eertain. ey noy abrupt flow entrance ? that 1s, the

¢y value that correspon&s to the not abrupt enteflng

of the flow (a = 0) for the ‘circular arc profile.- ..
with the given oambec, is coordinated to each. value of -
the camber f/t, The curvss. (s/t)gpiy, versus d/t

at 'a constant £/t .show on prlnciple two -different .
types (fige 19): - = ' R eTeny

T, With increasang thlckneos, the curves (s/t)crlt

versus d/t start from & flnite value and have a
flat minimums:
. On the suction side for Co é'c
flow.changes., ‘ _
‘On  the pressure side for Ca = cg Tfor not abrunu

flow" chanves.

a for not abrupt-

II, The curves (8/t)gpyy, vorsus &/t rise starting
from O with increasing thickness; hence, the transition
point moves backward as follows: ’
On the suction side for 'cg » cg for not abrupt
- f1loWw’ changes., " o
. . DOn the pressure 31ae ‘Tor ¢y < Cg for not abrupt
. flow., changes. ) , S C .

.;.fﬁg’resujts for the symmetrical profiles at cy = 0{25
are represented as an exarple in figure 20. For the

... .symmetrical profiles Cg fop not abrupt flow changes = Oy °

.that is, the dependency of the instability point on the

.. thickness 4/t for all cg » O is of type Il on the

suction side, of type I.cn the pressure side,

The flat minimum in curves of type T does, in some 8
cases, not exist at high. ‘Ré~-numbers . (Rel" lO7Auo 10°%),
cand  (s/t)epit, versus-»d/t risés fro1 “the Tinite

value 4/t ==0¢7
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(3) List of Tables for tle Separation and Instability
Point in all Joukowskv Profilee

The total result of the bouridery-layer end .

stability calculations is represented by a graph of the
curves (s /t)AP g = conste. and (s/t orit, = const., res pec-

tively, in a ystem of axes thickness d/t - camber ﬁ/t.
(See figs. 21 to 30.:) ‘A profile correseonds to each votint
of the plane, 1In Uarticular, the 'symmetrical profiles '
are” coordinated to the voints of the d/t-axis, the " ’
circular arc¢ profiles .to.-the points of the f/t- avis, -
and the flat plate corresponds to the zero point. IR
Lift coefficient and Re-number are considered as
parameters. One has therewith a catalopue of Joakowsxv
profiles “that make it possible read off, for every

~ profile in the reg%on‘o a/t S 0,25; o03f/t S 0/08,

the position of the separation no;nto.for O'S 1
(figs. 21 and 22) end the position of the lvsta%1lit;

point for O : Ca ='1 and 105 = Re s lOU..“Flgures 2% to 50
‘represent the curves ‘(S/tcrit = const, for the "

Jot

1l

‘ 0
Reynolds numbers from Re = = 107 to 10° at
the c,-values ¢, = 0, C.25, 0.5, and 1 for suction
and pressure 31de. For instance the values indicated -
In the following table for profiles of the camber f/t = O, Oa

and the thickness d/t = 0,10 to 0.15 at Re = 10° ana 107 .
are taken from these reoreoentatlons. (See age: 19. ) :

‘The most remarkable matter in this graohical repre-‘
sentation is the location of the curve (s/t AP 6 T 0, and

s/t)crit. =.0, respeectively, at the various. cy-values, .

The position of this zero curve in -the catalogue for the .
instability points will be discussed; the same is valid .
for the senaratlon pointss (s/t) .4, = 0 can only,

appear for the flat plate and the circular-arc profiles
on the °uction side for g > ¢, for not abrupt flow

changes, on the pressure side for' cy < Cg4 for not

a
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. The curve (s/%t) = 0 always
abrupt flow changes crit. '
coincides with the f/t-axisg it forms 2 part of

the f/t-axis which is determined by uhe actual ca-value,

Therefore no point (S/t)cf‘t = 0 exists on the suction
L Ue

gide for ¢, = 0 since ¢ : . . >0
1ae 1o a a for not abrupt flow changes

for all circular-arc profiles. Ior the pressure side,
on the othsr hand, (s/t) ipl S 0 on the whols f/t-axis,
crite.

There follows in the same yay Ior c, = 0.25

, & 7
that (s/t)orit =0 for 0 = £/t < 0,02 on the suction
side and for £/t > 0.02 on thé pressure side. Pressure
and suction side, therefors, alweys complement each
other. The point which corresponds to the circular-arc

rofile with c¢_ = ¢_. : ' -
b a a for not abrupt flow changes

(for instance J LOO at ¢, = 0.5, compare figs. 22 to 30),
ig, the end point of tht distance (s/t) ., =0
crit.
singular point in the following sensc: The point
f assumes a certain value (s/L% (different
- crit.
for pressure and suction side), but an infinite number
of curves (s/t) =.const. which are crowding
crite '

together -asymptotically owarl (s/t erit. = 0 run

into it. It is true, these relations for the vely thin
profiles give aniy quallcat¢ve results from the present -
lﬂVuSUTgathHu. An additional series of thin profiles
would have to be inveot*ga+ed in order to make more
accurate statements possible, - However, only profiles
with thickrnesses 4/t > 0,05 Which can-be analyzed
quantitatively, are of praotic 1l intereste.

N

For ¢, =0, \s/t) .4, 18 the same on suction and
J J. ] B
pre ssure side for the symmetrloal profiles., Therefore
tine curves (s/t) - = const. for suction and pressure
crit. ‘

side would adjein at ¢4 = 0 in a joint representation

of the suction and pressure side where for the pressure

side the measurs of the camber is directed downward,

For values ¢y # O also the curves‘(s/t)crgt = const.
, L Ue
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nhave conulnuaulons uhion caorrespond to the

curves (s/t) rit, = consts for the pressure and

suction side, ”esneﬂfxvelv, at the aupevuainlng s -value
with inverted sign. . a

(¢) Mean Value of the Laminar<Flow Distance on

"

. . ot . . .
Suction snd Pressure Side for all Joukowsl :y Profiles

In view of the development of laminar profiles
the mean value of the lamlna“u lcw distance on sucticn

and pressure side is interesiing. Pigures 31 and 32
show the curves mean value (s/%3 ., = conste in
. _ crit.
the 4/t-, f/t-plane for verious 1ift coelfficients and
U~% - . :

. ov . , {—
the Re-numbers —— = 10° and'lO7 g = 0.5
) ) v -crit,
s .. : .+ \ Generally the
L erit. suction CPlG. pros*uru | : -

N\
following conclusions_are valid: 'Dhe profiles with the

smallest mean value (5/%) .5 for a certain c_-value
erit, ' a | -

liec near the circular-arc profile to which this value

is QOerlnatea as ¢ 3 - . .
o for not sbrupt flow changes

This OLOfilb w17l te for ca = 0 +the flat plate,

for ¢, = 0.25 the profile J 200, for ¢a = 0.5 the
profils J 400 and finally for e, = 1 the profile J 800,
o i B Uot' 6
There seems to be an exceptional case at Fg e = 10
. v

and ¢, = 0.5 (fig. 31) which can be explained as
followss The circularearc profils for whilch at the
considered ecgy-value the flow enters "not abruptly"

(for instqnce J 400 at c, = 0.5) ig a singular point
in the £/t-, d/t—ulagtam. 'XUf”Odcbin tb' profile
on the f/t- ah;s from two different sidsés.one obtains
two different 1imit values (S/°)crit since once only

the suction side and once only the pressure 31ﬂe
contributes to the mean valuc. Only for the singular
noint itself suction ¢nd prassure side. cnnurl\bue 50

that this profile has hlgi r (s/t) opit, Than the
. LTo '

7
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profiles on the f/t-axis hear it. -If' one now considers

the curves mean value (E/t)éri% = cornst. for values
o

higher than the two. limit values (range I).. These |
curves enclose the singular point and end at two points
on the f£/t-axis. ‘The remaining smaller mean

values (E/t)crit_ generally cover only a small region

near the singular point (range II) where, with the
present investigations as a basis, more accurate
statements are not possible., Only for the,

Ust 4 < ' _ : : .
8¢ ~—— = 10 and Cq = 0,5 the range II comprises
all profiles of the series considered here sincé on the
pressure side the profile J 100 at C, = 0.5 and

0

C!

§

Re = 10° has no transition ooint | (s/t)Crit = 1 and

therefore the point £/t = 0.0l obtains a high mean :

value (s/t) o > 0.5, For this case there are closed
crit. ~ .

curves (s5/t) = const. and there exists a profile (J 115)

with the smallest mean value i (5/%) .. = 0.155 at
£l . __ ! crit.

Re = 10°, |

Moreover, the following results are obtained from
figures 31 and %2: All Joukowsky profiles have small
mean values (S/t)crit ;s for instance, the mean values
for praétically important profiles with the camber
£/t = 0.02 and the thickness d/t = 0.10 to 0.20 at

Re-numbers of 10° to 107 are between 0,08 and 0.2.
These mean values are only to a small degree dependent
on the 1ift coefficient; for instan?e, the mean values
for the profile J 215 ‘at Re = 10® and at 1ift coef-
ficients ¢, = 0 -to 1 are vetween 0,15 =nd 0.175.

’ : V. SUMMARY

v . -~

A series of Joukowsky profiles with thick=-
nesses d/t = 0 to 0.25 sand cambers £/t = 0 to 0.08
was investigated with respect to the position of the
instability point for various 1ift coefficients and
Ze-numbers, The following result was obtained: With
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1

increasing Re-number, the instabllity point moves
forward on suchion and pressure side; with increasing
cy-value it moves forward on the suction side, bhackward
on the pressure side, . The position of the instavility
point as a function of tn¢aneq° and’ camber of the
profile is repreqeatcd in the ‘shape of a graphical

list of tableés which permits the rp~ﬂ¢4, oi'f of the
position of the lﬂbtubll1ﬁy'pOLﬁt on svction and pressure
side as well as of the mean value of +the laming - Flow
disvance on sucticn and pressure side for-each nrofile

of the series, e :

Translated by Mary L, Eahlef'V'
National Advisory
Commlttee for Aeronauui
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TABLE 3

LAMINAR SEPARATION POINTS; COMPARISON

S = Suction side,

OF TEST AND CALCULATION

D = Pressure side

cg | o o5 | 0.5 Jo.15] 1
Theor. | 3 | 397 9.891 0.835 o
J Loo Expor. | S | 092 o.88 .83 .75
meor. | S | 8925 86 | 8IS 755
J 800
Exper. ,IS) O.88 | O.Sh 0.80 0.76 T3
Theor. | 3 337? 6596
i Exper. | 3 70 | .28 | .10 015
| e | 3] KB BB B 23
S R
ISEEIEIEINE:
EESHEREIEIE IR
meor. > | . Z? .0522 .gggu .gggh
J 815 Exper. SD gg :g% '{Cl) ?Z iZ
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010 210 410 810
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015 215 415 1
c =2
N—

M
M

020 . 220 420 820
- - .

- N—

\ N

Figure 1.- ]-oukowsky-proﬁles: thickness d/t = 0 to 0.25; camber
f/t = 0 to 0.08. Profile number: for instance, J 415 stands for
the Joukowsky profile with £/t = 0.04 and d/t = 0.15.

Y @=xriy

b ¢
Zero lift-axis ’

Py -
- LT —

SE=Sel

— Chord
’{Y Theoreticsl  } - :
« dg chord X, .
: Profile parameter; €r=" (thickness par.)
Vo Q:%l (camber par.)

Figure 2.- Explanatory sketch to the Joukowsky transformation (schemstic),
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Figure 3.- Auxiliary function f£(Mpy)-and g ) for the boundary-layer

calculatlon
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Figure 4.- Profile J 800, boundary-layer calculation: form parameter A p4

and displacement thickness — 45— .
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a® Ca theor.

—4.6 0
—2,3 0,25
0 0,50%)
2.3 0,75
4,6 1,00

Figure 6. Profile J 400, smoke tunnel
photographs (Re = 2. 105).
*) not abrupt entering.

33

«f Ca theor.

—9,2 0
—6,9 0,25
—46 0,50
—23 0,75

0 1,00%)

Figure 7. Profile J 800, smoke tunnel

photographs (Re = 2. 109). Laminar
separation points see Fig. 12.
*) not abrupt entering.
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0 ! 0 0 0

2,2 } 0,25 1,9 0,25

44 0,50 3,8 0,50

6,6 0,75 5,7 [ 0,75

8,8 | 1,00 7,65 1,00
Figure 8. Profile J 005, smoke tunnel Figure 9. Profile J 025, smoke tunnel
photographs (Re = 2.109). photographs (Re = 2.10°). Laminar

separation points see Fig. 12.
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«° g’ Ca theor.
|
—4,6 —8,1 | 0
—2,5 —6,3 0,25
—035 —4,2 0,50
,45 —2,2 0,75
3,5 —0,2 1,00

Figure 10. Profile J 415, smoke tunnel

photographs (Re = 2.109). Definitions
of o¢ and ocg see Fig. 2.

«® ‘ ag® ! Ca theor,
—9,2 —11,3 0
—7.2 —93 0,25
—5,7 — 7,25 0,50
—3,2 — 5,25 0,75
—1,1 — 3,25 1,00

Figure 11. Profile J 815, smoke tunnel

photographs (Re = 2.10%). Laminar
separation points see Fig. 12.
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{5) = Suction side Theoretical
[D] = pressure side —(— Experimentsl

10

B |
I aa‘§§\¢wﬂ
\

J 025 (0]

I 25 (51
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= 05 5 7

¥

06

o+

I\

FATR

24

Figure 12.- Laminar separation points A P e versus C iy comparison of tes,t
and calculation for the profiles J 800, J 025, and J 815.
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Figure 16.- Profile J 800: Velocity distribution with instability and separation

Ust
points at various Re = 8 and c, - values.
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Figure 17.- - Profile J 025: Velocity distribution with instability and sepafation

points at various Re = —5— and c, - values.
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Figure 1‘8.- Influence of the camber upon the position of the instability point for
profiles of the thickness d/t = 0.15 with cj = 0.25. A = laminar separation

point; M = maximum velocity; S = stagnation point.
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Figure 19.- Characteristics curves about the influence of the thickness of
profile upon the position of the instability point. Suction side:

- Ca £ Ca for not abrupt flow changes; suct:lon s_ide: Ca > C3 for not
abrupt flow changes; Pressure side: c, 2.c, for not abrupt flow changes;

pressure side: ¢y < ¢ gor not abrupt flow changes:
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Figure 20.- Influence of the thickness of the profile upon the pbsition of the
instability point for symmetrical profiles with Ccgq = 0.25. A = laminar
separation point; M = maximum velocity; S = stagnation point,
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Figure 21.- DPosition of the laminar separation point (s/1) as a function

AP 6
of the thickness of the profile d/t and the camber of the profile f/t; suction .
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Figure 22.- Position of the laminar separation point (s/t) Ap g asa function
of the thickness of the profile d/t and the camber of the profile f/t; pressure
side. '
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Figure 24.- Position of the instability point (s/t) t.as a function of the

cri
thickness of the profile d/t and the camber of the profile f/t; pressure

side; _Re = 109 .
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Figure 25.- Positioti of the instability point (s/t)p;.2s 2 function of the
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Figure 26.- Posmon of the 1nstab111ty point (s/ t)CI‘lt as a function of the

thickness of the profile d/t and the camber of the profile f/t; pressure
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= 106 .




NACA TM No. 1185 o 49

7t : Ga=g. - % Qa=025
N e T
/ ] ] _—] w3
aos o0 /
// - Rz
w B e o ﬁ
/ L —] oz _— T~
//_—_%\ b N
Q2 — ——— N . Qo2 \ \____&\
i it 0 N T \Q{ \K
=S S N WP &~ %
02 ‘“m”‘ ads at ass a2 s Q05 a1 o5 a2 028
/A | =05 7, =10
waf=t2- =i w‘g\_ —~if5
= N —
a8 f—] — Y s AN T %
- '\ ‘\:\\ N ~-_\ \\{
N \ \\\{z - N N \
\ \ AN N Y
. \ \\\ 1
w2 \\ \Q ”l \\‘ \ \
:\ﬂm\@ W/ f 0N \ \ \ \
I s N 4 Naws o Yo .
ws o ) 025 T ar Uis 7 s

Figure 27.- Position of the instability point (s/t).pit.as a function of the
thickness of the profile d/t and the camber of the profile f/t; suction
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Figure 28.- Position of the instability point (s/t) (.asa function of the

cri
thickness of the profile d/t and the camber of the profile 1/ t, pressure

side; _Re =107
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Figure 29.- Position of the instability point (S/t)c'rit.as a function of the
thickness of the profile d/t and the camber of the profile f/t; suction
side; _Re =108
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Figure 30.- Position of the instability point (s/t) crit.@s a function of the
thickness of the profile d/t and the camber of the profile f/t; pressure

side; _Re = 108



NACA TM No. 1185 ' | : 51

5 Q=0 7 ta=025
Rl 73 By 275 J— i - —25
05
\,\ -
aos 022 an &
e : ./
L 02 an2GTR— Lo SO
e //
o — | T - \'75 o a5 0 0128 ) )
) el S \\a | a ] L | 125 d
205 o1 ars 02. as t s o < afs 02 a5 t
. Ca=05 Ca=10

00 %5 0p8 3 0235
Otz e DA
ff’éju’l 7 — R e e s
————— 7 o . \} 125 K \
----- u /
S A 205 P 0.22
w N
2 N > \

&
004 B

61 ar. NI il \
R RN T—

\\azs 18 NN

Y \%ﬂ VNN

Sog 915, LA
: 5
i
]
1

\
/

\
002 [r— Q02 R 9218
] 8! 55 \ \, N
/ /,’ j . \\ \ \\ \J
v ! a4 \a5 g 3 025 1 az25g
005 o1 a5 @2 025t aos ar 015 a2 025 ¢t

Figure 31.- Mean position of the instability point (é/t)crit for pressure and

. . _ 106 - )
suction side at -Be = 10~ . (S)opit. = 1/2 (Scrit, suct. side + Scrit. pressure

side) .
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Figure 32.- Mean position of the instability point (5/t).pt for preésure and

L AT :
suction side at Be =10 . (s)cpit.= 1/2 (Scpit, suct. side + Scrit. pressure

side).
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