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Drag Reduction of Airplane Fuselages Through Shaping
by the Inverse Method

M. F. Zedan,* A. A. Seif,* and S. Al-Moufadit
King Saud University, Riyadh 11421, Saudi Arabia

The axial singularity solution for the axisymmetric inverse problem has been extended to utilize doublet
elements with linear intensity distribution. The solution converges faster than the source-based method, and is
therefore quite promising. A procedure based on this solution has been used to design low-drag laminar fuselage
shapes for small aircraft applications with a volumetric Reynolds number range of 10—30 million. A profile
with a fineness ratio of 6, transition at 40% of body length, and volumetric drag coefficient of 0.012 at a nominal
R, of 15 million, has been developed. The present inverse procedure was shown to be a powerful alternative to
optimization methods. Several transition criteria were investigated in the course of the study. The Crabtree
criterion appears to be the most consistent. Experimental transition data for axisymmetric bodies at high (flight)

Reynolds numbers are urgently needed.

Nomenclature

volumetric drag coefficient based on V2* as
characteristic area

fineness ratio, body length/maximum diameter
boundary-layer shape factor, 6*/6

body length

length of an axial-singularity element

number of doublet elements

local velocity on body surface (at the edge of the
boundary layer)

length Reynolds number based on U.. and L
Reynolds number based on local velocity and s
Reynolds number based on local velocity and x
Reynolds number based on local velocity and 8
volumetric Reynolds number based on U, and V'?
local body radius and radial coordinate

length along body surface starting at nose
freestream velocity

axial component of g

radial component of g

nondimensional axial coordinate, x/L

axial coordinate at transition

axial coordinate starting at nose

location of the starting point of singularity
distribution along the axis

location of the end point of singularity distribution
along the axis

body volume .

boundary-layer displacement thickness

‘radial coordinate in element frame of reference
boundary-layer momentum thickness

pressure gradient parameter, [ — (6%v)(dg/ds)]
intensity of doublet distribution along axis
kinematic viscosity

axial coordinates in element frame of reference
Stokes stream function

1. Introduction

AST research in the area of maintaining natural laminar
flow (NLF) on aircraft surfaces as a means of drag re-
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duction has concentrated on wing design. The results of this
relatively old research have recently been successfully imple-
mented in the design of lifting surfaces of small aircraft. This
was made possible by the advances in airplane construction
techniques, resulting in smooth and accurate aerodynamic
surfaces. Recently, Dodbele et al.! investigated the feasibility
of designing laminar fuselage shapes for business aircraft.
Their work was motivated by the fact that fuselage drag con-
tribution is about 48% of the drag of an all-turbulent transport
and up to 70% for a transport with laminar lifting surfaces.?
Another motivation was the advent of new construction tech-
niques producing surfaces of enough quality to maintain NLF
at relatively high Reynolds numbers.? Using an optimization
scheme, the authors were able to develop an axisymmetric
body with f, = 6.14 and X,, = 0.36 for a fuselage of a business
atrcraft with R, = 40.86 x 10°.

. In optimization methods, the profile is represented by an
expression consisting of a number of functions multiplied by
unknown coefficients. These coefficients are determined by
minimizing the drag coefficient subject to some constraints,
such as a given fineness ratio, maximum velocity, etc. The
choice of the forms of the shape functions is critical, otherwise
the solution may converge to a profile that is not really the
best in the absolute sense. This approach involves a large
amount of calculations, and therefore, as stated by Slooff,* it
“owes its existence entirely to the availability of large and
fast computer systems.” Slooff* further refers to it as “design
by brute force” because of its black box nature. However,
this approach is superior to other alternatives when one has
to constrain certain parameters (e.g., fineness ratio, tail angle,
etc.).

The objective of the present work is to use the axisymmetric
inverse-design methodology® as an alternative to optimization
methods, and to design laminar fuselage shapes for business
and commuter aircraft. These inverse techniques are generally
more effective than optimization schemes since they involve
much less calculations and do not mask the physics of tran-
sition delay. In these methods, the body shape is determined
for a given pressure distribution. By extending the region of
favorable pressure gradient on the forebody, one can delay
transition and consequently reduce viscous drag. Also, by
reducing the pressure gradient on the aftbody, one can pre-
vent separation, and therefore essentially eliminate pressure
drag. This keeps physical insight in the design process. In
principle, one can generate a body profile with specific char-
acteristics, or at least judge the limits of drag reduction. In
the course of the present study, the inverse method® has been
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improved by using axial line-doublet elemerits instead of line-
source elements. Although doublets were used previously in
the solution of the direct problemi, this article appears to be
the first to employ them in solving the inverse problem.

II. Practical Feasibility of Laminar Fuselages

The feasibility of maintaining appreciable runs of laminar
boundary layer on modern production airplane surfaces over
regions of favorable pressure gradients, has been demon-
strated in recent flight tests by Runyan et al.” and Holmes
et al.® The results of the latter study showed clearly that the
laminar boundary layer is more persistent and durable on
practical airplane surfaces produced by modern methods than
prevnously expected. Transition downstream of the minimum
ptessure point was_observed in many cases. Holmes et al.?
showed that modern airframe construction materials and fab-
rication methods (composites, milled and bonded aluminum
skins) produce surfaces with roughness and waviness better
than critical values for the laminar flow at unit Reynolds
numbers typical for high performance business airplanes.

Natural laminar flow has been a practical reality for sail
planes with R, from 4-7 X 10° (Refs. 3 and 9). Hertel," as
early as 1966, developed an axisymmetric fuselage shape char-
acterized by small fineness ratio (f, = 4.55), sharp nose, and
rounded tail. It was shown that because of strong flow ac-
celeration up.to X = 0.4, the laminar boundary layer (LBL)
can potentially survive up to X = 0.35 at R, up to 100 X
10°. Zedan and Dalton'' predicted X,, = 0.37 and Cpy =
0.0114 for this body using the Crabtree criterion at R, = 50
x 10° (R, = 182 x 10¢). Carmichael'? developed a laminar
body characterized by an even lower fineness ratio (f, = 3.33).
The author tested a gravity powered model of this body (dubbed
the Dolphin) in a low-turbulence ocean environment. X, was
inferred to be between X = 0.45-0.58 for R, = 20-40 x
10°. Hanson and Hoyt** tested an axisymmetric body (f, =
4.5) with a long run of favorable pressure gradient in a towing
tank. By examining the velocity fluctuations in the boundary
layer, the authors showed that the boundary layer stayed
laminar up to the point of laminar separation near the min-
imum pressure point at Ry up to 3 X 10°. Zedan and Dalton®
used the inverse method with some success to modify this
shape to reduce its drag coefficient. The limited success in
this case indicates that the original shape is a near optimum
shape. Zedan et al.'* used the same inverse method to design
a low-drag torpedo shape (f, = 4.4) for R, up to 20 X 10¢
(R, =75 x 10°).

Aircraft fuselages are not exactly axisymmetric. Although
the majority have circular cross sections, they do have a slightly
cambered axis. Dodbele et al.! did their shape optimization
work for an axisymmetric fuselage. The optimized shape was
later fitted by the authors with the camber of an existing small
aircraft. Goldschmied!® also-used an axisymmetric fuselage
tested by NASA for the aerodynamic design of a small low-
speed aircraft with a fuselage/wake propeller configuration.

IIi_. Strategy for Fusélage Design by Inverse Meihdd

To minimize the effort in determining the input to the in-
verse method, we start from the velocity distribution of a
shape that.has low. drag in the Reynolds number range of
interest. Two shapes are considered. The first is that of a
modern low drag small aircraft!s!” (f, = 5.85), after removing
its slight camber. The second is the shape developed by Dod-
bele et al.! with f,'= 6.14. Figure 1 indicates that these two
shapes (dubbed here the “AV” and “DB” shapes, respec-
tively) are quite similar. The drag characteristics of these two
bodies and the fuselage shape of a typical commuter aircraft!®
are investigated in detail to gam insight in developing the
velocity distribution required for inverse method input. The
fuselage of the typical aircraft (dubbed “SB” in Fig. 1), which
has long cylindrical midsection (f, = 8.44), is used to provide
a reference or baseline case for drag reduction. The volu-
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ng. 1 Coordinates of the AV, DB, and SB fuselage shapes.

metric Reynolds number calculated based on the range of
cruising speeds and altitudes of these aircraft was found to
be 10-25 X 10¢ for the AV fuseldge, and 12-30 x 10° for
the SB fuselage. After a careful evaluation of the transition
characteristics of the low-drag fuselages, over a R, range of
5-30 x 10°, their velocity distribution is modlfled for the
inverse method input with the ObJCCtIVC of delaying transition.
The drag characteristics of the bodies designed by the inverse
method are also investigated in the same- Ry range to show
the improvement achieved over previous shapes.

IV. Potential Flow Computational Techniques

. The two most common approaches to solve potential flow
around axisymmetric bodies are based on representmg the
body by a distribution of singularities, either along its axis or
on its surface, The axial singularity approach is simpler and
computationally much more efficient, while the surface sin-
gularity approach is more accurate for bodies with sudden
changes in curvature and can handle nonaxisymmetric shapes.
For the direct problem, Zedan and Dalton® showed that linear
source elements along the body axis give velocity distributions
with comparable accuracy to the surface singularity method'®
for most smooth body shapes in axial upstream flow. Kuhlman
and Shu'® showed that using linear axial source elements is
more accurate than using linear doublet elements for axial
flow. With the proper choice of the start and end of axial
singularity distributions (X,, and X,), their results were even
more accurate than the surface singularity method, at a frac-
tion of the computational cost. Hess* cautioned against these
results because of the unsuitability of the tést cases used. For
bodies ‘with sudden changes curvature, D’Sa and Dalton?!
showed that the surface singularity method is unquestionably
more accurate. For solving the inverse problem, the méthods
based on axial and surface singularities are iterative. The
surface singularity inverse method? typically converges in 10
iterations, while the axial source method® converges in four
iterations with much less calculations per iteration. -

Since low-drag shapes are generally very smooth, axial sin-
gularity methods are employed in the present work due to
their computational efficiency and their reasonably accurate
results for such shapes. In the following analysis, linear doub-
let elements are investigated as an alternative to linear source
elements for solving both direct and inverse problems. The
body is represented by n doublet elements along its axis as
shown in Fig. 2. The stream function in.the element coordi-
nate system is given by

p? dg
JK M

'/’(f’ ) = & - {)2 +.n2]3/2

Similar expressions for velocity components 1 and v are ob-
tained by the differentiation of Eq. (1). The intensity p, is
assumed to vary linearly along the element according to

pe = a+ BL @
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Fig. 2 Definition sketch of body and axial doublet elements.

0.8 + Velocity Distribution o
- Input to Inverse Method
Z ] Compu(ed
. 0.2 F
\ L
—
0.0 X L a1 1 t L 1 T
00 02 04 06 038 1.0
a) x/L
DB Profile
. 0  Iteration 4
0.12 Source-based Method g {t:;:gg: %
—J 0.08
g : '388@%?3885@@%
T 0.04 AALBLALOLAALALAN | 02
Qe*****‘l(:la:l*é:otnttr‘y(***é QEAL
0.00 4 1 " 1 P S - 1%
X 0.0 0.2 0.4 06 08 10
b) x/L
0.12 ——— DB Profile
O  [teration 3
¢ Iteration 2
1 0.08 ‘,...33 vvvv Iteration 1
™~
-
0.04 A Initial Geometry 2% .
~ ******un*****nn****** A
0.00 iy * L i 1 | S | )
00 02 04 06 08 1.0
c) X/L
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Fig. 4 Profile tested by Hanson and Hoyt!® and its computed velocity
distribution.

where a and B are constants to be determined from the con-
ditions of continuity of u at the nodes and ¢ = 0 on the body
surface. The number of these unknowns for a given body is
2n; satisfying the continuity condition implicitly at the (n —
1) nodes reduces the number of unknowns to (n + 1). Adding
the contributions of the elements and the freestream flow,
and following a procedure similar to that of Zedan and Dal-
ton,? expressions for ¢, u, and v at a control point i on the
surface are derived. These expressions are represented by

n+1 2

¢i = 2 lljl]"Ll] + U _2_ (3)
n+t _

u; = 21 U, + U, “)
i=
n+l

v; = VijI-Lj (5)
j=1

where p; is the intensity at node j. Influence matrices i,
U,, and V;; are functions of body geometry only.

In the direct mode, y,; are determined by applying Eq. (3)
at (n + 1) control points on body surface with ¢, = 0, and

solving the resulting (n + 1) linear equations simultaneously.
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Table 1 Summary of results of the H & H body

Con X Co

10°°Ry, X, (X = Xisep) Michel-e® H — R, Granville  Crabtree (X crav)

0.5 0.677 0.0130 0.677 0.677 0.677 0.657 0.0138

0.7 0.677 0.0114 0.677 0.677 0.677 0.657 0.0122

1.0 0.677 0.0100 0.677 0.677 0.677 0.657 0.0108

1.5 0.677 0.0087 0.677 0.677 0.677 0.656 0.0094

2.0 0.677 0.0079 0.677 0.677 0.677 0.646 0.0091

3.0 0.677 0.0069 0.677 0.677 0.410 0.633 0.0086

4.0 0.677 0.0063 0.677 0.677 0.361 0.631 0.0080
Crabtree Criterion 3c show the body computed at different iterations by the
2000 source-based® and the present doublet-based inverse methods
o L N using this velocity distribution as input. The doublet-based
a method converges in three iterations compared to four iter-
1000 ations for the source-based method. The converged shape is
- = I almost identical to the exact profile in both cases. However,
= the doublet-based method appears to be quite sensitive to the
== : ) A | choice of X, and X,, which are not known in advance. The
-0.10 0.00 0.10 0.20 above results were obtained with X, = 0.02 and X, = 0.99.

Fig. 5 Transition characteristics of the H & H body at different
Reynolds numbers.

Substitution of u, into Egs. (4) and (5) gives the velocity
components at the control points. In the inverse mode, we
use an iterative procedure starting from an assumed initial
geometry. First u is calculated at the control points for this
initial geometry from the given velocity distribution using the
tangency condition

= ——te (6)

! 2
dr
+ —
\/ ! <dx>
Then matrices ¢, U,

., and V, are also computed for the initial
geometry. With u; and U; known, Eq. (4) represents a system
of (n + 1) linear equations whose solution yields values for
p,- Setting ¢; to zero in Eq. (1), and with y; and ¢; known
for the initial geometry, new values of r; are determined.
These values replace the initial geometry and the procedure
is repeated until convergence is attained.

To verify the method, it was run for a low-drag shape with
known solution. Figure 3a shows the body developed by Dod-
bele et al.! and its velocity distribution for axial upstream flow
as computed by the present direct method. This distribution
agrees well with the results of Dodbele et al.! Figures 3b and

The fast convergence of the method makes it worthwhile for
further improvements.

V. Drag Package

The drag coefficient is calculated from the boundary-layer
characteristics as the body tail is approached, using Young’s
formula.?* Thwaite’s integral method is used to compute the
development of the LBL up to the point of laminar separation.
An empirical transition criterion is used to find the location
of transition along the body surface using the LBL solution.
If no transition is indicated, transition location is assumed at
the point of laminar separation. Patel’s integral method* for
thick boundary layers is used to compute the TBL develop-
ment from the point of transition to the tail. Although these
methods are somewhat old, the results of the package proved
over many years to be as accurate as more sophisticated meth-
ods. For a known transition location, the predicted drag coef-
ficient was in excellent agreement with measurements. For
Gertler body 4165, tripped at X = 0.05, the present package
gave Cpy = 0.0192 at R, = 25.9 X 10° compared to a
measured value of 0.0188; Parsons and Goodson?® predicted
0.0203, and Dodbele et al.! predicted 0.0198 for the same
body. Further verification of the package using a laminar
profile with an extensive set of experimental results is pre-
sented later.

VI. Transition Criterion

This is the weakest link in the drag package. There seems
to be the lack of a method that is reliable over a wide range
of geometry and flow conditions. We tried the Michel-e®,*
H — R, Crabtree,” and Granville® transition criteria on
the low-drag body tested by Hanson and Hoyt."* This tail
boomed low-fineness ratio body (f, = 4.5) has an extended
run of favorable pressure gradient (up to X = 0.635) as shown
in Fig. 4. Signals from hot films flushly mounted on the body
surface. showed that transition occurred at, or just before,
laminar separation for Ry = 0.5—-4 X 10°. Our Jaminar bound-
ary-layer analysis gave laminar separation at X = 0.677; Han-
son and Hoyt (H & H) calculated 0.68, while analysis by
Dodbele et al.! gave 0.67. Figure 5 shows the computed LBL
characteristics for this body at different Reynolds numbers
plotted on the coordinates of the transition criteria of Crab-
tree, Michel-e®, and the H — R,. Table 1 shows X, obtained
by different criteria, Cpy computed using the X,, predicted by
the Crabtree criterion, and Cpy computed with X, at laminar
separation. No transition was indicated by the Michel-e* and
the H — R, criteria before laminar separation at all Reynolds
numbers. It should be noted that Michel-e® criterion is a com-
bination of Michel’s correlation and Smith and Gamberoni’s
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Fig. 6 Measured and computed drag coefficients of the H & H body at various Reynolds numbers.
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Fig. 7 Computed velocity distributions for the DB, AV, and SB fu-
selage profiles.

eV correlation with N = 9. An expression for this combination
was developed by Cebeci and Smith.?” Granville criterion gave
similar results up to Ry = 2 X 10¢, after which X,, drops
sharply and unrealistically. The predictions of the Crabtree
criterion indicate weak dependence of X, on R,, giving X,
slightly before laminar separation. The computed drag coef-
ficients are plotted vs R, in Fig. 6, together with the experi-
mental results of Hanson and Hoyt.!?> Also shown in the figure
are the computed results of H & H and Dodbele et al.,' both
assuming transition at laminar separation. The corresponding
present results lie in between and closer to the H & H curve.
The present Cpy, results, using Crabtree criterion for transi-
tion, are generally closer to experimental data at low Reynolds
numbers and tend to somewhat follow the experimental trend
at high Reynolds numbers.

VII. Results and Discussion

Assuming incompressible ideal flow at zero angle of attack,
the velocity distributions on the conventional aircraft (SB),
the low drag aircraft (AV), and the Dodbele et al.?® (DB)
axisymmetric fuselages are computed by the present direct
method and shown in Fig. 7. It is no surprise that both the
AV and the DB profiles have appreciable runs of accelerating
flow in order to delay transition along the body surface. This
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Fig. 8 Transition characteristics of the DB, AV, and SB profiles at
a nominal R, of 15 X 10°,

is a common characteristic of low-drag profiles that will be
greatly utilized in the inverse design. On the other hand, the
SB profile has a small run of flow acceleration which is typical
for turbulent bodies. The transition characteristics of these
shapes at a nominal Reynolds number R, = 15 X 10° are
shown in Fig. 8. The locations of transition for this and for
other Reynolds numbers over the operating range of a small
aircraft are shown in Fig. 9 for all shapes, as determined by
different criteria. The results of the Crabtree criterion agree
to some extent with those of the Granville criterion as ex-
trapolated in the present study. Michel-e® consistently pre-
dicted X,, substantially greater than other criteria, while the
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Fig. 9 Transition location obtained by different criteria as a function
of Reynolds number for the DB, AV, and SB profiles.
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Fig. 11 a) Velocity distribution for inverse-method input and b) pro-
file computed by the inverse method.
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Fig. 12 Transition characteristics of the inversely designed body A
and the DB profile at the nominal Reynolds number.

H — R, gave X,, substantially smaller. Based on this and the
results discussed earlier, it appears that the Crabtree criterion
is the most consistent for the Reynolds number and body
ranges under consideration. Figure 10a shows a comparison
of X,, predicted by the Crabtree criterion for the three shapes
at different R,, while Fig. 10b shows the corresponding Cpy
results. Notice that in the present study, V'** has been selected
as a reference length in the Reynolds number, and V?? se-
lected as a reference area in the drag coefficient. The reason
for this is that a fuselage is designed to provide volume,* and
therefore, the objective would be to minimize drag for a given
volume.

Since the DB profile performs best over most of the op-
erating range, it provides the basis for the velocity distribution
input to the inverse method. A careful examination of its
transition characteristic at the nominal R, in Fig. 8a shows
that an increase in the favorable pressure gradient near the
point where the characteristic crosses the Crabtree line (X,
= 0.242; R, = 1741, A = —0.0105) would delay transition.
After a limited number of successful trials, a number of in-
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Fig. 13 Predicted a) transition location and b) corresponding drag
coefficient for the inversely designed bodies A and B and the DB profile
at various R, over the operating range of a small aircraft.
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Fig. 14 Transition characteristics of the inversely-designed body B
and the H & H body at the nominal Reynolds number.

versely designed shapes were obtained. Through these trials
it became clear that the optimum shape depends on the design
Reynolds number (as expected) and the transition criterion
used. As Ry increases, the likelihood of early transition in-
creases. To avoid early transition, the favorable pressure gra-
dient along the forebody should be increased, thus making
the input velocity distribution and the developed profile de-
pendent on R,.

To design a fuselage with f, around that of the DB profile
(f, = 6.14), the maximum velocity has to be kept roughly the
same. With this constraint, it appears that the best way to
increase the flow acceleration near X = 0.24 is to move the
velocity peak forward. This has the additional advantage of
reducing the flow deceleration on the rear part of body, and
therefore reducing the danger of separation. Figure 11a shows
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Fig. 15 Modification of the velocity distribution of the a) H & H
body for inverse method input and the b) computed profile (body B).

a proposed velocity distribution together with the original DB

_ velocity distribution; note that the maximum velocity (g,,../

U.. = 1.08) has been moved forward from X = 0.635to X =
0.48. The body computed by the inverse method at different
iterations for this velocity distribution is shown in Fig. 11b.
The converged shape (dubbed here as body A) has roughly
the same f, as the DB profile (around 6), but is less full near
body ends with its maximum diameter at X = 0.483. The
velocity computed for the designed shape by the direct method
agrees very well with the suggested distribution as shown in
Fig. 11a. The LBL transition characteristics of the DB profile
and body A at design R, (15 x 10°) are shown in Fig. 12.
The stabilizing effect of increasing the pressure gradient on
the forebody on the laminar boundary-layer development is
quite evident. The results show that transition has been de-
layed from X,, = 0.24 to 0.39, while the TBL calculations
indicated no turbulent separation up to X = 0.99. Its sepa-
ration is indicated before that, the velocity distribution input
to the inverse method is modified, and the whole design pro-
cess is repeated. The computed drag coefficient drops as a
result of this transition delay from 0.015 to 0.012. Boundary-
layer and transition calculations were repeated at various Rey-
nolds numbers covering the operating range: R, = 5-30 X
10°, which corresponds to R, = 22.7-136 x 10°. Figures 13a
and 13b show transition locations and the corresponding drag
coefficients for the two shapes. The improvement is evident
over the whole range. Although the shape of a low-drag body
is Reynolds number dependent in general, such effect is not
felt in the present results because of the limited range of Ry,
For instance, if Ry is much larger than present values, the
boundary layer cannot be expected to stay laminar except for
a smaller distance, and even for that small distance stronger
flow acceleration is needed. The inverse method is handy in
such cases where the velocity gradient (magnitude and length
of run) can be varied in a convenient way to develop the
appropriate shape.

So far, one body design has been presented. Other body
designs with lower drag are possible if higher maximum ve-
locity (lower fineness ratio) is acceptable. In that respect, the
H & H body (f, = 4.5) appears to provide a good starting
profile (Fig. 4). The transition characteristic of this body at
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the nominal Ry, (15 x 10°) barely crosses the Crabtree line
at R, = 2080, corresponding to X = 0.37 as shown in Fig.
14. This is considered to be a premature transition since a
small correction in the velocity distribution near this location
is all that is needed to prevent it. Other changes are also made
in the velocity distribution in order to delay transition further
and have a closed body as shown in Fig. 15. The body shape
computed by the inverse method in iteration three (dubbed
here as body B) which has f, = 4.15, and maximum diameter
at X = 0.618, and the H & H profile with faired tail® are also
shown in this figure. Transition locations and corresponding
drag coefficients for this body are included in Fig. 13. At the
nominal R,, we predict X, = 0.7 and C,, = 0.0058. While
the drag performance of this body is superior to that of body
A designed earlier, its fineness ratio is too low compared to
current aircraft practice. This may present some limitation
for aircraft designers in terms of aircraft stability and/or space
utilization. Moreover, X,, = 0.7 is not practically realistic
when this shape is used for fuselage applications, because the
wing-body junction® (likely to be at X < 0.7) is expected to
trigger transition earlier. This profile, however, could be used
for shaping external fuel tanks and stores.

VIII. Summary and Concluding Remarks

The inverse method based on axial singularities has been
extended to utilize linear doublet elements instead of source
elements. The method was shown to be a powerful alternative
to calculation intensive optimization methods by applying it
to the design of the axisymmetric fuselage of a small aircraft
with an operating range of Ry, = 5-30 X 10°. The transition
characteristics of a low-drag modern aircraft fuselage, a con-
ventional fuselage, a recently developed low-drag fuselage
shape,' and another low-drag body with extensive and careful
measurements'®> were studied in detail. Velocity distributions
were developed based on this study for inverse method input.
Two shapes with superior drag performance were obtained.
One with f, = 6, which is comparable to that ¢f modern low
drag fuselages, while the other body is thicker with f, = 3.9.
At a nominal R, of 15 x 10°, the computed transition loca-
tions for these two bodies are 0.39 and 0.7L, and the corre-
sponding volumetric drag coefficients are 0.012 and 0.0058,
respectively. To our knowledge, these coefficients are lower
than those reported in the literature for the same f, and R,.
The profile with f, = 6 superimposed on a slightly cambered
axis appears to be a good candidate for shaping fuselages,
while the thicker body is a candidate for shaping external fuel
tanks and stores. Because of neglecting compressibility ef-
fects, these bodies are expected to perform better than cal-
culated. Vijgen et al.2 showed that density gradients in the
LBL increase damping of Tollmien-Schlichting instability waves,
and therefore, delay transition beyond incompressible cal-
culations. The effects of deviation from axisymmetric shape
on the LBL stability and transition need to be studied,? while
the effects of wing-fuselage junction interference® are ex-
pected to be small if such a junction is at X > X,,.

In the course of the study, different transition criteria were
considered. For the operating Ry range of small aircraft, most
of these criteria had to be extrapolated. The results were
widely different in many instances. The most conservative was
the H — R, criterion—always predicting very early transition,
while Michel-e® was the most forgiving—yielding very late
transition. The Crabtree criterion gave the most consistent
results. Clearly, there is an urgent need for a reliable tran-
sition criterion, backed by experimental data at high (flight)
Reynolds numbers, developed specifically for bodies of rev-
olution. Wind-tunnel investigations are not suitable for this
purpose because of their limited Reynolds numbers. More-
over, measuring the boundary-layer characteristics—and con-
sequently, transition location and the drag for a body of rev-
olution in a tunnel—is quite difficult because of vibrations,
interference, and body support effects.
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