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Geometric and volumetric quantities are usually used to define the reference area for the prediction of aerodynamic coefficients of various
aquatic mammals, airships and unmanned vehicle. However, reference area does not have a unique definition, especially for a hybrid buoyant
aerial vehicle having hybrid lifting hull which resembles a Steller sea lion. The term square cube root of volume is traditionally used as reference
area to nondimensionalize the aerodynamic forces for conventional as well as unconventional airships. Published experimental data are usually
available for complete configuration at low speed and in nondimensionalized form. So, a generic model of an aircraft's fuselage was first tested
in a wind tunnel as a test case to first determine the lift force and then the influence of different choices of reference area on the lift. A hybrid
lifting hull was numerically simulated for the prediction of lift as well as drag coefficients and their ratio. It was found that the volumetric term
has undefined correlation with aerodynamic forces in both cases. Changes in aerodynamic coefficients are not prominent when using the wetted
area as the reference area. Based on the predicted trends of aerodynamic coefficients and a deep literature survey, the projected planform area is
proposed as the best option for reference area of a Steller sea lion as well as for hybrid lifting hull of a hybrid buoyant vehicle.
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Nomenclature

CLP lift coefficient based on projected planform area
CDA

drag coefficient based on wetted area
CDF

drag coefficient based on frontal area
CDP

drag coefficient based on projected planform area
CDV drag coefficient based on Vol2=3

D aerodynamic drag force, (N)
FF form factor
HB hybrid buoyant
HLH hybrid lifting hull
L aerodynamic lift force, (N)
LTA lighter than air
m mass, kg
Qfus volume of fuselage, m3

Saero aerodynamic reference area, m2

Sfuss surface area of fuselage of aircraft, m2

SC projected planform area of canards, m2

SfusP projected planform area of fuselage, m2

SH projected planform area of hull, m2

Splan projected planform area, m2

Sref reference area, m2

SV volumetric surface area, m2

SW reference area of wing, m2

SH reference area of wing, m2

V flying velocity (m/s)
Vol1=3 cube root of volume

Vol2=3 square cube root of volume, m2

� angle of attack, (degree)

1. Introduction

The hydrodynamic shapes of aquatic animals like Steller
sea lion are regulated by the physical laws of nature. Such
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animals are perhaps distinct from other marine animals,
like fishes and whales due to their high speed, unique body
design and different biological adaptations for reducing the
drag. Sea animals utilize aerostatic lift to stay uplift to
balance the effect of gravity. In 1990, Alexander [1] carried
out a study related to the effect of different reference areas
for estimation of the drag coefficient of swimming animals.
He found that there is a drastic reversal in the drag coeffi-
cient data obtained by using the wetted area as the refer-
ence area for two species of Idotea: genus of isopod
crustaceans. He mentioned that that there is no powerful
hydrodynamic basis for the selection of reference area for
the estimation of drag coefficient. As per findings of Alex-
ander [1], biologists have no clear convention for choosing
reference area and it will be useless to apply the same
without justifying it.

In most of the aeronautical applications, frontal area is
used where pressure drag has a dominant effect [1,2]. Be-
fore World War II, drag coefficients during the deceleration
phase of cars were estimated by using the frontal area [3].
The same reference area was used to determine the drag
coefficients in sea animals [4] and in some cases of airships
[5, 6] as well. Drag of a well-designed contour of an airship
is about 2–3% of a sphere with same frontal area [7]. If
frontal area is used, then bodies which are shorter in length
and blunt in shape will create the lowest drag. But the same
is not true for elongated shape bodies, instead wetted area
is to be used in order to get the same [8]. This situation
becomes more complex when the elongated shape is cam-
bered as well, for example, the cambered shape of the body
of insects and the commercial transport aircraft. One is at
very low Reynolds numbers where unsteady flapping wings
affect mostly the aerodynamic forces. The other one has
completely different Reynolds number regime. Cambered
airfoil shapes do exist in flies as well: house fly (Fig. 1) and
fruit fly (Fig. 2) are two good examples. It can be noted from
these figures that if the head, thorax and abdomen are put
together, they seem to form a cambered airfoil in lateral
view, which is flat on the bottom and more rounded on the

top. Unfortunately, the significance of body lift to balance
the overall forces in insects has not been systematically
investigated [8]. Body lift is basically free of cost lift that
balances partial weight of the body in accelerating as well as
in glide phase. As per one of the references of flight of honey
bee published back in 1953 by Brian Hocking, the resulting
body lift was claimed to produce one third of the total lift.
Such claims are generally discredited as it is aerodynami-
cally very unlikely that the aspect ratio of the body would
be far less than one. Later studies have proven that the
contribution of insect's body lift towards overall lift is
typically less than 10% [8].

To the authors' best knowledge, studies related to the
body lift of marine animals were hardly available. For ex-
ample, in the case of a Steller sea lion, there is no published
study available for the investigation of lift produced by its
cambered body shape. This is not a surprise, but perhaps
the result of an oversimplification in assuming its geometric
resemblance with a symmetric airfoil, which was carried
forward in later studies as well [9]. This issue is discussed
in detail in the following section. Such inspiration from
nature can be utilized for the design and development of
hybrid buoyant aerial vehicle with hybrid lifting hull.
Cambered profile of a hybrid lifting hull will provide addi-
tional lift to meet the requirement of high lift to drag ratio
for the cruise, pre-stall and takeoff segment of the flight.
Further research on such vehicle needs detailed knowledge
of lift force generated by the aerodynamic shape of fuselage.

The cross-section of the fuselage of a commercial
transport aircraft is usually circular or oval [10–12]. Such
shapes usually provide very small lift at zero angle of attack,
where the experimental data of the same were hardly
available. In the case of commercial aircraft, lift force is
nondimensionalized by the projected planform area of wing.
Aerodynamic data, especially the data of lift coefficient of
fuselage are hardly available in the literature, except someFig. 1. House fly.

Fig. 2. Fruit fly.
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old wind tunnel tests conducted to investigate the effect of
yaw on lateral stability characteristics with NACA 23012
wing [13]. In those cases as well, the coefficient of lift is
nondimensionalized by wing's planform area.

To date, no unique definition exists for defining the
reference area for a HB vehicle. In the aircraft design,
the fuselage is assumed to produce lift from the area of the
wing which is buried inside the fuselage, i.e. a fraction of
the lift is produced by the fuselage; the major portion of the
lift is produced by the wing area outside the fuselage. In the
case of a HB vehicle, the fuselage contribution is substantial
when compared to the wing. For example, in the case of a
hybrid airship, aerodynamic contour of hull can produce
up to 40% of the total aerodynamic lift [14], however a true
representation of aerodynamic characteristics of a particu-
lar shape can be revealed only after obtaining the coefficient
of lift; this highlights the need to compare the general
trends of coefficient of lift of fuselage with different choices
of reference areas: frontal, planform or surface area of
fuselage.

During the design and analysis, there is always a re-
quirement for accurate prediction of aerodynamic para-
meters for the complete mission profile which requires
aerodynamic coefficients. At the moment, there is no single
definition for the reference area for HB aerial vehicle and
hybrid airship. Therefore, for a definition that is valid for all
shapes, one may look at sea animals to understand their
anatomy to define the reference area for a HB aerial vehicle.
To the best of the knowledge of authors, no such studies
have been carried out earlier.

In this manuscript, we attempt to find out how lift/drag
of the elongated body (similar to the aircraft fuselage)
scales with the geometric parameters. The purpose is to
give a broader meaning to aerodynamic coefficients for bi-
ologically inspired HB aerial vehicle. The applications,
which we are interested in, are the flows around the aquatic
mammals and other biological systems' inspired HB aerial
vehicle.

2. Resemblance Between a HLH and a Steller Sea Lion

The elongated hydrodynamic cambered shape of Steller sea
lion allows it to swim faster and helps in delaying flow
separation, reducing the overall drag force acting on it.
Recently [15], we have used an Eppler 1200 airfoil in
the design of a hybrid lifting hull to achieve the required
volume and sufficiently flat base to yield the least wasted
space and for the ease of attachment of gondola with the
hull, as shown in Fig. 3. Eppler 1200 airfoil has laminar flow
extended to 50–60% of the airfoil length and has maximum
thickness at 36% of chord length. Complete geometric

details of the outer contour of the Steller sea lion are not yet
available. Only information available is the location of
maximum thickness, which is about 34% of body length
[16]. It is pertinent to highlight that in this study, selection
of Eppler-1200 airfoil for hybrid hull is based on the loca-
tion of maximum thickness, visual judgment of geometric
profile of a Steller sea lion and requirement of takeoff ground
roll angle to fulfill future certification requirement [17].

Fineness ratio (�), location of maximum width and
buoyant independent drag of a Steller sea lion are the three
quantities, which are common with this hybrid lifting hull. It
is well known that conventional airships usually have
fineness ratio value of about 2.3–2.8. However, a fineness
ratio between 5 and 6 was found to be optimal for a fixed
maximum diameter [18]. Interestingly, as per the findings of
Suzuki [16], this range of fineness ratio is found comparable
to the Steller sea lion. This marine animal has a fineness
ratio of 5.55 and location of maximum thickness of outer
profile is at 34% of overall length [4]. This fineness ratio is
also common with other marine mammals like dolphins,
fishes and whales [19].

3. Available Choices of Reference Area

There are different choices available for defining the refer-
ence area for different airships and aircraft to non-
dimensionalize the aerodynamic forces and moments,
(Table 1). All these options are reviewed and discussed
below along with the justifications provided in the available
references: [14], [20] and [21] have defined Vol2=3 as the
reference area for obtaining the drag force coefficient of air-
ship. Full justification of its utilization could not be seen in
these references and its usage is referred to as `it is tradi-
tionally used' or `it is a matter of convenience'. As per Car-
ichner and Nicolai [14], decision on the use of volume Vol2=3

was taken in one of the conferences on the subject of
LTA. Authors of this reference are of the view that non-
dimensionalizing by square cube root of volume is basically
a matter of convenience as the volume can easily be

Fig. 3. Hybrid lifting hull.
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determined by using Archimedes law. In fact, volume isn't so
important for a regular aircraft except aircraft like Pregnant
Guppy [22] and use of Vol2=3 parameter for airships was
perhaps an attempt to include the effects of fineness ratio
right into the coefficient, but it may be better handled by FF.
Furthermore, it might be inappropriate to use the term
\Pregnant Guppy," but it is perhaps the correct aircraft name.

Airship drag is primarily due to skin friction and it will
be more appropriate to use planform area of hull as the
reference area [14]. This approach is similar to the ap-
proach used for defining the reference area for the aircraft.
For airships, the pitching moment is nondimensionalized by
the length of the hull body [14]. But for aircraft, it is the
mean aerodynamic chord of wing [23]. In the case of a
winged hybrid airship, aerodynamic lift and drag are non-
dimensionlized by the term Saero [24], which corresponds to
the reference area of wing.

For a hybrid airship with lifting hull, Saero corresponds
either to the planform area of the hull [14] or Vol2=3 [25]. In
the latter case, Vol2=3 as the reference area has been justi-
fied due to the linear relationship between the planform
area of aerodynamic hybrid lifting surfaces and envelope
area of the hull with Vol2=3 [25]. For blended wing aircraft,
it is the total planform area which is usually taken as ref-
erence area and used in design and analysis [26, 27].

In the case of a winged hybrid airship (WHA), getting
aerodynamic lift from the wing and aerostatic lift from the
hull, emphasis is given to the independent computation of
the drag force of the hull and of the wing [25]. In light of
above-mentioned discussion on buoyancy and drag, authors
are of the point of view that there is no need of separate
term to account the effect of volume in drag term. Moreover,
such a definition will also limit any experimental work re-
lated to the aerodynamics of the complete configuration of a
winged hybrid airship. This is because of the fact that the
component build-up method can be used in the experi-
mental work by individually testing the full/half model of
wing and full/half model of hull of a winged hybrid airship.
But the drag contribution due to wing–hull interaction will
still be unknown for any future design and analysis work.
Reference 25, justifies the use of Vol2=3 as the reference
area due to the existence of a linear relationship between
the planform area of aerodynamic hybrid lifting surfaces
and envelope area of the hull with Vol2=3 for a specific hull
in which the shape is invariant. But such reasoning may not
be valid for different shapes where the planform area is
held constant and the height is varied. Multiple shapes of

such hulls of the same projected area but of different sur-
face areas can be generated.

4. Results and Discussion

HB aerial vehicle can be scaled allometrically for constant
aerostatic lift and isometrically for variable aerodynamic
lift. Such scaling is also common in hybrid airship whose
aerodynamic lift is generated from the outer contour of
hybrid lifting hull and aerostatic lift due to lifting gas [28].
The critical geometric parameter for allometric scaling is
volume of gas bags and surface area. For isometric scaling
of aerodynamic lift, the surface wetted area is used which
preserves the dimensional properties of hybrid lift. In the
case of airship, it is difficult to predict the wetted area of a
hull in the early design phases. For subsonic commercial
aircraft, analytical relationships are available for the esti-
mation of volume and surface area. Such relationships for
the estimation of frontal and surface area of conventional
aircraft are discussed below with special focus on the uti-
lization of the same relationships for defining the surface
area of HB aircraft.

4.1. Analytical relationships

Fuselage of a passenger aircraft is approximated as a slen-
der body of revolution with a cylindrical mid-section and
streamlined nose and tail section [29]. In such as an aircraft,
Sfussurf and Qfus are interrelated and can be estimated by
using Eqs. (1) and (2) by Torenbeek [29]:

Qfus ¼ ðSfusÞfront �d fusðlfus � 2=�fusÞ; ð1Þ
where �fus is the fineness ratio, Sfusfront is the frontal area of
fuselage and d fus is equal to the effective diameter of fuse-
lage. The Sfussurf is given as follows:

ðSfusÞsurf ¼ 2ð2��fusÞ1=3Q2=3
fus ð1þ 1=�2

fusÞ: ð2Þ
Although Eqs. (1) and (2) are applicable for conventional
aircraft, they can also be used to calculate the volume and
surface area of a hybrid lifting hull of hybrid buoyant air-
craft. However, a correction factor due to aerodynamic
lofting of the airfoil shaped hull is required. For example, by
using the volume of hybrid lifting hull [15], the surface area
calculated by using Eq. (2) is 32m3 less than that of the

Table 1. Comparison of definitions of reference area used for different airships and aircraft.

Reference area Hybrid airship with hybrid lift hull Winged hybrid airship Aircraft Hybrid wing body aircraft

Splan of hull/ðVol2=3Þ Splan of hull/ðVol2=3Þ Splan of wing/ðVol2=3Þ Splan of wing total Splan
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actual profile of hull which is obtained by using standard
Eppler-1200 laminar airfoil, Fig. 2. Moreover, in Eq. (2) [29],
Q2=3

fus used is related to the surface area, but the results are
different for a conventional-shaped hull/fuselage and a
hybrid lifting hull for a known value of fineness ratio �fus

and volume of fuselage Qfus. Moreover, as the surface area
increases with the increase in volume, there will be change
in the lift and drag coefficients. A detailed comparison of
geometric parameters obtained by using Eqs. (1) and (2) for
�fus equal to 5.2 and d fus equal to 5.9 is shown in Table 2.

In the field of biology, [30] introduced a volumetric
surface area term SV (Eq. (3)) for comparing bluegill and
trout of nearly the same mass.

SV ¼ wetted surface area

ðvolumeÞ2=3 ; ð3Þ

where SV accounts for the effect of size as well as the shape.
SV for bluegill and trout of almost similar Vol2=3 was 10.1
and 9.7, respectively. Moreover, slight difference in Vol2=3

was due to the difference in mass of a particular bluegill and
trout. Equation (3) was further applied in the present study
in the case of fuselage and hybrid lifting hull. Similar results
can be obtained for fuselage of conventional aircraft and
hull of a HB aerial vehicle with hybrid lifting hull. The dif-
ference in volume of the two is about 10m3, but values of SV
are quite close (see the third column in Table 2). The dif-
ference between the values of surface areas values is quite
high and a slight difference in the values of Sfusf is observed.
Therefore, for the shape under discussion, Eq. (2) perhaps
needs to be revised to account for the effect of lofting re-
quired for an airfoil-shaped hull.

Webb [30] mentioned SV is a nondimensional parameter,
which is shape as well as size-dependent. Another solution
to cater to the effect of size and shape is to divide the square
root of surface area by the cube root of volume. However,
the effect of shape of hybrid lifting hull is not prominent
compared with that obtained by using Sfuss=Q

2=3
fus . An air-

craft's fuselage is sized as per the payload requirement and
its wetted area is different from that of a hybrid lift pro-
ducing hull, which is the cause of the obvious difference in
it. Sref is referred to here as the total wetted area and may
not be confused with name SH , whose value is 142m2 for a
hybrid lifting hull [15]. For the purpose of clarification,
pictorial views of frontal area and projected planform area
of a hybrid lifting hull used in a conceptual design study in
Ref. 15 are shown in Fig. 4.

4.2. Proposed reference area

Defining the reference area is important to standardize
engineering values. Moreover, an adequate and meaningful
definition of the reference area is required by the re-
searcher to non-dimensionalize the aerodynamic forces.
Recently Vogel [8] highlighted highlighted the complication
in the selection of a suitable reference area for the esti-
mation of drag force for sea animals. For streamlined bod-
ies, wetted area (less than any fractal character of the
surface) is a suitable selection of the reference area with
two-third power of the volume of sea animals which have
voluminous guts and gonads. However, in a comparative
study of the estimation of drag in deceleration glide phase
of sea-lions [31], it was found that the drag coefficient
obtained by using the frontal area as reference area is sig-
nificantly high when compared with that obtained by using
the wetted area and Vol2=3. Moreover, drag coefficient
obtained by using Vol2=3 and frontal area does not account
for any boundary layer effects and hence gives no infor-
mation about the skin friction and induced drag. Drag is
purely an aerodynamic or hydrodynamic term as there is no
term known as aerostatic or buoyancy drag. Recently, this
has been proven by Suzuki [16] in which he experimentally
determined that drag is independent of the buoyancy and
dive depth (Fig. 1). In this way, there is no contribution of
drag due to buoyancy whether it is a case of HB aerial

Table 2. Comparison of geometric parameters.

ðSfusÞfront Qfus ðSfusÞsurf ðSfusÞsurf=ðQfusÞ2=3 ðSfusÞ1=2surf/ðQfusÞ1=3

Analytical relationship 27.32 525 408 6.53 0.32
Reference hull [4] 26.65 535 440 7.04 0.39

(a) Frontal view

(b) Projected planform view

Fig. 4. Schematic views of hybrid lifting hull of a HB aerial ve-
hicle.
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vehicle [15] or a marine animal like stellar sea lion [16] and
perhaps no term can be defined to account for the effect of
the same. Drag coefficient of streamlined symmetric body of
revolution of hull is correlated with friction coefficient of
flat plate [6].

There is no specific reference available for the estimation
of hydrodynamic lift generated by the shape of sea lions or
other pinnipeds such as seals. However, there are some old
data on penguins [32] and most of the work has been on
flippers of cetaceans — whales, dolphins, and porpoises
[33]. These sophisticated aquatic mammals are capable of
achieving fast swimming speed and have better controlla-
bility with the help of flippers. Lift coefficients of such
flippers have nonlinear behavior with an increase in the
angle of attack and the corresponding drag coefficients are
less dependent on planform shape [34]. For a HB aerial
vehicle, Sref can be defined as the sum of the projected area
of hull ðSHÞ, wing ðSWÞ, the area of symmetric/cambered
wing outside the hull and ðSCÞ for canards, if used.

Sref ¼ SH þ SW þ SC : ð4Þ

4.3. Effect of reference area on aerodynamic
lift coefficient

The hull of conventional airship does not provide aerody-
namic lift and hence there is no requirement to estimate the
induced drag. In the case of hybrid airship with hybrid lift
hull, drag due to lift can be expressed in terms of planform
area and aspect ratio of hull [14]. In the case of lift, only the
planform area of wing is used as the reference area. In the
absence of a wing in studies of lift due to fuselage alone,
reference area selection is an open question. This revealed
the need to see the general trends of coefficient of lift of
fuselage with different choices of reference areas like frontal
area, planform area, surface area of fuselage alone. In order to
find the influence of different available choices of reference
area on the lift coefficient of a conventional fuselage, there is a
need to first revisit the trends of lift coefficients by either
opting for varying the free stream velocity or varying the
angle of attack. Earlier option is computationally cheap but
experimentally expensive. However, later option is an ex-
perimentally cheap one as a single blow down is required to
get an overall trend. Therefore, it was planned to first opt for
option one for lifting hull and option two for a generic model
of a transport aircraft.

4.3.1. Generic model of a transport aircraft

In order to get a quantitative trend of aerodynamic lift co-
efficient generated by a fuselage of aircraft, a generic model
of 1m length of fuselage having maximum diameter equal to
0.13m was recently tested at 30m/s in the IIUM-LSWT,

Fig. 5. The total pressure variation in the test section has
been found to be within 0.999 � Cpt � 1:003 and the dy-
namic pressure variation from �0.5% to 0.4% from the
plane mean value. Sign convention used in the experimental
studies is such that positive axial force is along the positive
x-axis (forward from tail to nose) and positive normal force
is along the positive y-axis (upwards). Variation in lift force
with angle of attack is obtained in wind axis and is shown in
Fig. 6. Since there was no wing attached to the fuselage, till
vs. � equal to 20�, no stall characteristics were observed
from the general trend of CL vs. �. No correction in values of
CL was applied as body lift is usually ignored for the case of
wind tunnel testing on scale down models of aircraft. Air-
craft Digital DATCOM was also run to get the general trend
of the lift generated by the fuselage of a commercial aircraft.
The results (Fig. 6) show that change in lift force at low

Fig. 5. Generic model of a transport aircraft.

Fig. 6. Variation in CL with �.
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angles (�50�) of attack is quite small. Such shapes perhaps
cannot generate sufficient lift to hold partial weight of air-
craft at low speed.

As the scope of present work is limited to the lift force,
trends of drag force are not reported here. Lift force was
nondimensionalized by Sfussurf , Qfus, Sfuss and their corre-
sponding values were 0.012m2, 0.01m3 and 0.11m2, re-
spectively. Comparison of values of CLP , CLV and CLA is shown
in Fig. 7, which shows that variation in CDV

with � is quite
small and at low �, values of CLP and CLV are the same. One
of the obvious reasons is the small value of lift force gen-
erated by the fuselage. At higher values of �, values of CLP
are more than CLA , obtained by using Sfuss as Sref . In this way,
use of Sfusp as Sref has preserved the change in lift coefficient
obtained by increasing the value of �. Based on this finding,
Sfusp was used further for the estimation of CL for the case of
hybrid lifting hull.

4.3.2. Hybrid lifting hull

In a recent design exercise of HB aerial vehicle with hybrid
lifting hull, drag coefficient was estimated by using
computational fluid dynamics (CFD) and drag force was
nondimensionalized by exposed planform area of wing [15].
But it is perhaps not the true representation as there can be
a design case without a wing attached to the hybrid lifting
hull. In the present work, a comparative study of drag

coefficient estimated by using different reference areas for a
hybrid lifting hull [15] was carried out. First, L and D forces
are computed using CFD and the results are shown in
Table 3. The C–O type grid was used and numerical simu-
lations were carried out by using fully structured grid so
that the flow should be aligned with the grid. Contours of
pressure coefficient over hybrid lifting hull surface and its
surface grid are shown in Figs. 8 and 9, respectively. It can be
observed that pressure is decreasing from the leading edge to
trailing edge with a gradual increase in the thickness of body.

The drag force D is nondimensionalized by all available
choices of Sref as proof. Based on the findings of the above
section, L is nondimensionlized only by SfusP, i.e. SH to find
CLP , which is further used to find aerodynamic efficiency after
calculating the values of ratio CLP=CDA

and CLP=CDP
(Table 2).

Fig. 7. Variation in CL with � for different choices of reference areas.

Fig. 8. Contours of coefficient of pressures on hybrid lifting hull
with streamlines plot.

Fig. 9. Surface Grid on hybrid lifting hull.

Table 3. Comparison of aerodynamic data obtained by using different reference areas.

V (m/s) ðCDÞF ðCDÞV ðCDÞA ðCDÞP ðCLÞP LðNÞ DðNÞ L=D ðCLÞP=ðCDÞA ðCLÞP=ðCDÞP
25.72 0.041 0.002 0.002 0.007 0.013 1085 445 2.43 6.5 1.85
20.57 0.039 0.002 0.002 0.006 0.011 946 364 2.59 5.5 1.83
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It can be easily perceived from this table that although
there is no change in the drag area, comparison with coeffi-
cients obtained by using the values of reference area, Qfus and
Sfuss coefficient of drag does vary promptly if the speed
changes. Similar variation was also observed in the case of
steller sea lion [31]. Linear relationship of Vol2=3 with Sfuss and
Sfusp was not able to capture the effect on drag coefficient. In
the case of a hybrid lifting hull, one can also say that Vol2=3 is
only related with buoyancy and drag force is independent of it.

Variation in aerodynamic coefficients predicted by using
Sfusp is quite obvious, but the change in their ratio is not so
noticeable. If we nondimensionalized the lift force by Sfusp
and drag force by Sfusf , then change in their ratio CLP=CDA

with free stream velocity is remarkable. If one uses plan-
form area for lift coefficients and wetted area for drag
coefficients, then the loss would be in describing the real
meaning for their ratio. However, lift-to-drag ratios are still
meaningful in terms of its general trend with change in free
stream velocity. Also, no analytical relationship is available
to estimate the planform area of hull and therefore, CLP=CDA

would be hard to use to compare hulls that differed in
shape. Only solution available is to use the CAD software.
Similar to the results obtained for a conventional fuselage of
transport aircraft (Fig. 7), value of CLP increases from 0.011
to 0.013 against change in L from 946N to 1085N by just
an increment of 5m/s in free stream velocity.

Though Fish [35] emphasized on the usage of compu-
tational tools for better understanding of biological systems
and their further adaptation for engineering applications, it
is well known that CFD usually overpredicts the drag force,
especially the zero lift drag [36]. Any further comparative
study on shapes similar to Steller sea lion needs accurate
estimation of hydrodynamic as well as aerodynamic force.
Moreover, whether steller sea lion's body or other second-
arily aquatic mammals take advantage of a cambered profile
of body is another question and wind/water tunnel testing
is one of the prospective solutions for the estimation of the
same at different flight conditions.

In summary, there is no analytical correlation of the term
as defining the planform area traditionally used in airships.
Planform area as reference area is found to be best suited to
nondimensionalize the aerodynamic forces acting on the
surface of the hybrid lifting hull. Comparative studies on the
trends of aerodynamic data to be obtained from wind tun-
nel testing on scaled down models of hybrid lifting hull for
different flight regimes will further reveal the usage of
proposed reference area.

5. Conclusion

This paper adequately put forward a case for choosing the
correct reference area for hybrid lifting hull. The methodology

consists in the examination of different possibilities of the
scaling (related to the dimensions of the body) and investi-
gation whether the aerodynamic coefficient (the forces are
obtained by numerical experiment) then becomes more or
less universal. Based on the literature survey, it is concluded
that the surface area of a hybrid lifting hull is related to the
weight due to square cube law and it is related to volume for
defining the buoyancy ratio. There is similarity of volumetric
variable in defining the reference area between few under
water animals and airship, but its further utilization for
hybrid buoyant aerial vehicle is not suitable due to the vol-
ume independency of lift as well as drag force. Size of the
wing beneath inside the voluminous fuselage is of importance
to coefficients related to lift generated by the exposure to air.
Both wings and fuselage projected planform areas can be
added together to define the reference area of a HB aerial
vehicle without canards.
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