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Recent technological advances in airplane constructicn techniques and the use of materials employing bonded
and milled aluminum skins and composite materials allow aerodynamic surfaces to be produced without signifi-
cant waviness and roughness. These construction advances have resulted in excellent opportunities for reducing
airplane drag by increasing the extent of natural laminar flow. In this paper, the feasibility of extensive regions
of laminar flow on airplane fuselages is discussed. Pressure distribution, boundary-layer development, transi-
tion location, and drag coefficient are calculated for a number of body shapes, including a representative
business aircraft fuselage. Extensive runs of natural laminar flow are predicted for regions of favorable pressure
gradient under smooth surface conditions. The adequacy of existing transition prediction methods applied to
bodies is also discussed. A woeful lack of experimental data at representative length Reynolds numbers is noted.
A computational design precedure has been developed to generate low-drag body shapes, and results are

presented.
Nomenclature

Cp =drag coefficient
Cp, =pressure coefficient
1 =fineness ratio, body length/maximum diameter
H =boundary-layer shape factor, =6*/6
K, =curvature at X,
ky  =nondimensional curvature at X, = —2x,f,K,L
L =body length

M  =Mach number

n =logarithmic exponent of T-S wave growth ratio

R; =profile radius at X;

R; =Reynolds number based on freestream conditions
and body length

R, =radius of curvature at the nose

R, =Reynolds number based on local conditions and sur-
face length

R, =Reynolds number based on freestream conditions
and V*

R, =Reynolds number based on local conditions and ax-
ial length

R, =Reynolds number based on local conditions and &

r; =nondimensional profile radius at X;, =2f,R,/L

r, =nondimensional radius of curvature at the nose,
=4x,./,R,/L

s =surface length starting at nose

S; =nondimensional profile slope at

X, ==2f, (x;—x,,)S;/(L—r})
V =body volume
v =local velocity
U, =freestream velocity
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X =axial coordinate, starting at nose of body

X, =axial location of inflection point

X,, =axial location of maximum diameter

X =nondimensional axial location, =X/L

X; =nondimensional location of inflection point, =X;/L

X,, =nondimensional axial location of maximum
diameter, =X, /L

X, =nondimensional axial length coordinate at transition

z =nondimensional body ordinate

o* =boundary-layer displacement thickness

0 =boundary-layer momentum thickness

¢ = semitrailing-edge angle at the tail of the body

Introduction

N recent years, airplane construction material and

fabrication methods have improved greatly, resulting in
the production of airframe surfaces that accurately match
the design shape. Recent flight tests!:> have demonstrated
that extensive runs of laminar boundary-layer flow can be
obtained over regions of favorable pressure gradient on
modern production airplane surfaces and provide a signifi-
cant reduction in profile drag. A major portion of the past
research effort for achieving and maintaining natural
laminar flow (NLF) has been focused on aircraft wings.
Fuselage shaping to increase the extent of NLF has received
much less attention in the literature except for sailplane
bodies and hydrodynamic bodies.

The importance of fuselage drag reduction is indicated by
an example in Fig. 1, in which profile-drag buildup is shown
for a typical transport jet.> The fuselage generates about
50% of total profile drag for the all-turbulent airplane.
However, it is estimated that the contribution of the tur-
bulent fuselage to airplane profile drag increases to more
than 70% if extensive regions of laminar flow are achieved
on the wing and the tail surfaces. Another example, which
depicts the influence of boundary-layer transition location
on body drag coefficient, is presented in Table 1. In Table 1,
drag coefficients for an axisymmetric body of fineness ratio
6.14 are listed for various transition locations. It is inferred
from the table that the delay of laminar to turbulent transi-
tion by about 27% of the body length (x,, =0.050 to 0.322)
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reduces body drag coefficient by as much as 30%.
References 4 and 5 also highlight the benefits of achieving
laminar flow on various airframe components.

The present study investigates the design of fuselage
shapes that can result in extensive regions of laminar flow
for commuter, business, and transport airplanes at cruise
conditions. The adequacy of existing transition prediction
methods applied to bodies is discussed. A computational
design procedure has been developed to obtain fuselage
geometries for considerable extent of laminar flow and,
hence, for low drag.

Previous Research

Althaus® demonstrated that reduction in airplane drag can
be achieved through shape modifications of sailplane
fuselages at low length Reynolds numbers (R =7.1x10°).
Radespiel” reported improved performance for a glider
configuration through wing repositioning and fuselage *‘waist-
ing.”” Hertel® was one of the first researchers to draw atten-
tion to the suitability of certain streamline shapes for achiev-
ing natural laminar boundary-layer flow on fuselages of
transport aircraft. Carmichael® was the first to conduct an
innovative experimental study in a low-turbulence environ-
ment on a body at high length Reynolds numbers. In the
Pacific Ocean, a body of fineness ratio 3.33 developed by
revolving the coordinates of a NACA 6-series airfoil was
tested. The characteristics of this unpowered tail-boomed
body were measured over a Reynolds number range of
20-40% 105 (based on body length) and transition-length
Reynolds numbers of 14-18 x 10¢ were obtained. Boundary-
layer transition from laminar to turbulent flow apparently
occurred beyond the point of maximum thickness. These
results indicate that a low fineness ratio and a proper shape
can produce a strong favorable pressure gradient (and
therefore a strong flow acceleration) on the forebody of the
configuration. Consequently, the boundary layer stays
laminar over an appreciable distance. Boltz et al.!® con-
ducted an investigation in the Ames 12-ft low-turbulence
pressure tunnel to determine the boundary-layer transition
characteristics of two bodies of revolution (fineness ratios
7.5 and 9.0) at subsonic speeds with R; = 107. It was con-
cluded that for a given Mach number the pressure distribu-
tion was a primary factor in determining the level of transi-
tion Reynolds number, and small increases in the favorable
pressure gradients over the forward portion of the body
resulted in significant increases in the transition Reynolds
number. Meier and Kreplin!! conducted detailed boundary-

All- turbulent surfaces Laminar lifting surfaces

Nacelles and misc 5.2% Nacelles and misc 1.6%
Fuselage 48.7% Fuselage 70,2%
Empennage 14,3%
Empennage 6.9%
i 3L.8%

Wing Wing 15.3%
Nacelle and others . 0010 Nacelle and others .0010
Fuselage .0092 Fuselage . 0052
Empennage 0021 Empennage . 0009
Wing . 0060 Wing L0020
Total profile CD .0189 Total profile CD L0131

Fig. 1 Profile drag buildup for all-turbulent transport jet and
airplane with laminar lifting surfaces (Ref. 3).
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layer measurements over a range of incidence angles at a
maximum length Reynolds number of about 107 on a prolate
spheriod of fineness ratio 6.

Computational drag minimization studies have been con-
ducted by Dalton and Zedan,'? Parsons et al.,'3'* Pinebrook
and Dalton,!>!6 and Wolfe and Oberkampf.!” Barger'® in-
vestigated the effect of forebody shaping to achieve natural
laminar flow on cruise missiles flying at high subsonic Mach
numbers. Since length Reynolds numbers, Mach numbers, or
body fineness ratios used in these studies are not represen-
tative of general-aviation, business, and transport airplanes,
results from these studies are of limited application in the
present work. Also, some of the preceding studies used axial
source distributions to represent the various body shapes.
Use of surface singularities (surface panel methods) instead
of axial singularities eliminates some of the problems re-
cently described by Hess!® (also see Ref. 20).

A low-order surface ranel code (VSAERO) developed by
Maskew?! has been used to represent the body in the present

Table 1 Drag coefficients for
axisymmetric body (Fig. 10)

X
(Transition
location) Cp?
0.322 0.0260
0.15 0.0343
0.10 0.0362
0.05 0.0374

#Reference area for Cp calculation
was frontal area.
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Fig. 2 Surface pressure distribution and geometry for a body tested
(see Ref. 22) at M=0.404 and «=0.06 deg.

-8 Surface pressure distribution
_'4 -

C'J 0 ZO'C"O_“_O 0—0 C““’\o.024 .
A4 O Experiment
8 —— Present computations
1‘2 1 1 1 1 1 [l "l 1 B |

Body geometry and transition location
15

Experiment 24

" Present computations
1 1 1 ] 1 | I

=15 I
0 .1.2.3 .4 .5 .6 .71 .8 .91L0
X

Fig. 3 Pressure distribution, geometry, and transition location for
£, =9 ellipsoid at o=0 deg, R; =13.98x 10°,
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study. The method is based on piecewise constant doublet
and source singularities and can take into account the effects
of compressibility.

Surface Pressure
and Boundary-Layer Calculations

To validate the surface panel method,?' inviscid pressure
distributions have been obtained for several configurations.
The effect of the viscous boundary layer adjacent to the
body is calculated by integral boundary-layer methods. The
laminar part of the boundary layer is calculated by Thwaites’
method with Curle’s modifications. Boundary-layer transi-
tion is predicted by Granville’s procedure. Nash and Hick’s
method is used for the turbulent boundary-layer calcula-
tions. Laminar separation/turbulent reattachment calcula-
tions are performed empirically using Gaster’s measure-
ments.

Very good agreement between measured and calculated
surface pressure coefficients was obtained for a body of
revolution tested by Fox in the NASA Langley high-speed
7-x 10-ft wind tunnel.?? In Fig. 2, the results are shown for
the configuration,. an axisymmetric body composed of an
ogival nose, a cylindrical center body, and a truncated con-
ical afterbody. Surface pressure data are plotted as function
of the orifice location for orifices on the longitudinal merid-
ian. Pressure coefficients obtained by using the surface
singularity method are also presented in Fig. 2.

Groth? reports measurements of pressure and boundary-
layer transition in wind tunnels and measurement of
boundary-layer transition in flight on an ellipsoid of revolu-
tion. Figure 3 presents the surface pressure distribution and
transition location for the ellipsoid of revolution of fineness
ratio 9. The viscous calculations were conducted for
R, =13.98x10%. Although the pressure distributions com-
pare well, the predicted transition location does not agree
very well with the experimental data. The -calculated
transition-length Reynolds number was 5.08x 10%. Gran-
ville’s boundary-layer transition criterion, which is used in
the present computation, predicts transition further
downstream than actually happened in the experiment. (In
private communication, Dr. W. Pfenninger has indicated
that the F94 boundary-layer transition data appear to be
adversely affected by excessive engine sound levels.) The
same discrepancy is noticed when the length Reynolds
number is increased to 22.03 x 10%. Kaups®* also computed
transition location for this ellipsoid by using Granville’s
criterion, and he too found that at these two Reynolds
numbers, transition is predicted at points further down-
stream than was observed in the experiments (in flight and
wind tunnel). Kaups concluded that none of the transition-
prediction methods, including the ¢® method of Smith and
Gamberoni, gave consistently satisfactory answers for the
ellipsoid. These results illustrate that for bodies with flat
pressure distributions at low Mach numbers where Tollmien-
Schlichting instability may grow rapidly, a considerable
amount of uncertainty exists in the calculation of transition
location. Transition prediction for such pressure distribu-
tions will be particularly difficult because of sensitivity to
disturbances in the test environment.

Next, a low-drag body of revolution of fineness ratio 4.5
with a long favorable pressure gradient forebody is con-
sidered. Hansen and Hoyt?»® measured the drag and
boundary-layer intermittency experimentally and calculated
the pressure distribution. In Fig. 4, a comparison is shown
between Hansen and Hoyt’s data and the present computa-
tional results. In the present study, transition is predicted
at the point of laminar separation (x=0.67) for R, =
10.86x 105, This result agrees well with the theoretically
predicted transition location x=0.68, at laminar separation,
reported by Hansen and Hoyt.

Another low-drag body (called X-35) was studied by Par-
sons et al."* and is analyzed here. The calculated velocity
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distribution agrees very well with that presented in Ref. 14,
as shown in Fig. 5. Parsons et al. used the Michel-¢° correla-
tion?® to predict boundary-layer transition. The results plot-
ted in Fig. 6 indicate that Michel-® criterion was not met for
the X-35 body, and transition at laminar separation was
predicted at x=0.68 for R, =37.14x 10¢. For the identical
conditions, Granville’s transition criterion is more conser-
vative with transition predicted at x=0.35. The discrepancy
in the results obtained by using Michel and Granville transi-
tion criteria as applied to bodies has been analyzed further
by applying the H-R, transition criterion by Wazzan et al.?
The H-R, method (for bodies Ry is replaced by R,) cor-
relates the boundary-layer shape factor H=6*/0 and R, at
transition. The results plotted in Fig. 7 show transition to oc-
cur at x=0.25. (Although the H-R, method predicted a tran-
sition location that agreed very well with the experimental
results for a 13:1 Reichardt’s body,?’ the accuracy of the
method for bodies with low to moderate fineness ratio is not
known yet.)

The empirical transition prediction methods were also
analyzed by performing a linear stability analysis of the
laminar boundary layer using the SALLY code,?® whereas
input to this program is provided by a modified version of
the HARRIS finite-difference boundary-layer code.? In Fig.
8, the logarithmic disturbance amplitude ratio or “‘n factor’’
is plotted as a function of the nondimensional axial distance
for a range of Tollmien-Schlichting disturbance frequencies.
These curves indicate the growth of an initially infinitesimal
disturbance of a given frequency in the laminar boundary
layer. The envelope of the curves in Fig. 8 shows that an n
factor of 9 is reached at x=0.185; at x=0.25, the location at
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Fig. 4 Pressure distribution, geometry, and transition location for
f,=4.5 body of revolution at «=0 deg and R; =13.41x 10°.
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Fig. 5 Velocity distribution, geometry, and transition location for
X-35 body at @=0 deg and R; =37.14x10°.
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Fig. 6 Boundary-layer development and transition location for
X-35 using Michel-¢” correlation («=0 deg, R, =37.14x 10%).

which transition was predicted by H-R, method, the n factor
is about 12.5. (Natural transition in low-disturbance wind
tunnels generally corresponds to a maximum ‘n”’ of 9-11.
Maximum ‘‘n’”’ up to 15 have been observed in flight.) Un-
fortunately, there are no experimental results available on
the X-35 body to check the predictions provided by the
various methods.

Next, a representative business aircraft fuselage of fineness
ratio 6.14 was analyzed. Inviscid pressure distributions on
the upper and lower surface were calculated and are
presented in Fig. 9. Transition location was predicted using
Granville’s criterion at a unit Reynolds number of 1x 105/ft
(R, =40.86x10%) and is noted on the figure (transition
Reynolds number range of 4.1-16.0 x 10%). It is not possible
to analyze these kinds of practical nonaxisymmetric bodies
by using axial singularity distributions. Furthermore, the
Granville transition prediction assumes no three-dimensional
boundary-layer instability effects. While this assumption
could affect the validity of the transition prediction, the
value of that limitation (say in terms of Reynolds number) is
not known. .

Finally a body of revolution whose maximum diameter
and length correspond to those of the previous configuration
was considered. This configuration can also be thought of as
a special case of the previously analyzed body obtained by
setting the longitudinal camber equal to zero. Inviscid
pressure distributions and transition locations are presented
in Fig. 10 for a=0 deg.

The pressure distributions for the bodies considered herein
agreed very well with results from other sources, although
the transition predictions did not agree well with the
available experimental results. This disagreement between
theory and experiment is due in part to the fact that the
bodies considered here have very flat pressure gradients. In
addition, the transition criteria are based on two-dimensional
correlations and they are used in higher ranges of length
Reynolds number than originally intended. Most of the cor-

relations are based on experiments conducted at relatively

low length Reynolds numbers. Experimental results them-
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Fig. 7 Boundary-layer development and tramsition location for
X-35 using H-R, method (=0 deg, R; =37.14 x 10%).

Envelope

Fig. 8 Logarithmic amplification of Tollmien-Schlichting distur-
bance frequencies for X-35 (¢ =0 deg, R; =37.14x 10%).
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Fig. 9 Pressure distribution, geometry, and transition location for
a representative business aircraft fuselage (=0 deg, R; =
40.86 % 105).

Table 2 Convergence of the design variables (f, =6.14, R; =40.86 x 10%, a=0 deg)

No. of iterations X k Ty r; S; X; ¢ Xy Cp®
Initial 0.55550 0.17109 0.35000 0.40000 2.2867 0.85531 10.011 0.360 0.0247
1 0.55000 0.17109 0.35000 0.47144 1.7324 0.85000 10.905 0.359 0.0237
2 0.55000 0.17109 0.35000 0.46918 1.6660 0.85260 10.976 0.359 0.0237
3 0.55491 0.17109 0.35000 0.46956 1.6660 0.85609 10.980 0.365 0.0236
4 0.55292 0.17109 0.35000 0.46949 1.6660 0.85604 10.984 0.365 0.0236
5 0.55162 0.17109 0.35000 0.46969 1.6660 0.85596 10.986 0.364 0.0235
6 0.55151 0.17109 0.35000 0.46971 1.6660 0.85595 10.986 0.359 0.0238
7 0.55145 0.17109 0.34987 0.46974 1.6660 0.85598 10.987 0.364 0.0235
8 0.55145 0.17109 0.34986 0.46974 1.6660 0.85596 10.987 0.364 0.0235

#Reference area for Cp, calculation was frontal area.
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selves could also be influenced by turbulence levels and
acoustic disturbances.

In summary, the state of the art in transition prediction on
bodies of f,=4-10 (of interest for aircraft fuselages) is very
poor. To provide useful methods for transition prediction in
flight, methods must be developed to include the effects of
compressibility, nonparallel boundary-layer flow, surface
curvature, Tollmien-Schlichting wave stretching, and cross-
flow vorticity in the laminar boundary layer. Detailed
boundary-layer transition experiments at high Ilength
Reynolds numbers are necessary to improve understanding
of transition phenomena over fuselages.

Drag Estimation on Axisymmetric Bodies

Drag coefficient C, is computed from the momentum
deficit in the wake of the body using Young’s formula.?®
The turbulent boundary layer grows much faster than the
laminar boundary layer and creates most of the wake
momentum deficit. In the present investigation, the drag
coefficient is defined as being the maximum drag coefficient
computed as a function of axial location x on the axisym-
metric body using Young’s formula.?® In Fig. 11, drag values
obtained with the present mecthod are compared with
measured drag data®® for the previously discussed body of
f.=4.5. Good agreement is obtained for the Reynolds
number range of 1x 106 <R, <3 x 106,

Gertler’! conducted an extensive set of experiments on
various body shapes with the boundary layer tripped at
x=0.05. For Gertler’s body 4164, the measured® and
calculated (by the authors) drag coefficients (based on V*)
are 0.0248 and 0.0229, respectively, at R; = 10x 106, (It was
observed that Nash and Hicks’ method did not predict Cj,
very well when the flow over the body was mainly turbulent.
The turbulent boundary layer was recalculated by the Head’s
entrainment method as modified by Shanebrook and
Sumner? to obtain the improved values of C, presented in
this section.) Hess and Smith3} obtained Cp,=0.023 for the
same body using a finite-difference boundary-layer method.
For body 4165, the measured® and calculated (by the
authors) drag coefficients are 0.0188 and 0.0198, respec-
tively, at R, =25.88x10%. Parsons and Goodson3
calculated C;=0.0203, whereas Zedan and Dalton?’
calculated C,=0.0192 for the identical body and flow
condition,

Optimization Procedure
for NLF Body Design

A computational design procedure has been developed to
obtain extensive runs of predicted laminar flow over regions
of favorable pressure gradient under smooth surface condi-
tions. The method involves a constrained minimization pro-
cedure® coupled with the aerodynamic analysis program.?!
Initial values of the design variables describing the body
shape are input along with length Reynolds number and
maximum diameter-to-length ratio. The axisymmetric body
is described by seven geometric parameters (ky, r;, 7, S;, X;,
X, @), which are illustrated in Ref. 37.

A number of constraints must be imposed on the design
parameters in order to generate designs that are realistic and
practical. The necessary geometric constraints follow.

) 0<x, <x;<1

2)0<r,

3) 0<k,

4)0=r,=<1

5) 0<s;

6) 5 deg=<¢ =80 deg

7) No inflection on forebody, midbody, and afterbody, ex-
cept at x;.

The aerodynamic constraint is that turbulent separation
may not take place before x=0.95. The objective function is
Cp, in the present investigation and is to be minimized sub-
ject to the preceding constraints. The optimizer computes the
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Fig. 10 Pressure distribution, geometry, and transition location for
f,=6.14 body of revolution («=0 deg, R; = 40.86 x 10°),
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Fig. 11 Comparison of calculated and measured drag coefficients
for f,=4.5 body at a=0 deg.

gradients of the objective function and then, using either a
conjugate direction method or a method of feasible direc-
tion, determines a linear search direction, along which a new
constrained variable is constructed. An improved or
minimum feasible objective functional value is evaluated,
and a series of proposed updated design variables are
calculated. The objective function and the constrained func-
tions are evaluated using the updated design variables and in-
terpolating over the range of feasible proposed design
variables resulting in a minimum value of the objective func-
tion. The results are then tested against a convergence
criterion. The procedure stops if the convergence criterion is
satisfied, giving a final design shape with minimum drag
satisfying the separation constraint. If the convergence
criterion is not satisfied, the design parameters go through
the analyzer again, resulting in a new set of design variables,
and the procedure is repeated until a final shape is obtained.

Generally, initial application of the optimization pro-
cedure results in a minimum drag body shape, which
represents a local minimum in the feasible design space. The
design parameters obtained are modified slightly and used
together with judicious changes in the lower and upper
bound of the design variables as new input in the optimiza-
tion procedure.

Results of the Optimization Study

Some results obtained by the optimization procedure are
given in Table 2 for M=0, a=0 deg, f,=6.14, and
R, =40.86x 10°. First, the axisymmetric body is modeled by
a set of initial values of the design parameters. The upper
and the lower bounds of the design variables are also input.
The design parameters at the end of each iteration are
presented in Table 2 along with the objective function and
transition location. Since the initial values of the design
variables were not too far from the optimized design
variables, the design process converged in eight iterations.
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Fig. 12 Characteristics and shapes for initial and optimized body
of revolution (f, = 6.14, R; =40.86x10°, a=0 deg).
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Fig. 13 Incompressible tinear stapility analysis for optimized body
shape at R; =40.86x 105 and o =0 deg.

Judicious choice of the starting solution helps in achieving
the final optimized solution in a fewer number of iterations.
The initial body shape, determined by the design parameters
in the first row of Table 2, is shown in Fig. 12. The
calculated pressure distribution for the body is also shown in
the figure. ,

For this initial body, transition location was predicted at
x=0.36. It is seen from the table, that over several iterations
the transition location is pushed further aft and the drag
coefficient is reduced. The shape of the final body is also
shown in Fig. 12 along with the surface pressure distribution
and predicted transition location. Although in this example
the movement of the transition point is small, it is seen that
the procedure makes it possible to design bodies with long
runs of laminar flow starting from a turbulent body. This
example also shows that aft-body shape is affected most by
selecting Cp, as an objective function in the design pro-
cedure. Since to date there exists no proven satisfactory
method to predict the transitional region on an axisymmetric
body of f,=4-10, Granville’s criterion has been used in the
optimization cycle. A linear stability analysis was also per-
formed on the optimized body, and the results are shown in
Fig. 13. In Fig. 13, n factors are plotted as a function of the
nondimensional axial distance x for a range of disturbance
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Fig. 14 Characteristics and shapes of fuselage obtained by superim-
posing camber of body shown in Fig. 9 onto thickness distribution
of body shown in Fig. 12 (R; =40.86x 10%, a =0 deg).

frequencies. From the figure, we see that at x=0.24 an n
factor of 15 is reached on this optimized body, which has a
fineness ratio of 6.14. In comparison, for the X-35 body,
which. has a fineness ratio of 4.85, n=15 is reached at
x=0.3.

Surface pressure distribution, geometry, and transition
location on an improved configuration representative of a
business aircraft fuselage are presented in Fig. 14. The
fuselage shape was obtained by superimposing the optimized
axisymmetric body shape shown in Fig. 12 and the camber
distribution of the body shown in Fig. 9. A comparison of
the transition location depicted in Fig. 9 (both transition
locations are for R; =40.86x 10%) indicates that use of the
optimization method resulted in a longer run of laminar flow
than was obtained on the unoptimized shape. Thus, for
small modifications in body contours, a significant increase
in the extent of laminar flow can be obtained, at least when
evaluated using Granville’s transition criteria.

‘Concluding Remarks

Present airplane construction techniques result in the pro-
duction of smooth and accurate aerodynamic surfaces over
which long runs of natural laminar boundary-layer flow
(NLF) can be obtained. A major portion of the past research
effort for achieving NLF has been focused on airplane lifting
surfaces. However, fuselage shaping to achieve considerable
regions of NLF has received very limited attention. Recent
introduction of business and commuter airplanes with low-
drag laminar flow lifting surfaces justifies study of the
feasibility of NLF over fuselage surfaces and thereby pro-
viding possibilities to decrease airplane profile drag.

A surface singularity analysis method was used to obtain
surface pressure distributions over a selected number of body
shapes, including a representative nonaxisymmetric business
aircraft fuselage. Using an integral boundary-layer method,
predictions of transition location and drag coefficient have
been obtained for these body shapes. Extensive runs of NLF
were predicted over regions of favorable pressure gradient on
smooth surfaces of both axisymmetric and nonaxisymmetric
bodies at low angles of attack.

The adequacy of existing transition prediction methods ap-
plied to bodies was investigated and found to be inadequate
to predict transition accurately. This is due partly to the fact
that the transition criteria are based on two-dimensional cor-
relations and partly because the criteria validated in the low
Reynolds number range are extrapolated beyond the range
for which they were validated. The laminar boundary-layer
stability theory could be used to make acceptable transition
predictions. The state of the art in the prediction of transi-
tion is very poor for bodies of fineness ratios between 4 and
10 (of interest for aircraft fuselages) at high length Reynolds



304 DODBELE, VAN DAM, VIJGEN, AND HOLMES

numbers. Much work is needed to account for the stabilizing
effects on boundary-layer stability of compressibility and
convex curvature, and the destabilizing effects of three-
dimensional Tollmien-Schlichting wave stretching and cross-
flow vorticity.

It is observed that no high-quality experimental data are
available for medium-to-high fineness ratio bodies at
representative Reynolds numbers (at least R, =40 10%). An
experiment should be conducted on a representative body in
a large low-turbulence ground facility to obtain surface
pressures, boundary-layer velocity profiles, and transition
characteristics for a range of angles of attack at high length
Reynolds numbers. The results would provide highly
necessary data for the validation of computational methods.

A computational design procedure coupled with an
aerodynamic analysis program has been developed to obtain
low-drag body shapes. Transition location is calculated by
using Granville’s transition criteria. Results obtained using
this procedure show that it is possible to design bodies hav-
ing relatively high fineness ratios and long runs of natural
laminar flow at representative cruise length Reynolds
numbers.
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