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SUMMARY
This Paper describes wind-tunnel experiments at supersonic spseds
on the characteristics of the three-dimensional growth of turbulent boundary
layers on long axi-symmetrically placed wires.
The results have led to the development of a method of calculating the

teasion and drag distribution along, and the shape of, long towlines as used

in aircraf't target towing systems.
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1 INTRCDUCTION

The work described in this Paper was undertsken initially in
support of & programme involving the towing of targets at supersonic speeds on
long towlines, In particular, reliable target and line drag estimates were

required to establish the thrust margin of the towing aircraft.

However, it rapidly became clear that the characteristics even of sub-
sonic towlines were not properly understood. Stevens2 quotes large discrepancies
between estimated and measured lire drags, and the design of towlines has
therefore tended in the past to be based on empirical skin fraction coefficients
obtained from practice. The present work therefore has included an examina-
tion of the subsonic characteristics in an attempt to put the design on to a
more rational basis, although no further subsonic wind-tunnel tests have been
undertaken. In the absence of suitable supersonic data however, some tunnel
tests were carried out to determine the skin fraiction at supersonic speeds,
and, by flow measurements, tc obtain an insight into the mechanics of the

development of a highly three-dimensional bourdary layer.

The latter, backed up by the results of other Workg, has led to the
abandonment of the concept of a continuous, single boundary layer development
along the line, with the large thickness and low drag that this could imply.
The result has produced an estimation method for skin friction in fair agree-
ment with experiment, and not confined to supersomic speed, nor to air, and
this, together with available information on the force component derived from
the cross flow velocity, is used to give expressions defining the wire tension
and shape in a tractable torm., Comparisons with limited subsonic flight data
are made which give confidence in the application of the method to the pre-

diction of the flight characteristics of supersconic towing systems.

2 SKIN FRICTION OF LONG WIRES

2a1 Exigting theoretical methods

Because of difficulties with regard to the three-dimensional growth,
the majority of theoretical work on the skin friction of long wires has been
confined to laminar flow calculations. One such treatment of the problem is
that developed by Glauert and Lighth1111. Steven52 using this method
computed that, compared with results obtained from flight trials, this theory
gave numerical values too low by a factor of forty. In the calculations, the

boundary layer had been assumed to grow continuously along the whole length



of the wire and the affect of cross flow on the boundary layer had been
ignored., This agsumption will be shown later 4o be a major contributory
cause of the large discrepancy between theory and filight experiments; further-
more the flight results will be shown to conform more closely to theory

based on a turbulent bourdary layer.

With regard to three-dimensional growth of twhbulent bhoundary layers
Eckert6 has developed a simplified treatment for a cylinder in axial flow.
The calculation 1s carried out by means of a momentum theorem with assump-
tions that the velocity profile (1/7 power law) and an empirical relation
specifiying the wall shear stress as inversely proportional to the fourth
root of the boundary layer thickness (Blasius law) are unaffected by the
three-dimensionality.

The agsumptions imply, and the calculations given in Eckeri's note
refer, to conditions where the thickness of the boundary lasyer, &, is
small compared with the radius of the cylinder, In the experiments desoribed
1n section 2.2 the boundary leyer thickness varied between one and thirty
times the wire radius. Although the experimental conditions therefore extend
far beyond the range of Eckert's assumptions it will be shown that the results
eppear to be consistent with his calculations, and that for the range of
parameters likely to be attained in practice a form of his equation can be

uaed to provide an adequate approximation for skin friction coefficients.

2.2  Bupersonic wind-tunnel measurements

The experiments were made in the No.8 (9 in x 9 in) supersonic wind

tunnel at R.A.E. Farnborough, at a Mach number of 2.47,.

Five diameters of wire ranging from 0.022 in to 0.250 in were tested
8o that the effect of the ratio of boundary layer thickness to wire diameter
could be studied. The wires were tensioned by turnbuckles between two
anchor points, one in the settling chamber upstream of the szonic throat and
one well downstream of the working section area. The wires were aligned

with the stream directaion.

Pitot traverses were made through the boundary layer, using a » mm o/d
hypodermic tube, and were made in the vertical plane above and below the wire
at five longitudinal locations throughout the working section., Narrow
circular bands of plastic sleevang were put on the wire 8 in upstream of the
first traverse location to initiate artificial boundary layer trangition to

the turbulent state if natural ftransition had not alresdy occurred.



The position of the probe relative to the wire was determined %o an
acouracy of 0.002 in by using a wmicroscope viewing the probe through the
glass walls of the tunnel. The total head in the boundary layer was measured
on a self-balancing capsule manometer to an accuracy of *0.01 in Hg. The free
stream Mach number and static pressure were obtained by relating the free

stream total head in the working section to that in the settling chamber.

It should be noted that the outside diameter of the boundary layer probe
is approximately equal to that of the smallest diameter wire tested so that
for the cases of the smaller wires the total head recorded is the mean pressure

over a relatively large area,

At several locations appreciable differences occurred between the
boundary layer profiles above and below the wire. These were believed to be a
consequence of slight variatiocns in flow direction along the axis of the tunnel

nozzle causing the boundary lasyer to move off-centre relative to the wire.
2.3 Results

2.3.1 Measurement of momentum and velocity profiles

The velocity profiles, and momentum and displacement areas were determined
for each of the wires at stations 3 in apart throughout the working section.
Although, as explained, differences occur between the upper amd lower readings
at several stations, the aveorage of the two results show fairly consistent
trends with both the wire diameter and probe position as can be seen from
Table 1., Nevertheless, individusl results are not accurate enough to estimate
local skin friction coefficients. Analysis has therefore been based on the

mean skin friction between a virtual origin and the appropriate point.

It can be observed that the mean skin friction coefficient and the
exponent, n, of the velocity profile given by +/V = (Y/5)1/h; are strongly
1nfluenced by the ratio of the length to diameter of the wire. Fig.? shows
how the exponent n rises with £/4 from the two-dimensional flat plate value
of roughly 6. Values of n are recorded which are much higher than thosge
obtained by N’ikuradse3 for velocity distributions within smooth pipes. Whereas
Nikuradse for internal flow shows the exponent to depend only on a Reynolds
number based on tube diameter, we see from Table 1 that this 1s no longer so

for the external flow, since at constant Re we have values of n ranging

from 7 to 18 depending on 4£/4.



To obtain 4/ and to calculate the mean skin friction coefficient,
CF, from the momentum area, it was first necessary to determine the virtual
origin of the boundary layer. Because of the variation of n, it waas not
possible to determine this directly. However we assume that, due to the
three-dimensional growth, the boundary layer thickness will be no greater
than that developed on a flat plate in the same length. From the boundary
layer thickness at the first traverse position and the flat plate equation

5 = 0.37 £
R1:5
e
origin from the traverse position.

we can therefore determine the minimum distance of the virtual

The total momentum decrement at any station may be equated to the total
dreg developed between the virtual origin and that point, thus by extra-
polating back the momentum area results we can again deduce a virtual origin.
Since the local skin friction, and hence the slope of the actual momentum
area curve, reduces with increasing length, a linear extrapclation of the
results will give a maximum distance for the virtual origin from the first
traverse position. The distance between the maximum and minimum positions
should reduce as the value of n -+ 7. The mean of these positions gives
locations for the virtual origin estimated to be within 3 in of the true
position. Owing to scatter, extrapolation of the momentum results for the
0.25 in diameter wire is difficult. Since for these results n 1is close to

7, values of £ equal to 6min + 2 in have been used.

Using the above method of estimating the position of the wirtual origin
for each of the wires, the mean skin friction coefficients, Table 1, have
been calculated. The coefficients, based on wetted area, are shown in Fig.2
plotted against Reynolds number. Also shown is a curve representing the
value calculated using Schllchtlng'sh flat plate equation modified by a
compressibility factor given by Hoerner5. It can be seen that the results
for the 0.25 in diameter wire lie close to this line as might be expected
since the values of n for these results are only slightly greater than that
for the flat plate, but that there is increasing discrepancy as the thickness

increases.

Using a simplified treatment of the turbulent boundary layer along a
cylinder, Eckert6 hag deduced an expression for the mean skin friction
coefficient, for cases where the boundary layer thickness is less than the

radius of the wire.



This expression can be re-arranged in the form:-

Cp = CFP,:‘I +f<§>] (1)

where CF is the skan friction coefficient for an infinite {lat plate.
P

Since Eckert has assumed that the velocity profile (1/7 power law) is

unaf'fected by the curvature we may substitute 9:%;§£ for & giving
R
e

' e/d
C, = C <7 + £;77Z%> (2)
E o R 5

where £ and Re are based on the length from the virtual origin, and A’

1s a factor which reduces from 0.025 as j%;% increases from zero.
Re
For all diameter wires except the largest the experimental results have

shown that the value of n greatly exceeds the assumed value of 7. Again,

1/5
e
exceeds the radius of the wire. The use of the Eckert's value of A' may

the boundary layer may no longer depend on R and 1n any case 1ts thickness

therefore not be Jjustified; on the other hand Fig.Z2 shows that CF does depend

appreciably on wire diameter and slightly on Re’ as equation (2) qualita-

tively predicts, and 1t would seem possible that by choosing some suitable

value of A' the results may be shown to conform to this equation. The mean

value of A' for the range of j%é%;— covered during the present experiments
R

2
is taken to be 0.017.

Fig.3 shows the CF results of Fig.2 diviaded by (1 + 0.01F!f{d> to
R
5]

give EF' The results collapse surprasingly well considering the possible
errors and lle reasonably clogse to the Schlichting flat plate curve with the

compressibility modification.

From this evidence 1t would appear that equation (2) provides a
convenient and reasonably accurate way of estimating skin friction in a
turbulent three-dimensional boundary layer despite the faet that infegration
of the momentum loss throughout the boundary layer is not always a satisfactory

method of deducing skin friction coefficients from experimental data.

In Ref.7, Hughes describes tests at the N.P.L. on long cylinders sub-
merged in water. During these tests the drag of the cylinders at different



velocities was measured darectly by a very sensitive balance system. The
ratio of length to diameter for thege tests were 340, 673 and 1004 and are
therefore within the range covered by the present series of tests of 106

to 1250. 8ince the drag was measured directly the results should be more
reliable than those obtained by boundary layer measurements (section 2.2).
The results are shown in Fig.4. Using equation (2) with A' again equal to
0.017 we see (Fig.5) that expression in terms of the parameter aF
effectively collapses these results also to the Schlichting two-dimensional
curve. Fig,5 indicates that if necessary an even better collapse could be
obtained using a larger value of A' for the £/d = 340 results and a
smaller value for the 4£/d4 = 1004 results. This is in accord with the

reduction of A' with the increase of for the Eckert equation.

f%;;
R/ ?

These results have been obtained by direct variation of the velocity
and cover a far wider range of Reynolds number than the wind-tunnel results

described in this Paper,

We see therefore that the skin friction deduced from experiments at low
velocity in water and at supersonic speeds in air, can be represented by the
same expression, visz,

—2.58
0.455 (logyq R ) 0.017 ¢/d
Cp = s (1 =7 . (3)
(1 + 045 K°) R

e

2.3+2 Effect of length

If we examine the values of CF computed from equation (5) for various
lengths of the same diameter waire we find for a typical example (Fig.6), that
for short lengths the skin friction falls according to the Schlichting
equation. Gradually as the length increases the three-dimensional part of
equation (3) takes effect and the skin friction coefficient levels off and
then begins to rise. For a length 4000 times its diameter the mean skin
friction coefficient 1s the same as if it were 10 times its diameter. At

its lowest value between these lengths the value of CF has fallen by 36%.

We see therefore that provided that the length over which the boundary
layer grows 1s unlikely to exceed 4000 times the wire diameter in this case,
we can, for a rough approximation of friction drag assume a fixed value of
CF which in this particular example 1s unlikely to have a local error st
any poeition of more than 1&%. Although this error is not negligible it



should be remembered that by agsuming the theory of Glauert and Lighthill
numerical values too low by a factor of 40 were obtained. It will be shown later
that, because of the curvature of the wire, parts of the wire where the

assumed drag is too small will be offset by other regions in which the

assumed drag is too great. This suggests that along a given towline it might

be gJustifiable to regard CF as effectively constant, an assumption which
greatly simplifies the estimation of the curvature of the wire and of the

cross flow drag as described later., This is considered further in section 2.4,

The theory of Glauert and Lighthill can be used to determine CF for
various lengths of a laminar boundary layer in a similar form to Fig.6.
Calculations for the same typical condations of Fig.6 are shown in Fig./. TWe
see that the curve again represents a flat plate skin friction coefficient
plus a three-dimensional effect. The slope of the curve 1s much steeper than
that for the turbulent boundary layer and an assumption of a constant CF
would be far less justifiable.

24543 Effect of incidence

Up to the present we have considered only the boundary layer growth on

a wire trailing in the gtream direction.

Thompson and Morrisons, investigating the asymmetric shedding of vortices
from slender bodies at large angles of yaw, have obtained Schlieren pictures
of the periodic shedding of the boundary layer. B3imilar results have been
obtained during the present series of tests when a 4 in diameter rod weas
placed at incidence. Typical spark and continuous source Schlieren pictures

at M = 1.5 are shown in Fig.8.

The periodic shedding observed in these pictures is confirmed by the o1l
flow pattern, Fig.9, formed on the downstream surface of the rod. The vortices
grow symmetrically from the nose until due to some disturbance one sheds.

Thereafter vortices grow and are shed alternately from either side.

The re_port8 explains how the shedding on a cylinder at incidence can be
related to the frequency with which the vortices forming a Karmén vortex
street would be shed from the cylinder 1f it were placed normal to the stream,

The relationship is given by

fd
ﬁm sin @
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where & = Strouhal number
f = frequency of shedding (from one side only)
d = cylinder diameter
vV, = free stream velocity
o = incidence of the cylinder.

1
Now 7 is the time interval between the instants at which successive

vortices are shed from the same side, and is also the time taken for the flow
component with velocity VO cos @ to travel a distance €. In this instance

-

£ represents the length over which the boundary layer grows before it sheds.

4 £
Thus F ° V_cosa
and -3- = co: < . (h—)

The eff'ect on skin friction coefficient, of wire incidence is therefore
that the development of the boundary layer should no longer be considered as
continuous, but that the coefficient should be determined for the shedding
length 4. Since, as shown in Figs.6 and 7, CF falls as £ increases we
see that the greater the incidence, the shorter the shedding length and the

higher the skin fraction coefficient.

As the shedding length reduces it is conceivable that the boundary layer
might remain lamnar for a substantial part of its length. To examine the
likelihood of this occurring in practice we can compare the calculated skin
friction coefficients for a laminar and a turbulent boundary layer with those

deduced from flight trials.

Taking values of towline incidence as quoted by Stevens2 and assuming
values of s = 0.20 for a laminar boundary layer and s = 0,30 for a turbulent
one we are able to estimate the appropriate shedding lengths and hence skin

friction coefficients. The results are as follows:-

v, (ias) 175 kt 300 kt
Measured Gy (flight trials) 0.0059 0.0050 from Ref.2
Estimated C_ (turbulent boundary layer) 0.0050 0.0045 from equation (3)
Estimated Cp (laminar bourdary layer) 0.0016 0,001 from Ref,1

In the following sections we therefore assume that the boundary layer is
turbulent and that equation (3), with shedding length € replacing the total
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wire length, provides a satisfactory approximation of the skin friction

coefficient,

2.4 Suggested estimation method

Equation (3) gives an expression for the skin friction coefficient for a
long wire, including compressibility and three-dimensional effects, in terms
of Re(ﬁ), £/d and M, where from 2.3.3 we interpret £ as the length of
wire for which the boundary layer remains locally attached. This length is
varisble along the wire depending as has been shown, on the local incidence,
and hence both Re(ﬁ) and £/d are functions of incidence. Equation (3) may
therefore be more conveniently expressed in terms of wire diameter, incidence

and flight Mach number,

Thus, from equation (4),

Ve
= (%)

M3 cot @ v—?';

aD
Md* cot a 5

K]
v

where d* (% d”.f-zi) is the equivalent wire diameter at ground level.

The effect of altitude is to reduce the effective diameter (Fig.12) in the
determination of Re' It should be noted that the actual diameter, d, is

retained in the definition of the force coefficrents.

Assuming a Strouhal number of 0.3 appropriate to a turbulent boundary

layer,
R_ = Nd* cota x 2.38 x 107 (d* in ft)
and
-2.58
0.455 {log R_)
CF = CF(M’ d*, cota) = Z 558 (1 + 06017 . Caﬁ’d> .
(1 + 0.15 M°)°" -3 365
eeee (5)

Skeleton plots of C., for a subsonic vs a supersonic flight speed over

F
representative wire diameters and incidences are shown in Fig.13. From these

it can be seen that although the incidence may vary considersbly along a wire
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in particular conditions, the local skin friction varies more slowly, and for
the purpose of estimating wire shape and tension a mean value might well
suffice. In the computations made in section 5.2 a mean incidence of 50 has
been used for the purpose of estimeting the skin friction coefficient from
equation (5) as an average of the agymptotic incidences of the flight data

considered therein. A refinement 1s suggested in section 6.

3 CROSS FLOW FORCE

It is well known that the force normal to a long, inclined body at
supersonic speeds is not linear with the incidence angle. Rather it
consists of two portions, viz. that gmiven by a potential flow, giving a
force linear with incadence, and dependent only on the way in which the cross
section area varies along the length, and additionally a viscous force due
to flow separation on the lee of the body. At any particular Mach number

this latter force contribution is proportional to the cross flow kinematic
2

2 .
pressure so thet it can be repregented by CD .-&g— sin @, S where V is

the free stream velocity and S is the meximum body area normal to the
cross flow. This has been found to predict remarkably well the normal force
on bodies of moderate fineness ratio at supersonic Speeds9, and, saince the

cross flow Mach number, MO, as opposed to the free stream Mach number, is
usually well subsonic, a commonly used value of GD for supersonic flight
is 1.2, factored where necessary for the effect of the finite fineness
rati09 (Fig.10). TFor the present purpose the wire constitutes effectively
an infinitely long hody for which the potential flow term is negligible. We
would expect the cross flow force to be DO sin? a, where D =g CD d and

with GD approximately constant at azbout 1.2. Fig.11 is reproduced from

Ref.9 and shows that the drag of circular cylinders normal to a low speed

5

airstrean for a Reynolds number based on diameter between 104 ard 107 is

appropriate to a €. of abeout 1.2, and between 103 and 10h is generally

D

nearer unity. Below 103 GD increases again. The geod agreement obtained at

D
which the typical cross flow Reynolds numbers have been between 10# and 105.

supersonic speed wirth a ©_ of 1.2 has been with inclined oylinders for

For a small gauge wire towline the cross flow Re would be about two orders
smaller so that CD might be expected therefore to be somewhat below 1.2,
The compariscns with subsonic flight data made in this Paper in scsetion 5.2
do not show aonelusively whether the preferred velue shouid be 1,2 or nearer

140e Turther flight measurements are needed.
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4 TOWLINE SHAPE AND TENSION

4,1  Equations
The equations derived in this section are those applicable to the forces
on a wire being towed by an aircraft in straight and level flight, and as such

are confined to the vertical plane.

The forses on an element are shown in Fig.1k, resolved along and normal

to the wlre.

(4) Incremental tension, taking account of the curvature of the

element, is
Tensile force along 1:1 - 6(1] [T + ST] E] [ST]
Tensile force normal da 1 0 o .
(2) Aerodynamic force

2
LFI‘lC‘tlon force along \: - F cos” a, b ]

, 2
ross flow force norma sgn ¢, D sin” a, 8

where F and D are regarded ag constant throughout the wire length
(sections 2.4 and 3), and

sgn & = a + |a.| -
(3) Weight
Component along -® sina, ¢
[Component normal] ) [—- W cos a., 55]
where w = welght of wire per unit length,

Combining these and equating for equilibrium we have:-

Force along wire : %% = W sno + F 0052 a (6)
Force normal to wire : %"— = wcecosd - sgnal sin2 o . (7
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If we davade (6) by (7) we eliminate the length parameter, so that

14Tt _ wasinag + F 0052 Q
T *ads

, 2
W cos & = ggn U,,D sin @

from which

o
. 2
a
log%‘- _ j w sina + F cos 0,2 i (8)
0 W cos & - sgn @4 D sin @
Q

where suffix o denotes conditions at the target.

weight - 1ift
drag

(N.B. tan CLO = of' target.)

Hence, from (6) and (8),
a=a

L = [ ar(a) . (9)

. 2
W sina + F cos @

=L
o}

Le? Method of solution

It will be seen from ecquations (8) and {9) that the variables bhave been
separated, amd that the solutions for & = £(a) and T = T(a) can be

obtained in prineiple by direct integration. For convenience we write the

a
r.hes. of equation (8) as [% I, + -g I, + 13]
%
where I‘I = [ g D >
Cos O - 3gn G = . gin G
__ szl_n2 e da
I, = - D .2
cos & -~ sgnara « 81n O
- ain o
- | .

cosdaﬂsgnu-a.sin a

Integrating, and omitting the integration constant,
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O .
sin o (1 + sgn o cos CLDO) tan % + sin x
I‘I = 5 log 5 -
(4 + cos” a) (1 + sgna cos a_) tan 5 - sin o
. 1 1 - sgn @ cos v &
- sgn @2 cos @ tan 5o o 5
eese (10)
D cos @
where a_ 1is the incidence such that == « This corresponds to the
gin @
oo

. da .
asymptotic incidence of the wire, at the towing aircraft, for which 3z 18

zero {equation (7).

It may be shown that

2 oo =7
and
. 2
sin a cos O - cos O
T = = log = - (11)
3 1+ 0032 o cos O + sec O

Since at high speeds F is large in comparison with ® it follows that

the contributions from I2 and T are of the order of 511'12 a, I1, and hence,

> 3
since sin & is small at high speeds, it 1s proposed to neglect all except
I

(12)

da =

sl
H
[ ]

laCe

-

2
f ®w s1na + F cos o "

.2
W ecos @ - 3gn @ D sin O

However, the expression for I in equation (10) does not lend 1tself
to the inversion necessary to give o as a(€). It is possible to make it more

tractable, however, by a slight approximation before integration, viz. by

Vi
approximating for ® cos @ in denominator by ® (? - %u) « With this

modification, but with the adoption of the correct rather than the

approximate asymptotic incidence, 1t transgpires that

tan a_ tan & + tan x

1 7 2 log tan o - tan o

for a +ve (13)

—
i

and

i

. tan
sin & tan | - G,m:l for & -ve . (1)
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For the incidence to be negative requires that there shall be 1ift
on the target in excess of its weight, a case which is not considered further
in the present Paper. The suitability of the approximation (equation
(14)) for negative incidence has therefore not been examined. Equation (13)
for positive incidence does include the case of the very light, or partially
lif'ting, target for which mo €00 . In this condition the towline

curvature is reversed.

The justification for the approximation of equation (13) is contained
in FigJd5. Equations (10) and (13) were found to give values which are
indistinguishable on direct presentation. In Fig.15 the percentage error is
shown for a range of maximum and asymptotic incidences up to h5° and 20°
respectively to include very heavy targets amd tow wires at supersonic

speeds. The error is seen to be less than 1%,

Substituting for equation (13) 1n equation (8) we have

2D
(TD)_F- 8in Gy, tan @ + tana  tan @ - tan o

= (15)
tana-ta.naoo ta_naoq-ta.na,w

or, Trearranging,

tana _ 2r+ (1 +1r)e (16)
tan o 2+ (1 +r)e¢
tan o
where r = S
tan @ o

and e = (%)F c>o--‘l . (17

The neglect of I2 and I3 1n comparison with I1 is tantamount to regarding
the numerator of the integrand of equation (8) as constant (= F); the error
thercby introduced [= sin o (F sin a=w)] is of a small order and the
separate terms to some extent compensatory. This approximation enables

equation (6) to be integrated directly to give
T o= T+ . (18)
Equations (16) and (18) provide simple and convenient expressions from

which to obtain the approximate distribution of incidence arnd tension along a

towline in a closed form.
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The component drag terms may then be evaluated as

£
wire cross flow drag = D j. sin® o a6 (19)
0
&
wire friction drag = E‘j. cos3 a db (20)
0

and the target depression from the flight path of the towing alrcraft as

=
Hi|

£
[ 51n o 46 . (21)
o

4.3 Further approximations

When € is small enough, i.e. sufficiently near the target, it is

permissible to expand € (equation (17)) as

2D .
F&'ar Sln(l‘>cl
s -%9& sin a_ (22)
0
so thsat
tanao + 6Ctanaoo
tan o = T2 (23)

where C 1s constant = (tan a, * tan aa) %%-Cos & e
o
It will be observed that the friction force, F, does not enter into any of

the constent terms on the r.h.s. of equation (25) which indicates that {the
terminal shape of the wire at the target is defined by 1ts weight and cross

flow drag per unit length together with the target forces.

The approximation of equation (22) cannot be Jjustifaied for other than
small values of €. Nevertheless equation (23) tenmds to the correct limit
ag & - oo, guggesting that it may be useful even when 1% camnot be strictly
validated.,
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The target depression, h = j‘ sin ¢ & and the determination of
0

sin @ from tan a defined by equation (23) is somewhat troublesome for the
subsequent integration., If we consider equation (15) it appears that the
r.h.s. would have the same characteristics and behaviour at the limits as
a=>a ora, if' the tangents were replaced by sines throughout. It is
suggested therefore that for the purposes of determining the target depres-
sion and the terminal length of wire that the sine eguivalent of equation (23)

might be a reasonable approximation viz.

sina + B sino
o oo

sin o 3 T (24)
wanere R = (51n,u + 8in @ ) EL.
o) oo T0
This may be integrated directly with respect to & to give
s1n &0 - 81na_ T0 D
h % & sina + Th e rsno ' loge[:1 + (SlnCLo + 31na.oo)ﬁ-6]
0 00 o
esss (25)

PL + Q loge (1 + Rre)

where P, Q and B are constant along the wire,

5 APPLICABILITY OF METHOD

The validity of expressions derived in the preceding section has been
examined in two respects, firstly for their acceptability as solutions to the
differential equations (6) and (7), and sccondly their practicability when
compared with flight data. In the latter some difficulty has been experienced
due to the paucity of data at supersonic or high subsonic speeds, and also by
the omission or non-availability of certain key data in the references
consulted.

5.1  Validity of approximations

The justifiication for the pre-integration simplification of equation (8),
leading to the approximate relaticnships of equations (16) and (18) between
local incidence, tension and length, was discussed in section 4.2. As

mentioned therein, the target and wire weights need to be rather extreme for
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the error to exceed even 0.1% (Fig.15), and this fziure is 1tself very much
smaller than the admitted uncertainties, in the skin friction estimation for
example, The effect is illustrated in Fig.16 which shows abarely discernible
departure over the first 1000 £t between the exact (step-by-step) golution

and that given by equation (16) for the specific case of a supersonic (M = 1.6)

toWline .

On this same figure is shown the result of simplifying fuwther by the
assumption of a short towline (section 4.3). The approximation lab~lled
equation (23) begins to deviate noticeably from the exact result for a line
length greater than about 150 £t. Bub, nevertheless, the incidence 1s every-

where within a degree, which may be adequate for many estimates.

However, the guantity of main interest from the point of view of
adequacy of estimation methods 1s not the incidence so much as the depression
of the target below the aircraf't. The comparisons between the step-by-step
computations and the approximations of eguations (16), (21) and (25) are
shown for the same supersomic tow case in Fig.l17a. From these it is seen that
the difference between the iterative solution of the differential equations
(equations {(6) and (7)) and the numerical integration with length of sin a,
where @ 18 given by equation (16), is barely discernible, For a towline
length of 1000 f't the dafference is about 6 in. in 126 £t; at 5000 ft it is
2 £t 4 in. in 320 ft. It is noticeable that the short line approximation to
the target depression given in closed form by equation (25) 1s in quite goaod

agreement, the error amounting to about é ft for a line length of 1000 ft.

Step-by-step solution data were unfortunately not obtained for the flights
reported in Refs.10,11,12, so that comparisons in these cases are made only
between the results from equation (21), using the incidence variation computed
from equation (16), and those given through the suggested relationship of
equation (24). This comparison 1s shown in Figs.17b and 17c for computations
related to data from Refs.10 to 12, and suggest that even at low subsonic
speeds the simpler expression, equation (25), may adeguately define the
terminal shape of the wire for, say, about 200 ft, except possibly at the

lowest speed for which the wire incidence at the target is very high (about
0
65 ).
In section 4.3, arising from the short line assumptions, 1t was pointed

out that the skin friction force, F, ought to have little influence on the

terminal shape of the wire. The computations associated with Fig.17 included a
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10% reduction in skin friction to examine its effect on target depression.
The results showed a difference of only 1 £t (in 1360 £t) for a towline
length of 20000 ft, thus tending to confirm this predicted insensitivity,

En

which may persist beyond the terminal region. *

5.2 Comparison with flight data

5.2.1 Skin friction and wire tension

Following from the pre-integration simplification in section 4.2, the
force gradient along the wire was shown to be efflectively constant so that the
tension should be a linear function of the length (equatlon (18)).

Figs.18a and 18b are reproduced from Refs,10 and 12, and these show this
linear dependence over a wide range of flight speeds and towline lengths. The
slope at each speed should equate to the skin friction forece, F, in

gection 4. The mean values Trom the flight dates of Refs.10 and 11 at 200 ki
and 320 kt ias prove to be 10.2 1b/1000 £+ and 23.6 1b/1000 ft respectively,
compared with the friction drags, estimated from equation (5), of 1.1 and
25.5 1b/1000 ft respectively. The data from Ref.12 are rather less self
consistent but generally confirm the tendency for the estimate to be approxi-
mately 10% high. This could be ad justed by chocsing an effective incldence

of' less than the 50 arbitrarily adopted in the evaluation of equation (5),
(see section 6), and further experimental data are needed to clarify this *

point.

He2.2  Wire shape

Determinations of the target depression in flight have been made10’11’12
using a chase ailrcraft waith 1ts altimeter synchronised with that of the towing
aircraft. DNo details are known of the proximity of the chase aircraft to

the target, so the possibility of aerodynamic interference has not been
assessed. No comments were offered in Ref.12 on the acatter and discrepancy
between results from, as far as is known, identical tests made 2 months apart

in 1959 (Figs.20a to 204).

Data from Boscombe Down trials1o’11 are given in Figs.19a and 19b, ard
are compared with the estimated target depression offered in this Paper.
In both figures, representing the extremes of the speed range of the trials,
the agreement is much improved by the adoption of a cross flow force
coefficient of 1.0 rather than 1.2. With this modification and except at the
maximum line length of 20000 £t the present method predicts satisfactorily the
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vertical separation both at the higher speed (M 2 (,6) and also at the

lower speed where the simplifications might be thought less defensible.

The U.S.A, data from the Air Proving Ground Centre report12 are shown in
Figs.20a to 20d, and, again except at the maximum line length, the flight test
data straddle the estimate, However, in this case the cross flow coefficient

of 1.2 does provide the better agreement with flight data.

The fact that in both the AAEE and APGC data the target depression with
the 20000 f+ line falls noticeably below the estimate 18 curious, particularly
since the corresponding rates of change of depression between the 15000 £t and
20000 ft towline lengths implies a local wire incidence less than the
asymptotic minimum value, & (section L.2)e The explanation may lie in the
fact that with extremely long towlines and the correspondingly large vertical

separations between aireraft and target, the greater air density at the target

altitude and over much of the wire may need to be taken into account. Examina
tion of the flight data on Figs.19 and 20 shows that this reduction in the
depression gradient is indeed progressive with length as this explanation

would requile.

It is noticeable from Figs.19 ard 20 that apart from towline lengths
less than about 1000- 2000 ft, the estimated variation of target depression
with length 1s, for all practigal purposes, linear, and ig given by the
asymptotic incidence (¥ (w/D)?). This suggests that 1t may be possible to
devise simple working rules for estimating the depression for other than short
towlines 1f the intercept of this straight line at € = O can be expressed in
terms of the target weight and drag, i.e. in terms of the terminal incidence
of the wire. The reader is advised against utilising Fig.20 directly for this
purpose inesmuch as the basic data in Ref.12 apply to a target on which a
1ift force is present, 1.e. the effective weight varies with flight speed. For
the comparisons in this Paper the data have been further processed to

extract this force, and hence to derive the terminal incidence.

6 GENERAL, COMMENTS

It has been mentioned in passing that the computations and the further
approxamations suggest that the skin friction has little influence on the wire
shape. Further, the analytical ard experimental results agree in showing that
the cross flow drag has negligible effect on the wire tension, which varies
linearly with towline length by the amount of the accumulated skin friction
drag. Fig.2l shows the distribution of the computed drag along the line for
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the supersonic tow case as discussed in section 5.1, viz. M = 1.6 at

40000 ft with steel wire 0.050 in diameter, target weight 100 1Ib, This
distribution for the non-lifting target, is typical for high speeds and shows
the msjority of the cross flow drag on a practicable towline length* to be
developed within the terminal 1000 ft.

From equations (19) and (20) it follows that the rate of increase of the
friction drag with length exceeds that of the oross flow drag when tan @«
falls below (E/D)1/3. For the data examined in this Paper this occurs
in a narrow band between 121° and 141°, i.e. fairly close to the target. It
has already been remarked that the high curvature 1s also leocalised to the
terminal length near the target, the incidence rapidly approaching the
asymptotic value. This means that on long lines the majority of the skin
friction drag is developed at an incidence near to this asymptotic value and
suggests that this, rather than the arbitrary mean of 50 used in section 2.k,
should be used as a basis for evaluating CF from equation (5). This may be
readily calculated in advance from a lknowledge of the wire weight, w, and
the cross flow drag, D per unit length (section 4.2).

Throughout this Paper it has been assumed that the wire weight will
be light so that the maximum wire incidence will occur at the target. This may
not always be so, particularly when lifting targets are used, and Fig.21 shows
the effect on the target depression and drag of the generation of 1ift on the
target, The cross flow drag is negligible, giving a small overall reduction
in the 1ine drag. But this would be offset in practice by the drag-due-to-

11ft on the target which has not been taken into account in this example.

It is perhaps surprising that there are so few published flight data on
the characteristics of high speed towed systems. There would appear to be a
good case for an instrumented "target", equipped to telemeter 1ts vertical
displacement relative to the towing aircraft and also the temsion in the tow-
line at the target. This information, together with the tension in the ware
at the point of attachment to the aircraft, would provide all the data necessary
for a detailed examination of the applicability of the estimation methods
suggested herein, and would enable the data from 1lifting as well ag nen-lifting

targets to he readily utilised.

* Since the line must have some welght, Its asymptotic Incidence cannot be zero and hence there i3
no theoretical upper limit to the wire cross flow drag. The limitation is the practical one of the yield
siress of the material which in this partieular example would be reached at about double the length shown
In Fig.21. The cross flow drag would increase by only 1.3 1b In this extra length.

N
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7 CONCLUSTCNS

7ol The boundary layer development on a long wire with any incidence is not
continuous. Periodic shedding and redevelopment occurs, the decrease in
attachment length producing a much larger skain friction force than would be

predicted on the agsumption of a single continuous boundary layer.

7.2 A medified form of the Schlichting fermula for turbulent skin friction on
a flat plate allowing for compressibility and three-dimensionality, and with
Reynolds number based on the length over which the boundary layer remains
attached has been found to give good agreement with experimental resulis in

air and in water. This is given in equation (5).

7.3 The skin frieticn thus obtained is comparatively 1nzensitive to

the local incidence, and, on the premige that it may be regarded as a constant
throughout the length of any particular towllﬁe, approximate closed expressions
have been derived (equations (16) and (18))for the tension and incidence along
the wire. Limited comparisons with flight data suggest that these relations
provide a reasonable basis for the estimation of the steady flight charac-

teristics at both high and low speeds.

74  Further simplifications (equations (23) and (24)) are suggested for
application over the terminal length of line adjacent to the target which gave
the spproximate depression directly in a closed form. No flight data for
comparison have been available. These and computations suggest that,
particularly at high speeds, the terminal shape may be regarded as insensitive
to the gkin friction, and the wire tension as independent of the cross flow

force,
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Table 1

.Wire . Re& Displacement £ Momentum £ i of | 0/
diameter in -6 2 . | area in F
in x 10 Area in Thickness in
0,022 | 18.5{ L.62 0.0110 0,049 0.,00318 | 0.00505 15.4 | 841
21,5 5.37 0,0122 0.052 0.00342 0.004601 15.2 977
23.51 6.12 0.07138 0.056 000415 | 000489 16.2 | 1113
23.5| 6.12 0.0136 0.056 0.00363 10,004281 17.0 | 1113
27.5| 6.87 0.0150 0,059 0.00437 | 0.00459] 18.4 | 1250
0.037 | 17.81 k.45 0.0160 0.055 0.00447 10.00432 ] 16.9 | 481
20.8| 5.20 0.0185 0.061 0.00523 | 0.004321 11.7 | 562
23.81 5,95 0.0183 0,060 0.00530 | 0.00383| 13,8 | 64
23.8| 5B.95 0.0186 0.061 0.00510 | 0.00368 1| 13.3 | 64k
26.8) 6.70 0.0208 0.066 0.00587 | 0.00376 ] 1h.1 7eh
29.8 745 0.0235 0.070 0.00644 0.00571 | 16.0 805
29.81 7.45 0.0249 0.073 0.00717 | 0.00413 | 15.1 805
0.064 | 18.4) L.60 0,0257 0.064 0.00663 | 0.00359 | 11.7 | 288
21| 5.35 00,0250 0.069 0.00769 | 0.00357 | 11.0 | 334
244 6.10 00,0290 0.069 0.00781 0.,00318 1 11,2 z81
27l | 684 0.0336 0.076 0,00918 | 0.,00333 | 1.3 | 428
3044 | 7.60 0.0381 0.083 0.0105 0.00343 | 11.6 | 475
0.118 | 23,5 5.88 0.0429 0.072 0.0113 0.00258 | 9.7 | 199
2645 662 0.0468 0.077 0.0123 0.00251 8.9 225
29,5 | 7.38 0.0450 0.079 0.0133 0.00243 | 9.5 250
32.5| 8,13 | 0.0520 0.083 0.0143 | 0.00237 | 10.0 | 276
35.51 8.87 0.06558 0.087 0.0159 0.00241 |10.3 | 301
0,250 | 29.0 1 7.25 0.1030 0,055 00,0274 0.0023%9 | 8.0 116
32.0 1 8.00 0.1020 0.094 0.0271 0.00215 | 8.5 | 128
35.0 | 8.75 0.,1050 0.0%¢6 0.0290 0.00211 8.9 | 140
38.0 | 9.50 0.1190 0.106 0.0322 0,00215 1 8.8 | 152
0.250% | 26.6 | 6.65 0.0936 0.088 0.0249 0.00238 1 7.2 | 106
29.6 | 7.40 0.0930 0.087 0.0252 0.00217 | 8.1 118
2.6} 8.15 0.0950 0.085 0.0258 0.00201 8.8 | 130

* tests using a thinner boundary layer trip

# average of results on upper and lower surface
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SYMBOLS

At Pactor used in collapsing three-dimensional friction
measurements to two-dimensional theory

speed of sound

CF skin friction coefficient = friction drag per unit

length + ®gqd
CFP theoretical skin friction coefficient for a flat plate
G S e+ |:1 . 0.017135@]

(r)
d wire diameter
a* .=, %
)

b cross flow force per umit iéngth of wire
F friction force per unit length of wire
f frequency of boundary shedding from one side
h depression of target below towing alrcraft
4 distance along wire from target
M Mach number in free stream
n exponent of the boundary layer velocity profile given by

-7

q kinematic pressure = e V2

r tan ao/tana{>°

S maximum body area normal to the cross flow

5 Strouvhal number

T wire tension

v velocity at a point within the boundary layer parallel to

the wire gurface

free stream velocity

weight per unit length of wire

radial distance meagsured from centreline of wire
constants for a given towing syster (section 4.3)
local wire incidence

boundary layer displacement thickness

kinematic viscosity of the free stream air

© ¥ o8 a<w e <
o
L
=]

density of the free stream air



Suffices

8 o o

SYMBOLS (Contd.)

value at ground level (a, v)
value at target (T, @)
value ag £ = o

crogs flow component
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Wire mcidence n degrees

Tow Mach No 1 6
Reight 40000Ft

Target weiqht 100 |k
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Wire weight & &lb /1000t
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\/Appr-oxmc:tion (eqn 23)
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— computation

. __of &\ff agns a7

Approximation from egn i

1 | 1 | ! | | | | | WJ
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Towline length in feet

Fig. 16 Comparison of exact and approximate incidence distribution
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