
1

Transportation Development Research | Volume 03 | Issue 02 | November 2025

Japan Bilingual Publishing Co.

Transportation Development Research
https://ojs.bilpub.com/index.php/tdr

COMMUNICATION

Low-Drag Bodies of Revolution and Their Applications for Effective 
Transportation

Igor Nesteruk 1,2*

1 Institute of Hydromechanics, National Academy of Sciences of Ukraine, Kyiv 03680, Ukraine 
2 Isaac Newton Institute for Mathematical Sciences, University of Cambridge, Cambridge CB3 0EH, UK

ABSTRACT

Improving the shape of vehicle hulls remains a pressing task, particularly in minimizing harmful emissions into 
the environment and achieving optimal economic performance. To reduce aerodynamic or hydrodynamic drag, special 
body shapes can be recommended that provide a flow pattern without boundary-layer separation. Corresponding 
bodies of revolution were calculated with the use of slender body theory and exact solutions of Euler equations. Some 
of them were successfully tested in the wind tunnels. It was demonstrated that the flow pattern can be laminar at 
relatively high Reynolds numbers, and the volumetric drag coefficient on such bodies does not depend on the shape, 
but rather decreases with an increase in the volumetric Reynolds number. The critical values of the Reynolds number 
were estimated, and the simple relationship for critical values of velocity, volume, and length was obtained, which 
allows estimating the parameters of a minimal drag hull and the maximum speed of aquatic animals. In particular, the 
Gray paradox was resolved, and the very high speed of the sailfish was explained. It was also shown that hulls with 
sharp concave noses have no stagnation points, pressure, and temperature peaks. In supersonic flows, they can reduce 
overheating of the noses. Such hulls penetrating water have much lower loads on the noses. Moving on the water 
surface, such hulls can ensure a low wave resistance and total drag. The proposed hull shapes could significantly reduce 
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the drag of underwater vehicles, SWATH and floating ships, airplanes, airships, cars, and gliders. The use of critical 

values of parameters allows developing the vehicles with the high commercial efficiency (weight-to-drag ratio) and 

range. 

Keywords: Drag Reduction; Unseparated Shapes; Laminar-Turbulent Transition; Grey Paradox; Hull Overheating; 

Water Penetration

1.	 Introduction

To minimize carbon emissions and achieve the high 

economic performance, the shape of a vehicle has to be 

improved [1–8]. To reduce the drag, special body shapes 

can be recommended that provide a flow pattern without 

boundary-layer separation [7,9]. Corresponding bodies of 

revolution were calculated with the use of the slender body 

theory and exact solutions of Euler equations [9–12] and test-

ed in the wind tunnels [9,13]. In this short communication, 

we will briefly analyze the results presented by Nesteruk 

and co-authors [4,6,9–17] and discuss the perspectives of using 

the presented shapes for effective transportation.

2.	 Materials and Metods

For elongated bodies of revolution ( D/L<<1; L is its 

length; D is the maximum diameter) moving at constant 

speed U along the axis of symmetry x, the flow plow pat-

tern can be simulated with the use of slender body theory [9]. 

In the unbounded incompressible flow, the radius R(x) of 

the body and the pressure coefficient Cp (x) on its surface 

are related by the first approximation equation [9]:

-
ε

2 2

2

d R Cp(x)=
x lnd

. (1)

For bodies moving near the water surface, the pres-

sure distributions and velocities on the water surface were 

calculated using the distributions of sources and sinks 
[12,15,16]. For compressible flow, the temperature on the body 

surface was calculated [11,15]. To improve the accuracy, the 

exact solutions of the Euler equations have been used [9–12,15]. 

To support the theoretical results, the wind tunnel tests 

were performed [9,13].

3.	 Results and Discussion

3.1.	No Separation on Special-Shaped Bodies

Eq. (1) enables calculating the shape of the bodies 

with a prescribed pressure distribution on their surface. 

To avoid separation of the boundary, the special-shaped 

bodies of revolution with negative pressure gradients were 

calculated with the use of the exact solution of the Euler 

equations as well (see examples in Figures 1 and 2). Wind 

tunnel tests have confirmed the absence of separation on 

some bodies of revolution [9,13] (see Figure 2) similar to the 

trunks of aquatic animals, which also ensure a flow pattern 

without separation [18,19]. 

(a) (b)

Figure 1. (a) Axisymmetric bodies with negative pressure gradients on their surfaces. First approximation equation and its solution [9]; 
(b) Exact solution of Euler equations and comparison with the dolphin body shape [9,10]. 
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(a) (b)
Figure 2. (a) Radii of axisymmetric bodies (solid lines) and pressure coefficients Cp (dashed curves) versus dimensionless axis coor-
dinate x/L. Body UA-12.4c “Sailfish” (L/D=12.4; green lines); UA-5.9c “Blue shark” (L/D=5.9; blue lines); UA-4.5c “Albacore” (L/
D=4.5; dark blue lines) and the unclosed body UA-2 (L/D=3.52; red lines) [10]. (b) Measurements of the pressure coefficient on the 
body UA-2 (markers), theory (the blue line) available in the study of Nesteruk et al. [13]. 

3.2.	No Turbulence on Slender Unseparated 
Shapes at Low Reynolds Numbers

When the Reynolds numbers are small enough, 
the boundary-layer on a flat plate remains laminar for 
any frequencies of disturbances (according to the Toll-
min-Schlichting-Lin theory [20]). Mangler-Stepanov trans-
formations [20] allowed us to estimate the critical value of 
the Reynolds number for a slender unseparated body of 
revolution as follows [4]:

π 3
*
L

59558 LRe =
V (2)

With the use of critical values of the velocity U*, vol-
ume V*, and length L*,  relationship (2) can be rewritten as 
follows: 

U*V* = 1.87 × 10⁵ ν (L*)² (3)

(ν is the kinematic viscosity of air or water). Eq. (3) 
yields the parameters of a minimal drag hull (since the 
volumetric drag coefficient is minimal at the critical 
Reynolds number [4]) and allows estimating the maximum 
speed of aquatic animals. E.g., the dolphin’s body of vol-
ume 0.0907 m3 and the length 1.83 m (these values were 
used by Grey [21] to estimate the drag) yields the critical 
value of the velocity 8.9 m/s in water with the tempera-
ture15 ℃. This fact resolves the Grey paradox [21,22], since 
this animal can ensure laminar boundary layer on its en-

tire surface at U < 8.9 m/s. For slenderer bodies (with 
higher values of the length-to-diameter ratio), the critical 
Reynolds numbers are larger and the corresponding vol-
umetric drag coefficients are much lower in comparison 
with the standard shapes [23] or special low-drag bodies 
of revolution proposed before by different authors [24–26]. 
For example, the sailfish (Istiophorus platypterus; which 
probably is the fastest fish with the maximal speed 33 m/
s [18]) can ensure the laminar flow pattern at speeds less 
than 42 m/s for the length 3.15 m and mass 56 kg (ac-
cording to (3)).

3.3.	Minimal Friction Drag on Slender Ax-
isymmetric Unseparated Hulls

On a slender body of revolution with the laminar at-
tached boundary layer, the volumetric drag coefficient is 
independent of the body shape and related to the volumet-
ric Reynolds number as follows [4,10]: 

V
V

4.C 7=
Re  , 

ν

1
3

V
UVRe = (4)

In Figure 3, the black line represents the first rela-
tionship (4) and demonstrates that the drag coefficient in 
the unbounded flow of incompressible fluid can be very 
small at high values of the critical Reynolds number (2), 
exceeding which leads to turbulence and deviation from 
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dependence (4). Since critical Reynolds numbers are high-
er for slenderer bodies of revolution (according to eq. (2)), 
elongated hulls (L/D>>1) could significantly reduce the 

drag of underwater vehicles, SWATH ships, airplanes, air-
ships, cars, air and sea gliders, bikes, etc., as mentioned in 
Nesteruk [4,6] and Nesteruk et al. [14,17]. 

Figure 3. Drag coefficients versus volumetric Reynolds numbers (both based on the volume of the body of revolution). Dashed 
curves and “stars” correspond to theoretical and experimental values of drag on standard shapes, solid lines represent eq. (4) and 
turbulent drag on the special-shaped axisymmetric hulls [4,10]. Dark blue lines represent bodies with L/D = 4.5; blue curves - L/D = 
5.9; green - L/D = 12.4; magenta - L/D = 33.3. The solid brown line corresponds to the special-shaped unclosed body UA-23.3 (L/D 
= 23.3) [10]. “Circles” show the experimental data for special-shaped bodies of revolution proposed by other authors [24–26]. Names of 
aquatic animals represent values of volumetric Reynolds numbers typical for their locomotion. 

Use of the laminar hulls increases the commercial ef-
ficiency (weight-to-drag ratio k) and the range with a fixed 
energy reserve on board [4,6]. In particular, for the maximal 
range of electrical vehicles Se can be estimated as follows [6]:

Se ~ 10 km (5)

Since the weight of vehicles is proportional to their vol-
ume, the use of critical values of parameters (according 
to eq. (3)) allows achieving the maximal commercial effi-
ciency.

Eq. (3) could be useful for engineers developing 
small unmanned vehicles, since the hull volume is rather 
limited, especially for underwater devices, due to much 
smaller kinematic viscosity in comparison with air. Nev-
ertheless, a special-shaped hull of a small electrical sub-
marine with a weight 1.6 t and a length 10m can ensure a 
laminar flow pattern at speeds up to 15 m/s, k = 80.2, and 
a range up to 800 km [6]. For an airship with L = 50 м and 
U=20 м/с moving at an attitude 20 km, eq. (3) yields the 
value of critical hull volume V* = 3620 м3, weight 322 kg, 
and ratio D/L = 0.3. An unseparated shape similar to the 
body of revolution UA-2c [9] can be used to achieve the 
economical efficiency k = 226. As estimated by Nesteruk [6], 
the flight of such an airship can be maintained for an prac-

tically unlimited time with the use of solar batteries.
It is impossible to satisfy condition (3) for large or 

fast vehicles. Then the high turbulent drag (see Figure 3) 
decreases the commercial efficiency. For very small and/
or slow vehicles (e.g., sea gliders [6]), the left part of eq. 
(3) is much smaller than the right one. Nevertheless, small 
values of speed ensure very high commercial efficiencies 
and ranges with the use special- shaped hulls proposed by 
Nesteruk [4,9,10] and shown in Figure 2a. The use of well-
shaped underwater wings allows obtaining fully laminar 
sea gliders [4].

Condition (3) is not of fundamental importance for 
airplanes, since the main contribution to their drag is made 
not by the fuselage, but by the wings [4,6]. The principles of 
the optimal wing design are discussed by Nesteruk [4,6]. At 
the same time, in the conditions of competition, aircraft fu-
selages should be selected in accordance with formula (3), 
where possible, and the special unseparated shapes have to 
be used (see examples in the study of Nesteruk [9–11]).

3.4.	No Stagnation Points on Concave Noses. 
Reduction of Wave Resistance, Loads and 
Overheating  

The shapes of the fastest fish have sharp concave nos-
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es [18]. The exact solution for the unbounded flow of inviscid 
incompressible fluid demonstrated that there are no stagna-
tion points and pressure peaks at the leading edge of similar 

shapes [11] (see Figures 4 and 5). Some approximate ap-
proaches have also been used to take into account the pres-
ence of the water surface and the fluid compressibility [12,15]. 

Figure 4. Bodies of revolution with the sharp concave noses (solid green, blue, and black lines) and an example with a convex nose (the 
red dotted curve).  Corresponding pressure distributions are shown by dashed lines [11].

Figure 5. Radius of the slender body of revolution with the concave nose (the black solid curve) and the pressure/temperature coeffi-
cients distributions at different values of Mach number (dashed lines) [11]. 

Sharp concave noses allow avoiding their overheat-
ing in hypersonic flows (see Figure 5 [11]). Such hulls pen-
etrating water have much lower loads on the noses (see 
Figure 4 [11]) and no stagnation points on hulls moving near 
the water surface along the axis of symmetry (see Figure 
6 [12,15]). Since pressure peaks corresponding to stagnation 
points cause the wave resistance [27], it can be reduced with-
out using any bulbous bows [16]. The possibility of reducing 
the wave resistance is also evidenced by vertical veloci-
ties calculated on the water surface and shown in Figure 
7. These velocities and corresponding deformations of the 

water surface are much lower for hulls with concave noses 
in comparison with convex ones. After corresponding test-
ing, the proposed new shapes with sharp concave noses can 
be used as parts of hulls for floating vehicles (boats, ships, 
etc.). For example, the new special-shaped pontoons can 
significantly improve the characteristics of the water bikes 
[17]. For a boat with a displacement 2 m3 and a speed 15 m/
s, the use of a special hull with a concave nose and L = 15.9 
m, L/D = 16.8, yields a very high level of the commercial 
efficiency k = 126 [6]. According to formula (4), the range of 
the electrical boat with such a hull can exceed 1200 km.
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Figure 6. Slender axisymmetric body of revolution with the concave nose. Shape (solid) and pressure coefficients (dashed lines) at 
different values of dimensionless depth of motion h (based on L) [12]. 

Figure 7. Comparison of two hulls with concave (“triangles”) and convex (“circles”) noses and L/D = 5.3. Vertical upstream veloci-
ties on the water surface at different depths of movement h/L [15].

4.	 Conclusions
Special shaped bodies of revolution without bound-

ary-layer separation can delay the laminar-turbulent tran-
sition, reduce the drag, loading, and overheating, and can 
be recommended for hulls of underwater and floating ve-
hicles, SWATH ships, airplanes, airships, cars, air and sea 
gliders. The use of proposed critical values of parameters 
allows developing the vehicles with the maximum com-
mercial efficiency (weight-to-drag ratio) and the range. 
Improved vehicles can make a significant contribution to 
optimizing transportation systems. As a topic for further 
research, we can propose further improving the separation, 
noise, and cavitation characteristics of 2D profiles using 

the shapes with negative pressure gradients proposed by 
Nesteruk [9].
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