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SUMHARY

A method 1s described of rapidly estimating the posi-
tion of the laminar separation point from the given pres-
sure distribution along a body; the method is applicable
to a fairly wide variety of cages. The laminar separation
point is found by the von Karman-Millikan method for a
serles of velocity distributions along a flat plate, which
congist of a region of uniform velocity followsed Dy a re-
gion of uniformly deéecreasing velocity. It 1s shown that
such a velocity distribution can frequently replace the
actual velocity distridbution along a body insofar as the
effects on laminar separation are concernod.

An example of the application of the method is given
by using it to caleculate the position of the laminar sep-
aration point on the N.A.C.A. 0012 airfoil section at szero
1ift. The agreement between the position of the separa-
tion point calculated according to the present method and
that found from more elaborate computations iIs Very good.

INTRODUCT ION

O0f the various available methods of calculatlng the
characteristics of the laminar boundary layer in two-
dimensional flow and, in particular, the position of the
laminar separation point, the von Kdrmdn-Millikan method
(refercnce 1) seems to be the most reliable. This method,
when applied to the boundary-layer flow about an elliptic
cylinder, showed good agreement with experiment when octher
methods failed (reference 2), The von Kédrmgn-Millikan
method, however, has the disadvantage that the computa-
tions are usually cumbersome and lengthy. Because of the
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growing importance of the boundary-layer problom, some
method of rapidly finding the position of the laminar sep-
aration point is necded.

Although the calculations given in reference 1 for a
family of "doudble-roof" velocity distributions, congisting
of a region in which the outside velocity increases lin-
early with distance along the surface followed by a rogion
in which the velocity decreases linearly, partly satisfy
the need, somo easy method having more goneral applicabil=
ity is required.

The purpose of the present paper is to develop a more
general method of—rapidly estimating the position of the
laninar scparation point. The offects of an adverse ve-
locity gradient on laminar separation are studled.

The method of estimating the poslition of the laminar
separation point presented in this report is applicabdle to
bodies having velocity distributions whose effects can be
approximated by a region of uniform velocity followed by
a region of uniformly decreasing velocity. It 1s to be
noted that—the boundary-layer velocity digtridbution at the
point along the surface of a body where the outside veloc~-
1ty is a maximum is very nearly the samc as the Blasius
distribution for a flat plate. Thus, tho condition of the
boundary layer at the point of maximum velocity can be re-
produced by the flow over an equivalent lcength of a flat
plate with uniform velacity equal to the mazximum velocity.
In a large number of cases, the velocity distribution back
of the point—of maximum velocity can be well represented by
a straight line up to the laminar separation point. The
present method therefore has fairly general appllcabliity.

The laminar separation point is first calculated by
the von Xérmdn-Millikan method for a series of velocity
distributions over a flat plate; each distribufion con-
sistg 0f a region of uniform velocity followed Dby a region
of vniformly decreaging velocity. The veloclity decrement
sufficlent to cause separation 1g then found ag a2 function
of the velocity gradient, which is expressed nondimension-
ally. The decrement varies from 10.2 percent of the maxi-
muom velocity to zero, depending on the Valuo of— tho gradi-
ent.

The relation of conditions on an airfoill section to
those for which the calculations were carried ount 1g dis-
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cussed. As an example of the application of the method,
the position of the laminar separation point on the N.A.C. A,
0012 airfoil section at zero lift is calculated. =

CALCULATIOKS AWD RESULTS

Throughout the present calculations, the reference
length Sq is taken as the distance from the leading edge
of the plate to the point at which the adverse velocity
gradient is applied. The reference velocity U, 1is talten

as the velocity outside the boundary layer im the uniform-
velocity region over the plate. :

The velocity gradient F can then be expressed 1z the
followling nondimensional form: .

wvhere U is the velocity outside the boundary layer at
any point along thoe surface.

s, tho distance along the surfacs.

The following relations give the velocity distribu-
tion outside the boundary layer over the plate:

LU | from -2 =0 to -2 = - )
Yo So - So i
and : : - _
7 S = 8
=1+7 (= °> : for = Z 1

Figure 1 shows the form of the velgcity distribution over
the plate for several values of F.

The position of the laminar sgeparation point was cal-
culated by the method of reference 1 for a series of val-
nes of PF. In each case the velocity decrement AU/U

gsufficient to cause separation was found. The results of
thess calculations are given in figure 2 as a plot of o
AU/U or /Uo against ¥, where Ug is the velocitiy

outside the boundary layer at the gseparation point.
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Figure 2 shows that small absolute values of the ve-
locity gradient P correspond to large values of the
velocity decrement AU/U and that large values of T
correspond to small values of AU/UO. When F is equal
to zera, the outside velocity can be reduced by 10.2 per-
cent of the maximum veloeity Uy Dbefore separation oc-
curs. As the value of F increascs, the amount by which
the velocity can be reduced after reaching 1ts maximum
valuo approaches zZero.

It is important to note that the magnitude of the di-
mensional quantity dU/ds 1s not in itself sufficient to
determine how much the velacity can be reduced from the
maximum value before separation oc¢curs. Figure 3 shows
the effect of applying a _given velocity gradient dU/ds
at several distances from the leading edge. The amount
of the reduction from the maximum value before laminar
separation occurs is much greater when the gradient is
applied close to the leading edge., _If the gradient is

applied immediately at the leading edge, the velocity dec—.

rement is independent of dU/ds. Tor this case F 1s
always zero.

When an attempt is made to apply the results of the
foregoing calculations to an airfoil, the effecis pro-
duced by the actual velocity distribution over the body
must be analyzed and compared with thosge produced by the
agsumed type of velocity distribution.

It is showh in reference 3 that, at any point aloung
the surface of a body at which dp/ds is equal to zero
(where p is the pressure), the curvature of the laminar
boundary-layer profile at the surface is zero. Thilgs re-
lation is applicable at the point of maximum velocity
along a body as well as to a flat plate with uniform ve-~
locity. Such congiderations and comparisons with calcu-
lations of actual boundary-layer profiles by the von
Kdrmgn-Millikan method indicate that the shape uf the
boundary-layer profile at the point of maxiuum velocity
outside the boundary layer is nearly the samec as the _
Blasius flat-plate profile, Because any boundary-layer
profile ig specified completely by its shape and thick-
ness, the effect of any region of rising velocit; isg only
to affcct the boundary-layer thickness at the point of
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maxinum velocity. This effect can be reproduced by a flow
of uniform velocity over a suitable length of flat plate.

The velecity distribution along the surface bdback of
the point of maximam velocity can m:zunally be approximatod
with sufficlent accuracy by a straight line. The approxi-
mation need be valid only as far as the point af{ which
laninar separation ocecurs.

Because a favorable pressure gradient males for thin-
ner boundary layers, the eguivalent leiigth of flat plate
is somewhat less than the actual distance from the forward
stagnation point of a body to the vosition of maximum ve-
locity. The velocity over ths rlate is assumed equal to
the peak velocity over the body. If toundary-laver meas-
urements are available at any voint P near the point of
maximun velocity, the length of plate equlvalent to thae
rezion upstream of P is 8§, = 8?6/(5 53)8

where 8 is tlie boundary-layer thickness.

RS = Ué/v, Reynolds Number baged on the boundary-
layer taickness,

v, the Zinematic viscosity.

The distance s, 1is then equal to s, plus the distance
from P to the point s, at which the advorse velocity
gradient is applied. (Ses fig. 4.)

When no suitabdle boundary-layer measurements are
available, the equivalent length of flat plate can be
found from the following approximate relation: _

s/c _
« 17 -
SR ANCO RO R

0

where Uy, i1s the peak velocity along the surface.

C, the airfoil chord.

The integration is to be carried out over the region ex-
tending from the forward stagnation point to the position
of maximum velocity. 1In this case also, s, = 5; + sg5.
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The foregoing relation for the equivalent length of
flat rlate was derived from the assumption that—the veloe-
ity distribution in the boundary layer over the portion of
the surface upstream of-—the roint of maximum velocity is
similar to. the Blasgiusg flat- plate digtribution and from
the substitution of—thls assumption in tne von Kéarmdn mo-

montum equation, R

Tae integration indicated in equation (1) can, in gen-
eral, be graphlcally performed. This graphical integration
has been carried out for a series of velocity distributions
similar to the distribution over the forward portion of the
N.A.C.Av 0012 ailrfoil section at zero lift, For curves of
this series, it was found that ' .

-0.1684

s A
L = 0,376 («P- (2)
Sn Ay

where 8m is the actual distance along the surface

from the forward stagnation point to the . _
peint of minimum pressure.

r, the difference in pressurs between tho p01nts
s /2 and s, )

Qe+ the local dynamic pressure at Sp-

Eguation (2) is valid for 0.003 < %£'< 0.2,
o

From the two straight lines representing the assumed

velocity distribution, which replaces the actual veloclty

distribution over the body, the value of F 1is computred:

8, 4U _ -
F _— e eppep——. o
Uy, ds
- ap ) ,
or F = ——, approxinmately
2(1 ~ Pm) ds .
where P = {(p =~ pm)/q is the pressure coefficient. .
Py,r the static pressure in the undis-

turbed stream.
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p, the static pressure at any noint
on the airfoil.

@, the dynamic pressure bdased on the
free~stream velocity.

Pn» the pressure coefficient at the
point of minimum pressurs.

——, the slope of the line approximat-
ing the pressure distribution

back of the point of minimum .
pressure.

The corresponding value of US/U0 ig found from figure 2.

Separation is calculated to occur at the point where U N N
falls to the value U (UG/U,). _ -

As an example, the method has been used to calculate
the position of the laminar separation point on the N.A,C.A.
0012 airfoil section at zero 1ift. The velocity distribu-
tion over the airfoll in terms of the free-stream veleocity
V¥ was found by the method of reference 4. TFigure 4 shows
that, for unit chord, the position of the point of maximun
velocity is s, = 0.125 and that Ap/qy = 0.037. Hence,

from equation (2),

S - -0 .
—% = 0.376 (0.037) °-18% - 0.8546 ——

and sy = 0,0807. The position along the surface at which

the adverse gradient is applied is s = 0.140. The dis-
tance 8, 1is then equal to 0.140 - 0.125 =.0.015, The %to-

tal equivalent length of flat plate is Bg = 8, + 83 =
0.0957. The nondimensional velocity gradient is

S 4au 0.0957 R e

=5 M = ;2 —_ - . 19 . G

F 25, ds 1190 (0:243) ©.0196 .

From figure 2, US/U0 = 0.919, and the velocity at the

separation point is 1,190 X 0.919 = 1.094. Separation is
calculated to ocecur at s/e = 0.536, the position at which
U/V falls to the value 1.094. S
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The position of the laminar soparatlon point was also
conputed according to the von Karman—M1111ka1 rnethod, Two
power serles were used to approximate the velocity digtri-
bution. These calculations indicated that the separation
point was situated at s/c = 0.55. The agreecuent between
the two sets vf calculationg is considered especially sat-
lsfactory in view of the simplicity of the present method.

The method was also applied to the case of the ellip-
tic cylinder reported_in reference 2, The previous calcu~
lations showed that separation was to be expected at a

distance s along the surface of 1.92. The present necthod
gave s = 2.00 as the separation point. The experimentally

observed position was s = 1,99.

CONCLUDING REMAREKS

Y

A fairly general method of rapidly estimating the po-
sitlion of the laminar separation point, based gn the von
Kédrmén-Millikan boundary-layer theory, has been deviged.
Good agreement was obtained between fhe restlts of thig
riethod and those of more elaborate computatilions when it
was applied to caloulate the laminar separation point on
the ¥.A,C.A., 0012 airfoil section at zero 1lift.

Langley Nemorial Aeranautical Laborasory,
Yational Advisory Commlttee for Aeronautics,
Langley Field, Va., September 9, 1938,

e i|'i1 )


http://www.abbottaerospace.com/technical-library

N.A.C.A. Technical Note FNo. 671 9

REFERENCES

von Kérmdén, Th., and Millikan, C. B.: On the Theory
of Laminar Boundary Layers Involving Separation.
TR, No. 504, N.A.C.A., 1934,

von Doenhoff, Albert E.: An Application of the von

Kdrmdn-Millikan Laminar Boundary-lLayer Theory and
Comparison with Experiment. T.N. FHo. 544, N.A.C.4A.,
1935. .

Tolimien, W.: Grenzschichttheorie. Hydro- und Aero-
dynamik, Ludwig Schiller, Herausgeber, IV, 1.
Teil des Handbuch der Experimentalphysik, W. Wien
und F. Harms, Herausgebern, Akad. Verlagsgesell-
schaft M.B.H. (Leipzig). 1931, S. 244-247.

Theodorsen, Theodore: Theory of Wing Sections of Ar-
bitrary Shape. T.R, No. 411, N.A.C.A., 1931.


http://www.abbottaerospace.com/technical-library

X.A.0.A. Technioal Note No @71

1.00

aa

.98

.10

.08

«06

o4

Figs. 1,2,3,4

/

Figure 1.-
.‘!nd.oa.l

A

/7

{71
/|

velooity
distrivutions
to_which the

A,
4

Vi
s
£

oaloulstions

[~~~ aze_stzictly

appliceble.

The ticks on
the ocurves

show the calou-
lated positions
of the laminar

points.

Figure 3,.-
Curve
showing the

% relation be-

tween the ve-
locity decre-

5k

ment AU/Uq
obtainable be-
fore lamipar

separation oo-
ocurs and the
velogity gradi-

on$ F.

.02

-.04

-,38

e i
™~

Pigure 3.-
Effect
on lami

/

tion of
separation o
applyi the
saxe velocity

gradient at
various

.
LS

2.4

1.2

o

1.0

methgd

Position of laj
ssperation point
estinated| by

Tigure 4.~
c

piner

osan’

Position or

frog mor
aalqulat

o point
el t

lamingy Spese—d

of present
net of eati-

ons

sition of
TAT sepe~
ratiom point

mating thotg-

on the N.A.C.A.
0013 airfoll
with a method

<3

using more e-
laborate com-
putations.

+10

«30

90

1.00


http://www.abbottaerospace.com/technical-library

