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I. InTRODUCTION

When relative motion of a viscous incompressible fluid of constant density and
an immersed solid body is started impulsively from rest, the initial motion of the
fluid is irrotational, without circulation. This is shown by observation, and may
be seen in many of the published photographs of fluid flow. The theoretical proof
is exactly the same as that given, for inviscid fluids*, in treatises on hydro-
dynamics; for it may be assumed that the viscous stresses remain finite. The fluid
in contact with the solid body is, however, at rest relative to the boundary, whilst
the adjacent layer of fluid is slipping past the boundary with a velocity deter-
mined from the theory of the velocity potential. There is thus initially a surface
“of slip, or vortex sheet, in the fluid, coincident with the surface of the solid body.
In other words, there is a ‘“boundary layer’’ of zero thickness. The vorticity in
the sheet diffuses from the boundary further into the fluid, and is convected by
the stream. The boundary layer grows in thickness. (The same results follow
from a consideration of the equations for the vorticity components in a viscous
incompressible fluid 1, or of the equation for the circulation in a circuit moving
with the fluid].) A ,

In any region along the boundary where the fluid is flowing against a pressure
gradient, the forward stream will, after a time, leave the boundary (if the pressure
gradient extends far enough), and the boundary layer will be continued, as a
vortex-layer, in the main body of the fluid. Downstream of the position of
separation, there will be a slow back flow along the boundary.

Up to the time when separation begins, the velocity and pressure outside the
boundary layer may be taken to be the same as those at the surface in the irro-
tational motion without circulation, since this assumption provides a very close
approximation to the facts. The pressure may also, as in boundary layer theory
generally, be taken as constant throughout any section of the boundary layer.
Separation begins when the velocity gradient normal to the boundary vanishes

* See, for example, Lamb, Hydrodynamics (1932 edition), p. 11. It is assumed that any
extraneous impulsive body forces acting on the fluid are conservative.

1t Lamb, Hydrodynamics (1932 edition), p. 578.

1 Jeffreys, Proc. Camb. Phil. Soc. 24 (1928), 477-9.
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at the boundary. For two-dimensional motion, the time, 7', that elapses before
separation begins, and the distribution of velocity in the boundary layer, may be
approximately calculated. The second approximation to the velocity, sufficient
to give a first approximation to 7', were calculated for an impulsive start by
Blasius*, who applied his results to the motion of a circular cylinder. He also
obtained the third approximation to the velocity distribution, and the second
approximation to 7', for a uniformly accelerated motion. For a circular cylinder,
separation begins at the rear stagnation point, and Blasius appears to have
thought that this would hold for a symmetrical cylinder of any section. Tollmient
pointed out that this is not the case: for an elliptic cylinder with its major axis
across the stream, for example, it is untrue if the ratio of the squares of the axes
exceeds 4/3.

In what follows, we have found the third approximation to the velocity dis-
tribution, and the second approximation to 7', for an impulsive start. Since the
formulae may be more briefly expressed than in the original, we have first sum-
marized the results of Blasius for the second approximation.

For the first approxjmation to 7', separation always begins where the velocity
gradient is a maximum, but unless this point coincides with a stagnation point,
this is not accurately true for the second approximation, in contradiction to
certain published statements. It was partly to obtain some notion of the change
in the position of initial separation in passing from the first to the second approxi-
mation that this work was undertaken.

Until recently. the formulae derived by Blasius had been applied to sym-
metrical cylinders only, but Mr Howarth has recently applied the first approxi-
mation for an impulsive start to motion past an elliptic cylinder, with axes in
the ratio of 1:6, and with its major axis at an angle of 7° to the streamj. The
application of the results obtained here to the case of a circular cylinder is noted,
and then second approximations, both for an impulsive start and for uniformly
accelerated motion, are obtained for the case of the elliptic cylinder considered
by Mr Howarth. .

After separation has once begun, the position of separation moves upstream.
The movement could be followed theoretically on the assumption that the velocity
and pressure outside the boundary layer continue to be the same as in the
irrotational motion without circulation; but this assumption would no longer
be valid, and the results would have at best only a qualitative value—and then
only for flow past a symmetrical cylinder, for example, since for an asymmetrical
cylinder, the circulation around the cylinder begins to grow as soon as separation
starts. Even for a symmetrical cylinder, the thickening of the boundary layer

* Zeitschr. f. Math. u. Phys. 56 (1908), 20-37.
1 Handbuch der exper. Phys. 4, pt. 1 (1931), 272-9.
1 Proe. Camb. Phil. Soc. 31 (1935), 582-4.
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beyond the position of separation—or, rather, its projection into the main body
of the fluid—and the consequent formation of a wake, deprive results obtained
on the above assumption of any quantitative value.

II. PREVIOUS INVESTIGATIONS

We assume that at time ¢=0 a cylinder starts to move in a straight line with
velocity V, and that this velocity remains constant thereafter. We take a frame
of reference fixed relative to the cylinder. If x is distance along a section of the
cylinder from the forward stagnation point, and y distance normal to the surface
of the cylinder, the approximate equation of motion in the boundary layer is

ou Ou Ou 19p 0% 8U 6211,
ERREA Vi PRl v P M
where (u, v) are the velocity components in the direction of x and y increasing,
respectively, p is the pressure and U the velocity just outside the boundary, and
p is the density and v the kinematic viscosity of the fluid. The equation of con-
tinuity is approximately au v
ox @
Initially the boundary layer has zero thickness, and at the beginning of the
motion the diffusion far outweighs the convection and the influence of the
pressure gradient, i.e. the convection terms in the acceleration on the right can
be neglected compared with 0u/0f, and the term U oU [ox can be neglected com-
pared with vo2u/oy?. The equation for «,, the first approximation to «, is

ou, 0%,

=0. (2)

R @)
and the solution required is
uy=Uf1(n),
Y B _2 (4)
where n—m, fl(q)_erfn_\/_”foe Pdz.

This solution makes u, =0 when » =0, u, practically equal to U when 7 is large
and theoretically equal to U when n = 0, and makes the thickness of the boundary
layer zero when £=0.

The first approximation to v must satisfy (2) and must vanish when »=0. It
is therefore given by

vy=—2v() U’ [nerfn—n—t(1—e7)], (8)
where the dash denotes differentiation with respect to 2. When 5 — oo,
vn~—2v()iqU' = —yT",

and becomes infinite. The solution therefore fails theoretically for infinite values
of . But for moderate values of 7, at which u, is practically equal to U, v, is of
order (vt)} U’.
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To find a second approximation, put
U=Uy+Uy, V=010, (6)

in (1). wuy/u, and v,/v, will be of order tU’, and to find u, it is sufficient to solve

the equation

, ou, ou,
Vo ——— = —UU +u1~§;+’015§'

=UU’ [erf2n—2ntne~Terfn—1+42n ¥ (e +e27)]. (7)
Write uy=tUU'fy (1). (8)
Then f;' + 2nfs—4f,=4[erf2n—2n—ine~"erfn — 1 + 2771 (e 7" — e~27%)), (9)

where dashes now denote differentiation with respect to . The solution of this
equation is

fe=ly+omy+Bny, (10)
where l,=%(29%—1)erf2n+3n—typeerfn+1

—4nle T+ 27 le 20", (1)
my=2n2+1,

Ny =3t (292 + 1) erfy +ne=7",

and « and 8 are constants to be chosen so that %, =0 at =0 and at n=c0. These

conditions require

= — (1 +3)= —1-21221,

3 (12)
1 4
B=%(1 +3—w) =0-80364.
The position of separation of forward flow from the wall is given by du/oy =0, or
oufon=0, at n=0; and the time at which separation occurs at any particular

place is therefore given by
4 ’
1+(1+3—1T)Ut_0. (13)

Separation will occur where U’ is negative, and will occur first where U’ has its
greatest negative value. The interval to separation is given by

T =0-70205/( — U')pax. (14)
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III. THE THIRD APPROXIMATION TO THE VELOCITY DISTRIBUTION

The value of u, is given by (8), (10), (11) and (12). The value of v, must satisfy
(2) and must vanish at =0; and is given by

v =2 (PP [UU" +U"*| [§B—py— g2 — Bral; (15)
where p2=fl2dn =} (27°— 3n) erf2y— nH[4— (492 — 11) e~ "] erfy
4+/2

I+ N+ 3nlne=20 4 ——nterf4/2y,
3

3 (16)

g =fmzdn =&+,

Ta=fnzdn=&ﬂ* (2p%+ 3n)erfn+ 3 (n2+1)e .
[When >0
(3+ 4 —4\/2) PR (UU” + U™ ]

X
To find a third approximation, write
U=Uy+Ug+ Uy, V=V)+Vy+03. (17)
Then ug/u,, v3/v, will be of order tU’, and to find u, it is sufficient to solve the
equation
AT
=tU0"0 (n)+tUU’2{® (7)+P (n)}, (18)
where O (n) = (I, + amy + Bn,y) erfn+ 2m—t (3B —p, — agy — Bry) e
=%(29*—1)erf?y
+ (BB (22 + 1) — Jm—t (207 — 120) e 7 exfzy
+{20m% + a+ 1 —§BnPe"" — 4 (492 — 17) e-2’l’} erfy
-~ 8—\/2 n—le=" erf1/2y — §n—t (20® — 21y — B) e~
—§miB (92 + 1) e — fr—Ene37 (19)
and

0 @
@ (n) = (ly + amy + Bny) erfy — [nerfy— 7t (1 —e77)] d_77 (Iy + oamy + Bry)
= —3 (2924 1) erf3y — a—H {272 — 49 — wB — dnPe "} erf2y

— {2092 —2Bp—a—1+ 371 (1492 + 9Py + 1) e — 7t (492 + 1) e 2} erfy
+4ntan+ 28 (2n+ ) e~ — Zn-H (T + 3nB) e~ + 2n—E e, (20)
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The solution of (18) is wu, =82 [U2U"'f;(n)+ UU2F, (4)], (21)
where [5+2nf3— 8f;=40 (), (22)
Fy+2nF;—8F;=40 () +4® (). (23)
Complementary functions of either of these equations are given by
my=4d4n*+ 1292+ 3, T (24)
ny= (49t + 129%+ 3)erfy + 7=t (493 — 109) e~". (25)
From the nature of O (1) it appears that there will be a particular integral of (22)
of the form
fa=Xerf3n+ Yerf2n+ Zerfn+ T, (26)
where X, ¥, Z, T do not involve erfy explicitly. Write
d? d
. 7
P= dn 5+ 2y an -8 (27)

Then, if f, is given by (26),
P (f,)=erf3y P(X)+erf2y[P(Y)+ 12nte=1"X']
+erfy [P(Z)+8nte Y’ + 24n1e-21°X]

+[P(T)+4n—te "2 + 8a-1e-27Y]. (28)

If the right-hand side of (28) is equal to 40 (), we must have
P(X)=4n2-2, (29)
P(Y)+120 e~ 1X' =2atB (202 + 1) — £a~} (293 — 12n) e, (30)

P(Z)+8rte "Y' + 241X

= 8an®+ 4+ 4 — §Bne" — 4~ (49° ~ 17) e7?7",  (31)

32v2
3

P(T)+4nte 2"+ 8r e 27"y = — mle~" erfq/2y

— ¥ (2am® — 20 — Br) T — miB (7P + 1) e~ — §mEne=3r". (32)
A solution of (29), not involving erfy explicitly, is
X=-7+4 (47" + 1292+ 3), (33)
where 4 is an arbitrary constant. With this value of X, (30) becomes
P(Y)=2Bnt (2% + 1) — $n—H{(2+ 1444) n®— (30— 2164) n}e-7". (34)
A solution of (34), not involving erfy explicitly, is
Y=—1Bnt (292 + 1) + &7 H{(2+1444)»* — (39— 3604) n}e 7
+ B4+ 1202+ 3), (35)
where B is also an arbitrary constant. With these values of X and Y, (31) becomes
P(Z)=8un?+4a+4—4{(3B+32Bn 1)y — (48— 48Brt)n}e-7
+ %77 1{(73 —4684) — (56 + 1444) n? + (4 + 1444) '} e-27". (36)
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A solution of (36) which is a sum of polynomials and products of polynomials
and negative exponentials is possible only if A=+ . With this value of 4, a
solution of (36) not involving erf 7 explicitly is

Z=—%(4am®+ 20+ 1)+ C (492 + 1292+ 3)
+ 5 {(2B+ 96 Ba—t) 3 — (158 — 240 Br—4) n} e~
+ 471 (4n2 — 5) e~ 2", (37)

When the values of X, ¥ and Z are substituted into (32), we find that the
resulting equation for 7' has a solution not involving erfy explicitly only if
B =}pnt. The constant C remains indeterminate, but the terms in the particular
integral (26) for f; which involve C are, in fact, Cn,, where ng is the complementary
function given in (25), so that it is sufficient to put C'=0. The solution for 7' with

these values of B and C is given below (eq. 39).
Collecting our results, we find that the solution for f; is

Jfa=Xerf3n+ Yerf2y+ Zerfy + T +ymy + Ong, (38)
where m,, n, are given in (24) and (25), and
X =15 (47" +3),
Y =3mtB (49" + d9*~ 1) + {5t (147° — ) 7",
Z=—}(4an%+ 20+ 1)+ 58 (149° + 159) e
+ 3771 (49° — 5) €7,

r (39)
T = dom= (1077 + (20— 150) 7 ~ 8] &7
+ 3B (2 + 1) e — fom—# (1845 + 31p) e~
164/2 . 9v/3
+45 7 le—"erf+/2n ~20 " 1 (49 + 1292+ 3) erf+/39.
‘When 7 =0, fa=2r1B+3y. (40)
Wh 1L 41p0n% 9v3 4 2
en n—>oo Ja~ 1= +35Bm —W-FY'I'S (49 + 12924 3). (41)
Since f; must vanish at =0 and 5 =, we must have
8 | 2
Y= —(45—77_24' m): —0'06045,
(42)
8 943 1 5
= 15m " 80= 30, 22~ ~ 013891
In exactly the same way, we find that
Fy—fy=X*erf3n+ Y*erf2q+ Z*erfn+ T* + I'my+ Ang, (43)
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where
X*=—3(2n*+37%),
Y*= —Jmif(4n'+3) —fnin — {7 (109> + 139) ™7,
Z*=§(12an*—8fn —3) —§n {mB (n° — ) — 2n*+ L}e ™"
=37 (P + 1) e,
T = — Yoy — (Bt — o) 1 + B e — g {mf (7 — 2) — dpfe-2’

94/3 (44)
+2m¥ (549% + 1259) e_3n2+T6—"_l (4n%+ 1292 + 3) erf+/39,
8 2 '
A= 1 _9v3 1 o551,

T 2772 9n 167 4 J
Correct to the third order of approximation the velocity in the boundary layer

8 therelOre Ly )+ U fy )+ BLOU Sy () + U Fy ()] (45)

Some numerical values of the various functions are given in the accompanying
table, and the results are shown diagrammatically in Fig. 1. For all practical
purposes the functions may be assumed to have their asymptotic values by about

n= 2.
] Si(n) Sa(n) Ja{n) F3(q)
0:0 0-000 0-000 0-000 0-000
0-5 0-520 0-381 - 0-031 —-0-127
1-0 0-843 . 0-269 —0-243 —0-392
1-5 0-966 0-098 —0-021 -0-122
2-0 0-995 0-020 —0:016 —0:047
1]

/}Tn}

Fig. 1.
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Separation commences where (0u/07),.o=0, that is, where
4 64 274/3-11 7
0=1+(1+$)U’t+{UU”[ + 4

4572 307 T 12
. 128 89-1084/3 11
21 __ _ 2
+U[ 135227 30m 12 }t’ (46)
ie. 1+ 1-42440't — {0-05975U U +0-21987U %} 2= 0. (47)

IV. APPLICATIONS TO A CIRCULAR CYLINDER AND
A SPECIAL CASE OF AN ELLIPTIC CYLINDER

The solution of (47) is

1 :

7= —07122U" +/{0-7271U"2 4 0-05975U U "}, (48)
¢t has its least value where — U’ is greatest if, and only if, U is zero there. As
pointed out in the introduction, we may take U to be the velocity at the surface
in an irrotational motion without circulation. Then for a circular cylinder, for
example, — U’ is greatest at the rear stagnation point, and separation begins
there both on the first and second approximations. If r is the radius of the

cylinder,

v U=2V sinf, (49)
and the time that elapses from the beginning of the motion until separation first
begins is given by VT,=0-35r, . (50)
for the first approximation,and V7,=0-32r (51)

for the second approximation. The left-hand sides give the distance travelled by
the cylinder from the commencement of the motion, and the second approxima-
tion is about 9 per cent. less than the first.

For uniformly accelerated motion, we must write

V=ft, U=Wit, (52)
and Blasius found that the time to separation is given by
14+ 0-427TW't2— {0-010W W' +0-026 W'2} 12=0. (53)-

For the circular cylinder, separation begins again at the rear stagnation point for
either the first or second approximation, and we find that

3 fT%=0-585r, (54)
1fT2=0-52r. (55)
The left-hand sides again give the distance travelled by the cylinder from the

commencement of the motion, and the second approximation is about 11 per cent.
less than the first.
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Mr Howarth has lately considered the case of an ellipse with axes in the ratio
1:6, and with its major axis at an angle of 7° to the stream. For the irrotational
motion without circulation the rear stagnation point is at a distance of 0-0224¢
from the end of the major axis, towards the upper side of the ellipse, where 2c is
the distance between the foci. For the first approximation, for an impulsive start,
he informs us that he found that separation begins at a distance of 0-0175¢ from
the rear stagnation point towards the lower side of the ellipse, after a time given by

VT, =0-0160c. (56)
Mr Howarth kindly placed values of U, U’, U” at our disposal, from which it

appears that for the second approximation for an impulsive start, separation
begins at 0-0172¢ from the rear stagnation point after a time given by

VT,=0-0146c. (57)
The position of initial separation is not much altered. The interval is again
reduced by about 9 per cent.

Similarly, for uniformly accelerated motion, we find that for the first approxi-
mation, separation begins at 0-0175¢ from the rear stagnation point after a time

interval given by - 3fT2=0-02675c, (58)
and for the second approximation at 0-0171c from the rear stagnation point after
a time interval given by 3fT3=0-0237c. (59)

The position of initial separation is again not much altered; and the distance
traversed before separation begins is reduced by about 11 per cent., as for the
circular cylinder. Since the position of initial separation is not much altered in
either case, the terms in UU" or WW'’ in (48) or (53), in fact, make very little
difference, and the same percentage reduction would always be found.
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