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Stratospheric Towed Vehicle Concept

Wubbo J. Ockels,* Joris A. Melkert,t and Alfred L. C. Roelent
Delft University of Technology, Delft, The Netherlands

The Stratospheric Towing Project (STRATOW) is a project started at Delft University of Technology to
develop an alternative method for in situ study of the stratosphere. The STRATOW concept is to obtain a large
altitude difference between a glider and its towing aircraft using a very long and thin tether, in which the glider
is used as a kite. The STRATOW concept becomes feasible due to the development of high-performance fibers.
This article describes the three major factors that limit the performance of STRATOW, 1) the tether strength,
2) glider wing area, and 3) the towplane power. A numerical model and an analytical model of the STRATOW
performance is developed to identify the key parameters. Model calculations show possible altitude differences
over 10 km. An initial test is reported with a tether of 3000 m length.

Nomenclature
CL - lift coefficient of glider
ctl = pressure drag coefficient of tether
cf = friction drag coefficient of tether
d = tether diameter
F = force
g = acceleration of gravity
Hp = pressure scale height
h = altitude
L = lift
/ = tether length
M = Mach number
P - power
q = dynamic pressure at towing aircraft, ±p{V2i
r = density ratio, p2/p,
S = wing area of glider
V = true airspeed
W = weight of glider
/3 = angle of tether with respect to horizontal plane
y - fit factor
y12 = /„ tan(ij82) - /,, tan(*j8,)
A/z = altitude difference
p = density
tf'mnx = ultimate tensile stress of tether

Subscripts
d - drag
/ = friction
g = gravity
IAS = indicated airspeed
t = tether
0 = at 0 m ICAO Standard Atmosphere (ISA)
1 = at towplane
2 = at glider

Introduction

P RESENTLY the access to the stratosphere is given either
by high-altitude balloons or by fast airplanes such as the

Concorde, U-2, etc. Balloons have the disadvantage of mov-
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ing with the air mass at a predetermined altitude. The high-
flying airplanes have high operating costs and are flying too
fast for many experiments. Because of the increasing interest
in environmental research, and particularly of in situ mea-
surements in the stratosphere, a strong interest has been de-
veloped recently for high- and slow-flying aircraft.

Several projects have been initiated to realize such air-
planes, i.e., Condor of Boeing,1"3 Perseus of NASA/Aurora
Flight Sciences,4-5 and Strato 2C of Grob.6-7 These aircraft are
gliderlike from design, powered by specially developed en-
gines. The main difficulty is to design an engine that gives
sufficient power at the very low density of air corresponding
to the high altitude.

The STRATOW concept uses a towing line (tether) to re-
place the engine at high altitude by the engine of a towing
aircraft at low altitude where power is readily available be-
cause of the higher air density. The STRATOW concept, i.e.,
towing a glider as a kite, becomes feasible due to the new
development of fibers of extreme strength, like Dyneema®
(Dyneema is a trademark of DSM), such that very thin tethers
can be used with little air drag.

Future development allows stronger and thus thinner teth-
ers leading to even higher altitudes to be reached by STRA-
TOW.

A numerical model is developed by Melkert8 describing the
forces on the tether and the resulting shape, taking into ac-
count the flight characteristics of the glider.8 A simplified
model can be derived by using approximations that then allow
analytical integration. From the resulting analytical model the
dependence on parameters such as tether diameter and flight
speed can be shown. The analytic form is compared to the
numerical results, indicating the validity of this simplified model.

The calculated performances of STRATOW do not take
into account possible different flight speeds at different alti-
tudes due to wind.

Numerical Model
The aerodynamic forces on a small part of the tether are

shown in Fig. 1:

dp,, - ±pcfir(V cos p)2d d/

sin d/

and due to gravity

dF = d/

(1)

(3)

Assuming cf and cd are constant and known, the numerical
model integrates Eqs. (1-3), resulting in the tether tension
Ft and tether shape.8

1328



OCKELS, MELKERT, AND ROELEN: TOWED VEHICLE 1329

Using

Fig. 1 Forces on the tether.
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Fig. 2 Tether shape for various tether tensions (/ = 5000 m, VIAS
= 40 m/s, d = 2.5 mm). Towing aircraft flies at 0 m.

In the numerical model, first the equilibrium of the glider
is considered. For a given glider, altitude, speed, and lift
coefficient, the magnitude and the orientation of the tether
tension at the upper end of the tether is determined, after
which the calculation of the tether shape starts. For this pur-
pose the tether is divided into a number of elements. The
orientation of each element is set to be the same as the ori-
entation of the force at its upper end. This orientation com-
bined with the altitude, speed, length, and diameter of the
element gives the aerodynamic and gravity forces on the ele-
ment. With these forces known, the tether tension and its
orientation at the lower end can be calculated through the
equilibrium of the forces. This procedure is repeated until a
boundary condition for length, force, or orientation is met.
The complete shape of the tether is then known. This method
of calculation converges rapidly when the length of the ele-
ments is decreased.

Figure 2 gives a few examples of calculated tether shapes
for the case of / - 5000 m, d = 2.5 mm, and V = 40 m/s.

Analytical Model
Aerodynamic Forces

For the interpretation of the various relationships between
parameters such as tether diameter and obtainable altitude,
etc., an analytical model is developed. For this purpose it is
assumed that the effects of the mass and the friction drag are
low. Equations (1) and (3) can thus be neglected, and only
the aerodynamic force (2) remains. The validity of this as-
sumption is discussed later.

d/z = d/ sin /

Eq. (2) can be written as

d/3
sn j

±p(h)cddV2 d/z
Ft

A simplified atmospheric model is used:

p(h) = p0exp(-h/Hp)

(4)

(5)

(6)

(7)

where h is 0 to 20 km, and the approximation is best for Hp
= 9000 m.

Furthermore, the ratio of p2/Pi is usec^ f°r convenience:

r = (p2/Pl) = exp[(V- h2)/Hp]

The analytical integration of Eq. (6) yields

7,2 = [ic,V2(p, - pJHp/F,]

where

y12 = /;,tan(ij82)'-

(8)

(9)

(10)

Typical values of j82 will be close to 90 deg, and /3t will be
small (Fig. 2). y12 will therefore not vary much, so that it is
useful to write Eq. (9) as

F, = (qcdd(l - r)Hp/y] (11)

where

q = 3p0ViAS (dynamic pressure at the towplane) (12)

V2
IAS = (Pi/Pb)^2 (13)

Equation (11) shows that the dynamic force on the tether is
proportional to q and d, and, for small altitude differences
compared to Hp, proportional to (h2 — /z t).

Limitations Due to Tether Strength
The strength of the tether can be written as

^max = fa<rma*d2 (14)

This strength must be larger than the tether tension Ft

F > F (15}1 max — L t \L^'

which, using Eqs. (11) and (14), gives the minimum diameter
of the tether to withstand the aerodynamic forces:

nm = (4/iramax)q(cdHp/y)(l - r) (16)

For constant tether diameter, Eq. (16) forms a curve in the
altitude difference h2 - hl vs the VIAS plane, above and right
of which the tether will break due to a too high aerodynamic
force.

Limitations Due to the Lift of the Glider
Since the tether is almost vertical close to the glider (Fig.

2) the tension in the tether has to be lifted by the glider:

L > W + F, (17)
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The lift is given by

L = ±p2VSCLS

or

L = qrCLS

Substitution of F, and L gives

qCLSr -W> dq(c(lHply)(\ - r)

or

=
max

y CLSr - (Wig)
.H I - r

(18)

(19)

(20)

(21)

Equation (21) gives the maximum diameter of the tether
beyond which the aerodynamic force Ft becomes too high to
be carried by the lift of the glider. For a specific glider, Eq.
(21) gives lines in the h2 - h{vs VIAS plane, below and right
of which the glider has sufficient lift.

Combination of Limitations
The highest altitude of the glider will be obtained when

Eqs. (16) and (21) are satisfied simultaneously (dmm = dmax).
This yields

(1 - r)2 - CLSr + — - 0 (22)

This gives a relation between q and r.
The maximum obtainable altitude difference will be found

when the derivative of Eq. (22) with respect to q is zero

Substitution gives

which says in fact

CLSr = (2Wlq)

L = 2W

(23)

(24)

(25)

Apparently, the maximum obtainable altitude is reached
when the lift of the glider is equally balanced over the aero-
dynamic force on the tether and the weight of the glider.
Substitution of Eqs. (23) and (24) into Eq. (21) gives

= V(4W/7TC7max) (26)

Thus, the surprisingly simple result is obtained that the tether
diameter for maximum altitude difference only depends on
the weight of the glider and the ultimate tensile stress of the
tether material.

With this result the minimum obtainable density ratio is

= l

and the corresponding airspeed is

2W 1
CLS ropt

Equation (27) shows that the largest altitude difference will
be obtained with an aircraft with large SA/W, i.e., an aircraft
with large wing area and low weight.
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Fig. 3 Glider lift and tether strength limitations for ASW 19 glider.
Tether material is Dyneema SK-60. Towing aircraft flies at 0 m.
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Fig. 4 Maximum altitude difference as a function of airspeed for
different gliders. Tether material is Dyneema SK-60. Towing aircraft
flies at 0 m.

Comparison of Numerical Model
with Analytical Model

Using the numerical model, the aerodynamic force on the
tether was calculated for different VIAS and different values

(27) of d. For each VIAS, the altitude difference was increased until
either of two limitations was reached; the limitation of the
glider lift (low-speed boundary) or the limitation of the tether
strength (high-speed boundary). The results for a Schleicher
ASW 19 glider are shown in Fig. 3.

(28) From Fig. 3 one can see that for this particular example
the maximum obtainable glider altitude is 6 km, using a
tether diameter of 2 mm. This means that with the towing
aircraft flying at 5 km it is possible for a standard glider to
reach the lower stratosphere. The corresponding tether length
is 20 km.
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The obtainable altitude differences as a function of airspeed
resulting from the numerical model can now be compared
with the analytical model, i.e., Eq. (22). The unknown y is
used as a fit factor. Figure 4 shows the comparison for three
different glider types (two standard gliders and an imaginary
glider design), y was chosen 2.6 for all three cases. The curves
reveal a good agreement between the numerical and analytical
models. The choice of y = 2.6 is good for the region of
interest. The ASW 19 glider limits the altitude difference to
6 km. A larger glider, such as the Nimbus 3, increases the
performance to 7 km. For larger altitude differences a new
glider design is needed, such as the imaginary glider used for
the calculations.

Figure 4 shows a good fit between the numerical model and
the simple analytical relation of Eq. (22). Therefore, one can
apply the parameter dependence of the obtainable altitudes
as indicated in Eqs. (22-28).

Power of the Towing Aircraft
In addition to the limitations given by the tether strength

and the lift of the glider, a third limitation is given by the
performance of the towing aircraft.

Since the tether is more or less horizontal at the tow-
ing aircraft (Fig. 2), the extra towing aircraft power required

P = F,V

and with Eq. (11) this gives

P, y

For minimum power dmm is substituted into Eq. (30):

(1 -

(29)

(30)

(31)

Thus, it is shown that the power needed to tow the glider
at the maximum altitude difference depends on the fifth power
of the indicated airspeed. In practice this means that to reach
the highest possible altitude of the glider, the towing aircraft
has to fly as slow as possible. Normally, the power available
is reduced at higher altitudes, whereas the minimum flight
speed is increased. Since the excess power of the towplane is
a function of the altitude one can, using Eqs. (31) and (22),
determine a towing aircraft altitude for which the altitude of
the glider is a maximum.

Proof of Concept Tests
Recently, the first flight tests of the STRATOW configura-

tion have been conducted, for which special safety and opera-
tional requirements were defined.10 The towing plane was a
modified agricultural plane type Ayres S2R-T34 Turbo Trush
with a P&W PT6-AG 800 shp turboprop engine. In the
2000-1 fluid tank, a special winch system was placed. The
glider (ASW 19) was a normal glider equipped with additional
navigation systems and avionics. A special navigation system
has been developed using "differential GPS" (telemetry be-
tween towing aircraft and glider comparing each other's po-
sition). A "rails in the sky1' is projected on a display for the
glider pilot, who cannot see the towing aircraft at large tether
lengths.11 The tether was a specially developed, 2.4-mm-thick
line of Dyneema SK 60, made by Eurocord, a Dutch rope
manufacturer, and DSM, a Dutch chemical corporation. The
strength of the tether was over 5000 N. The tether was reeled
out to 3200 m and an altitude difference of 800 m was obtained
(the towing aircraft flew at 900 m). The main objectives of
these first flights were to assess the configuration controlla-
bility and maneuverability. A 180-deg turn with a 5-deg bank

angle was successfully performed. The longitudinal and pitch
stability were shown to be good for tether lengths above 1000
m. Further tests are planned for spring 1994 when larger
altitude differences will be obtained.

Potential
STRATOW gives an alternative and economic capability

to reach the stratosphere. STRATOW mission costs will allow
use within the scope of national programs and universities.
Discussions with Dutch atmospheric experts12 lead to the con-
clusion that STRATOW provides unique capabilities for low-
speed flying around 11 km to study exhaust gas trails of com-
mercial and military airplanes. The glider can make a scanning
track through the exhaust trails, without interference of a
propulsion system.

With the STRATOW concept also high-altitude (>16 km)
flights are possible, to study, in particular, ozone levels in the
middle of the ozone layer. For this capability a towing airplane
has to be used that can fly up to 10-km altitude at low speed.
The almost vertical part of the tether close to the glider gives
the unique opportunity to attach small sensors at different
altitudes (e.g., each 500 m) as to allow a combined horizontal
and vertical scan. The high-altitude capability of STRATOW
also provides a low-cost test bed for advanced wing section
development for use at relatively high Mach (M = 0.5) and
low Reynolds numbers.

Conclusions
The STRATOW concept provides a new and unique low-

cost capability to reach the lower and middle stratosphere
altitudes using a combination of a glider, a towing aircraft,
and a very long and thin tether. The simple analytical model
of the STRATOW performance that has been developed
gives a good agreement with the numerical model, and can
therefore be used to identify the key parameters. The ana-
lytical model shows that to reach a large altitude difference
between the glider and the towing aircraft one needs a glider
with a large 5/VW. At the maximum altitude difference the
glider flies with a lift that equals twice the weight of the
aircraft. The optimal diameter of the tether depends on the
weight of the glider and the ultimate tensile stress of the tether
material.

For a standard glider the maximum obtainable altitude dif-
ference between towing aircraft and glider will be about 7
km. Altitude differences of over 10 km can be reached with
a special glider design. The STRATOW concept will develop
increased altitude capability in the future, following the de-
velopment of high-performance fibers.

Actual flight testing of the STRATOW configuration has
just begun, and is starting to show operational feasibility.
Further tests, reaching 11 km, already provide interesting
measurement capabilities of ozone boundaries and aircraft
exhaust gas effects. The results of those tests will be published
in a following paper.
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