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ABSTRACT

A computational method has been developed to
design axisymmetric body shapes such as fuselages,
nacelles and external fuel tanks with increased
transition Reynolds numbers in subsonic compressi-
ble flow. The new design method involves a
constraint minimization procedure coupled with
analysis of the inviscid and viscous flow regions,
and compressible stability analysis of the
boundary-layer. Boundary-layer transition is pre-
dicted by a "hybrid" transition criterion based on
Granville”s transition criterion and a criterion
using linear stability theory coupled with the e®-
method. The method can be used to design body
shapes for a specific n-factor chosen to suit a
particular application. A tiptank of a business-
jet is used as an example to illustrate that the
method can be used to design an axisymmetric body
shape with extensive mnatural laminar flow.
Boundary layer transition is predicted to occur at
a transition Reynolds number of 6.04x10° on the
original tiptank. On the designed bo%y shape a

transition Reynolds number of 7.22x 10° is pre-
dicted.
NOMENCLATURE
A/A0 Ratio of local disturbance amplitude to
amplitude at the point of neutral

stability for a fixed disturbance fre-

quency

CD Body drag coefficient (based on frontal
area)

Cp(x) Pressure coefficient

D Maximum diamter, ft

fr Fineness ratio (body length/maximum body
diameter)

fobj Objective function

L Body length, ft

M Freestream Mach number

NLF Natural laminar flow

n Logarithmic exponent of amplitude-growth
ratio of unstable Tollmien-Schlichting
wave, n = ln(A/Ao)

ng Total number of design variables repre-
senting body radii in the forebody
region

o, Total number of design variables repre-

senting body radii, in the aftbody region
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Ry, Reynolds number based on freestream con-
ditions and body length
R” Unit Reynolds number based on freestream
conditions
re Body radius at xg in the forebody
i region, ft i
Tif. Lower bound for the body radius ry in
1 the forebody region, ft i
Tyt Upper bound for the body radius re in
i the forebody region, ft 1
a Body radius at x, in the aftbody
i region, ft i
Tia Lower bound for the body radius r, in
i the aftbody region, ft i
Tya Upper bound for the body radius r, in
i the aftbody region, ft 1
T-S Tollmien-Schlichting
(y) Boundary-layer temperature profile, R
U(y) Boundary-layer velocity profile, ft/sec
v Volume of the body, cu ft
X Axial coordinate starting at nose, ft
X Axial coordinate of the maximum thick-
ness point, ft
Xtr Axial coordinate of tramsition starting
at nose, ft
X Nondimensional axial coordinate, X/L
X Nondimensional axial coordinate of
tr
transition, xtr/L
xtr(g) Nondimensional transition location by
Granville”s criterion
xtr(en) Nondimensional transition location by
e"—method
xtr(h) Nondimensional tranmsition location by
the hybrid tramsition criterion
¥ Obliqueness of T-S disturbances with
respect to streamlines, deg
2-D Two-dimensional flow
Subscripts
tr Transition
f Forebody
a Aftbody
i i-th point



L Lower bound
U Upper bound
INTRODUCTION
Recent advancement in airplane construction
techniques and materials employing bonded and
milled aluminum skins and composite materials

allow for the production of aerodynamic surfaces
without significant waviness and roughness,
permitting long runs of natural laminar flow (NLF)
over wings in subsonic flow. These advances lead
to excellent opportunities for airplane drag
reduction by dincreasing the extent of NLF over
wings [1]. 1In the last decade, computational and
experimental laminar-flow and drag reductiom pro-
grams have reached a level of maturity as far as
the lifting surfaces are concerned. But laminar
flow research on nonlifting airframe surfaces,
such as fuselages, nacelles, and external fuel
tanks, has received limited attention [2Z,3].
Previous investigations [4-6], conducted mainly at
incompressible speeds, indicate that with proper
body shaping a potential exists for achieving sub-
stantial runs of laminar flow over axisymmetric
bodies with transition Reynolds numbers as high as
about 20 million [4].

In high subsonic flows, compressibility has a
favorable effect on laminar boundary layer stabil-
ity. The application of NLF technology to high
speed, subsonic fuselages could take advantage of
this favorable influence of compressibility om the
stability of two-dimensional and axisymmetric
boundary layers [7].

In refs. [2] and [3] a computatlional design
procedure was developed to obtain fuselage shapes
with increased extent of laminar flow and reduced
drag coefficients at incompressible speeds. An
optimization procedure was coupled with amn aero-
dynamic analysis program which predicted transi-
tion location using Granmville”s criterion. It was
indicated that a transition-prediction criterion
based on linear boundary-layer stability theory
coupled with the e™ method (originally introduced
by Van Ingen [8] and Smith [9]) appears to be a
more reliable approach to predict onset of transi-
tion in the design of WNLF fuselages [10-13].
However, since the prediction of omset of tramsi-
tion using linear stability analysis coupled with
the el-method (from here onwards referred to as
the eP-method for brevity) alome in the design
procedure will be very expensive, a “hybrid"
transition criterion based on Granville”s transi-
tion criterion and a traansition criterion based on
the e-method may be more practical in the design
calculations.

This paper presents a new design method in
which a hybrid transition criterion based om the
Granville”s transition criterion and the e"-method
has been incorporated to generate body shapes with
increased transition Reynolds numbers at subsonic
compressible speeds. Design calculations for a
tiptank in compressible flow are presented as an
example case.

BACKGROUND

References 4-6 published results of mostly
incompressible under-water transition experiments
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on bodies of revolution with varying fineness
ratio, indicating maximum transition-Reynolds
numbers of about 20 million for low fineness ratio
bodies. Reference 3 presents a recent overview of
incompressible transition experiments on axisymme-~
tric bodies. The extent of laminar flow in incom-
pressible flow is influenced and constrained by
the steepness of the surface pressure gradients in
the axial direction and the magnitude of the mini-
mum surface pressure, both of which are related to
the fineness ratio of the axisymmetric body [14}.

The transition process over an axisymmetric
body shape at zero angle of attack is caused by
large-amplitude growth of Tollmien-Schlichting (T-
S) disturbance waves in the laminar boundary-layer
flow. In compressible flow, the presence of the
density gradients in the boundary layer in the
direction normal to the wall im addition to the
velocity gradients can result in a large reduction
in the spatial growth of T-S disturbances in the
laminar boundary layer.

A recent study [7] of bodies of revolution at
high, subsonic speeds without supersonic regions
(subcritical flow) demonstrated the potential for
tripling the length of sufficiently stable laminar
flow at M= 0.8 and Ry = 40x10°, in comparison
with incompressible speed at the same length
Reynolds number. A benchmark wind-tunnel transi-
tion experiment was conducted in the NASA-Ames 12-
ft. pressure tunnel in the 1950”s by Boltz et al.,
{15, 16} at high subsonic freestream Mach numbers,
measuring the transition locations on two ellip-
solds of fineness ratios (fr) of 7.5 and 9.14.
Transition occurred as far downsteam as 80 to 88%
for M = 0.90 to 0.96, due to a favorable combina-
tion of flow acceleration, Mach number, Reynolds
numbér and weak acoustic environment in the
tunnel. Reference 17 presents correlation of com-
pressible boundary-layer-stability analysis domne
for several of the experimental results reported
by Boltz et al., and indicates that integrated T-§
linear logarithmic amplification factors (n-
factors) of 8-11 are obtained at the point of
measured transition oumset. As a result of the
increase in the laminar flow at compressible flow
conditions, the total drag was reduced by more
than 50 percent as the Mach number approached
0.95.

The favorable damping effect of the T-S waves
in compressible flow contributes to the achieve-
ment of increased transition-Reynolds numbers on
lifting as well as nonlifting aircraft surfaces in
the absence of strong crossflow [7]. This favor-
able effect of compressibility should be exploited
in the design of advanced NLF bodies for applica-
tion to genmeral aviation, commuter, transport and
business aircraft.

To date, no optimization study has been
performed to help understand the design of axisym-
metric, laminar-flow body shapes for high-speed
applications utilizing the increased stability of
the laminar boundary layer at compressible flow
conditions. Computatiomal drag minimization
studies have been conducted for incompressible
flow problems by Dalton and Zedan [18], Parsoms,
et al. [19], Pinebrook and Dalton [20] and Wolfe
and Oberkampf [21]. Some of the preceding studies
used axial singularities, thus restricting design
applications to only a limited class of body
shapes. Smith, et al. [22] undertook design of



axisymmetric bodies by shaping the aft-portion to
minimize turbulent drag over the aftbody and flow
separation near the tail.

Reference 2 presented a numerical optimiza-
tion method to design axisymmetric aircraft fuse-
lage shapes under incompressible flow conditions.
An optimization procedure was coupled with an
aerodynamic analysis program which predicted
transition location using Granville”s criterion
based on iIntegral boundary-layer methods. It was
found that the Granville”s transition criterion
had limitations for predicting transition on axi-
symmetric bodies of fineness ratios of 6-10 (of
interest for aircraft fuselages). The analysis
also indicated that a consistent transition-
prediction method based on the eM-method provides
a more realistic transition criterion for use in
design calculations.

OPTIMIZATION PROCEDURE FOR NLF BODY DESIGN

The design method developed to obtain body
shapes with extensive runs of 1laminar flow is
illustrated in the flowchart (Fig. 1). There are
several methods available for optimization in
engineering applications, e.g., constrained mini-
mizatfon [23], quasi-Newton [24], and evolution
methods [25]. The constrained minimization method
developed by Vanderplaats, (CONMIN) {23], has been
used in the present investigation. The con-
strained minimization method is coupled with
analysis of the inviscid and viscous flow regions,
linear stability analysis of the compressible
boundary-layer and a transition prediction method.

Initial values of the design variables
describing the body shape are input along with the
length Reynolds number, Mach number of the free
stream, and the fineness ratio of the desired body
shape. The axisymmetric body is described by
design variables rfi (i=1,nf) and rai (i=1, na)

representing the body ordinates at the axial loca-
tions xg (i=1,nf) in the forebody section and x,

(1=1,na) in the afterbody section (see Fig. 2).

By having a large number of design variables in
the forebody region, the forebody can be represen-—
ted in great detail especlally near the nose
region [14]; and such detailed representation can
incorporate small body perturbations dictated by
the design cycles. Tollmien-Schlichting
—dominated laminar flow depends on the local pres-
sure gradient, which 1is determined by the local
curvature of the surface. For a given minimum
surface pressure level, an Increased extent of
laminar flow can, in principle, be obtained by
properly designing local pressure gradients along
the body through body surface perturbations. Such
detailed shape representation contributed to the
design of advanced two- dimensional (2-D) NLF air-
foils [26].

The aerodynamic analysis program used in the
present optimization procedure is based on a low-
order, surface-singularity method (VSAERO) [27].
Both pressure and velocity distributlions can be
computed by this method which uses surface
slngularity panels to represent the body shape.
The Karman-Tsien compressibility correction is
incorporated in the surface~panel method to pre-
dict aerodynamlc properties accurately in high-
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subsonic subcritical flow conditions. Still, the
surface-panel methods with compressibility correc-
tions cannot properly model the inviscid flow
around the body if the flow field has embedded
supersonic flow regions. The example body shape
considered in the present investigations did not
have any supersonic regions in the flow field. A
modified version of a finite-difference, full
potential/Euler method (RAXBOD) [28] ~can be
incorporated in the program if the flow field has
mixed subsonic-supersonic zomes.

The boundary-layer profiles along the surface
of the body, required for en—method, are generated
by a modified axisymmetric boundary layer code
(HARRIS) [29]. The program can handle adiabatic,
nonadiabatic, injection or suction wall condi-
tions. The boundary 1layer program calculates
detalled boundary~layer velocity and temperature
profiles along with their first and second deriva-
tives normal to the surface, including the effects
of transverse curvature.

Laminar Dboundary-layer stability analysis
along the body is done by using compressible
linear stability theory. The COSAL program [30]
solves the finite-differenced, boundary-layer
stability equations by using matrix methods. The
compressible T-S eigenvalue problem is solved for
each boundary-layer station along the body surface
giving temporal growth rates of the instability
waves propagating at specific wavelengths and wave
angles. The temporal growth rates are transformed
to the spatial growth rates using Gaster”s phase-
velocity relationship [31]. Boundary-layer trans-
ition 1s predicted by the eP~method in which n,
usually referred to as n~-factor, is obtained by
integrating the linear growth rate of the T-S
waves from the neutral stability point to a down-
stream location on the body.

The correlation of a large number of wind
tunnel data and flight transition experiments with
linear boundary-layer stability calculations has
made the ef-method a reliable transition-
prediction method (see [12]). TFor experiments in
wind tunnels with low turbulence and low acoustic
levels the onset of tramsition can be correlated
with an n~-factor of 9 to 11 in subsonic, transonic
and supersonic flows. In the case of flight
tests, higher n~factors of the order of 12 to 15
have been observed to correlate transition. In
the present design calculations, the n-factor in
the design method can be chosen so as to suit a
particular application- e.g., to design a body for
a wind tunnel, a flight test article, or an under-
water body.

In the present method a "hybrid" criterion
based on Granville”s transition criterion and the
ef-method transition criterion is used for predic-
ting boundary-layer transition. In the hybrid
transition method, Granville”s criterion 1is used
to calculate gradients of the objective function;
average value of the transition locatioms
predicted by applying Granville”s criterion and
the e%-method criterion is used for predicting
transition for use im the functional value at the
end of each iteration in the design. Though the
method has the capability of designing a body
shape by the e’-method alome, it is found that
such a calculation will take 1large amount of
computer time. For this reason the hybrid
criterion is formulated for predicting transition



in the design calculations. The method has also
the option of designing body shapes by Granville’s
transition criterion alomne.

A number of geometric and aerodynamic
constraints are imposed on the design parameters
to generate practical and realistic body shapes
for given design conditions. The necessary geome-
tric constraints are as follows.

r < . ; i=1,..n (1)
Lfi rfi < Ufi, ( 3 f)

rLai < rai < rUai; (i=l,..na) (2)

Judicious choice of the upper and the lower
bounds for the design variables will accelerate
convergence of the solutions. The level and the
location of the minimum surface pressure along the
body surface are aerodynamically constrained by
the requirement that the turbulent boundary layer
over the aft-portion of the body should not
separate until x=0.95 for the design conditioms.
The minimum length of the pressure recovery sec-
tion for a given minimum pressure level for an
axisymmetric body shape can be described by a
modified Stratford model, derived for bodies of
revolution by Smith, et al. [22 and 32]. Aero-
dynamic design constraints in the optimization
method can also be imposed to avold strong shock
waves [33].

The objective function is taken to be a fumc-
tion of the location of transition predicted by
one of the following transitiom criteria:

fobj =1 - xtr(g) if Granville”s transition
criterion alone is used in the
design method,

fobj =1 - xtr(en) if el-method transition

criterion alone is used in
the design method

If the "hybrid" transition criterion is used,

fobj =1- xtr(g) for calculating gradients of
the objective function,

for calculating the objective
function from a proposed set of
design variables at the end of
each iteration,

obj = 1= xep(h)

where x (k) = (xtr(g)+ Xtr(en))/z,

is the transition location
predicted by using Granville”s
transition criterion and

X .(8)

xtr(en) is the transition location predicted
by using eP-pethod with an n-
factor of 9.

3

The objective function given by Eqn. (3) is
to be minimized subject to the constraints
described in Eqns. (1 and 2). The optimizer
computes gradients of the objective function using
Granville”s transition criterion and then, using
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either a conjugate direction method or a method of
feasible direction, determines a linear search
direction, along which a new constrained variable
is constructed.

An improved or minimum feasible objective
functional value is calculated by using the hybrid
transition criterion given by Eqn. (3) and a
series of proposed updated design variables are
calculated. The objective function and the con-
strained function are evaluated using the updated
design variables, interpolating over the ramge of
feasible proposed design variables resulting in a
minimum value of the objective function. The
results are tested against a convergence criteria.
The procedure will stop if the convergence cri-
terion 1is satisfied, giving a body shape with
maximum transition length satisfying the separa-
tion 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 1is repeated until a
final body shape is obtained.

DETAILS OF THE DESIGN METHOD

The present computational procedure 1s used
to design axisymmetric bodies at zero incidence.
At zero incidence, the growth of the 2-D, T-S dis-
turbances is the most dominant instability
mechanism on an axisymmetric body leading to
transition in the boundary layer if laminar separ-
ation does not happen earlier than natural transi-
tion. Crossflow vortex structure can develop on
the body at nonzero angles of attack. These cross-
flow vortices can interact with T-S waves and may
lead to premature transition. Such complex three-
dimensional boundary-layer flows are the subject
of current boundary-layer transition 1investiga-
tions and are not considered here.

The axisymmetric body in the present design
method is modelled by a set of body ordinates re

(i=1,nf) and r (i=1,na). For the aerodynamic

ai
analysis the body is modelled by 32 panels in the
axial direction and 8 panels in the circumferen-
tial direction. Using the VSAERO panel method
inviscid pressure distributiomns were obtained and
interpolated at 200 axial stations. The boundary-
layer velocity and temperature profiles are
obtained with 101 points in the direction normal
to the surface and 90 stations in the streamwise
direction. The boundary layer calculations are
carried out for adiabatic wall conditions and zero
suction through the wall.

The boundary-layer stability equations fo
the example considered are solved at every 5t
streamwise boundary-layer station starting from
the first station though it is possible to perform
the boundary-layer stability calculations at every
axial boundary-layer station. The boundary-layer
stations are skipped from the point of view of
reducing the computational time and it has been
observed that this reduction in the number of
boundary-layer stations for stability calculations
does not change the overall results and the con-
clusions drawn in this investigation. In the
global search for eigen values, the sixth-order
stability equation obtained by neglecting dissipa-
tion terms in the boundary-layer stability equa-
tions, 1s solved at each chordwise station and the



full eighth order stability equation is solved to
search the eigen values locally. The obliqueness
of the T-S waves with respect to the streamlines
(y) in pure axisymmetric flow does not occur until
the 1local flow speed exceeds the 1local sonic
speed. The current version of the program allows
the user to specify the wavelength, wave angle, (v)
and frequencies of the T-S disturbances in sub-
sonic laminar-boundary layer flow. Prior know-
ledge of the critical boundary-layer disturbance
frequencies, which are functions of the Mach
number helps to identify the critical frequency
spectrum during the course of the design optimiza-
tion. The present formulation of the stability
equation does not include transverse-curvature ef-
fects and the effect of streamline divergence
(i.e., T-S wave stretching in the nose region-
generally termed as vortex stretching, [34]). 1In
general, transverse surface curvature has a
slightly stabilizing influence on T-S disturbance
growth 1if the curvature 1s large in relation to
the thickness of the boundary layer [35]. Vortex
stretching effects are considerably less if the
body has a very small nose radius. If the design
constraints are such that a body with a large nose
radius is desired, the vortex stretching effects
have to be included in the boundary layer stabili-
ty analysis. The present design calculations do
not take Into account the effect of the vortex
stretching. During the course of the design cal-
culations concave curvature may develop on the
axisymmetric body. It is known that centrifugal
instabilities in the form of Gortler vortices
occur in the shear flow over concave surfaces [36,
37}). In the present design method the boundary
layer stabllity calculations do not consider the
effect of the centrifugal instabilities.

To assess the effect of extending the length
of laminar boundary-layer flow over the geometries
analysed, calculation of the viscous drag is made
using a modified integral boundary layer approach
[3]. An improved turbulent boundary-layer calcul-
ation method 1is incorporated in the aerodynemic
panel method to predict drag coefficilents. The
turbulent boundary-layer calculations are based on
Head”s entrainment method as modified by
Shanebrook and Sumner ({38]. Validation of this
improved method with experimental drag measure-
ments by Gertler ([39] on axg.symmetric turbulent
body shapes at RL of 10.0x10° and 26.0x10° shows
that the drag coefficient can be calculated
accurately for the predominantly turbulent flow
geometries considered in [3].

COMPUTATIONAL RESULTS AND DISCUSSIONS

To increase the speed of computations the
design program is run with the initial body geome-
try using Granville’s transition criterion to ob-
tain a converged body shape. The final body shape
obtained by using Granville”s criterion is then
used as the initial geometry input into the design
program and the hybrid tramsition criterion is
selected. This procedure greatly reduces computer
time and also results in rapid comvergence- of the
design variables.

Results obtained by the optimization proce-
dure are discussed through an example. All the
computations were done on a CRAY-2 computer. A
body of revolution whose maximum diameter and
length correspond to those of a tiptank of a
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representative business alrcraft is considered.
The tiptank has a fineness ratio of 8.00 and the
design flight conditions considered for the pres-
ent calcglations are given by M=0.7 and
R"=1.28x10"/foot. The axisymmetric body 1is
modelled by a set of 27 body coordinates with 12
points defining the forebody section (nf=12) and
15 points defining the aftbody section (n =15).
Figure 3 presents the pressure distribution on the
baseline tiptank and the results of the compressi-
ble linear stability analysis for several T-S dis-
turbance frequencies. The pressure coefficients
remain subcritical on the entire body. The figure
shows that the most critical disturbance reaching
an n~-factor of 9 has a frequency in the neighbor-
hood of 3500 Hz. Transition onset is predicted to
occur for this t%ptank shape at xtr(en) = 0.33
(R, (e™) = 6.04x10°)

For this initial body, transition is pre-
dicted by Granville”s criterion at xtr(g) = 0.14
corresponding to 2 transition Reynolds number

Y.

(Re(8) = 2.55x10 As noted in  [3], the
Granville”s transition criterion clearly under-
predicts the onset of transition for this body

compared to the eM-method with n=9. The design
program with Granville”s tramsition criterion is
run with the original tiptank geometry as input.
The improvements 1in the transition locations as
the iterations progress are presented in Table 1.
Twelve design variables representing the ordinates
in the forebody region are allowed to vary within
the set of specified upper and lower bounds. while
simultaneously holding the tail section aft of the
maximum thickness point unchanged during the
design iterations. Table 1 shows that convergence
in the transition location 1s obtained after 10
iterations. From the table it 1is also evident
that as the number of iterations increase the
transition location as computed by Granville”s
transition criterion shifts downstream. The
transition is predicted at x l,(g) = 0.32 (Rtr(g) =
5.86x10°) for the final boﬁy shape designed by
Granville”s transition criterion. The transition
locations predicted by Granville”s criterion for
the original tiptank and the final body shape are
shown in Fig. 4. The drag coefficients for each
iteration, calculated with frontal area as the
referen<~ﬁ33rea (Area based on the volume of the
body (v</?) is generally used as a reference area
for minimizing drag of airships, submarines,
cargo-carrying aircraft fuselages etc.) are also
presented in the Table 1. The computational time
taken was 335 secs.

The final body shape obtained at the end of
the optimization with Granville”s criterion is
used as input to the design program with the hy-
brid transition criterion. 1In the present exam-
ple, since the axisymmterlc flow is subcritical,
$=0 deg is assumed in the design calculations. 1In
general, the spectrum of T-S disturbance frequen~
cies should be chosen such that it does not ex-
clude any disturbance frequencies which may grow
substantially on a new body shape generated during
the design iteratioms. In the present example,
the body shapes do not go through large perturba-
tions as the number of iterations increases; and,
hence, the initially chosen set of T-S frequencies
contains all the growing disturbances throughout
the design calculations. The same set of T-S dis-
turbance frequencies which 1is used im the linear
stability amalysis for the original tiptank is
used in the design optimization.



The original tiptank and the final body shape
obtained at the end of the ninth iteration using
the hybrid transition criterion along with the
results of stability analyses are shown in Fig. 5
for comparison. The envelope for the new body
shape has a smaller gradient than on the original
tiptank shape. On the original tiptank, high fre-
quency disturbances (5000 Hz, 6000 Hz and 7500 Hz)
grow up to about 20% of the body length from the
nose and then become stable. These high frequency
disturbances do not grow beyond an n-factor of 5.
The critical disturbance, characterized by a fre-
quency of 3500 Hz, starts growing after 13% of the
body length from the nose and reaches an n-factor
of 9 at x_(e®) = 0.33 (R (e®) = 6.04x 10°). A
drag coefH:cient (C.) of 0.0491 1is predicted on
the original tiptank with the Dboundary-layer
transition fixed at Xy =0.33., The design program
took 2785 secs. to preﬁict the final design shape
with the hybrid transition criterion.

On the designed body the disturbances with
frequencies of 3500 Hz and 4000 Hz do not grow as
much as they grow on the original tiptank. The
disturbance frequency of 9000 Hz, which does not
grow at all on the original tiptank grows on the
new body until an n-factor of about 6 is reached.
The disturbance with a frequency of 2500 Hz does
not grow at all on the designed body shape and the
disturbance with the same frequency grows to an n-
factor of about 13 in the case of the original
tiptank. The transition location corresponding to
n-factor of 9 occurs at X r:(en) = 0.39 ( R =
7.22x 106) on the designeg body. Though the
critical frequency leading to transition remains
at 3500 Hz on the original tiptank and the
designed body, boundary-layer transition as pre-
dicted by the e%-method occurs much further down-
stream on the designed body. A drag coefficieant
(Cy) of 0.0415 is predicted on the designed body
shape with the boundary-layer transition fixed at
x,,.=0.39

Volume is not held constant during the design
iterations in this example. The original tiptank
has a volume of 26.96 cu ft and a surface area of
66.28 sq ft. The total volume and the surface
area on the designed body are reduced to 18.13 cu
ft and 51.88 sq ft respectively. Most of the
volume 1s lost around the nose portion of the
forebody during the optimization. The 1loss in
volume can be made up by redesigning the aft
portion of the designed body shape. In future
design calculations a volume constraint will also
be imposed along with the existing geometric con-
straints given by equations (1) and (2). The
volume constraint along with the geometric con-
straints will help to design fuselage shapes for
aircraft vehicles such as cargo aircraft and air-
ships. Constraints on planform area distribution
will be beneficial to optimize the fuselage shape
of a passenger alrcraft.

The designed body shape has a very small nose
radius. Nose shapes with extremely small nose
radii will produce large pressure peaks at off-
design angles of attack and can produce vortices
which would influence transition in a mnegative
way. A constraint on the nose radius will help
alleviate the off-design aerodynamic characteris-
tics.
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CONCLUDING REMABKS

An optimization procedure has been developed
to design axisymmetric body shapes with increased
transition Reynolds number. The new design method
involves a constraint minimization procedure
coupled with analysis of the inviscid and viscous
flow regions, and linear stability analysis of the
compressible boundary-layer, Boundary-layer
transition prediction is predicted by a "hybrid”
transition criterion based on Granville”s transi-
tion criterion and a criterion based on linear
stability theory combined with the e"-method. The
method can also be used to design axisymmetric
bodies by applying Granville’s transition
criterion or the criterion based on linear
stability method with the e"-method alone. Since
it is found that the design method with the trans-
ition criterion based on the e"-method alome
requires large computer resources, the hybrid
transition criterion in the design method is more
practical. In the hybrid transition scheme
Granville”s transition criterion is wused to
compute all the gradients required by the con-
strained minimization method. At the end of each
iteration, an average value of the locations of
transition predicted by Granville”s transition
criterion and the eM-method transition criterion
is then calculated and used in evaluating the ob-
jective function. The method can be used to
design bodies for specific n-factors to suit a
particular flow application.

A tiptank of a business-jet is given as an
example to demonstrate that the method can be used
to design an axisymmetric body shape with
increased transition Reynolds number. Boundary-

layer transition 1is predicted to ocgur at a
transition Reynolds number of 6.04x10° on the
original tiptank. On the designed body shape a
transition Reynolds number of 7.22x10° 1is pre-

dicted using the eP-method, an increase of 20% in
transition Reynolds number.
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Table 1. Convergence of the tranmsition location

by Granville”s criterion and the drag
coefficient for the tiptank example.

£,=8.003, R =18.436x10%, M=0.7

No. of Iterations Xep CD
Initial .138 .0600
1 .164 .0568
2 .155 .0572
3 .155 .0572
4 .165 .0566
5 .278 L0495
6 .285 L0464
7 .286 L0458
8 .311 .0448
9 .317 .0445
10 .317 L0445
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VSAERO/RAXBCOD

Eundary Layer Profites: U(y), T()ﬂ HARRIS

Granville's Critarion

|iybrid Transition Criten’cn1

[Esar Stability Analysis & e”memi] COSAL

GRANVILLE CORRELATION

COSAL & GRANVILLE

a0
——-{ Is Xer/L Maximum ?

Y8S{  Final Design Shapoj

Fig. 1. Flow Chart of design procedure for NLF

fuselage

Forebody

Aftbody

Fig. 2. Definition of design parameters in the
optimization procedure.

£

Ry =18.436 million
M=0.7, Alphawd

Fraquency
2500 Hz

—X4r=0.327

Fig. 3. Pressure distribution and predicted
compressible T-S disturbance growth
curves and transition on the original

tiptank



Fig. 4.

—— Original body
-——- Designed body

Pressure distributions, predicted
transition locations on the original
tiptank and the final design shape
(optimization by Granville”s tramsition
criterion)

R|_ =18.438 million
Ma0.7, Alphaed

Original Designed Fraquency
body  body

L 4 o 2500 Hz
L ] a 3500 Hz
* O 4000 Hz
A a 5000 Hz
[ [N 6060 Hz
[ Y [ 7500 Hz
L] Q 8000 Hz

X
! org
X, =0, ~— Original bedy
X =0.327 R —. Designed body
%y =0.391 —J'
i
Fig. 5. Pressure distributions, predicted

compressible T-S disturbance growth
curves and transition locations on the
original tiptank and the final design
shape (optimization by hybrid tramsition
criterion)
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