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The purpose of this paper is to evaluate the accuracy with which the location of laminar separation
can be predicted on two-dimensional and axisymmetric bodies using new boundary-layer equations.
The eva uation was made by studying several flows for which comparisons with previously published
results are possible. Predictions were also made for the separation points of some general classes of
externa flows for which complete solutions do not yes exist, including one that exhibits incipient
separation. It was concluded from the study that the method predicts separation points with the
reliability and accuracy needed for aerodynamic design purposes.
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1. INTRODUCTION

In many problems, it is necessary to know whether the boundary layer (either laminar or turbulent) will
Separate from the surface of a specific body. If it does, it is aso necessary to know accurately where the flow
separation will occur. This is quite important in many design problems. In the design of airfoils or
hydrofoils, it is necessary to avoid flow separation in order to keep drag levels low. In designing for high lift,
predicting separation pointsis a crucia part of the design problem.

The determination of the separation point in boundary-layer flows has been subject of many
investigations over the past few decades. The usua procedure is to apply numerica methods to the
governing partia differential equation, compute the full-field solution, and thereby obtain the streamwise
station at which the wall shear stress becomes zero. This solution procedure is not without its difficulties; it
iswell know that the wall shear stress approaches zero in asingular fashion at the separation point, afact that
invariably gives rise to problems of numerical convergence there [1], [2], [3]. In the following sections, a
new boundary-layer model, the basic features of which were previously introduced in Ref. [4], is applied for
the determination of the separation point. The mathematical model is presented, a key assumption on the
inviscid solution near the surface is corroborated, and solutions for severa externa flows (including one that
exhibits incipient separation) are yielded.

2.BOUNDARY-LAYER MODEL

Consider the steady incompressible two-dimensional laminar boundary-layer flow past solid bodies for
which the governing equation is [4]

froafioxf - ] bf2 = FraER s x|F F - FUR, - bE )

where:
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Here, x and y are physical coordinates aong the surface of the body and normal to it, respectively, with
x =0 at theleading edgeand y = 0O at the body. The prime denotes the differentiation with respect to h and

subscript x the differentiation with respect to x. L and R are reference lengths of the body, k =0 for

coplanar flowsand k =1 for axisymmetric flows. The subscripts w, d and ¥ refer to conditions at the wall,
at the local edge of the boundary layer and far upstream, respectively.
The associated boundary conditions are:

h=0:f(x0)=f(x0)=0 )

h=h,:f=F, f'=F' ©)

Here the inviscid solution F'(x, h) is known from the external flowfield and then the new boundary-
layer equations (Egs. (1-3)) provide the functions f'(x,0), f*(x,h) and F,(x), that represent the wall shear
stress, the boundary-layer velocity, and the wall mass flux, respectively. Generally, the inviscid solution is
given rather as the velocity distribution on the body surface U ,(x) than as the velocity field U (x,y).

However, by examination of several inviscid solutions evidence is given that the inviscid velocity field in
close vicinity of body is dightly variable. Hence, it can assume for that a simple linear distribution:

F':i:1+ﬂu i (4)
Uy iyl, Yw
Integrating the x-momentum equation from y=0 to d and substituting into Eq. (4) for the dope

% , We obtain the intrinsic relationship:
Y |

F‘(x,h):1+w(x)h 5

where:
w(x) = f"(O)+(FV1V- va)+ 2><(th- va)x - bF2, FvﬁzhaF'- f')oh, vazhalz'z- f‘z)dh.
0 0

Now the solution of the equation (1), which contains information on the location of the separation
point, is determinate if the value of the parameter b is known.

3.NUMERICAL RESULTS

We consider now the determination of the separation points for some general classes of externa flows,
previously studied.

Symmetric Flow Past Elliptic Cylinders and Ellipsoids. Consider the dlipse defined in the X'y’ -
planewith X' - axisintersectsat —1 and +1 and y'- axis intersects at -e and +e and for which the equation is:

X?+y?/ e =1
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The dliptic cylinder is created by an infinite extension of the ellipse in the +z and —z directions and the
elipsoid is created by arotation of the ellipse about the x- axis. If a uniform stream is approaching from —x’
direction the potentia flow is given by:

U, _ 1+eP(e) - 2" Q(X)
U, 1+ e2x'22 (1- x)gl (1- ez)x'zﬂ
1- x
where, for cylinders
P(e)=1 ; Q(x)=1

and, for dlipsoids
e(sech' le- \/1- ez)
e)= =
) V1- € - €sech’le )

The parameter b at the leading edge for cylindersisb,=1 and for elipsoids is b,=1/2, regardless of the
value assigned to e. The present method yields at separation for any value of e the solutions bs=-0.664 for
cylinders and b=-0.439 for ellipsoids. Through the known external parameter b(x',e), we can compute for

any value of e the separation coordinate x', or, from the geometric relationship,

2- X'
3(1- x)

Xl

162+il_ezka
the separation angle F . .

The results are shown in Fig. 1 together with the solutions for the circular cylinder [5] and for the
sphere [6].
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Fig. 1 — Separation points of the potential flow past elliptical cylinders (--- present prediction, - [5])
and ellipsoids (--- present prediction, o [6]).

Retarded Flows of the Howarth-Tani Type. For this class of retarded flows, the externa parameters

are given by:

b=

- 2nx" §l- X"/ (n+ 1)H
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where we shall consider valuesof n>0. It iseasy to seethat b,=0 and the present method yields a different
vaue of bs for each value of n. Through the known externa flow parameter b(x,n) the location of the
physical separation point can be determined. The results are shown in Fig. 2, together with the solutions of
Howarth [7] for n=1 and Tani [8] for n=2,4 and 8.
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Fig. 2 — Separation points of Howarth-Tani flows (---- present prediction, - [7], [8]).
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Fig. 3 — Separation points of the Gortler flows (--- present prediction, - [9]).

Retarded Flows of the Gortler Type. For this class of retarded flows the external parameters are
given by

o€ 1 u ]
- el N
n+1€ @-s(n)xg Y

B_W:é' s()xg’ ; b 1.1 ; b=-2In(l+x) ; n=-1
¥

where §(n) stands for sign of n. Regardless of the vaue of n, b,=0 and the solution for bs is the same as that
for Howarth's linearly retarded flow (n=1), i. e bs=-0.3033. Through the known external flow parameter
b(x,n), the location of the physical separation point can be determined for any value of n. The results are

shown in Fig. 3 together with the solutions of Goértler for n=1/2, 1, 2, -1 and -2 [9]. The present method
yidds x,® lasn® 0 from above and x,® ¥ as n® b_/(2- b_)from below. In the range

b, /(2- b,)<n<0, the flow remains attached for all finite positive x.
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Accelero-retarded Flows of the Falkner Type. For this class of flows, the externa parameters are
given by

Y —ex/n g— 1for x= n—
b=-2[ - J) n =0 (sharpleading edge),

-1
(nx 1) \8@(;9 e Xdx, nt 0,1(wedgedleading edge),

(ex/n) e (% ng
b=2(1- x)[e - 1+x]/x , n=1(blunt leading edge).

The solution for bs by the present method is different for each value of n. The results are shown in Fig.
4 together with the numerical results of Ref. [10] for n=0,1/5,1/3, 2/5, 3/5, 4/5and1. Figure 4 evidences
that the laminar boundary layer tolerates, without separating, smaller and smaller adverse pressure gradients
the longer the accelerated path.
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Fig. 4 — Separation points of the Falkner flows (--- present prediction, - [10])

Retarded Flows of the Curle Type (Incipient Separation). For this class of flows, the external
parameters are given by

3 e - b (1- 2/ 2+ax*/3)(1- 3¢ +5ax*)
—X =x- X X’ ; b= .
(1- x2+ax“)2

U¥
Regardless of the value of the parameter a,b, =1 and the present yields the solution bs=0.664.
Through the known external flow parameter b(x,a), the location of the physical separation point can be
determined for any value of a. The results are shown in Fig. 5 together with the solutions of Curle [11] for
a=-0.12156, 0.0 and 0.07885. The results from the present method reveal that Curle’s family of retarded
flows contains a flow that exhibits incipient separation for the particular value a, =0.379 at the streamwise
station X ; =0.922. For values a>a | separation does not occur at al, whereas for valuesa <a,; separation

occurs with decreasing sensitivity of the solution for x, to the value of a.

4. CONCLUSIONS

Based on the calculations shown in this paper, the following conclusions can be made on the accuracy
of cdculating the laminar boundary-layer separation on the two-dimensional and axisymmetric bodies:
1. A direct method involving the particular inviscid velocity field in the neighbourhood of the body enables
the accurate determination of the separation point from velocity distributions on the body surface alone.
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2.

3.

10.

11.

The present method describes in a way the trangition of the flow structure, in the immediate vicinity of
the separation point, from the classica boundary-layer to that of atriple deck.

With back flow near the wall past separation, the method is stable in downstream direction so long as the
thickness of the reversed-flow region is comparable to the boundary-layer thickness. For larger regions
of reversed flow, the equations become unstable. In a consistent way, the flow in these larger separated-
flow regions physically becomes unstable, and an unsteady boundary-layer model has to be used.
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Fig. 5 — Separation points of the Curle flows (--- present method, - [11])
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