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Wind-Tunnel Tests of an Inclined Cylinder
Having Helical Grooves
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A series of low-speed wind-tunnel investigations were conducted to determine the aerodynamic behavior of a
helically grooved inclined cylinder representing a long trailing wire antenna towed from an orbiting aircraft. The
large test angle-of-attack range of the wire required two model configurations. For higher angles of attack, full-
scale wires were tested. For lower angles of attack, a 15-scale grooved, cylindrical model with an ogive nose was
tested. Data were evaluated and empirical relationships for the normal and axial force coefficients were verified
by comparison with historical references for the baseline clean circular cylinders and were extended for the
grooved configurations. The existence of a side force coefficient due to circulation caused by the helical grooves was
discovered, expressed analytically, and verified with flow-visualization techniques. The experimental coefficients
were used to improve an existing digital simulation model describing the static-equilibrium conditions of a long
cable towed by an aircraft. Inclusion of the side force influence in the static model proved consistent with flight-test
observations of the wire's lateral skew angle and direction.

Nomenclature
A - axial force
CA = axial force coefficient, A/Qdt
CD = drag coefficient
C*D,basic = reference drag coefficient
Cf = frictional coefficient
CL = lift coefficient
CWa = pitching moment coefficient derivative with respect to

angle of attack
CN = normal force coefficient, N/Qdl
CNa = normal force coefficient derivative with respect to

angle of attack
CY = side force coefficient, S/ Qdl
d = reference body diameter
I = reference body length
N = normal force
Q - dynamic pressure
Re = Reynolds number
S = side force
Ta = orthogonal transformation matrix
a = angle of attack
(j) = roll orientation angle

Introduction

T HE use of wires in the field of aeronautics started well before the
Wright Flyer took to the air. Initially, wires were used as struc-

tural support for biwing gliders, and their use extended to powered
biplanes. With their implementation came experimental studies and
tests. One of the earliest studies of smooth and stranded wires was
conducted in 1917 by Relf and Powell.J The later work by Hoerner2
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in 1958 relative to fluid dynamic drag has been accepted as the his-
torical baseline in the experimental study of wires. Hoerner presents
empirical relationships for the lift and drag of inclined wires, cables,
and cylinders at subcritical Reynolds number ranges of 104-105. In
a body-axis system for an inclined wire (Fig. 1), the normal and
axial force coefficients are determined from the forces perpendic-
ular to and parallel to the wire, respectively. The CL and CD force
coefficients which are in a stability axis reference frame relative
to the freestream velocity can be found by applying an orthogonal
transformation to CN and CA as shown in Eq. (1).

CD

f cos a — sin of
sin a cos a He"} He" I <"][CA } (CA\

In the context of Eq. (1), Hoerner curve fit an empirical relation
to a summary plot, Fig. 2, of experimental data to obtain

CN = CD,basic sin2 a

and since there was no axial force term available to provide a drag
coefficient value at a = 0, he included a AC^ term to finally yield

CL = CN cos a = CD,basic sin2 a cos a

CD = CN sin a + ACD = CDtbasic sin3 oe + ACD

= 1-1
(2)

ACD = TtCf = 0.02

In 1970, Bootle3 extended Hoerner's expressions to supercritical
Reynolds numbers at low Mach numbers. The critical Reynolds
number range, according to Prandtl and Tietjens,4 for a clean circular
cylinder in normal flow is the region of Re between 2 x 105 and
5 x 105 and represents the transition of drag coefficient from CD =
1.2 to a lower value of CD = 0.3. It is generally accepted that flow
in the subcritical Reynolds number region corresponds to a circular
cylinder experiencing laminar flow separation whereas supercritical
Reynolds numbers are associated with flow separation of a turbulent
boundary layer.
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Fig. 1 Inclined wire coordinate system.
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Fig. 2 Hoerner's summary of inclined wire CD and CL>
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Fig. 3 Side view of 3 x 7 wire.

More recent studies have focused on critical and supercritical
flow over slender, axisymmetric, finite-length bodies in response to
interest in missile-related aerodynamics. Studies by Almosnino and
Rom5 using a sting balance supported cone-cylinder model exam-
ined the magnitude of the side force coefficient CY at higher angles
of attack and the effect of symmetric blowing from the nose cone
on the alleviation of side force. Vortex-induced side force investi-
gations continued with high angle-of-attack studies by Reding and
Ericsson.6 An appraisal to experimental results led to their position
that the maximum side force, on an order of magnitude equal to the
cylinder's normal force, could occur in the critical Reynolds num-
ber range due to the development of an asymmetrical separation
pattern. Murthy and Rose7 addressed vortex separation points by
the measurement of the skin friction coefficient. Current research
addresses vortex induced separation and side forces, as applied to
missiles, at high angles of attack and high Reynolds numbers.

This paper examines the side forces generated by helical grooves
on an infinite cylinder, representative of a wrapped inclined wire,
at low angles of attack and subcritical Reynolds numbers (i.e., Re

from 4 x 103 to 2 x 105) where the CD of an unyawed (a = 90 deg),
smooth circular cylinder has an approximate constant value of 1.2.

The motivation for these studies was related to improved mod-
eling of the nonlinear, oscillatory dynamics displayed by a long
wire trailed from an orbiting aircraft. Recent studies by Clifton8

and Clifton et al.9 have resulted in both a system model and viable
numerical solutions to the trailing-wire dynamics. The foundation
of the Clifton model is the TAC17 computer simulation that pro-
vides no-wind, static-equilibrium solutions of a trailing wire and
drogue system for a given tow plane altitude, airspeed, and bank
angle. Accuracy of the Clifton model was only limited by the use
of approximate aerodynamic coefficients for the test wire.

The test wire that was used to generate a set of flight-test data
was defined as the 3 x 7 wire which corresponds to three sets of
seven symmetrically placed steel wires embedded in a copper sheath
and wrapped to form a single bundle. The final 0.40-cm-(0.158 in.r)
diam wire had a triple helix groove with 4.75-cm (1.87-in.) pitch
and 15-deg angle (Fig. 3). With a length of up to 7620 m (25,000 ft),
the 3 x 7 wire flew in an aerodynamic environment with altitudes
from 910 to 6100 m (3000 to 20,000 ft), airspeeds from 18 m/s
to more than 115 m/s (60 to 375 ft/s) and angles of attack relative
to the velocity vector ranging from 10 to 90 degs. Corresponding
operating Reynolds numbers varied between 3.5 x 103 to 1.8 x 104

along the length of the trailing wire.

Discussion
Experimental Setup and Procedures

The experiments were conducted by Stuart10 in the Naval Post-
graduate School's low-speed, closed-circuit wind tunnel. The test
section was 114 cm wide, 71 cm high, and 122 cm long. Tunnel
velocities ranged from 15 to 70 m-s"1 with a typical test-section
turbulence level of 0.2%. Two balance systems were used to test the
models in the angle-of-attack range of interest.

An external, four-component, reflection-plane (wall) balance was
used to measure normal and axial forces of the full scale 3 x 7 wire
array. Six 30 cm-lengths of the 3 x 7 wire were tightly suspended
and spaced 5.1 cm apart between 1.59-cm-diam steel drill rod stan-
chions having 34.3 cm length and mounted vertically on a 39.7-
cm-diam turntable (Fig. 4). The length-to-diameter ratio for each
of the six parallel models corresponded to 75 and 38 for the 3 x 7
wires and the drill rods, respectively. These ratios were the basis
for considering the test data as closely representing infinite cylinder
results. Tares to account for the support system were obtained by
testing with the wires removed. The wire length was in excess of
19 stanchion diameters which tended to keep stanchion/wire junc-
tion aerodynamic interference of secondary import for angles of
attack greater than about 30 deg. The spacing between the parallel
wire/cylinder models corresponds to 12.8 and 6.5 diameters for the
3 x 7 wires and the 0.79-cm-diam drill rods, respectively. With this
lateral spacing, mutual flowfield velocity interference between ad-
jacent models was considered as negligible (less than 0.6%) based
upon classical potential flow analysis. Neither the 3 x 7 wire nor
the drill rod installations exhibited any tendency of vibrate during
the testing.

Strain-gauge bridge outputs from the wall balance were signal
conditioned and digitally sampled at 1770 Hz followed by averaging

Cylinder Configs.
(A) 0.79-' Steel

Drill rods
(B) 0.40&" (3x7)

Antenna Wire

Dimensions in cm

Six Cylinders
at 5.08 spacing

1.59- Steel
Stanchions

Fig. 4 Sketch of wall-balance model.
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Note:
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triple threaded.
4. Helix angle = 15 deg
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Fig. 5 Sketch of sting-balance model.

every 1000 samples for each data point. Balance sensitivity was
approximately ±0.18 N (±0.04 Ib) for both the normal and axial
forces which translated to a ACN or ACA sensitivity of ±0.016
and ±0.008 for the 3 x 7 wire and drill rods, respectively, at a
representative Q of 1440 N/m2 (30 psf). The Reynolds number based
on the 3 x 7 wire diameter was 1.3 x 104 at this value of Q. Tests
were conducted with dynamic pressures Q from 480 to 2870 N/m2

(10 to 60 psf) and angles of attack from — 15 to 105 deg to best cover
the subcritical range of Reynolds numbers encountered by the wire
during flight operations. Correlation of the system was obtained by
replacing the 3 x 7 wires with 0.79-cm-diam polished-steel drill
rods and comparing the drag coefficient results with known clean
cylinder data.

The estimated experimental uncertainties in the wall-balance data
(due to random errors) at Q = 1440 ± 10 N/m2 were ACN =
±0.010 and ±0.020 for the drill rods and 3 x 7 wires, respectively,
whereas Aa — ±0.06 deg. All uncertainties are cited at 20:1 odds
as described by Beckwith et al.11

The second configuration included a six-component, 2.54-cm-
diam, Mark XIV, internal TASK® balance used with a sting sup-
port system constrained between the wall-balance turntable and the
test-section ceiling. The model was located on the test-section cen-
terline. Since the rotation axis was vertical, angle of attack changes
took place in a horizontal plane. The sting support's symmetry axis
had a tilt from the horizontal of —1 .6 deg (nose downward) which
resulted in a slight bias or offset in the aerodynamic side force
of the model. The balance supported a 53.3-cm-long, 6.0-cm-diam
aluminum cylinder with a 12.4-cm-long, two-caliber tangent ogive
nose (Fig. 5). The sting balance's focal point was located on the
model's rotation axis which maintained the center of the model ap-
proximately in a constant test-section flowfield. Data acquisition
was similar to that described for the wall-balance system. Balance
sensitivity for AC#, AC A, and ACy was approximately ±0.022,
±0.003, and ±0.014, respectively for the 3 x 7 wire at a represen-
tative Q of 1440 N/m2. Models included a baseline clean cylinder,
a 15-scale, right-helix model representative of the 3 x 7 wire and
a left-helix model (opposite helix direction). The model's length
constraint due to the tunnel size resulted in the model's helix pat-
tern being 75% of a complete spiral. For this reason, the tests were
repeated sequentially with the model rotated in 90-deg increments
about the axis of symmetry to asses the influence of the finite helix
spiral groove pattern. In addition, a 1 .2-cm-wide strip of 220 grit
sandpaper was attached circumferentially at the base of the ogive
nose to reduce the influence of nose-generated asymmetric flow
separation at higher angles of attack.12 Tests were conducted for
an angle of attack range of ±50 deg at values of Q from 960 to
2390 N/m2 (20 to 60 psf) with corresponding Reynolds numbers
ranging from 1.63 x 105 to 2.57 x 105.

The estimated experimental uncertainties in the sting-balance
data (due to random errors) at Q = 1915± 15 N/m2 were ACN =
±0.015, AC A = ±0.003, and ACY = ±0.010.
Normal Force

Normal force measurements obtained from the wall-balance
model for both the 3 x 7 wires and drill rods showed only a slight
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variation in CN with change in dynamic pressure in the subcritical
Reynolds number range under investigation. Figure 6 shows CN as
a function of angle of attack (a) for both the 3 x 7 wire and the drill
rod at a Q of 1440 N/m2. The clean circular cylinder (polished drill
rod) value of CN at a — 90 deg was evaluated as 1.193 ± 0.010
which agreed quite well with the accepted value4 of CD = 1.20
for an infinite circular cylinder in the subcritical Reynolds number
range. Although the value of Cz),basic = 1.1 in Eq. (2) was given
by Hoeraer2 as an average value to be used without any distinction
as to the wire or cylinder cross section for describing the influ-
ence of angle of attack, values of CD were cited in the subcritical
Reynolds number range of 104-105 as 1.19 for a clean circular cylin-
der, CD = 1.14 for an 0.33-cm-diam. wire containing 120.7-mm-
diam wires in the outer wrap and CD — 1.04 for an 0.37-cm-diam
wire having five 0.13-cm-diam outer wrap wires. The experimen-
tally determined value of CN = 1.090 ± 0.020 at a = 90 deg
for the 3 x 7 wire appears as in good accord with Hoerner's cited
values.

Hoerner2 proposed that in the subcritical Reynolds number range
only the component of velocity normal to the cylinder is responsi-
ble for the flow and the aerodynamic forces experienced by infinite
circular-cylinder and wire-like bodies. This assumption implied that
the axial velocity component along the cylinder has, at best, a small
influence on the nature of the flow separation on an infinite length
cylinder or wire. The normal force coefficient, when normalized to
the normal velocity component, can be represented by CN/ sin2 a,
and this quantity should remain approximately invariant with angle
of attack according to Hoerner. The CN/ sin2 a term is shown in
Fig. 7 using the data of Fig. 6 for both the clean drill rod and 3 x 7
wire models for various values of a except the singular value at
a = 0 deg. It will be noted that the clean cylinder results are in
approximate agreement with Hoerner's supposition in the a range
from 25 through 90 deg. The departure from the crossflow assump-
tion at values of ct below 25 deg can be partially attributed to stan-
chion/wire junction aerodynamic interference. Consequently, data
accuracy was considered as unreliable for values of a below 25 deg
on both model configurations when tested on the reflection plane
setup. The 3x7 wire data shown on Fig. 7 obeyed the cross flow as-
sumption at the higher a values but deviated low in the midrange of
angles of attack. An interpretation of this observation is that the axial
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velocity for this specific wire configuration did influence the nature
of the crossflow, an effect not apparent on smooth cylinders and
possibly also on wires with more shallow wire-wrap helix angles.
An empirical curve fit for the CN variation with a in the subcritical
Reynolds number range can be described by

CN(a) = 1.193 sin2 a (3)

for the clean cylinder and

CN (a) = 1.09 sin2 a - 0.08 sin2 (2a) (4)

for the 3 x 7 wire.
The reference area used for the sting-balance models was arbi-

trarily set to represent the helical-groove section (53.3 x 6.0 cm) for
the first part of the investigations and finally adjusted based on logic
described subsequently. The normal force coefficient CN depen-
dence on a was found to be invariant for tested Q values between
958 and 1915 N/m2. In addition, rotation of the model in 90-deg
increments did not alter the variation of CN with angle of attack,
and the use of sandpaper in the nose region as described earlier also
had little influence on CN. The reference area finally used in ana-
lyzing the sting-balance data was an increase by 25% from the first
value to reflect better the presence of the nose ogive section in the
development of normal force. A clue as to the nose influence was
obtained from a consideration of the sting model's CNa and Cma
values at a = 0 deg which indicated that the model's aerodynamic
center was forward of the balance focal point by approximately 0.8
cylinder diameters. Changing the sting-balance model's reference
area from 320 to 400 cm2 had an added benefit in that CN values then
had reasonable agreement with those obtained from the wall-balance
model in the 45-deg angle-of-attack region. A comparison of the ex-
perimentally determined, clean-cylinder CN results with Eq. (3) is
shown in Fig. 8. The agreement in curve shape and magnitude is
good, thereby providing further support for the final selection of
a reference area when establishing the dimensionless aerodynamic
coefficients.

A similar comparison between experiments on the right-helix
sting-balance model and the corresponding empirical relation
Eq. (4) may be seen in Fig. 9. The agreement between the experi-
mental results and Eq. (4) in the angle-of-attack region of 30-50 deg

is reasonable. However, the larger experimental values of CN in the
a. region of 0-30 deg suggests that the aerodynamic influence of the
triple-helix spiral grooves was not fully developed at low angles of
attack. The variation of CN with a. was also obtained for the model
with a left-helix spiral groove pattern; however, the results did not
differ from those of its image configuration (model with right-helix
spiral grooves).

Axial Force
Axial force coefficients from the wall-balance experiments were

inconclusive since the angle-of-attack range where data could be
considered as reliable (a = 30-90 deg) resulted in CA values being
of the same order of magnitude as the wall-balance sensitivity. Axial
force measurements from the sting-balance model, although small
in value, were consistent and reasonable with respect to balance
sensitivity. CA as a function of a for the right-helix model is shown
in Fig. 10. Based on these trends, an empirical relation was estimated
as shown by Eq. (5). The magnitude of CA is considered as consistent
with Hoerner's estimate2 as shown in Eq. (2). Defining a zero value
for CA in the higher a range was based on the fact that the axial
force must vanish at a — 90 deg. Since the value of CA determined
from the sting-balance model did not exhibit a functional variation
as well defined as that found for CN, the use of constants to represent
a skin friction influence was assumed.

0.017 for 0 <a < 45 deg
0.0 for 45 < a < 90 deg (5)

Side Force
Side force measurements from the sting-balance test sequence

were used to evaluate the dependence of CY on angle of attack. Re-
peated tests with the model rotated each time about the symmetry
axis in 90-deg increments disclosed little CY variation in the ±20-
deg a range for the clean cylinder and the ±12-deg a range for the
helical grooved models. The 220 grit sandpaper strip on the model's
nose tended to settle the larger CY values at higher values of a for the
clean cylinder but displayed little influence on the helically grooved
models. This latter independence tended to highlight the aerody-
namic influence of the helical grooves over possible asymmetric
vortex shedding from the tangent-ogive nose at the tested values of
a. As with the normal force coefficients, CY values were invariant
with changes in test dynamic pressure for the subcritical Reynolds
number range investigated. Figures 11 and 12 show the experimen-
tally determined dependence of CY on angle of attack for the clean
and right-helix grooved cylinder models, respectively, including the
influence of axial rotation. The center of pressure for side force was
found to be within 1 cm of the balance focal point.

The influence of the helical grooves in the creation of circula-
tion with the attendant production of side force due to crossflow
was estimated by comparing the CYa derivatives at a = 0 deg.
The circulation theory was supported by flow-visualization tests. At
low angles of attack, tufts on the backside of the right-helix model
showed alignment to the grooves during tunnel operation. The align-
ment was observed only at the lower a. values, whereas tuft position
was dominated by direct tunnel flow at the higher angles of attack.
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Cya estimates from Figs. 11 and 12 indicated that

CYa = -0.044 rad-1

for the clean cylinder model and

CYa = -0.088 rad-1

(6)

(7)

for the cylinder model with right-helix grooves.
The net change in side-force production due to the specific right-

helical groove pattern was ACya = —0.044 rad"1. The left-helix
grooved model resulted in a similar positive increment in the pro-
duction of side force.

Comparison of Figs. 11 and 12 combined with observations of the
tufted models suggest that the influence of the helical grooves on Cy
peaked at about a = ±30 deg and had a tendency to vanish at about
±50 deg. Using these facts as assumptions led to an empirical model
to describe the production of Cy due to the right-helical groove as

CY =
-0.0148sin3a for |a |<60deg
0.0 for \a\ > 60 deg (8)

Comparison with Flight Tests
Flight tests using the 3 x 7 wire disclosed a surprising observa-

tion; namely, during wings-level flight the long wire trailed at an
approximate 10-deg angle (to the right looking aft) from the usual
straight-aft trail position observed when towing other wires having
a relatively clean cylinder form. The tow plane flight conditions for
the observation were 156 knots equivalent airspeed (KEAS) at an
altitude of 5585 m with 0-deg bank angle. The length of the 3 x 7
wire in tow was 6069 m and terminated at the extreme end by a
conically-shaped drogue. Numerical simulations used the TAC178'9
digital program with the aerodynamics altered to reflect the esti-
mated 3 x 7 wire features as described by Eqs. (4), (5), and (8).
The drogue was modeled using aerodynamic results obtained by
Stuart.10 The program modeled the long wire by dividing it into 200
linked segments and then iterated on an initial trial condition un-
til static equilibrium was reached for the aerodynamic and inertial
forces nonetheless matching the fixed boundary condition at the tow

23
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20

Towplane

' c ,? e

0 2 4 6

Wire Length, m (x10~ )

Fig. 13 Cy influence on radial trail position.

plane. Since the TAG 17 simulation program was designed to con-
sider orbital flight by the tow plane, wings-level flight could not be
modeled because of the numerical singularities caused by an infinite
radius flight path. Instead, a 3-deg left-bank angle was considered
for the simulation which corresponded to a flight radius of about
21,980 m (11.9 n.mi.). Although the calculated trail angle values did
not apply to a wings-level flight condition, the incremental changes
in trail angle were assumed as valid for illustrating the effects of al-
tering the side force coefficient since the tow plane was nearly wings
level.

When the simulation using the TAG 17 program was performed
without any aerodynamic side force on the wire (Cy = 0), the wire
trail angle at the aircraft was —2.4 deg. With Cy activated in the
program in accord with Eq. (8), the trail angle increased to —7.9
deg for a A angle change of —5.5 deg in the observed direction.
Increasing the Cy in Eq. (8) by a factor of two resulted in a A angle
of —10.1 deg, which is in reasonable agreement with the flight
observed behavior. A comparison showing the effect of scaling Cy
on the predicted 3 x 7 wire's radial position is shown in Fig. 13.

The use of a factor of two when describing the side force was
considered reasonable because of the following factors: 1) the flight-
test-observed trail angle was quantified visually not measured from
instrumentation, 2) the experimental sting model represented only
3.6 cm and 0.75 revolutions of a 6096-m wire with over 130,000
spiral groove revolutions, and 3) a finite-length circular cylinder
has a reduced force coefficient as compared to a cylinder of infinite
length.4'13 It is well known that the production of lift due to a on a
finite wing is reduced when compared with an infinite aspect ratio
wing. The production of circulation due to the grooves on the sting
model does not represent the process on an infinitely long wire
and, therefore, the measured results can be expected to be less from
those on a wire of infinite extent. Since these investigations of a
specific wire configuration are unique, correlation of the Cy results
with flight-test observations is considered only as an approximate
measure of the influence of wire length on Cy.

Conclusions
Experimentally derived CM force coefficients for a clean cylinder

at subcritical Reynolds numbers were in good accord with histor-
ical relationships.2 Measurements of the CN variation with angle
of attack for a specific (3 x 7) wire configuration having helical
groove features differed from predictions of Ref. 2 in the approxi-
mate angle-of-attack range of 0 < a < 60 deg. An added term was
introduced into the numerical representation for CN of the 3x7 wire
to account for these differences. Although the CA force coefficient
was in approximate accord with Ref. 2 at low angles of attack, the
numerical approximation was modified to be zero for a > 45 deg
since its influence on the total aerodynamic force was overshadowed
by over three orders of magnitude relative to CN when a > 45 deg.
In addition, CA should be zero on an infinite cylinder for a — 90 deg.

Discovered during these experiments was a side force coefficient
caused by helical-groove induced flow circulation and dependent
on groove direction. Small in magnitude, the side force was esti-
mated as being present at lower wire angles of attack for the sub-
critical Reynolds number range considered. Computer simulations
were used to verify the accuracy of the side force coefficient es-
timates by comparing predicted results for wire trail angle at the
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tow plane with those observed in actual flight tests involving an air-
craft towing a similar shaped long wire. A correction factor of two
appeared reasonable to account for the differences in Cy between
the three-dimensional character of the sting-balance tests and the
two-dimensional nature of the long, towed cable.
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