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Drag of Spheroid-Cone Shaped Airship

Graham E. Dorrington∗

Queen Mary, University of London, London, England E1 4NS, United Kingdom

Drag coefficients of streamlined bodies and complete airships are compared to confirm some general trends.
Data obtained from flight testing an electrically powered, helium-filled, dirigible balloon with a spheroid-cone hull
form are analyzed. Wind-tunnel tests indicate that placing a cone behind a sphere reduces its drag coefficient by
about 50%, but flight-test data suggest the drag coefficient of the spheroid-cone airship is relatively high. The
influence of atmospheric turbulence and nonsteady flow effects are discussed.

Nomenclature
A = acceleration modulus
a, b = constants used in Eq. (8)
CDV = volumetric drag coefficient, defined by Eq. (1)
CDVH = Hoerner’s formula for CDV, defined by Eq. (2)
Cdecel = effective drag coefficient during deceleration, defined

by Eq. (6)
CF = skin friction coefficient
D = drag force, N
dmax = maximum diameter of hull/body, m
F = thrust, N
kx = inertia (added mass) coefficient in forward

flight direction
L = length of hull/body on major axis, m
Ldecel = deceleration parameter, m
M = mass, kg
N = ratio CDVtot/CDVH

P = installed engine/motor power, W
pm = power-to-mass ratio of propulsion system
Re = Reynolds number based on hull/body length, ρU L/μ
r = radius from hull center, m
s = distance, m
t = time, s
U = forward velocity, m/s
uF = thrust decay constant, m/s
V = volume of hull or body, m3

ηp = propulsive efficiency, Fi U/P = FtotU/Ptot

θ = angle from longitudinal centerline through hull
λ = fineness ratio of hull, L/dmax

μ = ambient air viscosity, kg · m2/s
ρ = ambient atmospheric density, kg/m3

Subscripts

He = helium gas
i = i th motor/engine
model = wind tunnel model of bare hull or equivalent

axisymmetric body
prop = propulsion system
tot = total, whole (full-scale) airship in flight
∞ = infinitely far upstream

Introduction

M OST past and existing airships have been designed with
streamlined hull forms based on prolate ellipsoids, or similar
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bodies of revolution, to reduce hull drag. Alternative lighter-than-air
vehicle forms, for example, lenticular shapes, have been developed,
but they represent a minority and are not dealt with herein. To mini-
mize the drag of a streamlined hull/body, a prevailing notion is that
its major axis length L should be about 4–8 times its maximum
diameter dmax. In practice, however, the selection of hull fineness
ratio, λ = L/dmax, emerges from the consideration of many different
design factors. For a given hull volume V , it does not necessarily
follow that the optimum design would be one that minimizes the
volumetric drag coefficient defined by

CDV = D
/(

1
2
ρU 2V

2
3

)
(1)

where D is the drag force during cruise (assumed to be steady and
parallel to the hull major axis), U is the airship’s cruise velocity
(also assumed to be parallel to the major axis), and ρ is the ambient
density. One reason for this is that hull mass will increase with
hull surface area, and the designer is often interested in maximizing
disposable load. Hence, it is often beneficial to select a value of λ
that is lower than the value at which minimum CDV occurs. Before
this matter is expanded on further, as well as discussing particular
design examples, it is worthwhile reviewing the dependence of CDV

on λ.

Drag Coefficients
Drag Coefficients of Streamlined Bodies

Hoerner1 offered some empirically derived formulas that are now
well known and often used in preliminary design studies. Whereas
the formulas appear to be crude extrapolations, they actually give
reasonable approximations for the drag coefficients of streamlined
bodies of revolution, in incompressible flows, over a wide range of
λ. The formula for the volumetric drag coefficient is

CDV
∼= CDVH = CF

(
4λ

1
3 + 6λ− 7

6 + 24λ− 8
3

)
(2)

where CF is the (turbulent) skin-friction coefficient of an equivalent
flat plate, which is a function of the Reynolds number Re based on
the same length L . In the range of interest, a good approximation is

CF = 0.455/(log10 Re)2.58 ∼= 0.045/Re
1
6 (3)

Wind-tunnel test data2−12 for various axisymmetric bodies (with
polygonal as well as circular cross sections) in the range 1 < λ < 10
are presented in Table 1. The predictive success of Eq. (2) ap-
pears to be extremely good in a few cases. For example, using
data from a test7 on a 1:180 scale model of the bare R101 rigid-
airship hull at Re ∼= 49 × 106, the model’s volumetric drag coeffi-
cient, CDVmodel

∼= 7.5CF
∼= 0.018, is about 5% less than predicted by

Eq. (2). At much lower Reynolds number, the use of Eq. (3) over-
estimates in some other cases, probably because laminar boundary
layers persisted over significant portions of the models tested. The
only large discrepancy is for a smooth sphere in the transcritical
regime,12 when the reported value of CDVmodel is about double that
predicted. Hence, Eq. (2) must be treated with caution as λ → 1.
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Table 1 Comparison of model volumetric drag coefficients using data from various sources2–12

Model λ L , m V , m3 Re/106 model CDVmodel CDVH
a CDVmodel/CDVH

R262 10.15 1.22 0.0123 2.0 0.037 0.036 1.0

R323 9.37 1.4 0.0193 1.7 0.028 0.036 0.78

Shenandoah4 8.6 1.72 0.0349 2.5 0.031 0.033 0.95

R335 8.33 1.22 0.0139 2.1 0.024 0.034 0.7

Ellipsoid with trip6 8 0.15 3×10−5 1 0.033 0.039 0.85

R1017 5.57 1.24 0.0289 49 0.018 0.019 0.95

SSZ8 4.75 0.87 0.015 0.7 0.029 0.039 0.76

ZMC-2 form9 3 1.76 0.301 2.1 0.026 0.034 0.74

Ellipsoid10,11 1.8 0.36 0.0237 0.6 0.065 0.064 1.0

Smooth sphere12 1 0.175 0.0028 6 0.23 0.11 2.1

aEquation (2).

Fig. 1 Volumetric drag coefficient of axisymmetric bodies (Table 1) vs
fineness ratio, compared with Eq. (2).

A plot of Eq. (2), as well as the drag coefficient data from Table 1,
is shown in Fig. 1. Figure 1 shows that minimum drag (about 8CF )
occurs when λ = λmin

∼= 4.65 in accordance with the prevailing de-
sign notion, but the curve near this minimum is surprisingly flat. A
relatively small drag rise results from the adoption of lower values
of λ down to about 2, for example, about 10% rise when λ = 2.8,
and an even smaller drag rise is incurred by higher values of λ up
to about 8.

Note that λmin is independent of Reynolds number and Eq. (2)
does not include any other shape parameters, for example, the sta-
tion at which the maximum diameter occurs. This suggests that CDV

is insensitive to body contour shape. The ill-defined proviso that the
body is streamlined appears to be sufficient for the reasonably good
application of Eq. (2) at high Reynolds number when the boundary
layer over most of the body surface is turbulent. This view is sup-
ported by previous computational studies13,14 that used an evolution
strategy to determine the body contour for minimum CDV. When
started with an ellipsoid body with λ = 2.3 and CDV = 0.0157, suc-
cessive shape mutations at Re = 100 × 106 were found to evolve a
more slender body with λ = 4.26 and CDV = 0.0143 ∼= 0.9CDVH, that
is, detailed numerical optimization only resulted in a drag reduction
of about 9%. At much lower Reynolds number, when there is a
potential to maintain significant areas of laminar boundary layer,
body shape admittedly becomes more important: Larger drag re-
ductions appear to be feasible by adopting shapes with a relatively
long-slender forebody to maintain a favorable pressure gradient and
thereby delay transition for a long as possible.13−15

When Fig. 1 is examined, aside from the flatness of the curve
when 2 < λ < 8, the other striking feature is the marked increase
in drag when λ falls below about 2. This drag rise is caused by
a growth in the aft-body separation region, that is, a rapid rise in
pressure drag10 (or form drag) as the streamlined body effectively
becomes bluff. Given the apparent crudity of Eq. (2) at low λ, at first
sight it would seem wise for the airship designer to avoid this drag
rise by a significant margin and only consider designs with λ > 2.
On the other hand, in some lighter-than-air vehicle design cases

(in particular, for pressurized, nonrigid types) there may be a strong
desire for low λ, for example, to reduce the area and mass of the outer
hull/envelope for a given gas volume. If there are no other design
constraints, then it follows that the intermediate range 2 < λ < λmin

ought to be attractive. This appears to have been recognized by some
airship designers. For example, Upson16 adopted λ = 2.83 for the
Metalclad ZMC-2 airship built in 1929, a value that was relatively
low compared to other airships at that time.17,18 When Eq. (3) is
used, at Re ∼= 94 × 106 based on the length of the ZMC-2 hull, at
a maximum airspeed of 27.7 m/s, CF

∼= 0.0026 and Eq. (2) give
CDVH

∼= 0.019.

Drag Coefficients of Airships in Cruise
In practice, the total drag of full-scale airships in steady flight

is considerably larger than the values predicted by Eq. (2) because
of parasitic and interference drag terms caused by the addition of
various appendages to the bare hull. The total volumetric drag co-
efficient CDVtot of the whole/complete airship (including gondola,
rigging, empennage, etc.) can be found by inverting the following
equation:

Ptot = DUmax

/
ηp = 1

2
ρU 3

maxCDVtotV
2
3

/
ηp (4)

where Ptot is the total engine power output and ηp is the overall
propulsive efficiency. Table 2 lists some estimates of CDVtot found us-
ing Eq. (4) and data from various sources4,5,18−23 assuming (for con-
venience) that ηp = 65% and ρ = 1.2 kg/m3 in all cases at the max-
imum quoted flight velocities. For example, using specifications7,18

for the R101 the total drag coefficient CDVtot is estimated to be
about 0.025 at Re = 465 × 106, which is about 40% higher than the
value of CDVmodel at Re = 49 × 106 given in Table 1. Note that us-
ing Eq. (2) the predicted volumetric drag coefficient of the R101
bare hull should be about 0.014 at Re = 465 × 106; hence, CDVtot

is almost double the predicted bare hull value at the same flight
Reynolds number. When similar data for other airships listed in
Table 2 are examined, this rule-of-thumb appears to be typical.
When CDVtot = NCDVH, in the range 2.83 < λ < 10.18, N is found
to be 2.3 ± 0.7, and it is not unreasonable to assume that this factor
is, to first order, independent of Reynolds number.

Before proceeding, it is worthwhile checking this rule-of-thumb
concerning the factor N using an alterative approach because the
assumption that ηp = 65% and ρ = 1.2 kg/m3 in all cases is ques-
tionable, that is, the airships listed in Table 2 may have had different
cruise altitudes and varying propeller efficiencies.

Drag Coefficients of Decelerating Airships
In principle, during periods of coasting (zero thrust), it is also

possible to deduce the steady drag coefficient of any airship assum-
ing straight and level flight in a near-neutral buoyancy condition.
The equation of rectilinear motion is given by24

ρV
dU

dt
+ ρV kx

dU

dt
= −1

2
ρU 2CDVtotV

2
3 (5)
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Table 2 Estimates of drag coefficients using Eq. (4) and data from various sources4,5,18–22

Airship λ V , m3 Ptot, kW Umax, m/s Re/106 maximum CDVtot
a CDVH

b CDVtot/CDVH

R2919 10.18 30,016 615 24.1 263 0.049 0.017 2.9

R2620 10.15 29,860 764 26? 253 0.049 0.017 2.9

Shenandoah4,17,18 8.64 60,363 1,342 28 367 0.043 0.016 2.7

R335 8.33 61,872 932 26.8 350 0.034 0.016 2.1

Zeppelin L4317 8.23 60,598 624 24.8 325 0.029 0.016 1.8

Los Angeles18,21 7.23 80,420 1,469 32.7 436 0.024 0.015 1.6

R1017,18 5.57 168,447 2,181 31.3 465 0.025 0.014 1.8

SSE3 100,00022 4.6 3,143 149 25 85 0.048 0.018 2.7

Skyship 60023 3.88 6,666 380 28.3 111 0.051 0.017 3.0

ZMC-217,18 2.83 5,726 328 27.7 94 0.05 0.019 2.7

SPAS-1323 1 1,167 75 13.3 12 0.31 0.10 3.1

SPAS-7023 1 2,605 298 18.0 20 0.29 0.09 3.2

aEquation (4). bEquation (2).

Table 3 Effective drag coefficients from previous deceleration tests5,19–22,25–27

Airship λ L , m V , m3 Re/106 test Cdecel
a CDVH

b Cdecel/CDVH

R2919 10.18 164 30,016 220–60 0.045 0.017–0.02 2.6–2.2

R2620 10.15 163 29,860 180–90 0.049 0.018–0.02 2.7–2.5

R3225 9.37 187 46,156 380–95 0.037 0.016–0.019 2.3–1.9

R335 8.33 196 61,872 305–130 0.035 0.016–0.018 2.2–1.9

Zeppelin L4326 8.23 197 60,598 300–90 0.032 0.016–0.018 2.0–1.8

Los Angeles21,27 7.23 200 78,155 400–185 0.027 0.015–0.017 1.8–1.6

SSZ22 4.7 45 2,010 60–20 0.036 0.019–0.022 1.9–1.6

SSE3 100,00022 4.6 51 3,143 70–25 0.049 0.018–0.021 2.7–2.3

TE-227 4.0 41 2,271 45–30 0.045 0.019–0.021 2.4–2.1

Puritan27 3.5 39 2,432 55–20 0.046 0.019–0.022 2.4–2.1

ZMC-227 2.83 46 5,726 90–30 0.043 0.019–0.023 2.3–1.9

aEquation (7). bEquation (2).

where kx , the inertia coefficient, accounts for the added mass (also
known as virtual or apparent mass) effect brought about by energy
changes in the flowfield.10 For potential (frictionless) flow, this co-
efficient is a constant for any given hull geometry, and it can be
calculated exactly, but for viscous flows with separation, it can-
not be easily determined. In practice, the accurate deduction of the
separate terms CDVtot and kx from deceleration data is problematic.
Previous studies19,22,25 have consequently rewritten Eq. (5) in a more
convenient form,

ρV
dU

dt
= −1

2
ρU 2CdecelV

2
3 (6)

where Cdecel is the effective nonsteady drag coefficient. If this term
is assumed to be constant, then its value can be determined from
flight data by plotting a graph of 1/U vs t over a short time period
and measuring the gradient d(1/U )/dt because

Cdecel = −2V
1
3 U−2 dU

dt
= 2V

1
3

d(1/U )

dt
(7)

Table 3 lists the results of previous airship deceleration
tests5,19−22,25−27 using Eq. (7). It can be seen that the values of Cdecel

deduced are up to 21% lower than the respective values of CDVtot cal-
culated for the same airships using Eq. (4) in Table 2. This is roughly
consistent with the expectation that Cdecel = CDVtot/(1 + kx ) for po-
tential flows.24 Hence, the finding that N ∼= 2.3 ± 0.7 in the range
2.83 < λ < 10.18 is independently substantiated. The only discrep-
ancies to this rule-of-thumb are the two airships listed at the bottom
of Table 2, which are discussed in the next section.

Spherical Airships
Recently a Canadian company23 has set an interesting design

precedent by developing a series of near-spherical airships (or
perhaps more accurately dirigible balloons) with λ ∼= 1. Aside from

reduction in hull mass brought about by adopting the lowest feasi-
ble surface-area-to-volume ratio, the added advantage of adopting a
near-spherical form is that no empennage is required because there
is neither destabilizing yaw nor pitch moments. There may also be
some secondary gains, for example, rapid yaw maneuvers ought
to be achievable with relatively little power. On the other hand,
whereas the use of Eq. (2) is doubtful as λ → 1, there is little doubt
that the drag of a near-spherical airships will be considerably larger
than the drag of streamlined airships with the same V and Reynolds
number.

Drag Coefficients of Spheres and Spherical Airships
There is plenty of wind-tunnel data in the literature on the drag

of smooth spheres for Reynolds number below about 1 million, but
hardly any data above. When the results of Achenbach12 are used,
the drag coefficient of rear-mounted spheres tends to about 0.24 as
Re → 6 × 106 in the transcritical regime. Note, however, that such
experiments are difficult to repeat accurately. Drag measurements
on spheres are highly sensitive to factors such as surface smoothness
and the tunnel turbulence levels. Most drag and pressure distribu-
tion measurements to date have also effectively been time aver-
aged. The actual drag force on a sphere will fluctuate significantly
because vortices are shed at frequencies of the order of U/dmax.
Intermittent lift-induced drag resulting from this shedding is prob-
ably quite sensitive to any flow asymmetries. Nevertheless, despite
these reservations, it is interesting to compare the cited experimen-
tal value with available flight data on the Canadian near-spherical
airships.23

When the quoted figures for maximum flight velocity are accepted
and assumed values of ηp = 65% and ρ = 1.2 kg/m3 (again, for
uniformity in Table 2) are used, Eq. (4) predicts that the two airships
SPAS-13 and SPAS-70 would have CDVtot

∼= 0.29–0.31 in the range
20 × 106 > Re > 12 × 106. Hence, the full-scale airships appear to
have drag coefficients that are about 20–30% higher than predicted
by tunnel tests: a result which is not unreasonable.
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Of course, these drag coefficient values are much larger than
the estimates for the other streamlined bodies and airships listed in
Tables 1 and 2, suggesting (at first sight) that there must be a large
propulsive benefit in shifting, for example, to λ > 2.

Possible Advantage of Low Fineness Ratio
Because dCDV/dλ is negative when λ < λmin, propulsion system

mass should increase as λ is lowered. The question that arises is
whether or not this increase offsets any reduction in hull mass re-
sulting from decreases in surface-area-to-volume ratio, as well as
possible reductions in empennage mass while maintaining pitch and
yaw stability.

To carry out a first-order tradeoff study (with λ as a continuous
variable), it can be assumed that V is fixed while the propulsion
system, empennage, and hull masses vary. If it also assumed that
the power-to-mass ratio of the propulsion system is a constant, pm ,
and a fixed cruise velocity U has to be achieved, then the propulsion
system mass Mprop = Ptot/pm will increase in proportion to CDVtot

according to Eq. (4). Empennage mass Memp is difficult to estimate,
because it depends on what assumptions are made about maneuvers
and how relaxed the control system is allowed to be. Hull mass
Mhull is also difficult to estimate because it depends on the structural
layout and loading conditions, for example, the bending moment
acting on the hull.17 The simplest assumption that can be made (if
only to gain some first-order insight) is that both these masses are
linear functions of λ,

Memp + Mhull = a + bλ (8)

where a and b are constants whose values are uncertain. If it is
further assumed that the there is an overriding need to optimize
the disposable load, then it follows there is a need to minimize
Msum = Mprop + Memp + Mhull. Combining Eq. (4) and Eq. (8) and
differentiating with respect to λ yields

dMsum

dλ
=

(
1

2
ρU 3 Srefη

−1
p p−1

m

)
dCDVtot

dλ
+ b (9)

Hence, it is beneficial to increase λ (below λmin) when∣∣∣∣dCDVtot

dλ

∣∣∣∣> 2bpm

ηp(
ρU 3 Sref

) =
(

CDVtot

λ

)
(Memp + Mhull − a)

Mprop

(10)
At this stage, it would be prudent to have a more complete data set
on the drag of spheroids/ellipsoids (etc.) for 1 < λ < 2.8 at (or close
to) the relevant Reynolds number range to estimate |dCDVtot/dλ|.
Unfortunately, relevant empirical data appears to be scant, much
poorer than the data set for spheres. To proceed, it is necessary to
resort to Hoerner’s formula again despite that it is no longer accurate
when λ = 1. Differentiating Eq. (2) with respect to λ yields

dCDVH

dλ
= CF

(
4

3
λ−2/3 − 7λ−13/6 − 64λ−11/3

)
(11)

When λ = 1, |dCDVH/dλ| ∼= 70CF
∼= 2CDVH. Furthermore, if it as-

sumed that CDVtot = NCDVH and N is roughly constant, then at λ = 1,
it is not unreasonable to expect that |dCDVtot/dλ| ∼= 2CDVtot.

When Eq. (10) is used, it follows that if the propulsion system
mass of a near-spherical airship is greater than about half the com-
bined hull and empennage masses then it would certainly be benefi-
cial to increase λ. However, if the propulsion system mass is much
smaller, that is, when low cruise velocity targets are set, then the
advantage of increasing λ is not certain. More simply, spherical air-
ships may be justified when the target cruise velocity (or dynamic
pressure in cruise) is deliberately set below some upper limit implied
by Eq. (10).

Note that no allowance has been made for any fuel mass because
this term is assumed to be included with the disposable mass. If
an extended analysis had been presented here, then it could also
have been shown that there is some limiting range or endurance
target below which increases in λ are not justified. Finally, note

Fig. 2 Front and side views of spheroid-cone airship “White
Diamond.”

that disposable mass is not necessarily the overriding optimization
parameter. Indeed, it is likely that costs and operating logistics will
be principal concerns. The essential point to make is that low λ
airships cannot be dismissed easily. In some cases, low λ, or even
λ = 1, may offer an optimum design solution to meet certain specific
mission requirements within certain cost constraints, albeit at some
risk.

Airship with a Spheroid-Cone Form
With the preceding background in mind, in 2002 the author in-

stigated the development of a new airship for an on-going project
concerned with scientific exploration of rainforest canopy.28,29 In
essence the airship had to lift two people (including the pilot) and
be capable of stable yet maneuverable flight in quiescent (still air)
tropical conditions, effectively replacing an older design tested by
the author.29,30 Because the required maximum flight speed target
was unusually low, just 3 m/s, it followed that an airship with low λ,
or even λ = 1, might provide the best design solution. Indeed, it was
finally decided to adopt a spheroid-cone hull form with λ = 1.54
(Fig. 2). To reduce risk, this major design decision was preceded by
a brief evaluation study using several wind-tunnel models.

Wind-Tunnel Measurements of Drag
Two closed-circuit wind tunnels at the author’s present address

were used for testing: tunnel 1 with a contraction of 7.2:1 and a
quasi-octagonal working section 1.24 by 1.0 m and tunnel 2 with
a contraction of 5.6:1 and a rectangular working section 1.0 by
0.77 m. The turbulence levels of both tunnels were estimated (using
hot-wire techniques) to be less than 0.4% at the test flow speeds in-
volved, about 35–43 m/s. Because no suitable rear-mounting sting
was available at the time, the models were side mounted on a sim-
ple, vertically hanging, pendulum balance. The resulting force on
the balance was measured with a resolution of 0.1 N. The models
were attached to a streamlined strut with a chord of 18 mm and thick-
ness of 6 mm. The tare drag of this strut was measured separately
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Table 4 Summary of wind tunnel tests

Model λ V , m3 Re/106 model CDVmodel CDVH
a CDVmodel/CDVH

Spheroid-cone with trip 1.47 0.00086 0.35 0.12 0.093 1.3
Spheroid with trip 1.07 0.00086 0.35 0.26 0.16 1.6
Wooden sphere 1 0.00163 0.35 0.32 0.18 1.8

aEquation (2).

Fig. 3 Volumetric drag coefficients of sphere and spheroid-cone (tri-
angle symbol), vs Reynolds number.

and subtracted from the combined model plus strut drag results.
No allowance was made for mutual interference, but because the
study was intended as a preliminary comparative evaluation, this
methodology was deemed acceptable. To begin, several prolate el-
lipsoids of various sizes (ranging from about 120 to 600 mm in
length) were tested with λ = 1.35, 2.0, and 4.0. The results of these
tests do not warrant inclusion here. It is sufficient to state that, al-
though they largely supported the trends predicted by Hoerner’s
formula, Eq. (2), the drag coefficients were found to be 15–30%
higher (in both tunnels) probably because of the strut interference
and/or blockage effects in one case.

After these preliminary tests, a varnished wooden sphere 146 mm
in diameter and an aluminium spheroid form with λ = 1.07, and
122 mm in diameter, were both investigated with and without a se-
ries of plastic cones with semi-apex angles of 0.52 rad attached to
their rear surfaces. With the rougher wooden sphere, transition oc-
curred when Re ∼= 3 × 105. However, with the smoother aluminium
spheroid, transition had to be forced using a trip wire (about 0.07 mm
in diameter) placed on the upstream side, about 1.4 rad from the body
center and major axis. Consequently, in all tests, a cone was placed
(symmetrically, at zero incidence) within a supercritical separated
wake. Without cones added, the volumetric drag coefficients of the
sphere and spheroid were found to be about CDVmodel = 0.26–0.32, at
about Re ∼= 4 × 105 (Table 4). Once again, this drag coefficient was
higher than expected probably because of strut interference. Also,
no allowance was made for blockage effects. Addition of each cone
was found to decrease CDVmodel markedly, and tuft wand tests in-
dicated there was an associated reduction in wake diameter. This
suggests the cones did not prevent separation, but did reduce the
size of the separated wake and, hence, reduced pressure drag. The
lowest value of about CDVmodel = 0.12 (based on the same spherical
volume) was obtained with the largest cone, which had a base diam-
eter of 100 mm, at Re ∼= 3.5 × 105 (Fig. 3). This drag result is about
30% higher than predicted by Eq. (2), but the value of |dCDVmodel/dλ|
implied by these tests was also about 30% higher than predicted by
Eq. (11). Note also that placing the largest cone at incidence to the
flow resulted in only minor increase in drag: about 10% increase at
0.2 rad.

At the end of the evaluation study it was, therefore, sensible to
assume that, provided similarly favorable flow effects exist at the
much higher Reynolds number expected for the full-scale airship,
an overall performance gain would be possible by the attachment
of a rear-facing cone to a spherical balloon, reducing CDVtot and,
hence, reducing the mass (and cost) of a propulsion system.

Description of Flight Tests of Full-Scale Airship
Following the wind-tunnel evaluation study, a decision was made

to commit to the full-size airship design shown in Fig. 2. This
spheroid-cone airship was tested using tethers inside shed 1 at Card-
ington, United Kingdom (in January 2004), and then flown freely
over the Kaieteur National Park, Guyana (in July 2004). The main
balloon had a diameter dmax = 9.7 ± 0.05 m and, hence, was capable
of containing VHe = 480 ± 5 m3 of helium when filled at its maxi-
mum allowable internal pressure. The tail cone was made of a light
fabric and had a length of about 6 m with a semi-apex angle of
0.52 rad. The cone was held in tension by an internal alloy tube
running along the central longitudinal axis, and tightly attached to
the balloon in 24 places on a pitch circle diameter of 7 m. It was not
sealed and filled with nonpressurized air with an internal volume of
about Vcone = 43 m3. A small nose cone of about 1.5 m3 (also air
filled) was also fitted around a bow pole on the central longitudinal
axis. Consequently, the total hull volume was V = 524.5 ± 5 m3, the
hull length was L = 14.9 m, and the fineness ratio was λ ∼= 1.54.

The airship was flown by the author over Kaieteur at about 450–
490 m above sea level, when the ambient air temperature was
23.2 ± 1◦C at 95% humidity. The local wind speed during the flight
tests was less than 2 m/s measured in a large clearing at a height
of about 10 m above ground level. The ambient density was esti-
mated to be ρ = 1.125 ± 0.003 kg/m3, so that the total inertial mass
(not including added mass) of the airship, Mtot = (ρ − ρHe)VHe +
ρHeVHe + ρVcone = ρV , was about 587 ± 10 kg.

The propulsion system of the airship was made up of several
electric motors, powered by a rechargeable lithium-ion battery with
a mass of 40 kg, each driving propellers about 0.6 m in diameter.
For forward thrust, two motors were mounted side-by-side of a
hanging gondola, one was mounted directly behind the gondola,
and one motor was mounted at the extreme aft position, axially
on the alloy tube. The thrust Fi of each of these units had been
previously measured in tunnel 1 at a similar temperature, but at
higher density, ρtunnel = 1.225 kg/m3, and simple linear equations
were used to predict their thrust in ambient conditions,

Fi = ϕi FSi (1 − U/uF )ρ/ρtunnel (12)

where ϕi (t) is the throttle setting, FSi is the static thrust, and uF is
a thrust decay rate constant found from testing the motors at a fixed
voltage. No allowance was made for negative blockage effects in
the tunnel. During flight, the throttle setting of each motor ϕi was
assumed to ramp up and down linearly between 0 and 1 within 5 s,
and an audio recording was made to determine which motor was
being operated at any particular time.

Adequate yaw stability was achieved by the addition of a fixed
vertical fin of about 4 m2. Control in yaw was achieved by either
slewing the aft motor or using a bow thruster assembly: two elec-
tric motors driving 0.56-m-diam propellers in the lateral direction
mounted on the front of the bow pole. Vertical height control was
achieved by either venting helium, dropping ballast, pitching the
side mounted motors, or using a vertically mounted motor driving
a 0.71-m-diam propeller.

Flight speed was measured using a three-axis Metek USA-1 Ba-
sic sonic anemometer with a data acquisition rate of 10 Hz. In tun-
nel 1, this anemometer produced a fairly uniform white noise er-
ror at 10 Hz, with a root-mean-square velocity fluctuation of about
urms = 0.05 m/s, at flow speeds between 1 and 3 m/s. The anemome-
ter was mounted on a sting in front of the gondola at a radial distance
of about r = 6.6 m from the balloon’s center at about θ = 1.26 rad
from the major axis (Fig. 2). A (fixed) flow speed correction factor
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of 0.88 was calculated to estimate the forward flight speed, U = U∞,
from the measured (higher) value, Uθ , at the sting position using the
potential flow equation for flow around a sphere31

Uθ = − 1
2
U∞ sin θ

[
2 + (

1
2
dmax/r

)3]
(13)

No account was taken for effective variations in anemometer posi-
tion θ brought about by yaw and pitch changes.

Drag in Cruise
To find the steady value of CDVtot, the spheroid-cone airship was

flown with one motor running (with ϕi = 1) in a near-neutral buoy-
ancy state so that the flight trajectory was approximately straight and
level with minimal control input. The drag coefficient was estimated
assuming Fi = D in Eq. (1). When the aft motor was used for a dura-
tion of about 120 s, a near-steady value of about U = 1.1 m/s (aver-
aged over 5 s and corresponding to Re ∼= 1 × 106) was reached. The
steady drag coefficient was, hence, found to be CDVtot

∼= 0.34 ± 0.6.
This error margin accounts for all of the variations in the parameters
used in Eq. (1), but does not include the experimental and theoret-
ical uncertainties involved in the estimate of Fi . It is also subject
to a standard deviation of about 0.09, resulting from fluctuations in
the velocity data, which include the anemometer’s intrinsic noise.
Again, note that the actual drag of the spheroid-cone airship prob-
ably does fluctuate significantly as vortices are shed intermittently
in the aft-body separation region, and so this deviation does not
necessarily represent experimental error.

Deceleration Tests
A deceleration graph for the spheroid-cone airship is shown in

Fig. 4. When a least mean squares method was used, the gradient
d(1/U )/dt of the linear regression line through these data is about
0.02 m−1 over a period of about 20 s with a fit of R2 = 0.7, and
Eq. (7) gives Cdecel = 0.32 ± 0.03; however, the scatter in the data
is large. A second deceleration graph covering a slightly lower ve-
locity range is shown in Fig. 5. The gradient is increased to about
0.03 m−1 over a period of about 27 s with a fit of R2 = 0.59, giv-
ing Cdecel = 0.47 ± 0.04, but the scatter is still larger and the linear
fit is poorer. In the latter test, a slightly better fit with Eq. (6) was
found when Cdecel

∼= 0.3/U for flight velocities between about 1.1
and 0.4 m/s, corresponding to the range 1 × 106 < Re < 3.6 × 105.

Reconstruction of Flight Model
With the drag coefficient estimates deduced, a predictive model of

U (t) was constructed by numerically integrating the following equa-
tion of motion assuming kx = 0.2 and CDVtot = 0.32 for U > 1.1 m/s
and 0.36/U for U < 1.1 m/s:

ρV (1 + kx )
dU

dt
= �Fi − 1

2
ρU 2CDVtotV

2
3 (14)

Fig. 4 Reciprocal of forward flight velocity vs flight time during phase
of deceleration (with zero thrust).

Fig. 5 Reciprocal of forward flight velocity vs flight time during phase
of deceleration (with zero thrust).

Fig. 6 Forward flight velocity vs time: ——, dynamic model predic-
tion.

A sample trace of the recorded data is shown in Fig. 6, together
with the dynamic prediction. For the corresponding thrust history
with the aft motor used alone, FSi = 18 N and uF = 15 m/s. In this
data sample, note that there is a constant thrust phase from 1500 to
1610 s and a zero-thrust deceleration phase from 1610 to 1800 s.
There appears to be good agreement between most of the data and
the prediction, although this success is deceptive because CDVtot

has effectively been found by fitting the data in the deceleration
phase. The value of kx = 0.2 was chosen because it is consistent
with Cdecel = CDVtot/(1 + kx ) and the finding that Cdecel

∼= 0.3/U for
U < 1.1 m/s. However, note that a reasonable looking fit appears to
be possible for quite wide variations (±20%) in CDVtot and Cdecel, and
it is not possible to determine the value of kx with any confidence.
An estimate of the errors and a rigorous statistical analysis to find the
best parameter fit is not presented here. One problem with such an
analysis is that the total data set was limited to just one flight of about
2700 s recorded duration. Further flight testing would obviously be
needed to establish statistical variations and repeatability.

During the test periods (described earlier) pitch and yaw varia-
tions were less than about ±0.2 rad. The only exception is during
the time period where the dynamic prediction appears to be poor-
est, from 1680 to 1800 s, when the airship velocity fell below about
0.3 m/s corresponding to Re < 3 × 105. At these low velocities, pitch
and yaw changes were much larger, and then Eq. (14) is clearly in-
adequate. During the decelerations shown earlier, note that the bow
thruster was used to hold the airship’s heading on a visual hori-
zon reference point, but this was limited to a few short bursts of a
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few seconds duration only. The other motors on the airship were
not used during these test periods, and there was no helium/ballast
release.

Discussion of Flight-Test Results
Comments on Drag Coefficient Estimate

From the flight tests, the cruise drag coefficient of the spheroid-
cone airship was found to be CDVtot

∼= 0.34 ± 0.06 at U = 1.1 m/s,
Re ∼= 1 × 106. This value was higher than expected: With use
of Eq. (2), it follows that CDVH

∼= 16CF
∼= 0.07 and, hence,

N ∼= 4.8 ± 0.9. However, this is not an unreasonable result because
CDVtot is also about three times higher than drag coefficient value
of the bare spheroid-cone model measured during the wind-tunnel
tests (Table 4 and Fig. 3). When the inaccuracy of Hoerner’s for-
mula [Eq. (2)] when λ → 1 is considered, the result is not widely
inconsistent with the other data in Table 2.

This relatively high drag coefficient can probably be best ex-
plained by interference effects causing premature separation. It can-
not be fully accounted for by separate parasitic terms acting alone:
the drag of the rigging supporting the gondola, the drag of the tail
fin, and the drag of the gondola itself. When the estimation methods
presented by Hoerner1 are used, these parasitic terms probably only
accounted for about 10–20% of the total drag. However, because
of interference with the hull, their combined effect was probably
considerably larger. Some experimental evidence9 suggests that in-
terference effects of any hull protuberances will be more pronounced
on hull forms with low λ. In particular, note that at the base of the
balloon there was a cylindrical fabric protrusion (about 0.6 m in
diameter, 0.4 m depth) caused by one of the helium relief valves
(Fig. 2). Based on previous experiments,9 it is likely that this valve
unit alone caused a significant drag rise. Another possibility is that
the rigging lines tended to produce scalloping in the lower balloon
envelope and that may have also caused flow separation upstream of
the maximum diameter. Flutter in the fabric tail cone and fin might
have also brought about adverse flow effects. (Both surfaces were
stretched taut, but flutter was observed while the airship was being
held on the ground during sporadic breezes exceeding 2 m/s.)

Another possible reason for the high drag coefficient (which
would be of more general aeronautical interest, but is difficult to
quantify with present knowledge) is some kind of detrimental, wake-
amplifying interaction with atmospheric eddies or microgusts with
wavelengths comparable with the airship’s length.32 About 20 m
above the forest canopy, the drift velocity of the airship was about
1 m/s between the aforementioned tests, and so an atmospheric
boundary layer with associated turbulence would have been present.
This atmospheric turbulence should not be confused with the much
smaller-scale turbulence in the boundary layer over the envelope.
Whereas energy input into a turbulent boundary layer can often be
stabilizing, changes in local flow incidence caused by the impinge-
ment of much larger-scale atmospheric eddies on the hull are more
likely to have caused locally premature flow separation. Fourier
analysis of different blocks of flight velocity data was carried out to
find the power density spectrum. In all cases, the dominant frequen-
cies were found to occur at or below 0.1 Hz, although there was also
a pronounced spike at around 0.2 Hz. This spike can be explained by
the gondola (and anemometer sting) oscillating in pitch during flight
about 0.05 rad, effectively like a pendulum with a length of 6 m. The
lower frequency noise, however, can be best explained by turbulent
eddies in the atmospheric boundary layer with wavelengths greater
than about 5 m. The root-mean-square velocity fluctuation was typ-
ically urms

∼= 0.08 m/s, somewhat greater the aforementioned noise
of the anemometer.

Aside from the relatively high drag coefficient value, at a mean
flight speed of 1.1 m/s there does not seem to be a large difference
between the deduced values of CDVtot and Cdecel. This suggests that
added mass effects were not as large as might be anticipated for a
low λ hull. (For example, for a sphere in a potential flow,33 kx = 0.5,
and so a difference of up to about 50% in CDVtot and Cdecel might
be expected.) However, before discussing nonsteady flow effects
further, note that the flows induced by the thrust units themselves
may have substantially altered the flow around the airship, thereby

altering its drag. In particular, it is likely that the flow induced by
the aft propeller modified the separation region presumed to have
surrounded the cone. Tufts were added to the cone, but as indicators
of separation they were not conclusive.

The beneficial effects of placing a propeller at the aft of an airship
hull model have been reported by McLemore.34 The most favorable
(but probably unrealistic) design assumption is that an aft-mounted
propeller could actually prevent or alleviate the aft-body separation
and, thereby, reduce hull drag significantly. Alternatively, an aft pro-
peller could induce higher flow velocities near the apex of the cone,
resulting in a reduction in pressure and increased drag.35,36 Hence,
the use of the aft motor (alone) on the spheroid-cone airship might
have effectively decreased or increased the cruise drag coefficient.
To determine whether either effect was significant, it would be nec-
essary to repeat the cruise drag test using the alternative motors to
provide steady thrust.

Additional Comments Concerning Nonsteady Flow Effects
There are fundamental grounds to expect that the drag of a decel-

erating/accelerating bluff body will differ markedly from the steady
value even after allowing for added mass effects using potential
flow estimates for kx . Previous studies37−39 have shown that kx is
strongly dependent on the instantaneous acceleration/deceleration
modulus, A = L|dU/dt |/U 2 and possibly Reynolds number. There
is also some evidence that the effective drag force measured at any
one instant is also dependent on the acceleration history preceding
that instant.40,41

The faster deceleration test shown in Fig. 4 was preceded by
a phase of acceleration, but there was insufficient evidence in the
entire data set to determine whether this history was relevant. When
it is assumed Cdecel was constant during this deceleration phase,
A ∼= 0.3. The velocity and distance flown by the airship after some
time t after the commencement of deceleration can be estimated by
integrating Eq. (6),

U = U0/(1 + U0t/Ldecel) (15)

s = Ldecel ln(1 + U0t/Ldecel) (16)

where U0 is the initial velocity (in this case about 1.6 m/s) and
Ldecel = 2V 1/3/Cdecel

∼= 50 m. After about 30 s, when U0t/Ldecel
∼= 1,

the airship’s velocity would have been halved and the distance flown
would have been s ∼= 35 m, or about 2.3L . Similarly, during the
slower deceleration test shown in Fig. 5, the deceleration modu-
lus was larger and the distance involved would have been even
shorter. Compared with previous deceleration tests5,19−22,25−27 on
other (much larger and faster) airships, both these decelerations
were, therefore, relatively rapid and occurred over relatively short
distances. This suggests that wake recontact39,41 was a plausible in-
teracting phenomena and that it may have had a significant influence
on the velocity data recorded.

If an airship decelerates sufficiently rapidly, then the wake en-
trained behind the airship could effectively converge on the hull and
possibly overtake it. Munk26 investigated this possibility while an-
alyzing deceleration data on Zeppelin rigid airships using a highly
idealized wake model, but concluded wake recontact was implau-
sible because the airships concerned decelerated far too slowly in
forward flight. For the spheroid-cone airship, however, the same ide-
alized model predicts wake recontact could have occurred during the
deceleration tests carried out.

The effects of wake recontact are no doubt complex and can only
be speculated on. Aside from an ambiguous influence on the air-
ship’s drag coefficient, it is possible that the local flow velocity at the
position of the anemometer could have been reduced temporally,26

that is, distinct fluctuations in the velocity data ought to be observed
some time after deceleration starts. Indeed, when Figs. 4 and 5 are
examined, candidate velocity fluctuations are conspicuous at various
times after the start of both decelerations. Whereas these fluctua-
tions can be explained by atmospheric eddies, they might also be
explained by recontact with the separate wakes of the gondola and
the balloon.
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Note that previous deceleration tests22,27 on smaller airships also
appeared to have suffered from large fluctuations in velocity data.
Other deceleration tests19−21,25,26 also indicated markedly increased
values of Cdecel toward the end of the deceleration tests, about 2–3
times higher than the values listed in Table 3. Whereas it has been
stated24 that these early tests effectively suffered from data acquisi-
tion and testing mistakes, for example, elevator control inputs and
idling propeller drag, Munk26 argued that the increase in Cdecel was
caused by a fundamental aerodynamic effect manifested by a dis-
tinct discontinuity in the slope of the relevant deceleration graphs.
As has already been stated, Munk26 rejected wake recontact, but he
did not offer an explicit physical alternative. One possibility is that
at some critical condition the turbulent boundary layer over a decel-
erating hull becomes unstable and separates prematurely, thereby
increasing the drag coefficient. Conversely, during accelerations, a
stabilizing effect, delaying separation and reducing drag, should,
therefore, occur. If these two opposite effects exist, then they would
both tend to offset the dynamic effects of added mass.

Summary
The principle outcomes of this design-motivated study were as

follows:
1) Hoerner’s formula, Eq. (2), has been confirmed as a good

first order approximation for the drag coefficients of streamlined
axisymmetric model bodies over a wide range of fineness ratios.

2) The steady flight drag coefficients of a sample of complete
airships were found to be a factor N times larger than Hoerner’s
formula predicts, where N = 2.3 ± 0.7. (The generally accepted ex-
planation for this drag factor is parasitic drag caused by appendages
and their interference with the hull.)

3) The drag coefficients of smooth spheres in the transcritical
regime were found to be higher than Hoerner’s formula predicts,
and first-order estimates of the drag coefficients of recently built,
Canadian, spherical airships indicated that N exceeds 3, which is
relatively high compared to most streamlined airships, as might be
expected. (Note, however, from an overall design standpoint, it does
not follow that low fineness ratio airships should be rejected. Indeed
they may offer some gains in certain applications.)

4) Wind-tunnel tests showed that the addition of a conical body to
the aft of a spherical body reduces the drag coefficient by about 50%
(based on the same spherical volume) in the supercritical regime
(Fig. 3). This reduction (not previously reported) probably occurs
because addition of the cone results in a reduction in the size of the
separated wake.

5) Flight tests on a new (not previously reported) 480 m3 helium-
filled airship with a spheroid-cone form were carried out, but the
anticipated reduction in drag coefficient was not found. Instead, the
factor Nwas found to be 4.8 ± 0.9. One reason for this relatively
high drag factor may have been severe parasitic interference and/or
atmospheric turbulence causing premature flow separation.

From a design standpoint, the high drag coefficient of the
spheroid-cone airship is disappointing, not only because the value
deduced for CDVtot was larger than hoped, but also because it does
not provide any firm evidence that the addition of the cone did actu-
ally reduce the drag below that of a near-spherical balloon without
a cone and empennage. To determine the magnitude of any such re-
duction, it would be necessary to retest the airship with the cone and
empennage removed. Unfortunately this has not yet been possible
within the project constraints.

Note that the fabric cone on the airship was air filled, and the
value of CDVtot quoted earlier for the spheroid-cone is based on the
total hull volume V . If the cone had been completed sealed and
helium filled, then a buoyancy increase of up to about 8% could
have been brought about. On the other hand, when drag coefficients
are compared on an equal buoyancy basis, note that the spheroid-
cone airship did not have a ballonet fitted. The actual mass of the
cone and empennage was about 8 kg, so that if both items were
removed it could permit a 15% increase in propulsion system mass.
For the same endurance and flight speed, this can be translated into
a potential 15% increase in power, that is, a 15% allowable increase
in CDVtot.

Although these rather specific results may not have any general
importance, some of the speculations of this study will hopefully
provoke broader scientific interest. In particular, the effects of at-
mospheric turbulence and nonsteady flow effects37−41 (such as wake
recontact) may have wider relevance and be worthy of further inves-
tigation. To understand these effects further, it may be worthwhile
to carry out some full-scale flow visualization experiments and/or to
recommence tests on representative models.37,38 Comparison with
computational fluid dynamic simulations is also called for.
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