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AERODYNAMIC SYMBOLS
. GENERAL
' ~mass
time
resultant linear velocity
- resuitant angular velocity
~density, o relative density
_ kinematic coefficient of viscosity
Reynolds number, R =1V (where L is a

suitable lincar dtmzr\sror\) to be expressed
as a humerical coefFicient x 10®

Normail hemperature and pressure for aeronautical
work are 15° C. and 760 mm.
For air under these (p =0-002378 slug/cu. ft.
conditions { = 1'59x 107% sq. ft /sec.
Thz slug is taken to be 32-2 Ib~mass.
angle of incidence
angle of downwash
area
chord
semi-span
- aspect ratio, A=4sY5
~ lift, with coefficient %, =L/5pV?
+ drag, with coefficient ko =D/5p V?
- gliding angle, tan y =0D/L
rolhhg moment, with coefficient k,=L/4Spv?

BT p< oy

22w cr‘;punmma

yawing moment, with coefficient k,,=N4SpVv?

2. AIRSCREWS,
revolutions per second
_ diameter
V/nD
power
_Ehrust, with coeffic
. torque, with coeffici
efficiency, 7 =TV/t

3 O AT a3

pnbclf\lr\g moment, with coefficient k,=M/5pve
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THE BOUNDARY LAYER OF THE FRONT PORTION OF
A CYLINDER.

By A. Thom, B.Sc., Ph.D.

Communicated by Professor J. D. Cormack.

Reports and Memoranda No. 1176.
(Ae. 340.)

July, 1928.

Introduction.—A large amount of information is now available
regarding the flow of water or air past a cylinder placed across the
stream so far as the behaviour of the main body of the fluid is
concerned ; but the conditions in the layer close to the surface of
the cylinder seem to be largely unknown. Accordingly it seemed
advisable to explore the velocity, etc., close to the surface. This
paper consists of two parts, first, a description of experiments on
the boundary layer carried out in the Summer of 1927 in the James
Watt Engineering Laboratories, University of Glasgow, and second,
a theory of the boundary layer over the front portiom of the cylinder
based on Prandtl’s simplified boundary layer equations as given by
Bairstow in his illuminating paper on Skin Friction to the Royal
Aeronautical Society in January, 1925.

Experiments—The cylinder used for these experiments was of
“brass 4-5 inches in diameter, turned and ground true. The resulting
surface was smooth but was not polished. The cylinder extended
across the wind channel which is approximately 2 ft. square. As
it is the boundary layer which is under consideration the relative
largeness of the cylinder compared to the channel dimensions can
hardly affect the results. Since the boundary layer theory assumes
a knowledge of the pressures and velocities outside the skin the
pressure distribution was first obtained by drilling a small hole in
the central section of the cylinder. As the cylinder could be rotated
to any position a comparison ot the pressure in this hole with that
in a similar hole in a plate on the channel wall, for various positions
of the hole, gave the required pressure distribution. This was done
for channel speeds of 12-3 and 36 ft./sec.

The results are given in Table 2 and shown plotted in fig. 1.
No corrections have been applied to these figures and subsequent
experiment showed that they are referred to a pressure which is

(34641) “ A
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0-02 o V2 below the undisturbed static pressure in the channel.
The values given for & at the foot of Table 2 were obtained by
integrating the drag component of the pressure round the cylinder.

A small static tube about 0-6 mm. diameter was used to test
the constancy of the static pressure through the boundary layer.
As was to be expected the results showed that the static pressure
over distances of the order of 1 or 2 mm. is practically constant and
equal to the pressure on the surface at the point considered. This
simplifies the measurement of velocity as it is now only necessary
to measure the total head at a point near the surface to obtain the
velocity, the static head being taken from the distribution of pressure
as given on fig. 1.

The method used to measure the total head was as follows :—

A small open-ended or Pitot tube was mounted on a micrometer
arrangement so that the end of the tube could be traversed along
the normal. Provision was made for mounting the arrangement
in any position round the cylinder. The pressures were measured
on an ordinary tilting gauge manometer detecting pressure changes
of about 0-0003 inches of water. The Pitot tubes were made by
drawing a glass tube down to a diameter of about 14 mm., and
then drawing a section of this down to the required diameter. The
tube was then broken off and the ends ground square on a fine
stone. As the diameters used varied from about 0-23 mm. upwards,
this was a delicate operation.

It was found desirable to fill the tube with wax before attempting
to grind the end, thus preventing the bore becoming choked with
chips, etc., which cannot afterwards be removed. A great many
of these tubes were made and tested. It was found that if the
bore was less than about O-1 mm., the damping effect produced
was so great that the tube was practically useless when used in
conjunction with the usual tilting manometer. With care, the
wall thickness can be controlled and made about 0-05 mm., so that
the overall diameter has a lower limit of about 0-2 mm. If the
tube is made oval a slight advantage is gained as the centre can
then be brought slightly nearer the surface for a given area of bore.
The most useful tube of all those made, measured ¢-36 x 045 mm.
externally. This permitted the velocity to be measured at 0-18 mm.
from the surface.

It was necessary to find if these small tubes gave an accurate
measure of total head. This point has already been investigated
by Miss M. Barker (Mrs. Glauert)* using a small pitot in water but
it was considered advisable to test the actual tubes being used in
air. Accordingly, a number were compared at various velocities

*Proc. Roy. Soc. A.101.
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with a larger pitot tube about 5 mm. diameter. It was found that
at low velocities the smaller tubes tended to give higher pressures
than the large tube.

Let H = pressure in small pitot tube.
p = the static pressure at the point and
d = tube diameter.
Then H — p = f(vd/v) ¢ v?

The large tube is assumed to give a pressure of 4 p v? above static
pressure. Hence if the tubes are connected to opp051te sides of
the manometer the latter will read H — p — 4 o2 or

vz{f (vdlv) — 5 }so we get
flodm — 4

= (Manometer reading) = pv?

It is only at low values of vd/y that f(vd/y) will differ from 1.
It is difficult to get this low vd because reducing v reduces the
pressures being dealt with and reducing & introduces the damping
trouble already mentioned, so that no great accuracy is possible
in the determination of f(vd/y) by this method. About 40 readings
were taken with different tubes at various velocities. The individual
readings are scattered and uncertain and the mean results as pre-
sented in Table 1 are only given to show the corrections applied
to the subsequent measurements of total head.

TABLE 1.
Mean vd Mean Mean.
ft.2/sec. vd|y S(vd]v)
0-004 25 0-64
0-008 38 0-61
0-009 56 0-58
0-013 81 0-54
0-018 113 0-52
0-025 157 0-50

When a Pitot is placed with its end in a field where the total
head is varying rapidly along the normal it may not be correct to
assume that the pressure given by the tube corresponds to the total
head at the centroid of the end. Involved with this question is that
of the effect of the proximity of the surface when the tube is very
close to the latter. These points were investigated by exploring
the same normal section with tubes of different sizes. (See Table 3
and fig. 4, 6 = 60°.)

(34641) Wt, 51/6007/1607 375 1/29 Harrow G.7/1
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It appears that the error, if any, due to assuming the pressure
in the tube equal to the total head at the position occupied by its
centre is smaller than the experimental errors except when the

tube is practically touching the surface when it perhaps reads a
trifle high.

The total head was measured along the normals at 10 degree
intervals from 6 = 10° to 6 = 90° withachannelspeed of 12-3 ft./sec.
In each case the tube was placed parallel to the surface. In all
about 180 measurements were made with tubes varying in diameter
from 0-36 to 0-9 mm. The results are given in Table 3, practically
all the tabulated values being means of two or more readings.
Table 3 also gives additional measurements made at 6 = 50° with
wind speeds of 5-4 and 22-5ft./sec. Where necessary, all these
results have been corrected for the scale effect already mentioned
(Table 1). In most cases the correction brought the results obtained
from different tubes into closer agreement. The figures tabulated for
n = 0 in each case are taken from the measures of surface pressures
(Table 2) since at the surface the static pressure and the total head
are equal, the velocity being zero. Table 3 also gives the velocities
corresponding to the measured pressures. )

Theory—In the paper already referred to, Bairstow gives the
boundary layer equations as

0g a_q___iap 0%gq
Tss T 5™ 53 Ve W
_1lop
0—98% (2)
oqg , ow
as_l—an— ®)

where # and s are measured normal and tangential to the surface, the
component velocities being w and g.

The solution thereafter given for a flat plate is based on the
fact that dp/os can be neglected. In the case of the flow over the
surface of a cylinder this assumption is no longer permissible; in
fact 9p/0s turns out to be the controlling factor in the solution later
presented.

A step by step method of solution was used first as follows :—
Let A, B, C and D be four points on the corners of a small rectangle
in the boundary layer and O the centre point

D - A
<O
Ce "B
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Let ¢, w, etc., be the values of the quantities at O, and ¢,, be the
average of g,, g5, 9. and gy,

Then ,

where, for the moment, s and # are the co-ordinates of A relative to O,
Adding and re-arranging we get
n® (e% g s2 52 q>
—g = (e STy 5
1=1 2<8n2+%2882 5)

We have from (1) a value of 02%/0#n? to substitute in (5). If
s?/n? is of the order unity we are justified in neglecting 02 ¢/0 s? since
it is neglected in forming (1). By suitable combinations of (4) we
obtain the obvious expressions

9g/0s = (¢a + ¢s — gc — qo) + 45
9gfon = (ga+ o — g — qc) = 4n
Making these substitutions in (5) it becomes
¢ = qn— k19 (qs + g5 — gc — qv)
—Ryw(ga+go—qs —qgd) + ks .. 6)
where
_ 2
By=n2/8vs, by = n¥8vn by = — 1 °P
2vp0s

If a velocity distribution is assumed throughout the boundary
layer and the assumed field divided into rectangles then the velocity ¢
at the centre of each rectangle can be calculated from the assumed
values at the corners by means of (6). A second approximation can
then be obtained by using the calculated central velocities to,
compute new ‘‘ corner ” velocities. The process is repeated until
identical values are obtained on succeeding repetitions. Strictly
speaking the velocity w at each corner should be calculated from (3}
at each cycle of operations. For this purpose write (3)

dw = — (0¢g/os) dn
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and integrate graphically or mechanically. In practice the w term
had so little effect on () (throughout the region tried) that the
integration had only to be performed once in several cyclee

The above method was applied to obtain an approximate
solution for the front portion of the cylinder. For this purpose the
radius was taken as umty (1 ft.) and the channel velocity 100 ft./sec.
As VD/y for the experiment already described was about 28,000,
a value of y was used which would give the same Reynold’s number
The intervals used for s correspond to 2 degrees and the % intervals
are 0-002. The pressures round the cylinder are shown in fig. 1.
For present purposes a good approximation to these values from
6=0to0=235%isp—py= 4 p V2 (I — 3-5sin? 6) against p — P
=4 p V2 (1 — 4 sin? () for a perfect fluid. Then, the velocity
outside the boundary layer is

2p Ve

'v—\/35V51n6and~o--—a—§ ——3551n6c056

¥

It follows that
ky = 1/500, ky = 1/28-6, k3 = 999 sin 6 cos 0.

A start was made by assuming that on the surface ¢ = 0, and at
n =0-008, g = v.

Many cycles were calculated, the last two being shown in Table 4
up to 6 = 20°. The upper figures in the squares at § = 4°, 8°, 12°,
etc., are assumed values of g obtained from previous trials. Values of
kyw at 0 = 0 and 0 = 20° as obtained by graphical integrations are
given in the outer columns. From these figures the values of ¢ at
0 =2° 6° etc.,, were computed and then from these the lower
values in the other squares were obtained. The agreement with the
assumed values indicates that the process has been carried far
enough. The solution was not extended far round the cylinder since
a new method of attack suggested itself as a result of an examination-
of the figures obtained in the first 20 degrees.

It will be noticed that g¢/v at any definite value of n is nearly
independent of 6.,1i.e., of s.

~ Assume then as a first approximation that we can write ¢ = vx
where v is the velocity outside the boundary layer and x is a function
of # only. Also in the first approximation neglect the term w?dg/on.
(Corrections are made at a later stage for the errors introduced by
these assumptions.)

Then we have

q=v%0gfon =vox/on, } o {7;
*glen® = v d?xjdn? 0gfos = x dvjds J '
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We also have

1 1
where V = channel speed, which on differentiation yields
@:_Ld){b.. .. .- 9)
ds evdas

Substituting these values in (1) and dividing by v we get
dv 2 dv __ d*x

ds ds dn? (10)
Multiply through by 2 dx/dn and integrate obtaining
2 dv 3 a v, <d x>2
— 2T —x = - .. ..
345" ds” = " \an +e (1)
‘When
- 4 dv
v = E d = C - e
% , dx/dn = 0 giving 3 7
Hence,
an 3v 3
—_— — ) = 2 — . 12
ix \/<2duMs>' V=384 2 12)
or

%_Jgdwjfu_@@@+@ .- (13)

Performing the integration and noting that when # =0, x =
gives

= .2 N/S——x/Z 2/ (1 —x)
" /\/<2dv/ds> \/31052 V33— F+2 (14)

This can be compared with the prevmus mechanical solution
directly, but it is perhaps better to put it in a form with the dimen-
sional and non-dimensional parts separated as follows :

Put
o V2
oY

DO} st

pr=(p— ?&*
then we have from (8)

v*VV@~@ . e .. (15)



so that dv/ds can be written

dv __ 1.dp _ —V dp,

ds pv ds  24/(1 —py) ds -

where 7 = radius of cylinder and

o1 dp g
VI —F) 20 1o
Hence (14) becomes

AW (V3 —v2) /(1 — )
o »/(\7%) v2log Vo VAVIL Y 1)

For comparison with forms to be developed later it is convenient

to write this
- 7y
nm\/<W>F(x) o)

The advantage of using % instead of dv/ds is that for a given
value of 0, 4 is constant and independent of VD/y so long as the
pressure curve (fig. 1) is unaltered.

A comparison of theory and experiment is given in fig. 3.

The experimental values of Table 3 have been reduced by putting
% =gqfv and F(x) = n+/(Vh/ry), v and % being the appropriate
values for the section as given by (15) and (16). (See Table 5.)

The full line represents the above approximate solution, that

F(x) = 1/21log Wf/g_j/f)(;/ﬁ 5 Y

while the values obtained by the mechanical method (Table 4) are
shown by arrows. It is evident that the mechanical solution gives
better agreement with the observed values than (17). This is only
to be expected considering the assumptions made in deducing (17).

is

A brief examination will now be made of the terms neglected
in the previous theory, using where necessary the results of the first
approximation.

The Term w 0q/on :—From' (3) and (7) we have
2 v

_ _[dgq o
Vw—- jii—sdn'_ s



Re-writing (12) as

42 JGr)ro

oy 3
F <x)—’*>/2(x3—3x+2)

and substituting these values leads to

where

0g . ,dv 1 F ) da — _dv
vl v | FF @ dr = (ay) oGt el
where

o) =[x F (¥) dx + F' (%)

Retaining this value of w 9¢/0# in (1), equation (10) becomes
@xz—-d_y (X)———@:V@
as “ds ® ads dn?

Treating this as (10) was previously treated yields

%:/\/<Zdv/ds> /\/fx3——3x—§—2—§—

The integral in (19) is easily evaluated graphically or by mechani-
cal quadrature and once done it applies to all sections. This has
come about because w 0¢/0n is linear with 0v/0s (see above). In
the term to be dealt with next, this does not hold necessitating a
separate integration for every section.

1

“""'ﬂn

)dx} (19)

x =2z

The Term 0x/0s:—In the analytical solution above it was assumed
that 0¢/9s was equal to x dv/ds. This can only be regarded as a
crude approximation. We shall now write :—

0q _ (d v) (d’ x>
= % + g ==
?s ds/» ' as/n
the subscript indicating the variable to be considered constant.
Considering # as a function of s and x we have

-
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From the first approximate solution we have
n = 4/ (rv/Vh) F (x)

Differentiating this and recalling that % is a function of s only

leads to
| dn\ _ 1. rv\ dh
(75).= §F(x>~/<xm>%
and
an\ 7V
%Q*F@JGﬁ
so that

() = L Bl i
ds/» 2h F'(x) ds
and the second approximation for 9¢/ds is given by

f/_q:‘xdz’+ v F(x) dh

—_—

ds ds ' 2h F(x) ds

Inserting this value in the original differential equation and
proceeding as in the previous solution leads to the result (—

— (say), /(25) 2

where

and

[
=

N — m%”\/(i};—ﬁi E*éff(%) dx

so that the ﬁﬁal result is

) :”,\/ <%TZ> F, (x)and F, ()

%)
e

:‘\/<§>§'\/(x3 — 3% —f-XZ S ESY I
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Table 6 shows the details of the numerical calculation for various
values of 6. The data used is given in Table 5 along with a list
of the formulae used. The values obtained by calculation in Table 6
are compared with the experimental values in fig. 4 (see also fig. 3).
The differences are generally less than the experimental errors to
be expected except perhaps for 6 = 60°.

Readings were also taken at 6 = 50° with channel speeds of 22-5
and 5-4 ft./sec. The theoretical values for these speeds are easily
deduced from Table 6 by neglecting the small changes inside the
integrals due to the slight scale effect on p, (see fig. 1).

The data used were
for
V=225, 0=150° v=31-5 +/(Vh/rv)= 864
and for

V= 54 0=50° v= 75 +/(Vhjrv)=423.

From these and the values of Fy(x) in Table 6 for § = 50° the
values given in Table 6A were easily obtained. The results as shown
in fig. 4 again give good agreement with experiment.

. Additional experimental evidence in support of the above
solution has been obtained by A. Fage at The National Physical
Laboratory in connection with an investigation carried out by him
on the conditions of flow in the region where the boundary layer
separates from the surface* Mr. Fage’s remarks are given in the
appendix (see page 20).

The intensity of surface friction at any point on the front portion
of a cylinder can be estimated by the methods of this paper. Its
value is easily found to be

G P VIVIT=R
f: u‘d_ﬁ - P 1,:‘5 le (x) VVhen% ~> @

showing that the skin friction is proportional to p y¥ Vi (cf.
Lanchester’s Aerodynamics §36). It is thus possible to estimate the
contribution to the drag coefficient made by skin friction. Taking
numerical values from theory (Table 8) from 6 = 0° to 0 = 60°,
and using the experimental curves (fig. 5) to calculate approximate
values from 6 = 60° to 0 = 90° the total integrated skin friction
drag for the front half of the cylinder was found to be

Ky =192 v/v/VD

- The air-flow around a cireular cylinder in the region Where the oourdary'
layer separates from the surface. . R.-& M. No. 1178.
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The skin friction has become small at 90° and the rear half (90° to
270°) can contribute but little so that probably a close estimate* to
the total viscous drag is given by K, = 2 — 4/VD/v. This is small
compared with the total drag at normal values of Reynold’s number
but becomes important at low values.

If the thickness § of the boundary layer is defined as the distance
from the surface in which the velocity attains 95 per cent. of the
outside velocity, then ‘

— \.’7/ —
d=c or8 \/dv/ds . (21

where c is the value of F (x ( ) for x = 0-95 (see Table 6)

(21) can also be written

3 2 v

- = e T
7 h VD
showing that the ratio of the thickness of the boundary layer to the

radius of the cylinder is inversely proportional to the square root of
Reynolds number.

Conclusion.—It has been shown that the solution obtained for
the boundary layer equations holds for the flow over a cylindrical
surface throughout the region where the velocity over the surface
is increasing. There seems no reason to suppose that it would not
hold for any smooth surface provided the same condition was
fulfilled (two-dimensional flow being understood). For cylinders
other than circular it is probably better to retain dv/ds in the various
expressions instead of 4. Where the velocity gradient dv/ds becomes
small or negative the theory ceases to be valid as this quantity
appears under the root sign. In the case of the circular cylinder the
change in sign of dv/ds is associated with a complete breakdown of
the steady flow.

The experimental velocities in this region are shown in fig. 5.
The band which was previously the boundary layer has now become
(at 6 = 90°) very broad, being in fact the beginning of the eddy
region behind the cylinder.

* This estimate has since been verified by pressure distribution experiments
round small cylinders. - . -
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TABLE 2.
Pressure Distribution round Cylinder.
— (P =po)
0 B o —pymax
VD = 4:6 ft. ?/sec. | VD = 13-8 ft. 2/sec.
0 1-00 1-00
5 0-98 0-97
10 0-91 0-89
20 0-58 0-60
30 +0-15 +0-13
40 =037 =044
50 =) - 90 ==} - 96
60 =—1-30 ==]-4§
65 ==1-40
70 ==]1-46 ==]-71
75 —]1-42
80 =1-31 ==1-57
85 —1-24
90 w122 ==1-41
100 =1-23 ==1-30
120 —]-24 =1-11
140 -1-27 ==1-07
160 —1-33 ==1-08
180 ==1-34 =1-02
Kp = 0-64 0-49
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TABLE 3.
Total Head near the Surface of a Cylinder in an Air Stream.

V =123 V=123 | V=123 V=123
6 = 10° 6 = 20° | 6 = 30° f = 40°
d=04 d=0-4 =04=06 | d=104=086
w HeH,) ¢ | n H=H) g | n |[H=H, ¢ | n H=H, g
I | .
0 |=0-016] 0|0 |—0-077) 0|0 |—0-158 0|0 |—0-250 0
0-18 |=0-014| 1-30-18 |—0-052| 4:6/0-18|=0-082| 8-0/0-18/=0-195 6-8
0-26 |=0-008| 2:6/0-26 |—0-042| 5-4/0-28|=0-064| 8-9/0-28/—0-125/10-3
036 |=0-005| 3:0{0-40 |=0-026 6-6/0-38|—0-044| 9-8/0-41|==0-079/12-0
0-54 [=0-004| 3:2/0-54 |—0-019] 7:0/0-48|—0-036/10-1|0- 55 —0-045(13- 1
0:73 |==0-002| 3-4/0-73 —0'012' 7-4(0-59|==0-01511-0{0- 84{=0-007|14-3
0-91 |=—0-002| 3-4/0-91 |—0-006| 7-7|0-76|—0-004|11-4|1-34|+0-002(14-6
V=123 V=123 V=123 V=123
= 50° 0 = 60° 6 = 60° 8 = 70°
d=04=06 | d=04=—=06 =09 d=104==06
I
n H=Hy ¢ | n [H=Hy ¢ | n ‘HEHO g |'n H=H, ¢
0 —0-345| 0| 0 |—0-422| 0 |0-45—0-131/15-6| 0 |=0-438 0
0-18 |=0-237 9-5[0-18 |—0-322| 9:2/0-56/—0-101|16-4|0- 18/=0-409 4-9
0-28 |=0-177/11-9{0-21 |—0-303/10+0/067|—0-058|17-5/0-34|=0-323| 9-8
0-45 |=0-095|14-5(0-28 |—0-243|12-1/0-89|—0-023|18-3/0-35/—0-184/14-6
0-61 |—0-044[15-9/0-87 |—0-022/13-6/1-11|=0-010{18-6/0-91|~=0-060|17 -8
0-80 |=0-009|16-8[0-50 |—0-127|15-8|1-33|—0-001|18-8[1-22/—0-014(18-9
1-22 |+0-001{17-1{0-75 |=0-050/17-7| For comparison |1-44|==0-002|19-2
1-13 |—0-004(18-8| with values by |2-15|-0-004/19-3
smaller tubes.
V=123 V=123 V =226 V=54
§ = 80° 6 = 90° 6 = 50° § = 50°
d=04—06 d=0-58 d=0-4 d=0-4
n H=Hy ¢ n H-—=THy ¢ n H=Hy| ¢ n H-=H, ¢
0 —0:424| 0|0 |—0-405 0|0 |=1-20| 0|0 |=0-064 0
0-18 |=0-409| 3:6/0-28 |—0-395| 2-9|0-18/—0-678/21-0/0-18|—0-059 2-1
0-28 |=0-403| 4-2/0-41 |—0-396| 2-8/0-28|—0-490,24-4]0-28|=0-050| 3-5
0-40 |=0-367| 6-9/1-10 |—0-380| 4-6/0-38|—0-273|28-0/0-38/—0-040| 4-5
0-90 |==0-259|11-8/1-46 |—0-313| 8-8|0-59|—0-094(30-6/0-55/—0-029 5-4
1-22 | =—0-144[15-31-80 |—0-275(10-5/0-79|—0-022|31-5/0-75|=0-015, 6-4
1-67 |=—0-06117-52-4 |—0-192(13-4[1-20 0  |31-8|0-96 =0-007| 6-8
2:10 |=0-016|18-5/3-8 |—=0-02118-0 1-20/—0-001| 7-3
2-55 |—0-010/18-7|5-0 |--0-005/18-6
3.2 |=0-002/18-8

V = Channel speed (ft./sec.).

f = Angle from front generator.

d = External diameter of pitot tube (mm.).

n = Distance of centre of tube from surface (mm.).
H-—H, = Pitot head less head on front generator (Ibs./ft.2).

¢ = Deduced velocity at tube (ft./sec.).

All measurements of head have been corrected for the scale effect shown

in Table 1.
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TABLE 5.

Summary of Date for Calculating Boundary Layer Velocities.

V = Channel velocity = 12-3 ft./sec.
7 = Cylinder Radius = 01875 ft.
v = 0-000186 ft. 2/sec.

|
a , 1 dp3 i=p an| [VE
b1 B 71% Viep "= 0T =p d61§ o ae| A 7
10| 0-89| —1-20| 0-32 1-84 —0-045 869
20| 0-59 | =2:25| 0-64 1-75 — 0-38 845
30 | 40-13 | =—2-98 | 0-93 1-60 — 0-66 810
40 | ~=0-88 | =3-10 | 1-17 1-33 - 171 736
50 | =0-90 | =2-70 | 1-38 1-00 — 4:35 640
60 | =~1-30 | —1-85| 1 52 0-60 — 165 496
Explanation of Table 6.
Ist approx.
7 . 2 3
Folx) =1 =+ -g(x—~3x+2)
./
F,(x) = V2 log Vi - W3 — v?2)
V3 — Vx +2
2nd approx
x =1
1 j /
x) = xF,x)dx M=3 x) dx
? ) = g | ¥ F1 @) lf()
x =1
F, (%) 3V1—p dh{
%) =% N=—2 1
f( ) Fll (x 2 hZ f(
2 ! J
) =1+ %3 —3x + 2+ M+ N)

F(x):[2 dx

J g=2xv v=VVI—p
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Appendix.

A NOTE ON THE PRECEDING PAPER

By A. Fage, AR.C.S.

September, 1928.
The purpose of the present note is to show that further experimental
evidence in support of Dr. Thom'’s solution can be obtained from observations
taken in the investigation, recently undertaken by the writer, on the conditions
of flow in the region where the boundary layer separates from the surface
(R. & M. 1179). This investigation was made on a cylinder of large diameter
(8-9 inches) and covered a range of wind speed from 22-0 to 71-4 feet per
second, over which the drag coefficient drops from 0-60 to 0- 20 approximately,
and the character of the flow undergoes a marked change. Although attention
was mainly focussed on the conditions of flow near the * breakaway
region, observations of total head were also taken across several sections of
the boundary layer forward of this region, and where Dr. Thom’s solution is
applicable. Values of the velocity (g) at points in these sections, expressed
as a fraction of the maximum velocity (v) at the. outer limit of the layer,
and estimated as in R. & M. 1179, from the observations of total head taken
at the extreme speeds 22-0 and 71-4 feet per second are given in figs. 6 and 7.
It will be observed in each of these figures that (as mentioned in R. & M. 1179)
the character of the velocity distribution is practically independent of the
position of the section, for the range of ¢ chosen. Included in figs. 6 and 7
are curves showing, for the chosen sections, the distributions of velocity
estimated from Dr. Thom’s solution. It is seen that, provided the section
is not taken near the point of maximum velocity on the cylinder, the points
representing the experimental observations lie very closely on the appropriate
theoretical curves. The comparison supports, therefore, Dr. Thom’s con-
clusions, that his solution of the boundary layer equations holds for the flow
over a cylindrical surface, except in the region where the velocity gradient
around the cylinder tends to a small or negative value.
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SYSTEM OF AXES.

R <

Axes Symbol a Y z
| Designation. | longitudinal | lateral normal
Positi Ye} Forward | starboard | dowrwerd
direction
Force Symbol A Y Z
Moment Symbol L M N
Designation rolling pitching | yawing
Angleof | sympol 6
Rotation 4 ¢ 4
Velocity | Linear w v w
Angular D L] P
Moment of Inertia A 8 C

Components of lingar velocity and Force are positive
" in the positive direction of the corresponding axis.
Components of angular velocity and moment are positive
in the cyclic order y te z about the axis of &, z bo
about the axis of ¥, and x to ¥ about the axis of z.

The angular movement of a control surface (glevator
or rudder) is goverred by the same convertion, the alev~
ator angle being positive downwards and the rudder angle
positive to port. The aileron angle is positive when the
starboard aileron is down and the port ailleron is up.’

A positive control angle normally gives rise to a negatkive
moment about the corresponding axis. The symbols For-
the control angles are -

4
7
e

¢

aileron angle

elevator angle

tail setting angle

rudder angle
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