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(ABSTRACT)

The instability of flows around hump and dip imperfections is
investigated. The mean flow is calculated using interacting boundary
layers, thereby accounting for viscous/inviscid interaction and
separation bubbles. Then, the two-dimensional linear instability of
this flow is analyzed, and thelamp11f1cation factors are computed.
Results are obtained for several height/width ratios and locations. The
theoretical results have been used to correlate the experimental results
of Greening and Walker. The observed transition locations are found to
correspond to amplification factors varying between 7.4 and 10,
consistent with previous results for f1af plates. The method accounts
for Tollmien-Schlichting waves, the shear layer instability, and their
interaction. Separatfon is found to increase significantly the

amplification factor.
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CHAPTER I
INTRODUCTION

The performance of natural laminar flow (NLF) airfoils is
critically dependent on the location of transition, which may be
strong1y influenced by surface 1mpérfections. Although modern metal and
composite manufacturing techniques can provide smooth surfaces that are
compatiable with NLF, manufacturing tolerance criteria are needed for
other unavoidable surface imperfections. These imperfections include
waviness and bulges, steps and gaps at junctions, and three-dimensional
roughness e]eménts such as flush screw head slots and incorrectly
installed flush rivets. Other unavoidable discontinuities arise from
the installation of leading edge panels on wings, nacelles, and
empennage surfaces and the installation of access panels, doors, and
windows on fuselage noses and engine nacellesl-3. Because
discontinuities cannot be avoided, a guide is needed for manufacturing
tolerances.  The guide is not related to the drag generated by these
discontinuities, but it is related to their allowable sizes so that
laminar flow can be maintained. The mechanisms by which these
imperfections cause transition include amplifitation of Tolimien-
Schilichting waves, Kelvin-Helmholtz instability (for separated flows),
amplification of crossflow vorticity, Gortler instability, enhancement
of receptivity of freestream turbulence and acoustic disturbances, and

any interaction between two or more of these mechanisms3’4'8.



Walker and Greening made wind tunnel experiments to determine the
effect of two-dimensional smooth bulges and hollows on the transition of
the flow over a flat plate. They used surface tubes to determine the
location of transition from laminar to turbulent flow. Their bulges and
hollows were mounted on one side of a smooth flat aluminum plate, having
an elliptic leading edge. Hislop carried out similar experiments for
narrow sp@nw1se surface ridge corrugations on a flat plate.

Walker and Cox made wind tunnel experiments to study the effect of
spanwise corrugations on an airfoil. These experiments were made for
three forms of narrow corrugations (flat, arch and wire) situated in the
laminar boundary layer of a large symmetric airfoil (EQH 1260 section),
mounted at zero angles of attack.

Fage4 collected fhe three previous works and established criteria
for the critical heights of these imperfections that cause transition
from laminar to turbulent flow. He found out that the flow conditions
near a corrugation which affect transition are associated with a separ-
ation of the 15m1nar boundary layer from its surface. Carmichae15‘7
also developed empirically based criteria for allowable waviness and
roughnesses that cause either laminar separation or amplification of
Tollmien-Schlichting waves. His criteria are for allowable single and
multiple bulges or sinusoidal waviness for both swept and unswept wing
surfaces. His experiments include the influence of compressibility,
suction, pressure gradients, multiple imperfections, and wing sweep.

The flight experiments of Holmes, Obara, Martin and Dormack3 demonstrate

the strong influence of shapes of steps on the transition location and



hence on the allowable heights of such imperfections. They found that
by rounding a foward-facing step, the transition Reynolds number
increases from 1800 to 2700. Carmichael's criteria are based on
experimental results for waves located more than 25-percent chord
downstream of the leading edge and hence they will underpredict
allowable imperfections in the leading edge region and overpredict
allowable imperfections in regions of unaccelerated flows. Klebanoff
and Tidstrom? used a spanwise trip wire as a roughness element, which
causes local upstream and downstream separations, the latter extending
forty to fifty times the height of the wire before reattachment to the
wall.

Inspite of all these investigations, an understanding of the
physics of the instability of flows around surface imperfections is
sti11 lacking. As a first step toward such an understanding, this work
investigates the influence of a two-dimensional hump or dip on the two-
dimensional stability. This work uses a combination of linear stability
theory and the exp(N) criterion that has proven to be a valuable tool
for correlating transition and for evaluating natural laminar flow as
well as laminar flow control conceptslo‘zo. Since linear stability of
parallel as well as nonparallel incompressible and compressible flows is
well established, the major task in evaluating the influence of
imperfections is an accurate prediction of the mean flow.

For smooth surfaces, one can use a conventional boundary-layer
formulation to solve for the mean flow over swept and unswept wing

surfaces. Howevef, conventional boundary-layer formulations cannot



predict flow over surfaces with imperfections, such as suction strips
and slots, waviness and bulges, steps and gaps at junctions, and three-
dimensional roughness elements because of the strong viscous/inviscid
" coupling and flow separation. Instead, one needs to use a triple-deck
formulation, an interacting boundary-layer formulation, or a Navier-
Stokes solver. A1l these approaches account for the viscous/invicid
interaction as well as separation bubbles, but Navier-Stokes solvers are
very expensive compared with triple-deck and interacting boundary-]a&er
formulations. In this work, we use an interacting boundary-layer
formulation, which already had been used to compute compressible as well
as incompressible flows over smoothed steps, wavy surfaces and humps,
convex and concave corners, suction or blowing slots, and finite-angle
trailing edges. In most of these applications separation bubbles and
upstream influence exist and comparisons with solutions of the Navier-
Stokes equations and/or experiments had shown good agreement. Gleyzes,
Cousteix and Bonnet21, Vatsa and Carterzz, and Davis and Carter?3 used
interacting boundary-layer theofy to analyze separation bubbles near the
leading edges of airfoils. Davis, Carter and Reshotko?4 developed an
interacting boundary-layer technique for the calculation of transitional
separation bubbles over infinite swept wings; the results are in good
agreement with Horton's25 detailed experimental data for separated flow
over a swept plate.

The purpose of this work is to study the effect of a two-
dimensional roughness element or a two-dimensional surface waviness,

represented by a hump or a dip, on the two-dimensional stability of



boundary layers over flat plates. Quartic humps with different sizes
and locations are studied first. Then, the theory is used to correlate

the experimental data of Walker and Greening.



CHAPTER II
THEORY AND ANALYSIS

2.1 Mean Flow

The two-dimensional incompressible laminar boundary layer over the
plate and the hump is determined by solving the interacting boundary-
layer equationszs'27. These equations account for upstream influence
through the interaction of the viscous flow with the inviscid flow
outside the boundary layer. Moreover, they are also capable of
capturing separation bubbles without difficulties. Solutions are
obtained by using a finite-difference method in which the grid spacings
acknowledge the scalings predicted by the triple-deck theory in the
interaction region.

Figure 1 shows a small §ymmetr1c hump of height h* and width 2b*
whose center is located at x;. We introduce dimensonless variables using
L* and U:, where L* 15 the distance from the leading edge to a reference
point, as referehce quantities. In terms of dimensionless variables,

the hump shape is given by
* %*

y=Y =2 ) (1)
L L
where * *
X =X X=X .
T = *ms bm ‘ (2)
b
We present numerical results for a quartic hump given by
s 2.2
(@-e)" f gl <1 (3)
f(z) = ) - .
.0 if Jz] > 1

and the Walker and Greening hump



V1-3¢0+2 e} i el <1 (4)
f(z) = {g '

\ if |z > 1
The flowfiled over the plate with the hump is assumed to be governed by

the steady, incompressible boundary-layer equations

u.a.y..g.y.a_usu f?.g.pl_.a_z.g. (5)
X dy e dx Re ayz
au v _

where u, is the streamwise edge velocity and
* % *

Re = UL /v (7)
The no-s1ip and no-penetration conditions demand that

u=v=0 at y=hf[z(x)] (8)

Away from the wall,

u - Ug a Yy~ (9)

To solve Eqs. (5)-(9), we first use the Prandtl transposition

theorem, let

z2=y-h f[;(x)],ﬁ v-hudf0] (10)
and rewrite the problem as .

u%{-+w%=ue;-:—§+%:§-z% (11)

H+¥-0 (12)

u=w=0 at 2=0 (13)

Usu as z+w | (14)



Then, we introduce the Levy-Lees variables (specialized for

incompressible floW)

X
£=J Ugdx, n = 2u, (%%)* . (15)
]
= 9— = -2—; .3.11. &e_ ;5 "
F ue" v ue [F ax +w (25) ] (16)
and rewrite Eqs. (11)-(14) as
2
2¢FF, + VF +8(F - 1) -F =0 (17)
ZgFE + V“ +F=0 (18)
F=V=0 at n=0 (19)
F+1 as n+o (20)
F=F(gn) at g=g¢g, (21)

where & corresponds to a iocation upstream of the interaction region

and

[« %

u

. (22)

B =

o |
a.lm

For smooth surfaces, one can use conventional boundary-layer
calculations to determine the flowfield. However, in the presence of
the hump, one needs to account for the viscous/inviscid interaction.
The interaction law relates the edge velocity u, to the displacement
surface '

¢ =2Z [ (1- F)an (23)
e o .

Using thin airfoil theory, we have



QE (GecR;*)

M|
u =u_ += f
e “LE. X"t

e dt (24)

. where ﬁe is the inviscid surface velocity in the absence of the boundary

layer which is also given by thin airfoil theory as
dhf

e :Et dt. - (25)

ug = 1 +-% [

The principle values of the Cauchy 1ntegra1s in Eqs. (24) and (25) are
assumed. If we let T = f +u eSs where f = /R hf, then Eq. (24) can be

rewritten as Lo dr
- R° dt
ug =1+ 7 IL.E. <t dt (26)

Equations -(17)-(21) can be either solved simultaneously with the
interaction law (26) or by iterating on (26). The latter approach
suffers from convergence problems. Veldman?8 was the first to use the
first approach. He integrated Eq. (26) by parts to obtain a second
drivative for T and expressed Ug @s a 1inear combination of the values
of § at the nodes. Davis and Wer1e26 modified this approach by
performing the integration by parts to eliminate the derivative of T and
assumed T to be constant over a differencing interval. This yielded a
first-order accurate scheme. In this work, we follow Davis and Werle
but assume T to vary linearly over a differencing interval, thereby
yielding a second-order accurate scheme that is consistent with the
accuracy of the differencing scheme employed for Eqs. (17) and (18).

We divide the x-axis into equally spaced intervals of length ax and
let Xy denote the node points at which the boundary-layer solution is to

be found. Following Davis and Werle, we let



§=cy/x for 0sxsx

§=cp/x forx Sxso

where X, and X, are the locations of the left and right boundaries of
the interaction region. The constants c, and c, are determined by
patching with the displacement thicknesses at X, +-% Ax and X -<% AX.
Taking x4 to be the center of an element extending from Xy --% ax to
X5 + % Ax, Davis and Werle assumed that T is uniform over this element
with a value equal to its central value T‘. This approximation is
consistent with the first-order x-differencing used by Davis and
Werle. In the present paper, we use a second-order finite-difference
scheme in solving the boundary-layer equations, and therefore, we have
to upgrade the accuracy of evaluating the Cauchy integral. We assume
that T varies 11near1y over an element centered at x; as

T=T +‘i (T1+l- T1 1)1. for || < (27)
where 1 = (x - xi)/Ax (28)

Before substituting the linear expressions for T, we split the integral
in Eq. (26) as

_odr

1= dt gt = vim ([ 2
L.E. LA N ]
_ e,+0

dT
X-€ X
sf e e ) (29)

xz X+e, xr

Integrating the second and third integrals by parts yields

10



X T(x )  T(x,)
L [ILTE ' I ]d X=Xy =

L

T(x-¢,) + T(x+e,)

+ Tim [ -
1

e,~0

Ix‘el Tdt I X Tdt ]
M = L =5 1

L
Now, substituting linear expressions for T and performing the indicated

(30)

integrations and 1imits, we obtain

vE 1+1

ug(xq) =1+ x{%§ [——— n (—

2X, 78,8y /51-1

T 1-vg,
+—" on ( 1

2x /; F 1+/E;

m 1 T
—C"l —
/xmxr i /xlxz i

+

-1

m m
*&W&*%}%”m‘ﬁﬂ} (31)
* " VS.A

1 t ]
1-4k”

where k = |i-3]|, D,

1 1 2-1
k =2 kD - gD

E
Ey = Xo/X, 9 T3 = Xg/X 4 A = 4Re’5/nAx
i AR A i/ %p?

11



Here Xe and x_ are given by

r
X,

= 1 - 1
X, - 58Xy X = X+ 5 X

r m

where x, and Xy are the first and last node points in the interaction

région.

where

For later use, we rewrite Eq. (31) in the form

u (xi) xG + xr(u s)1

G1 = %- + Gei + (ﬁec)lgl + (Ges)mgl

Jj=

j=i

m - - -
+ 3 Dk(ues)j + Ek[Ue5)j+1‘ ("es)j-ll

if2<sism-1

1

- - L -
G, ==+ Ug + (uea)mg2 + Dl(ues)2

A

- E,(us), +

m -
323 Dk(ues)J

* Ek[(aes)j-n-l - (aes)j-ll

-

G, =

>*|0--

+ nl(ﬁes)m_

+Ugy * (u s)lg1

m-2
E (u s)m_z + z Dk(u a)J

+ B[ (ug8) 541 - (ug8)y ]

r=1 if 2 <

r=1+ gi +E

r=1+g)+E,

i s’m -1
for 1=1
for 1 =m

(32)

(33a)

(33b)

(33¢)
(33d)
(33e)

(33f)

12



et = JE Dk;j " (;j+1 - ;1;1) | (339)
The definitions of the g's are apparent from Eq. (31).
The continuity Eq. (18) can be rewritten as
3§EG-I)+%+1+(F5U=0 (34)
Integrating Eq. (34) with respect to n from zero to n and using Eq. (19)
yields

n - n -
V+n=2¢ %E [ Q-Fdn+[ (1-F)dn (35)
0 . )

Numerically n at infinity is represented by " and V by VN. Hence,

as ny + = Eq. (35) becomes

vN+%=2;%-%(1-nd+fou-Fm§ (36)
From Eq. (23), we obtain
@ su
J (1 -F)dy=— (37)
o /2¢

Substituting Eq. (37) into Eq. (36) ylields
: due&
Vy + ny = /28 e ‘ (38)
Using three-point backward differencing in discretizing Eq. (38), we

have
Vi g = 728y {ag(ug8y) + a (ugy 184 1) + a,(ugy o84 p)} (392)
where

1 1
a = + (39b)
O 548401 547842

13



) 8~ %42
(g4-84_1)(54.1-842)

(39¢)

517 54
[51 - 51_2](51_1 - 51_2)

a, = (39d)

Substituting for (ues)1 from Eq. (32) in Eq. (39a) yields

Vy + ny = /2. {a (ESi - Ei-)(23) +a,(u s 185 1) + a,(u s 56: o)} (40)
NN SR T T 1W0e4-1%4-1 2Mei_2%4-2
e
Discretizing Eq. (22) using three-point backward differencing, we obtain

Bilet = 251{a°(ue1) + al(uei-l) * az("ei-z)} (41)
Using Newton's method to linearize the term 84Uy, we have
BjUay = UgiBy + BlUgy - Byl (42)

where U;i and 31 are, respectively, the values of ugy; and By from the
previous iteration. Substituting Eq. (42) into Eq. (41), solving
for Ugis and then substituting the results into Eq. (39a), we obtain

vN + 48y =¥ (43)
where
/75, au
i "o'ei

o= - 7 (442)

Al 251a°-e1

a G‘l
b= -y + /2yl -
a, a, '
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| UgiBy *+ 284(3,Ug 1 + 34 ) (45¢)

a =

2553, - By
Equations (17)-(21) and the interaction law (32) are solved '
simultaneously using central differencing in the n direction and three-
point backward differencing in the ¢ direction. The flow upstream of

the 1nteract16n region is assumed to be the Blasius flow.
2.2 Stability Analysis

In this work, we study the two-dimensional spatial quasi-parallel
.stab111ty of the basic state calculated by the interacting boundary-
layer code.

Dimensionless quantites are introduced using U_ and §*, where

P ( ;%) s (46)

and L* is a characteristic length. To study the two-dimensional
stability of the basic flow U(x,t), V(x,t) and P(x,t), we superimpose on

it a small disturbance and obtain

l](xs.y’t) = U(xs.Y) + u(x,y,t) . (47&)
\‘I(X.y,t) = V(x,y) + v(x,Y,t) (47b)
P(x,y,t) = P(x,y) + p(x,¥,t) (47¢)
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Substituting Eqs. (47) into the Navier-Stokes equations, subtracting the

basic flow quantities and 1inearizing the resulting equations, we obtain

the following equations:

3U+u:_:+uil!+v3_“+vﬂ+22_1v2u,o

at ax ay 3y  ax
v v av v av . aep _ 1.2 _
ttUaxtUaxtVaytVYaytay RYV=O
au . av _
ax 3y 0
where
* % %
ngacs
R l-l;i

The no-s1ip and no-penetration conditions at the wall yield
u=vs=0 at y = hf(y)

The vanishing of the disturbance away from the wall yields

u,vo,p+0 as y-+ =

We use the Prandt]-transposition theorem and let

(48)
(49)

(50)

(51)

(52)

(53a)
(53b)
(53¢c)
(53d)

(54a)
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2y | ez
32 az 2'232 2
Ao et ane Ao L
x> 3E 2z’ agaz
2 2
__a
2 2
ay 8z
2 2

.2 = 2 2'2 '_- “—
vx,y vg’z +hf az - 2hf 3692 hf

Substituting Egs. (53) and (54) into Eq. (48), we obtain

au au au au v U au
+ U = - Uhf' + U == - uhf a2 + (W + Uhf') 32

i’ FY3 13
au__a3, ap, 1 1
+ (w + uhf') 2 T hf!' 32 + RV 2w+ R
where
2., 3’ 2’ 3
= 1 ] __ ] - 0 9
g =h f'2 - 2hf agaz hf 53
2z’
Rearranging Eq. (56) we have
u au au au ., ._3p ' gg
T +U—=+W—= a; Uu+-ow 3t + = R v u + hf + =

z(u)

(54b)

(54c)

(54d)

(56)

(57)

(58)

Substituting Egqs. (53) and (54) into Eq. (49) and rearranging, we obtain

3“ + hf' 8U + U aw + hfg U BU + " aw + hf.w au (3“ + hf' 8U]w

at ot
+ (hf! g °"‘ + 2hf*U)u = - 3B 4 2 2 v°w + & v’ (hf'u)

+ %‘z(w + hf'u)

Equation (50) can be transformed into

au aw
S ==
2 ¥ 4 0

The boundary conditions transform into

(59)

(60)
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u=w=0 at z=0 (61)
UPW+0 3 Z+ = (62)

Introducing the small parameter
d * *

UL
e =R/ = = y-/e
i

we have

*
4
i; = /Re = ¢
L

and
x* = L*e“x. y* = L*e“y
For a small hump, we scale it as
f = eF(ex) : (63)
where F = 0(1) so that
hf' = 'F', hf" = ¢'F" (64)

Substituting Eqs. (63) and (64) into Eqs. (58) and (59), we obtain
a"'-i»Ua"l an+_§g_e“v2u+e2{_F.gﬁ+e-2_a_U

ot 2z 13 3z FY3
+e W-—-}+0(e)=0 (65)
aw 4 2 , 3U u -2, W
at + U= +-a-g evw+e{F at*FUa; Haz
au -2 aw aJ au -2 W
+F'W + (e F z)w + (F' T TS
+ 2¢F"0)u} + 0(e%) = 0 | T (66)
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Next, we use an order of magnitude analysis to show that the terms
in curly brackets in Eqs. (65) and (66) are small and can be neglected
to the first approximation. Invoking the triple-deck scalings, we have

x = L1 + e3xu) and y_ = L*e’yu (67)

where x, and y, are the streamwise and transverse variables in the upper

deck. It follows from Eq. (46) that

e“x =1+ esxu and s“y = esyu (68)
so that

dxu dyu

x "eadgT e (69)
But |

U = 1 + ezul(xu’yu) + .0 (70)
hence

Us1+0 () (71a)
Moreover,

L 9X

U _ a3l u 3

x ax, X 0(e) (71P)

ay _ au_ Yy )

| ay = ayy % 0(e) . : (71c)
Similarly '
2 3 3
Veo(eh), &soe’), I=o) (72)

In the middle-deck,

U= Ug+0(c), 2=o0(ch), 3~ 0(1) (73)

Vso(e?), &. o), 3; : (74)
In the lower-deck,

U= 0(e), o), . o) (75)

ax
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and

Vo), =o), X =0 -8

It is evident from Egs. (70)-(76) that the terms inside the curly
brackets in Eqs. (65) and (66) are at most of order of one. For
example, the term [e"w %%] is of order (1) in the middle deck and of
order (¢) in the lower deck. Since all of these terms are multiplied
by ez, they can be neglected in comparison with the remaining terms. The
viscous terms [e'v’u] and [¢'v’u] cannot be neglected because they are
order unity in the critical layer and near the wall. In fact,
‘neg1ec£1ng theinonpara11e1 effects of the Blasius boundary layer is
inconsistant with keeping the viscous-stress terms in the middle deck.
It is consistant only in a region of the order of the lower-deck
thickness.

Neglecting the terms in the curly brackets in Eqs. (65) and (66),
we find that the resulting disturbance equations and boundary conditions

become
| au au al ,ap 1 a’u . 3'u

?f*'ua—;'.*"?z‘*az'li[a—g'i*;z‘]"o (77)
W, g AW p 1 AW, 2w
?E+U-3-€+32-F[‘a—g?+;?]’0 (78)
u | aw _ ‘ '
u=w=0 at z=0
UsPeWy + 0 85 2+ @ (80)
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where U(x,y) is the local value at the position x at which the stability
is computed.
We seek a solution for Eqs. (77)-(80) in the form of a two-

dimensional traveling wave as

(u,w,p) = [4(2).w(2),p(z) Je! (25-ut) (81)

where a is the wavenumber and w is the frequency of the disturbance.
-For temporal stability, a is real and w is complex; its real part
represents the frequency whereas its imaginary part represents the
growth rate. For spatial stability, o is real and a is complex. In
this work, we consider the spatial stability case in which a is complex.
Substituting Eqs. (81) into Egqs. (77)-(80) and separating the ¢ and

t variations, we obtain the eigenvalue problem

1(al - w)u + WOU + fap - & (0 - a”)u = 0 (82)
1(al - w)w + 0p - & (0° - a’)w =0 (83)
fau + Dw = 0 (84)
Uu=w=0 at z=0 (85)
6,;,5 +0 as z+ = (86)

where D = d/dz. To solve this eigenvalue problem, we express Eqs. (82)-
(84) as a system of first-order ordinary-differential equations and
determine its solution numerically using a combination of SUPORTZ? and a
Newton-Raphson procedure. For a given U, w, and R, we determine a and

then calculate the N factor from
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R
N=-2] aidR (87)
R
0
where Ro is the Reynolds number corresponding to Branch I of the neutral

stability curve.
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CHAPTER III
RESULTS AND DISCUSSION

3.1. The Mean Flow Characteristics

The mean flow over humps was computed for different height/width
ratios and different hump locations.
Figure 3 shows the skin-friction coefficient

2

e oF

CevrRe = 2% an In=o
for a quartic hump of h*/L* = 0.00126 at x;/L* = 0.75, where L* is the
location corresponding to Re = 9.5x105 at the middle of the hump. The
interactive solution matches with the Blasius flow both upstream and far
downstream of the hump. However, the upstream influence of the hump is
weaker than the downstream influence. In fact, the upstream influence
decays exponentially while the downstream influence decays a]gébra1ca11y
as shown by smith30 for small humps.

The effect of the height/width ratio on the above mentioned
characteristics has beén 1nvest1gated.\‘Figures 4a, b, ¢, d show the
skin-friction distributions over a qu;Ftic hump when h*/b* = 0.019,
0.024, 0.037, and 0.055. The corresponding pressure distributions are
shown in Fig. 5. For h*/b* < 0.024 the flow is attached. As h*/b*
increases beyond 0.024, a separation bubble forms at the leeside of the
hump. The size of the bubble increases as h*/b* increases. For

height/width ratios 0(1), one would expect a breakaway separation for
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which the present interacting boundary-layer model breaks down, and one
needs to use a Navier-Stokes solver.

The effect of changing the hump location on the mean flow has been
investigated. A hump of h*/b* = 0.055 is placed at the five different
locations x;/L* = 0,75, 0.861, 1.0, 2.19, and 2.86, corresponding to R =
© 8a4, 904, 975, 1443, and 1648, respectively. The skin-friction
distributions are depicted in Figs. 6a-6e. They indicate that moving
the hump, without changing its size, downstream relative to the position
x*/L* = 1 reduces the separation bubble and the interaction effect.

This is because the hump is embedded in a thicker boundary layer.

Tables 1 and 2 show some of the mean flow properties for the humps
and the dips of Walker and Greening. The velocity outside the boundary
layer for the undistorted surface, u, varies from 15.9 m/sec (53.0
ft/sec) to 28.5 m/sec (95.0 ft/sec) for the humps, and from 18.57 m/sec

(61.9 ft/sec) to 25.47 m/sec (84.9 ft/sec) for the dips. The maximum
transverse dimension h* varies from 0.75 mm (0.03 in) to 1.75 mm (0.07
in) for the humps and from 1.425 mm (0.057 in) to 1.675 mm (0.067 in)
for the dips. The observed transition length is denoted by Ly3 it is
measured from the leading edge to the observed transition location.
Although the heights and widths of the humps of Walker and Greening are
different from the quartic humps discussed above, the ratio of the
height to half-width is about the same as that for the third quartic
hump in Table 3. The Reynolds numbers at the middle of the humps or the
dips R, and at the locations of transition Ry are based on the reference
Tength &" so that
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\ |
R, = (Re)%, R = (I} Re)* (88)

A11 of the previous quantities were calculated directly from the
experimental data given by Walker and Greening, but the streamwise
extents of the separation bubbles are expressed as the difference in the
Reynolds numbers at separation and reattachment; that is,

AR = R(reattachment) - R(separation) and AR is calculated using the
interacting boundary-layer code. Except for hump No. 1 all the humps in
Tables 1 and 2 and the dips have separation bubbles.

Figures 7a and 7b show the skin-friction coefficient for hump No.
14 and dip No. 1. One can see that the separation bubble occurs before
the center of the dip and after the center of the hump. Figures 8a and
8b show the pressure distribution coeffic{ent Cp for the same hump and
dip. Figure 9 shows the variation of the streamwise velocity profiles
for hump No. 14, The first and the last velocity profiles are at

locations away from the hump; they are essentially Blasius profiles.
3.2. Stability Characteristics

First, a quartic hump was considered, and the effect of
height/width ratio and the hump location on the growth rates and the N

factors of two-dimensional waves were studied for the dimensionless

frequency F = w*v* /U*2 = 25x10-¢,
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To investigate the influence of the height of a hump having a fixed
width on the growth rates and N factors, we located the center of the
hump xﬁ at L* corresponding to R = 975. The growth rates for h*/b* =
0.019, 0.024, 0.037, and 0.055 are depicted in Figs. 10a, b, ¢, and d.
Shown also is the growth rate of the Blasius flow at the same
frequency. The presence of the hump increases the growth rate in the
interval (x*, x*

L m
(x; - b*, x;), and increases the growth rate again in the interval

- b*), decreases the growth rate in the interval

(x;, x;). The stabilizing and destabilizing effects are consistent with
the gradients of the pressure distributions shown in Figs. 5a, b, ¢, and
d.

Figure 11 shows the variation of the amplification factor with
streamwise position for'différent heights of the hump. It shows that
for humps with h*/b* < 0.024 for which the flow is attached, the humps
have a negligible effect on the N factor. When h*/b* = 0.037, there is
a small separation bubble, and the hump has a significant effect on the
N factor. As h*/b* 1ﬁcreases further, the separation bubble increases,
and the N factor increases.

Table 3 shows the variation of the maximum N factor at F = 25x10°°
with h*/b*. When h*/b* = 0.037 and 0.055, the maximum N factors are
11.02 and 12.67, respectively, compared with 9.84 for the Blasius
flow. The Reynolds number R = Rg at which N is 9 decreases from 1792
for the Blasius flow to 1680 and 1552 for humps having h*/b* = 0.037 and
0.055, respectively.
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Figure 12 shows the influence of the location of a hump having an
h*/b* = 0.055 on the variation of the amplification factor at F =
25x10-6 with streamwise location. For all locations at or upstream of
Branch I of the Blasius flow, the N factor increases to 3 in a short
distance, namely, the interaction region of the hump. Downstream of the
interaction region, the growth rates are practically the same as those
of the Blasius boundary layer. Hence, the N factor increases slowly as
in the case of the Blasius boundary layer until it reaches its
maximum. For locations downstream of Branch I of the Blasius flow, the
hump appears smaller compared yith the thickness of the boundary layer
and hence, the separation bubble becomes smaller. Accordingly, the
increase in the N factor in the interaction region is smaller. The end
result is an overall smaller N factor. Table 4 shows that the Reynolds
number Rg at which N = 9 does not change as the hump is moved upstream

of Branch I but it increases as the hump is moved downstream.
3.3. Correlation of Theoretical and Experimental Results

Table 5 shows the variations of the Reynolds number Rg at which N =
9 and thé computed amplification factor Ny at the experimentally
measured transition location with the dimensionless frequency F for the
configuration #5 in Table 1. For F = 45x10‘5, the maximum va1ué of N is
8.4. It is clear that the most dangerous frequency has shifted from F =

25)(10‘6 for the Blasius flow to F =-37.5x10-6 for the disturbed flow.
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Moreover, the maximum computed amplification factor at the experimental
“transition location is 8.7.
The amplification of two-dimensional disturbances is the result of

a complex interaction of Tollmien-Schlichting waves and shear layer
(1aminar separation) instability as evident from Figs. 9 and 13. They
show the variation of the streamwise velocity profile and the
corresponding eigenfunction of the instability waves, respectively, with
distance along the plate. Ahead of the separation region, the
eigenfunction has a character typical of T-S waves witﬁ two peaks, a
large one at the critical layer and a small peak near the edge of the
boundary layer. In the separatjon region, the eigenfunctions develop a
third peak at the inflection point of the mean-flow profile. This peak
increases with distance from the separation posnt, achieves a maximum
which can be comparable to the peak at the critical layer, and decreases
to zero at the reattachment point. The effects of the shear-layer
instability are to increase the growth rates and the dangerous
frequency.

| Table 6 and 7 summarize the computed results for all the hump and
dip configurations of Walker and Greening. They show the maximum
(maximized over all frequencies) amplification factor Ny and its
corresponding frequency at the measured transition location. The values
‘of Nr range from 7.4 to 10, consistent with previous results for flat
plates.

It is obvious that the size of the separation bubble, which is a

function of the height of the hump and the Reynolds number, has great

28



effect on the N-factor. Although a search for the most dangerous
frequency have to be done, a helpful hint can be found by looking at
Figure 12 which shows that the amplification factor gets larger as the .
location of the hump gets closer to Branch I of the stability curve of
the Blasius flow. This means that the most dangerous frequency
corresponds to the frequency around Branch I of the Blasius flow at
which R = R,. But still a search had to be done.

The experimental results of dip No. 6 compared with dip No. 2 are
in doubt because the dips have the same height and nearly the same
Reynolds number but different measured transition lengths. Never-
theless, the correlation bétween the theoretical and experimental

transition lengths is supportive of the eN method.



CHAPTER IV
CONCLUSIONS AND RECOMMENDATIONS

4.1. Conclusions

An analysis is conducted of the effect of imperfections consisting
of humps and dips on the stability of incompressible flows over flat
plates. The mean flow is calculated using 1nteract1ng’boundary layers.
Linear quasiparallel spatial stability is used to calculate the growth
rates and mode shapes of two-dimensional disturbances. Then, the
amplification factor is computed. A search for the most dangerous
frequency is conducted based on an amplification factor of 9 in the
shortest distance. Correlations are made with the transition experiment
of Walker and Greening using the e? method.

Based on the present investigations, it can be concluded that:
1. The €2 method gives a good estimate of the transition location.
2. Increasing the size of the separation bubble, by increasing
either the height-to-width ratio or the fregs%ream Reynolds
number, causes transition to occur sooner.
3. In the separation bubble, the calculated growth rates of the
disturbances account for both the T-S and shear-layer

instabilities.
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4.

5.

6.

The shape of the hump or dip does not have a significant effect

on the growth rates.

The geometrical factors of the imperfection that govern the

instability are:

a. the height-to-width ratio.

b. the location of the imperfection element from the leading
edge of the plate and Branch I of the Blasius stability

curve.

The most dangerous frequency in the presence of the roughness

element is not the same as that for the Blasius flow.

4.2. Recommendations

The present study needs to be extended by accounting for:

a. nonlinear effects (in view of the large growth rates

encountered in separation regions).

b. nonparallel effects.
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c. the effects of concave curvature (i.e., Gortler

instability).
d. the receptivity to acoustic and free-stream disturbances.
e. the interaction between any of the 1nstab1i1ty mechanisms..
More experiments need to be conducted to provide detailed

measurements of the mean profiles, mode shapes, growth rates, etc. that

can be used to corroborate the theoretical results.

32



2.

3.

5.

8.

10.

11.

REFERENCES

Holmes, B. J., Obara, C. J. and Yip, L. P., "Natural Laminar Flow
i]ight Experiments on Modern Airplane Surfaces", NASA TP 2256,
984.

Obara, C. J., and Holmes, B. M., "Flight Measured Laminar
Boundary-Layer Transition Phemomena Including Stability Theory
Analysis", NASA TP 2417, 1985.

Holmes, B. J., Obara, C. J., Martin, G. L. and Domack, C. S.,
"Manufacturing Tolerances for Natural Laminar Flow Airframe
Surfaces", SAE Paper 850863, 1985.

Fage, A., "The Smallest Size of Spanwise Surface Corrugation Which
Affects Boundary Layer Transition on an Airfoil", R&M No. 2120,
Brit. A.R.C., 1943.

Carmichael, B. H., Whites, R. C., and Pfenninger, W., "Low Drag
Boundary Layer Suction Experiments in Flight on the Wing Glove of
an F-94A Airplane", Northrup Aircraft Inc. Rep. No. NAI-57-1163
(BLC-101), 1957.

Carmichael, B. H., "Surface Waviness Criteria for Swept and
Unswept Laminar Suction Wings", Norair Rep. No. NOR-59-438 (BLC-
123), 1959.

Carmichael, B. H., and Pfenninger, W., "Surface Imperfection
Experiments on a Swept Laminar Suction Wing", Norair Rep. No. NOR-
59-454 (BLC-124), 1959.

Goldstein, M. E., "Scattering of Acoustic Waves into Tolimien-
Schlichting Waves by Small Streamwise Variations in Surface
Geometry", Journal of Fluid Mechanics, Vol. 154, pp. 509-528,
1985.

Klebanoff, P. S. and Tidstrom, K. P., Physics of Fluids, 15, p.
1173, 1972.

Srokowski, A. J. and Orszag, S. A., "Mass Flow Requirements for
LFC Wing Design" AIAA Paper 77-1222, 1977.

Mack, L. M., "On the Stability of the Boundary Layer on a
Transonic Swept Wing", AIAA Paper 79-0264, 1979. :

33



12.
13.
14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

Hefner, J. N. and Bushnell, D. M., "Application of Stability
Theory to Laminar Flow Control", AIAA Paper 79-1493, 1979.

Nayfeh, A. H., "Stability of Three-Dimensional Boundary Layers",
AIAA Journal, Vol. 19, pp. 406-416, 1980.

Nayfeh, A. H., "Three-Dimensional Stability of Growing Boundary
Layers," International Union of Theoretical and Applied Mechanics
Symposium on Laminar-Turbulent Transition, (E. Eppler and H.
Fasel, Ed.), Springer-Verlag, Berlin, pp. 201-217, 1980.

Cebeci, T. and Stewartson, K., "On Stability and Transition in
Ihree-uimensional Flows", AIAA Journal, Vol. 18, pp. 398-405,
980.

Lekoudis, S. G., "Stability of the Boundary Layer on a Swept Wing
with Wall Cooling", AIAA Journal, Vol. 18, pp. 1029-1035, 1980.

Lekoudis, S. G., "The Linear Instability Due to the Compressible
Crossflow on a Swept Wing", ASME J. Fluids Engineering, Vol. 102,
ppo 502-509 9 19800

Nayfeh, A. H., and Padhye, A. R., "Nonparallel Stability of Three-
Dimensional Flows," AIAA Paper 81-1281, presented at the AIAA 14th
Fluid and Plasma Dynamics Conference, Palo Alto, CA, June 23-25,
1981.

Malik, M. R., "COSAL - A BTack Box Compressible Stability Analysis
Code for Transition Prediction in Three-Dimensional Boundary
Layers", NASA CR-165925, 1982.

Nayfeh, A. H., and Reed, H. L., "Stability of Compressible Three-
Dimensional Boundary Layers," AIAA Paper No. 82-1009, presented at
the AIAA/ASME 3rd Joint Thermophysics, Fluid, Plasma and Heat
Transfer Conference, St. Louis, MO, June 7-11, 1982.

Gleyzes, C., Cousteix, J. and Bonnet, J. L., "A Calculation Method
of Leading Edge Separation Bubbles", Second Symposium on Numerical
and Physical Aspects of Aerodynamic Flows, January 1983
(Proceedings, Springer-Verlag).

Vatsa, V. N. and Carter, J. E., "Analysis of Airfoil Leading-Edge
Separation Bubbles", AIAA Journal, pp. 1697-1704, 1984.

Davis, R. L., and Carter, J. E., "Analysis of Airfoil Transitional
Separation Bubbles, AIAA Paper 84-1613, 1984.

34



24.

25.

26.

27.

28.

30.

Davis, R. L., Carter, J. E. and Reshotko, E., "Analysis of
Transitional Separation Bubbles on Infinite Swept Wings", AIAA
Paper 85-1685, presented at the AIAA 18th Fluid Dynamics and
g;ggmadynamics and Lasers Conference, Cincinnati, OH, July 16-18,

Horton, H. P., "Laminar Separation Bubbles in Two and Three
Dimensional Incompressible Fiow", Ph.D. Thesis, University of
London, (Queen Mary College), 1968.

Davis, R. L., and Werle, M. J., "Progress on Interacting Boundary-
Layer Computations atHigh Reynolds Number", in the Numerical and
Physical Aspects of Aerodynamic Flows, ed. T. Cebeci, Springer-
Verlag, New York, 1982.

Ragab, S. A., and Nayfeh, A. H., "A Comparison of the Second-Order
Triple-Deck Theory with Interacting Boundary Layers", in Numerical
and Physical Aspects of Aerodynamic Flows, ed. t. Cebeci,
Springer-Verlay, New York, 1982.

Veldman, A. E. P., "A Calculation Method for Incompressible
Boundary Layers with Strong Viscous-Inviscid Interaction", NLR MP
79029U, 1979, National Aerospace Laboratory, The Netherlands.

Scott, R. R., and Watts, H. A., "Computational Solution of Linear
Two-Point Boundary-Value Problems Via Orthonormalization", SIAM J.
Num. Anal. 14, 40-70, 1977. Also, "SUPORT--A Computer Code for
Two-Point Boundary-Value Problems Via Orthonormalization", SAND
75-0198.

Smith, F. T., "The Laminar Separation of an Incompressible Fluid

Streaming Past a Smooth Surface", Proc. Roy. Soc. Lond. A 356,
443-463, 1977.

35



APPENDIX I
TABLES AND FIGURES

36



Number

W 00 N Oy & W N -~

il ol ol e
H W NN = O

Table 1. Hump configurations in the experiments of
Walker and Greening

u

ft/sec

82.6
69.4
70.4
53.0
56.2
53.8
78.0
76.0
61.5
62.4
55.5
95.0
70.0
92.4

h
in

0.031
0.0525
.0555
0.0620
0.0665
0.0700
0.0530
0.0555
0.0620
0.0630
0.0680
0.0525
0.0620
0.0620

Ly
ft

4.58
4.58
4.58
4.58
4.58
4.58
3.75
3.75
3.75
3.75
3.75
2.92
2.92
2.08

h*/b*

0.0155
0.0263
0.0278
0.0310
0.0332
0.0350
0.0265
0.0278
0.0310
0.0315
0.0340
0.0263
0.0310
0.0310

Rm

812
830
860
744
764
753
904
892

- 803

810

761

997
860
983

Ry

1346

1376.

1426
1234
1267
1249
1357
1337
1205
1215
1142
1319
1138
1098

Bubble size
AR

00.0
18.0
29.6
25.7
28.8
36.1
26.9
32.5
31.6
34.5
34.6
32.6
32.8
49.9
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Table 2. Dip configurations in the experiments of Walker and Greening

Number

O G & W N

u

ft/sec

76.4
65.8
82.7
61.9
84.9
69.7

h
in

-0.057
-0.067
-0.057
-0.067
-0.057
-0.067

Ly
ft

4.58
4.58
3.7%
3.7%
2.92
2.92

h* /b*

0.0285
0.0335
0.0285
0.0335
0.0285
0.0285

R

894
831
930
807
943
855

Ry

1483
1377
1395
1210
1248
1132

Bubble size

aR

37.7
41.6
39.8
36.5
41.3
39.0
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Table 3. Variation of the maximum N-factor and the location
at which N = 9 with the height of a quartic hump of
¥ - *
half-width & = 2.274x10™" (%— = 4.430) whose center

[

_ . _ vbL*
isat Ry =975: 6 =5 -
Bubble
length
h* h* I
K3 s b* R9 Nmax AR
0 0 0 1792 9.84 0
4.198x10-4  0.082  0.019 1779 10.04 0
5.457x10%  0.106 .  0.024 1750  10.25 0
8.395x10-4  0.164 - 0.037- . 1680 11.02 6.7
12.593x10-4  0.246  0.055 1552 12.67 22.1
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Table 4. Influence of the location of a quartic hump on

the maximum N factor and the Reynolds number at

which N = 9, g-} = 0.0554, h—"n:| = 12.503x107", L*
wx*

corresponds to R = 975, § = § 0

R at center | Bubble
length
h*
of hump T Rg Nmax AR
844 0.284 1552 12.59 57.1
904 0.265 1552 12.68 23.5
975 0.246 1552 12.67 22.1
1443 0.166 1605 11.97 10.1
1648 0.145 1752 - 10.23 8.3
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Table 5. Variation of Reynolds number Rg at which the
computed N factor is equal to 9 and the computed N factor
at the measured transition location with frequency
for hump No. 5

Fx108 Rg N

25.0 1513 5.7
30.0 1393 7.3
35.0 1315 8.4
37.5 1290 8.7
40.0 1306 8.5

45.0 XX 8.4



Hump#

W 0O N OV & W N =

el ol ol
H w NnN - O

Table 6. Correlation of the theoretical and experimental

h*
in

0.0310
0.0525
0.0555
0.062

0.0665
0.0700

0.0530

0.0555
0.0620
0.0630
0.0680
0.0525
0.0620
0.0620

results for the transition location for the

0.0155
0.0262
0.0278
0.0319
0.0333
0.0350
0.0265
0.0278
0.0310
0.0315
0.0340
0.0263
0.0310
0.0310

humps in Table 1

812
830
860
744
764
753
904
892

803

810
761
997
860
983

Separation
bubble

AR

00.0
18.0
29.6
25.7
28.8
36.1
26.9
32.5
31.7
34.5
34.6
32.0
32.8
49.9

Ry

1346
1376
1426
1234
1267
1249
1356
1337
1205
1215
1142
1319
1138
1098

Ny

10.03
8.20
9.09
7.95
8.70
9.10
8.30

8.19

7.90
8.00
7.85
9.20
7.40
9.00

Frx100

20.0
37.5
35.0
40.0
37.5
40.0
37.5
35.0
45.0
42.5
45.0
35.0
45.0
55.0
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Table 7.

Dip#

N O B W N -

~h*

0.057

0.067

0.057
0.067
0.057
0.067

0.0285
0.0335
0.0285
0.0335
0.0285
0.0335

Rm

894
831
930
807
943
855

Separation
bubble AR

37.7
41.6
39.8
36.5
41.3
39.0

Ry

1483
1377
1395
1210
1248
1132

Ny

9.2
8.9
8.31
7.5
7.3
6.69

Frx10°

30
35
35
40
45
50

Correlation of the theoretical and experimental results for
the transition location for the dips in Table 2
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* h* = 0.061 in
X h* = 0.052 in
O h* = 0.036 in
+ p* =

0.022 in

—Calculated shape of Hump.

Figure 1.

Experimental hump shape.
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e Surface tube

+ Static pressure tube

Hump
L.E. —~ 4 TE

*- — — — — o,
‘ 3
R
- e —— —

F

e x7 667 6\ B

Figure 2. - Configuration tested by Walker and Greening.
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Figure 3. Skin-frinction distribution for a hump centered at X*/L* =
0.75(R = 975), h*/L* = 0.00126, b*/L* = 0.02274.

" 46



2.50 F

.50 |
o: \
0.50f
=050 0.95 .00 .05 LIO

Figure 4a. Effect of the hump on skin-friction distribution. Hump
centered at X*/L* = 1.0 L* corresponds to h*/b* = 0.019
(R = 975), b*JL* = 0.02274.
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Figure 4b. Effect of the hump on skin-friction distribution. Hump
centered at X*/L* = 1.0 L* corresponds to h*/b* = 0.024

(R = 975), b*JL* = 0.02274.
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1.50

Cex

-050 : : '

. Figure 4c.

0.90 0.95 1.00 1.05 .10

Effect of the hump on skin-friction distribution. Hump
centered at X*/L* = 1.0 L* corresponds to h*/b* = 0.055
(R = 975), b*JL* = 0.02274.
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0% . o5 100 105 1o

4d. Effect of the hump on skin-friction distribution. Hump
Figure centered at X*/L* = 1.0 L* corresponds to h*/b* = 0.055

(R = 975), b*JL* = 0.02274.
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-0.08 L :
0.90 0.95 1.00 1.05 .10

X

Figure 5a. Effect of the hump height on surface pressure distribution.
Hump centered at X*/L* = 1.0(R = 975), b*/L* = 0.02274,
h*/b* = 0.019. ™ .
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X

Figure 5b. Effect of the hump height on surface pressure distribution.
Hump centered at Xa/L* = 1.0(R = 975), b*/L* = 0.02274,
h*/b* = 0.024.
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S -0.04f

-0.08 ; L
0.20. 0.95 1.00 .05 110

X

Figure 5c. gffect OE thg humg height on surface pressure distribution.
ump centered at X*/L* = 1.0(R = 975), b*/L* = 0.
h*/b* = 0.037. ™ ( ) b4/ oe2rss
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X

Figure 5d. Effect of the hump height on surface pressur'é distribution.
Hump centered at X;/L* = 1.0(R = 975), b*/L* = 0.02274,
h*/b* = 0.055. _ .
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Figure 6a. Effect of the hump location on skin-friction distribution.
: h*/b* = 0,055, b*/L* = 0.0274, X;/L* = 0.75.
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Figure 6b.

0.80 0.85 0.90 0.85

Effect of the hump location on skin-friction
h*/b* = 0.055, b*/L* = 0.0274, X%/L* = 0.861.

1.00

56



2.50
1.50 F
3)
0.50 \/
-0.50 4 ' '
0.90 0.95 1.0O 1.05 .10

Figure 6¢c. Effect of the hump location on skin-friction distribution.
h*/b* = 0.055, b*/L* = 0.0274, X;/L* = 1.0.
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Figure 6d. Effect of the hump location on skin-friction distribution.
h*/b* = 0.055, b*/L* = 0.0274, X;/L* = 2.19.
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X

Figure 6e. Effect of the hdmp locatfon on skin-friction distribution.
' h*/b* = 0.055, b*/L* = 0.0274, X%/L* = 2.86.
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Figure 10a. Effect of the hump height on_the streamwise distribution of
the growth rate. F = 25x1076. Flow conditions shown by
Figures 4a. and 5a, h*/b* = 0.019.
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Figure 10b. Effect of the hump height on_the streamwise distribution of
the growth rate. F = 25x10-6. Flow conditions shown by
Figurgs 4b. and 5b, h*/b* = 0.024. '
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Figure 10c. Effect of the hump height on_the streamwise distribution of
the growth rate. F = 25x10-%, Flow conditions shown by
Figures 4c. and 5c, h*/b* = 0.037.
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Figure 10d. Effect of the hump height on_the streamwise distribution of
the growth rate. F = 25x10~%. Flow conditions shown by
Figures 4d. ard 5c, h*/b* = 0.055.
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Figure 11.

AMPLIFICATION FACTOR

120
d
9.0} ©
b
60
a
e
3.0
oo A 1 1 1
800 1100 1400 1700 2000

R

Effect of the hump height on the stgeamwise variation of
the amplification factor F = 25x10°°. Flow conditions
shown by Figures 4 and 5, h*/b* = (a) 0.019, (b) 0.024, (c)
0.037, (d) 0.055, (e) Blasius.
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AMPLIFICATION FACTOR

Figure 12.

20F
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Effect of the hump

shown by Figure 6.
(d) 2.19, (e) 2.86

1400 1700 2000
R

Jocation on the étreamwise variation of
the amplification factor F = 25x10~°. Flow conditions

x*/L* = (a) 0.75, (b) 0.861, (c) 1.0,
. Tf) Blasius.

70



*6 pue eg ‘v/ saunbyy Aq uaaLb
SUOLJLPUOD MOL4 °o.0TXG§ = 4 Aouanbaay je 3jeid ayy fuoge
1 a1qel up p "ON dwny jo uoijounjuabia ay3 jo uojeiuep

*£1 34nby4

xown

130

ov

o8

02l

n



The vita has been removed from
the scanned document





