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Design of Low-Drag Axisymmetric Shapes by the Inverse Method
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University of Houston, Houston, Texas

and

M.F. Zedany
Brown & Root, Inc., Houston, Texas

The inverse method is applied to the design of a low-drag aerodynamics shape. The problem {reated is an
axisymmetric body generated by means of an axial distribution of line sources and sinks. Recommended low-
drag shapes are examined to determine if medification of the external velocity will lead 1o a reduced drag by
body reshaping. It is found that the delay of transition on a particular known body shape can be achieved. This
results in an improved body shape with lower drag coefficient and better transition characteristics at a volume
Reynolds number of 5 x 107. This study demonsirates the importance of the inverse method in determining low-

drag shapes.

Nomenclature

=reference area

=vector in velocity equations

= yolume drag coefficient
=skin-friction coefficient

=drag

= fineness ratio

=shape factor

=body length

=number of unknown coefficients
=velocity on surface =vu? +v?
=radial coordinate

= momentumn thickness Reynolds number
=length Reynolds number

=velume Reynolds number

=slope of meridian line on surface

= geomeiric matrix in ¥ equation

=x direction velocity

=uniform approach velocity

=r direction velocity

=hody volume

= geometric matrix in v equation
=coordinate in direction of body length
= distance from leading edge to first element
=distance from trailing edge to last element end
= fluid density

= kinematic viscosity

=stream function

=strength of variable intensity source
=dummy variable of integration

= geomnelric matrix in ¥ equation

= axisymmetric momentum thickness
=axisymmetric displacement thickness
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Introduction
HE design of low-drag axisymmetric body shapes is
currently receiving considerable attention in the engineer-
ing community. The motivation is the need to develop more
efficient shapes suitable for airship, torpedos, and submarine
applications. With the increasing cost of energy, recent
studies! demonstrated the feasibility of the use of airships in
long-distance handling of large bulky cargo. Most of the
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analyses on airship aerodynamics are guite old; thus, it is
timely to reconsider the airship shape using the latest design
considerations to reduce the drag. Underwater vehicles also
have the potential for significant drag reduction, as has been
pointed out by a number of investigators, A likely op-
portunity for drag reduction has to do with body shaping to
produce as long a run of laminar boundary layer (LBL) along
the body surface as possible.

For a body of revolution in an incompressible axial flow,
the total drag may be divided into two parts. The first part is
due o fuid friction (viscosity) along the body surface, while
the second is due to the net pressure force acting on the body
in the direction of the undisturbed flow, For a streamlined
body with a thin and attached boundary layer, pressure drag
is negligible compared to viscous drag. Since the effects of
viscosity are confined to the boundary layer, friction drag can
be reduced by controlling the growth of the boundary layer.
An effective and economical method to achieve that is by
appropriate body shaping. The classical approach to shape
design is to start with a certain geometry that conceivably
satisfies the requirements, and then to manipulate the
geometrical parameters to achieve lower drag and/or enhance
other required characteristics. This procedure can probably be
classified as a ‘“rial-and-error’” approach; the success
depends mainly on the individual designer’s experience. An
alternative procedure is to use the inverse-problem approach.
In such an approach, a prescribed velocity distribution is
input and the corresponding shape is computed. Obviously, it
is easier to manipulate the velocity distribution as compared
to the body geometry to achieve specific requirements. This is
due simply to the fact that cavitation, flow separation, and
boundary-layer transition are related to the characteristics of
the velocity distribution in a more direct manner than to the
body geometry. Thus, the inverse-problem approach, while
net eliminating trial and error, reduces it substantially; it is
alsc a more effective means to judge the limits of im-
provements that can be achieved in some situations. This
approach has been used effectively in the design of highly
loaded airfoils. However, its use in axisymmetric body design
has been very limited until recently due to the lack of an
adequate inverse-problem solution and to the lack of in-
formation about the characteristics of the velocity distribu-
tions around low-drag shapes.

The objective in this paper is to demonstrate the use of the
inverse-problem approach in the design of low-drag bodies of
revolution suitable for large torpede and small airship ap-
plications. Since the primary function of these bodies is to
carry a given payload, the one-third power of the volume K"
is used as a characteristic dimension. The study is carried out
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for a given volume Reynolds number R, (=U_V¥/») of
5x107. The input velocity distribution for the inverse-
problem program is based on a detailed compurational study
recently carried out by the authors in which they compared the
drag characteristics of 2 number of low-drag shapes suggested
by other investigators. The results of this study gave con-
siderable insight to the effect of velocity distribution on drag
and body shape, The delay of transition was used as a key for
the reduction of drag. Following the trends indicated by this
study, a velocity distribution was suggested for input (o the
inverse-problem program developed by the authors.

Previous Low-Drag Studies

One of the carliest of these is a 1950 study of Gertler? who
built 24 models of different shapes, These models were tested
at various Reynolds numbers by towing them through water
at different speeds. The overall drag was measured but the
boundary-layer characteristics were not, The purpose of the
Gertler study was submarine design which had a volume
Reynolds number of approximately 3x10%, Since (he
maximum test volume Reynolds number was about 5 108, it
was necessary 1o trip the boundary layer at 5% of the body
iength to simulate the prototype situation. Gertler's study
produced a best shape from the 24 models he studied.
However, his best-shape model cannot be construed to be an
optimum-shape body since an optimization procedure was not
followed. The tests by Gertler have been described by Hess?
as highly accurate and have represented excellent test cases for
computalional methods over the years.

Carmichacl* in 1966 developed a new low-drag body by
means of shapc manipulation. Through his experiments,

Carmichael showed that reducing the fineness ratio (FR) has -

the effect of reducing the surface arca and consequently the
drag. Then by proper body shaping in analogy with laminar
airfoils, a body of FR =3.33 was deduced from the NACA 66
airfoil scries. This tailboomed body (called the Dolphin) was
gravity tested in the Pacific Ocean. Drag reduction of 60%
was achieved over the conventional torpedo shape for equal
volumes at length Reynolds numbers of 2-3x107. The
primary reason for such significant drag reduction is the
strong flow acceleration on the fore part of the body. This
acceleration delays boundary-layer transition to a farther aft
point on the body. To verify this, transition length Reynolds
numbers of 1.4-1.8x107 were deduced by comparing the
experimental results to computational results. This transition
delay proves to be a very effective technique in viscous drag
reduction. Hertel® considered the shapes of several fast-
swimming animais (tunny, trout, dolphin, and shark) as
candidates for a low-drag shape for a given volume for VTOL
subsonic aircraft applications (R, ~ 10%}. The study indicated
that the substantial pressure drop ceases at x/L =0.1 for the
tunny and trout shapes which have elliptic noses. Therefore,
the chance of sustaining a laminar boundary layer beyond this
point is remole at such high Reynolds numbers. On the other
hand, shapes with parabolic noses, such as the dolphin and
shark, have a strong favorable pressure gradient for a larger
distance. Based on these considerations, Hertel developed a
new fuselage shape (called Shark 1) which has a 0.22 thickness
ratio, sharp nose, and rounded tail. Because of the strong
flow acceleration in the range 0<x/L <0.4, Hertel’s tran-
sition predictions showed that the boundary layer remains
laminar up to x/L=0.35 al R, =108, Such a transition delay
and the small fineness ratio resulted in a big reduction in drag
for a given volume. Parsons and Goodson® developed a
computer-oriented optimizalion procedure together with a
drag calculation package for the automatic synthesis of
minimum drag shapes for a given R,. A number of subop-
timum shapes were developed at different R, in the range of
3% 10% 10 5x107. Two shapes, F2-49 and F-57, with ap-
proximately the same drag at R, =5x107 were developed
under the condition of a sustained laminar boundary layer
(LBEL). The Parsons and Goodson study also showed that the
drag coefficient €y, ( =2D/p ¥V * U, 7) was insensitive 1o body
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shape provided that separation did not occur and that the
LBL wus not extended. The best turbulent design, body 1-36
at R, =5x10% had about the same drag coefficient as
Gertler’s best profile. Myring,” assuming a completely
turbulent boundary layer {TBL), studicd the effect of body
shape on the viscous drag by changing one parameter at a
time. The lowest drag shapc, which has continuously
changing area distribution, showed a reduction in the drag
coefficient based on surface area Cp 0f as much as 10% over
other shapes at the same R, and for the same FR, Hess,?
assuming that the boundary layer is turbulent from the nose,
developed a simplified drag integral formula based on
Truckenbrodt’s method for TBLs. Hess’s formula was used
to study the drag of widely different profile shapes. Hess
indicated that Cj, is quite insensitive to huil shape and,
consequently, some means other than huil shaping should be
used in situations when a considerable run of LBLs is not
expected. Hess also tried unsuccessfully to use Lhe inverse-
problem method of Bristow® to design low-drag shapes. He
pointed out the lack of informatien abour the characteristics
of the velocity distribution needed to produce low-drag
profiles. Using a velocity distribution of constant vaiue over
most of the body and Bristow’s inverse-problem program
produced what Hess called “‘cavitation shapes.’’ The drag
performance of these shapes did not show any advantage over
prolate spheroids.

Recently, Zedan and Dalton® carried out a computaticnal
drag study to compare the characteristics of most of the low-
drag shapes discussed earlier at R, of $x 107 and 10%. The
study showed that most all of the profiles have Cj, = 0.013 at
Ry =10* assuming a TBL over most of the body. Transition
calculations showed that such an assumption is quite ac-
curate; however, it is conceivable to have a short bul not
negligible run of LBL by increasing the flow acceleration over
the first 20% of the body. At R, =5x107, the Zedan and
Dalton study showed that all shapes except the Shark and F-
57 have early transition and, therefore, are not promising.
This part of the study is briefly reviewed later since the present
work is based on it.

The Inverse-Problem Method

The inverse problem in hydrodynamics may be stated us
follows: given a prescribed velocity distribution, find the body
shape that will produce, when placed in a uniform flow, the
closest possible velocity distribution to the prescribed one.
While there are two other methods in the literature % to solve
this problem, we chose to use our own method 12 due to its
simplicity. Bristow’s method is iterative; the body geometry is
updated in each ileration such that the mean square difference
between the prescribed velocity distribution and the velocity
distribution calculated by the Douglas-Neurnann surface
source direct method ™ is minimized. The method appears to
be quite accurate but it is mathematically tedious, and
requires lengthy computations and a large computer facility,
As for Jumes® method, a conformal mapping technique is
used to transform the body meridian curve into a simpler
geometry. The governing partial diffcrential equation that
results in the transformed plane is transformed into a number
of ordinary differential equations which are solved
analytically using a series solution employing sequences of
Fourier, Chcbyshev, or Legendre functions. An iterative
procedure which starts with an initial guess of the body
geometry is used to solve the inverse problem, The method
converges faster than Bristow’s method, however it is
mathematically complicated.

The author’s method''* is based on representing the
axisymmetric body by a source distribution of variable in-
tensity o, along its axis. The integral equations representing
the flowfield due to the source distribution and a uniform
stream of velocity U are
[*r U (x—£)d¢

¢(x,r}=—_§ 7 o ULz
47 Jx, N(x—£)Y2 42
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field, and ¥ and v are the axial and radial velocity components
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integral in Egs. (1-3) can be written as a summation of in-
tegrals over Nmn_gulamy elementls distributed b:?tweeq X, and RBAND% % CRABTREE'S
x, as shown in Fig. 1. Representing the source intensity over = TRANSITION  —m (x/L} ANDIRg)
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evaluation of the element integrals in closed form. Zedan'
was able to reduce the integral eguations (1-3), when applied
at a control peint /, to the following algebraic equations:
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where C; is a one-dimensional array which includes the poly-
momial distribution coefficients over all elements, the ma-
trices ‘I'u’ UU, and V are pure functions of profile geometry,
and M is the number of the unknown coefficients C;.

Since the total flow velocity should be everywhere tangent
to the body surface, then

q;
= —— ™
I+5?

where g is the prescribed velocity en the body surface and S is
the slope (dr/dx) of the meridian line of the body.

The solution starts with an initial guess of the body geom-
etry; an ellipsoid of high fineness ratio (FR=16) is satisfac-
tory for most cases. The slope of the meridian line S, and the
matrices \I',J, U,_,, and V are computed for this geometry.
The axial velocity component u; is then calculated from Eq.
(7}, The M unknown coeffi 1c1ent§ C; are obtained by solving a

Fig. 2 Block diagram of drag calculation scheme,

system of linear equations that consists of the following: 1}
Eq. (5) applied at (M — N) contro! points, 2) (N - 1} equations
described by the constraint of continuous source intensity at
the junction points between the elements, and 3) the closure
condition (the net efflux of the source distribution for a closed
profile is zero). With the coefficients C,, the radial velocity
distribution v, is computed from Eq. (6}. The new body radius
is calculated from Eq. (4) by setting ¥, equal to zero at all
control points; if this fails, a different strategy based on
integrating the »,/u; array with respect to x is used as
described by Zedan.'? The new profile geometry replaces the
initial shape and the calculations are repeated in an iterative
manner untii convergence is attained. The details of the
algorithm and the convergence criteria are given by Zedan.
Numerous test cases showed that using a linear intensity
variation over all elements except over the last one, where a
parabolic distribution is used, gives the best results for most
streamlined body shapes,
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Drag Calculation Package

The flow model is standard. At high Reynolds number, the
flowfield may be divided into two regions, namely a boundary
layer near the body surface and an irrotational region outside
the boundary layer. The boundary layer is laminar at the nose
and then becomes turbulent at some location downstream.
- The turbulent boundary layer merges into a wake in the aft
body region. The drag is usually computed from the
momentum deficit in the wake. The TBL grows much faster
than the LBL and is, therefore, responsible for most of the
wake momentum deficit and consequently the drag. Using an
approximate selution for the flow in the wake, Young!$
related the drag coefficient to the boundary-laver charac-
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teristics at the body tail as follows:
da(rgf) ¢ g N (H+51
o= [ =5 ()] :
»=| 7 U ® (8)

where 8 is the axisymmetric boundary-laver momentum
thickness, r, the radius, A a reference area, ¢ the velocity
outside the boundary layer, and H the boundary-layer shape
factor (ratio of displacement and momentum thicknesses). At
the tail of a closed profile, r, is zero and 8 is infinity although
r,8 is finite. Thus, Young’s formula is applied along the body
as Cy(x) to evaluate the limit as the tail is approached.
Obviously, the boundary-layer solution and the external
velocity distribution are required to compute ', (x) along the
body. A summary of the calculation proeedure including the
boundary-layer characteristics through the drag computation
is shown in Fig, 2.

The cxternal flow velocity distribution g{x} is approxi-
mated by the velocity distribution obtained from the potential
flow solution around the body. Hess and Smith, '* Nakayama
and Patel,'” and Smits et al."* showed that such an approxi-
mation is quite accurate except very clase to the tail, The
Douglas-Neumann surface source method ' was initially used
to compute the velocity distribution, but now it has been re-
placed by our refined direct-problem method.!? Figure 3
shows a good agreement between these two methads for the F-
57 and Shark profiles; the only difference is that our method
is much simpler and more efficient for axisymmetric bodies.
Figure 4 shows further a comparison between the experimen-
tal data of Foubert et al." and the velocity distribution ob-
tained by our method.

Thwaites’ integral method, as presented by Cebeci and
Bradshaw,?® is used to predict the evolution of the LBL,
Comparisen with the more exact Cebeci and Smith?! finite-
difference method indicated thai the Thwaites’ methad is
quite accurate, Transition is predicted by the Crabtree
methed 22 which was chosen after a careful consideration of
other criteria as discussed by Zedan.!" Since transition is
sensitive to hard-te-control factors, the current predictions
may not be physically accurate but we believe the results
should be quite good on a comparative basis for different
shapes. The TBL calculalions are started at the transition
location using the value of & predicted by the LBL sclution
there and a value for / cbrained from the TBL equilibrium
relations of Nash,*2* The TBL evolution is predicted by
Patel’s method. This method is quite accurate even for thick
boundary layers which is certainly the case near the tail.

The drag package is described in more detail and its results
are critically evaluated by Zedan.'" Comparison with the
experimental data of Gertler for profile 4165 of his series 58
showed that the error in the drag coefficient Cp, is about
3.2% compared 10 9.1% for the predictions of the Parsons-
Goodson package in which the LBL and TBL are predicted by
the Cebeci-Smith method. The error of the present package
was even lower than 3.2% for other test cases (not presented
herein), provided the correct transition location is known.

Results and Discussions
Comparing the drag characteristics of a number of the best
profile shapes in the literature, our previous study® showed
that at R, =5 x 107 ali bodies with the exception of the Shark

Tablel Summary of results at B, =5x 107

Profile Tunny Dolphin Shark E-57 F2-45 Myring 1-36 4165

10-8R, 1.8288 2.2646 1.8245 1.8743 1.6096 1.9835 2.3178 2.3529

(xsL),, (.0087 0.0492 0.3689  0.104 0.0758 0.0777 0.0965 0.0744
(0.4222}

Chy 0.0139 0.0143 0.0114  0.041 0.0144  0.0140 0.0135  0.0141

(0.0086)
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Fig. 6 Boundary-layer development for Shark and ¥-57 profiles,
R,=5x107.

of Hertel® and the F-57 of Parsons and Goodson® have
transition within the first 10% of the body length and about
the same volume drag coefficient (Cp, =0.014). Such drag
results are summarized in Table 1. The transition location was
predicted using the Crabiree criterion. The transition
characteristics of the Shark and the F-37 profiles are shown in
Fig. 5. No transition is indicated within the limits of the
criterion as proposed by Crabtree; however, the curve of
profile F-57 comes very close to the Crabtree (ransition line
(in contrast with the Shark shape) in the range
1600 < R, < 2000. 1t is conceivable that transition for the F-57
profile may be triggered in that range {which corresponds to
x/L.=0.1) due to the uncerlainty of the Crabtree curve; such
uncertainty is a characteristic of all transition criteria. With
this early transition for the F-57, the advantage of the Shark
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Fig. 8 Inverse problem calculated body shapes at different iferations
for modified velocity distribution of Fig. 11

shape becomes obvious. However, if such early transition can
be avoided, the figure indicates that the transition behavior of
the F-57 shape becomes better than for the Shark. In fact, if
the Crabtree curve is extrapolated (just for comparison
purposes) as shown in the same figure, the transition values of
R, for the F-57 and the Shark profiles are 3680 (x/L =0.42)
and 3080 (x/L =0.37), respectively. The boundary-layer
solution for these two shapes is shown in Figs. 6 and 7. Figure
6 shows the evolution of the boundary-layer momentum
thickness, ¢, and the shape factor, A, while Fig. 7 shows the
evolution of the skin friction coefficient C, (=7,/ V2pg?) and
Cp (x) along the body surface. The solution for the F-57
profile is shown for the two transition locations mentioned
earlier. The predicted value of Cp; for the Shark is about
0.0141 while the values for the F-57 profile are 0.0141 and
0.0086 for x, /L =0.1 and 0.422, respectively.

Based on the above mentioned results, the F-57 shape seems
more attractive as a low-drag design for this Reynolds number
(R, =5x107) provided we can insure no transition in the
range 0.08=x/L <013, The inviscid flow velocity distribu-
tion for the two shapes shown in Fig. 3 indicates that the vel-
ocity gradient, dg/ds, is greater for the Shark in the range
0.07=x/L<0.25 as compared to the F-57 profile. This pro-
vides greater stability for the LBL. So, it appears that a slight
modification in the velocity distribution of the F-57 profile, so



JAN.-DEC. 1981

DESIGN OF LOW-DRAG AXISYMMETRIC SHAPES 53

o4l

03+

T T T T

0 v/u Develeped Profile
-— dr/dx Developed Profile
——= dr/dx F-57 Profile
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Table 2 Coordinates and velocity distribution
of the developed profile
x/L ro/L (q/l 3" (w/u)® drg/dx
o] 0 0 - :

{.inaz 0.0145 0.7631 0.5334 0.6608
0.0577 0.0327 0.8764 0.4228 0.4305
0.0962 0.0476 0.9207 0.3650 0.3692
0.134¢6 0.0611 0.9567 (.3357 0.3350
(.1731 0.0734 0.9862 0.3059 0.3070
0.2115 0.0847 1.0191 0.2806 0.27590
0.2500 (.0949 1.0499 0.24589 0.2471
0.2885 0.1037 1.0820 0.2127 0.2107
{1.3269 LN ED] I1.1145 0.1675 . 1664
0.3654 0.1165 1.1415 0.1152 0.1138
(L4038 0.1198 1.1619 00542 0.0531
0.4423 0.1206 1.1671 -0.0137 -{.0134
{1.4808 0.1188 1.1538 — {1080 - 0.0784
0.5192 .1146 1.1267 —0.1366 —3, 1345
03577 0.1084 1.0953 — (. 1809 - 01795
0.5962 0.1008 1.0634 —-(0.2165 -0.2150
0.6346 (.0919 1.0319 —0.2432 -0.2421
0.6731 00821 1.0021 —0.2631 —0.2615
071158 00718 0.9747 0.2745 0.2739
0.7500 0.0611 0.9503 —0.2820 —0.2800
(J.7885 0.0502 0.9278 —0.2803 —0.2795
0.8269 .03 0.9093 ~0.2745 -.2718
0.8654 0.0293 {1.5045 —(1.2574 —-0.2564
0.9038 0.(1M99 0.8861 —-0.2349 —0,2336
(1.9457 0.0100 0.8857 -0.1943 —0.2002
(1.9744 0.0052 .8921 —0,1780 0.1959
1.0000 0 ] - -

#Calculated from the singufarity distribution obtained initeration 7.

as to increase dg/ds in that range, can prevent early transi-
tion. The prefile which produces the modified velocity distri-
bution can be obtained from the inverse-problem solution.

A New Profile Shape

The modified velocity distribution is shown in Fig, 10. With
this velocity distribution as input, the inverse problem method
described carlicr was used to develop a new profile shape.
Twenty-four equal length e¢lements with linear intensity
variation and one clement of twice the length (of other
elements) with parabolic intensity distribution were used. The
solution converged quite well. Convergence was almost
complete in iteration 4; however the best agreemen: between

Welocity Distribution ~Profile F—:':%km”“@—l?oL

Modified Velocity Distribution {Prescribad)
© Computed Velocity Distribution in Iteration 7

*x  Computed ‘Velocity Distribution for the Developed
Profile {by Diract Problem)

1 1 L L 1 ] L 1

8] oI 02 03 04 05 08 07 O8 09 IO
/L

Fig. 10 Prescribed and calculated velocity distributions [for
developed shape of Fig. 8 and velncity distribution of original ¥-57
profile.

T T T ’ T
1
4000+ il 4
\
3600 - J
o < Prohile F -57
3200 - & Developed Profile |
u *I:‘S 7
-+ ALY

2800 e _
-
S 2400 [ i
-
o
o

2000 | i

TURBULENT
1600 +
1200
LAMINAR
800 | : L . | R
-004 -003 -002 -00I 00 00l 00i5
-18%vHdqsds)

Fig. 11 Transition churacteristics of original F-57 profile and devel-
uped shape of Fig. 8, £, =5x 10"

dry/dx and v/u occurred in iteration 7. Figure 8 shows the
starting geometry {iteration 0} and the calculated body shape
at iterations 1, 2, and 7. Also shown in the same figure is the
original F-57 profile. Notice that the vertical scale (for »,/L)
is magnified to exaggerate the difference between the new
shape (iteration 7) and the F-57 profile. The developed body is
thicker than the F-57 profile in the front half, while the two
profiles are essentially the same for x/L > 0.6. This is expected
since the velocity distribution on the rear half has not been
altered. Figure 9 and Table 2 show excetlent agreement
between dr,/dx and v/u for the developed profile in iteration
7; thus confirming convergence. The variation of dr,/dx for
the F-57 profile is also shown in that figure in order to
compare with the new shape. The variation of the slope of the
meridian line (dr,/dx) of the new shape is smoother in the
front half as compared to that of the F-57 profile. The
calculated velocity distribution in iteration 7 for the new
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shape agrees quite well with the prescribed velocity
distribution and with the velocity distribution obtained by
solving the direct problem {using cur method 13} for the flow
around the same body; these are shown in Fig. 10. The
coordinates of the new profile as well as the velocity
distribution are given in Table 2.

The laminar boundary-layer solution along the surface of
the new profile was obtained. Figure 11 shows the transition
characteristics of this profile as compared to those of the F-37
profile. While transition is predicted to occur roughly at the
same location (x/L =0.41) for both profiles, it is very obvious
that the new profile has much better capability in resisting
early transition. Thus, with the use of the inverse problem, we
have achieved our objective of prevenling the early transition
and therefore kept the drag coefficient at the lower value
(0.0086)

Conclusion

The use of the inverse problem in the design of low-drag
axisymmetric shapes has been briefly investigated. Com-
parison of the drag characteristics of a number of the best
available profile shapes, at R, =5x107, indicated that the
Shark shape of Hertel has the lowest drag for a given volume.
However, if early transition is avoided, the drag of the F-57
profile becomes even lower than that of the Shark. By
modifying the velocity distribution of the F-37 in the (ront
half of the body such that the favorable velocity gradient is
increased for x/L < 0.25, the inverse-problem method of the
authors has been used to develop a new profile. The new
profile has better transition characteristics than either the
Shark or F-37 shapes and consequently a lower drag coef-
ficient.

The modification of the F-57 profile by the inverse method
is just an example to demonstrate the potential of developing
better shapes by making reasomable modifications in the
velocity distributions of some of the available low-drag
profiles. However, more information about the properties of
the velocity distributions of low-drag shapes is obviously
needed in order to make full use of the inversc problem.
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