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DESIGN OPTIMIZATION OF NATURAL LAMINAR FLOW BODIES IN

COMPRESSIBLE FLOW

Simha S. Dodbele

ViGYAN, Inc., Hampton, VA

ABSTRACT

An optimization method has been developed to design axisymmetric

body shapes such as fuselages, nacelles and external fuel tanks with

increased transition Reynolds numbers in subsonic compressible flow. 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. In order to reduce the

computer time, Granville's transition criterion is used to predict boundary-

layer transition and to calculate the gradients of the objective function, and

linear stability theory coupled with the en-method is used to calculate the

objective function at the end of each design iteration. Use of the method to

design an axisymmetric body with extensive natural laminar flow is

illustrated through the design of a tiptank of a business jet. For the

original tiptank, boundary layer transition is predicted to occur at a

transition Reynolds number of 6.04 x 106 . For the designed body shape, a

transition Reynolds number of 7.22 x 106 is predicted using compressible

linear stability theory coupled with the en-method.

INTRODUCTION

Advances in airplane construction techniques and materials, such as

bonded and milled aluminum skins and composite materials, enable

production of aerodynamic surfaces without significant waviness and

roughness, thus permitting long runs of natural laminar flow (NLF) over

wings in subsonic flow. These advances provide excellent opportunities for

airplane drag reduction by increasing the extent of NLF over wings [1].

Compared to lifting surfaces, laminar flow research on nonlifting airframe

surfaces such as fuselages, nacelles, and external fuel tanks has received

limited attention [2,3]. Substantial drag reduction, however, can be

obtained by increasing the extent of laminar flow on the nonlifting



component surfaces. A recent study [4] 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 a Mach number, M, of 0.8 and a length Reynolds number•

R L, of 40 x 106 in comparison with incompressible speed at the same

length Reynolds number.

Reference [3] presents a recent overview of incompressible transition

experiments on axisymmetric body shapes. References [5-7] presented

results of mostly incompressible, underwater transition experiments on

bodies of revolution with varying fineness ratios indicating maximum

transition Reynolds numbers of about 20 million. A transition experiment

was conducted in the NASA-Ames 12-ft. pressure tunnel by Boltz, et al., [8,

9] at high subsonic freestream Mach numbers• measuring the transition

locations on two ellipsoids of fineness ratios of 7.5 and 9.14. Transition

occurred near the location 80 to 88% of the length of the body aft of the

nose at M = 0.90 to 0.96. Reference 10 presents correlation of com-

pressible boundary-layer-stability analysis for several of the experimental

results reported by Boltz et al., and indicates that integrated T-S linear

logarithmic amplification factors (n-factors) of 8-I1 are obtained at the
point of measured transition onset.

Transition over an axisymmetric body shape, where crossflow is

minimal, is usually caused by the growth of Tollmien-Schlichting (T-S)

disturbance waves in the laminar boundary layer. In compressible flow,

the presence of density gradient in the boundary layer in the direction

normal to the wall in addition to the velocity gradients can result in a large

reduction in the spatial growth of T-S disturbances in the laminar

boundary layer. The favorable damping effect of the T-S waves in

compressible flow contributes to the achievement of increased transition-

Reynolds numbers on lifting as well as nonlifting aircraft surfaces in the

absence of strong crossflow 141. This favorable effect of compressibility

can be exploited in the design of advanced NLF bodies for application to

general aviation• commuter, transport aircraft and business jets.

This paper presents a design method to generate body shapes with

increased transition Reynolds numbers at subsonic compressible speeds. In

refs. 12 and 3] it was indicated that a transition-prediction criterion based

on linear boundary-layer stability theory coupled with the e n method

(originally introduced by Smith [11] and Van Ingen 112]) appeared to be a



more reliable approach to predict the onset of transition in the design of

NLF fuselages [13-16]. However, the prediction of onset of transition using

only linear stability analysis coupled with the en-method (henceforth

referred to as the en-method) in the design method can be very expensive

and time consuming. A new approach has been formulated in the design
method in which Granville's transition criterion [17] has been used for

predicting the gradients of the objective function in the design calculations

and the en-method has been used only while predicting the objective

function at the end of each iteration. This new approach may be more

practical in the design calculations. This report presents design cal-

culations for a tiptank in compressible flow as an example case.

NOMENCLATURE

A/A 0

COSAL

%

C
P

f
r

fobj

L

M

NLF

R L

Ratio of local disturbance amplitude to amplitude at the point of

neutral stability for a fixed disturbance frequency

Linear Compressible Stability Analysis

Body drag coefficient (based on frontal area)

Pressure coefficient

Fineness ratio (body length/maximum body diameter)

Objective function

Body length, ft

Freestream Mach number

Natural Laminar Flow

Logarithmic exponent of amplitude-growth ratio of unstable

Tollmien-Schlichting wave, n = ln(A/A 0)

Reynolds number based on freestream conditions and body

length
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R
tr

I

T-S

T(y)

U(y)

V

VGBLP

Reynolds number based on freestream conditions and transition

length

Unit Reynolds number based on freestream conditions

Tollmien-Schlichting

Boundary-layer temperature profile, OF

Boundary-layer velocity profile, ft/sec

Volume of the body, cu. ft

Variable G_._rid Boundary Layer P__rogram

VSAERO Subsonic AEROdynamic Characteristics of Arbitrary Configuration

Having Vortex Separation and Strong Vortex/Surface Interaction

X

Xtr

X
tr

Xtr(g)

Xtr(en)

O_

Axial coordinate starting at nose, ft

Axial coordinate of transition starting at nose, ft

Nondimensional axial coordinate, X/L

Nondimensional axial coordinate of transition, Xtr/L

Nondimensional transition location by Granville's criterion

Nondimensional transition location by en-method

Angle of attack, deg

Obliqueness of T-S disturbances with respect to streamlines, deg

Two-dimensional flow
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OPTIMIZATION PROCEDURE FOR NLF BODY DESIGN

A flow chart of the design method developed to obtain axisymmetric

body shapes with extensive runs of laminar flow is presented in Fig. 11

Initial values of the design variables in the form of body ordinates

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 superscript at the beginning of a word refers to

the block number in Fig. 1). The axisymmetric body is described by design
variables representing the body ordinates in the forebody section and in

the aftbody section. By having a large number of design variables in the

forebody region, the forebody can be represented in great detail especially

near the nose region [18] and such detailed representation can incorporate
small body perturbations dictated by the design cycles.

There are several methods available for optimization in engineering

applications, e.g., the constrained minimization method [19], quasi-

Newton's method [20], and evolution method [21]. 2The constrained

minimization method developed by Vanderplaats (CONMIN) [19] was used

in the design procedure because of its easy accessibility. The constrained

minimization method is coupled with analysis of the 3inviscid and 4viscous

flow regions, 5linear stability analysis of the compressible boundary-layer,
and a transition prediction method.

The 3
aerodynamic analysis program used in the optimization

procedure is based on a low-order surface-singularity method (VSAERO,

[22]). Pressure distributions and velocity distributions are computed by

this aerodynamics program which uses surface singularity panels to

represent the body shape. The 4boundary_layer profiles along the surface

of the body, required for the en-method, are generated by a modified

axisymmetric boundary layer code (VGBLP, [23]). The finite difference

program VGBLP calculates detailed boundary-layer velocity and

temperature profiles along with their first and second derivatives normal

to the surface, including the effects of transverse curvature. Compressible

linear stability theory is used to analyze the laminar boundary-layer

stability along the body via the COSAL program [24]. The COSAL program

solves the finite-differenced boundary-layer stability equations by matrix

methods. The compressible T-S eigenvalue problem is solved for each

boundary-layer station along the body surface, giving temporal growth
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rates of the instability waves propagating at specific wavelengths and
wave angles. The temporal growth rates are transformed to spatial growth
rates using Gaster's phase-velocity relationship [25]. Boundary-layer

transition is predicted by the en-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 location downstream of 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 en-method an accepted transition-prediction method (see
[15]). For experiments in wind tunnels with low turbulence and low
acoustic levels, the onset of transition can be correlated with an n-factor of
9 to 11 in subsonic, transonic and supersonic flows. In the case of flight
tests conducted at low Mach numbers, higher n-factors on the order of 12
to 15 have been observed to correlate with transition; for compressible
flight conditions n-factors of 9 or lower have generally correlated with
transition.

A number of geometric and aerodynamic constraints are imposed on
the design parameters to generate practical and realistic body shapes for
given design conditions. Judicious choice of the upper and the lower
bounds for the design variables will accelerate convergence of the
solutions. Both 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 conditions.

Next, an 7objective function is chosen and minimized subject to the

geometric and aerodynamic constraints. The objective function fobj is
taken to be a function of the location of transition as follows

fobj = 1 - Xtr(g )

fobj = 1 - Xtr(en )

for calculating gradients of

tile objective function,

for calculating the objective function

from a proposed set of design variables
at the end of each iteration,

(1)



where Xtr(g) is the transition location predicted

using Granville's transition criterion

and Xtr(en) is the transition location predicted

using the en-method with an n-factor of 9.

In the optimization calculations described in reference [2], the drag
coefficient was chosen as the objective function. In the present design
method the location of transition appears explicitly in the objective
function, thus it is possible to derive a body optimized for NLF directly.
The objective function given by Eqn. (1) is to be minimized subject to the

constraints on the design variables. The optimizer computes 6gradients of
the objective function using Granville's transition criterion; and then, using
either a conjugate direction method or a method of feasible direction, the
optimizer determines a linear search direction along which a new
constrained variable is constructed.

An improved or minimum feasible value of the objective function is

calculated using the en-method transition criterion given by Eqn. (1) and a
series of revised design variables are calculated. The objective function
and the constrained function are evaluated using the revised design
variables, interpolating over the specified range of feasible design
variables resulting in a minimum value of the objective function.

8The results are tested against a convergence criterion. The
procedure will stop if the convergence criterion is satisfied, giving a body
shape with maximum transition length satisfying the separation constraint.
If the convergence criterion is not satisfied the design parameters go
through the optimizer again resulting in a new set of design variables and
the procedure is repeated until a final body shape is obtained.

COMPUTATIONAL RESULTS AND DISCUSSIONS

Results obtained by the optimization procedure are discussed

through an example. All the computations were performed using a CRAY-

2S computer. A body of revolution whose maximum diameter and length

correspond to those of a tiptank of a representative business aircraft is

considered. The tiptank has a fineness ratio of 8.00 and the design flight
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conditions considered for the present calculations are given by M = 0.7,

zero incidence and R'= 1.28 x 106/foot. In the present example an n-factor
of 9 is assumed for prediction of the onset of transition.

At zero incidence, provided that premature flow separation has not
occured, the transition process is dominated by the growth of the 2-D, T-S
disturbances prior to the inflectional instability that develops at minimum
pressure. Crossflow vortex structure can develop on the body at nonzero
angles of attack. These crossflow vortices can interact with T-S waves and
may lead to premature transition. Such complex three-dimensional
boundary-layer flows were not considered here.

The axisymmetric body was modelled by a set of 27 body
coordinates with 12 points defining the forebody section and 15 points
defining the aftbody section. For the aerodynamic analysis, the body was
modelled by 32 panels in the axial direction and 8 panels in the
circumferential direction resulting in a total of 256 panels. This number of
panels produced reasonably accurate inviscid pressure distributions by the
VSAERO method. The boundary-layer velocity and temperature profiles
were obtained at 101 points in the direction normal to the surface and at
90 stations in the streamwise direction. Boundary layer calculations were
carried out for adiabatic wall conditions and zero suction through the wall.

The boundary-layer stability equations were solved at every 5th
streamwise boundary-layer station starting from the first station. The
boundary-layer stations were skipped to reduce the computation time. In
the global search for eigenvalues, the sixth-order stability equation,
obtained by neglecting dissipation terms in the boundary-layer stability
equations, was solved at each chordwise station; and in the local search for
the eigenvalues, the full eighth order stability equation was solved.

Figure 2 presents the pressure distribution on the baseline tiptank
and the results of the compressible linear stability analysis for several T-S
disturbance frequencies. The pressure coefficients remain subcritical on
the entire body. The figure shows that at transition an n-factor of 9 occurs
at a T-S disturbance frequency of 3500 Hz. For this tiptank shape

transition onset was predicted to occur at Xtr(en ) = 0.327 (Rtr(en) = 6.04 x

106).
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For the tiptank shape twelve design variables representing the
ordinates in the forebody region were 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. In pure axisymmetric flow the obliqueness of the T-S waves
with respect to the streamlines (_) does not occur until the local flow speed
exceeds the local sonic speed. In the present example, since the
axisymmteric flow was subcritical, _t=0 deg was assumed in the design
calculations. Prior knowledge 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 optimization.
The range of T-S disturbance frequencies should be chosen such that it
does not exclude any disturbance frequencies which may grow
substantially on a new body shape generated during the design iterations.
In the present example, the body shapes did not go through large
perturbations as the number of iterations increase, and hence, the initially
chosen set of T-S frequencies contained all the growing disturbances
throughout the design calculations. The same set of T-S disturbance
frequencies which are used in the linear stability analysis for the original
tiptank was used in the design optimization.

The COSAL code [24] does not include transverse-curvature effects
and the effect of streamline divergence (i.e., T-S wave stretching in the
nose region-generally termed as vortex stretching, [26]). In general,
transverse surface curvature has a slightly stabilizing influence on T-S
disturbance growth if the curvature is large in relation to the thickness of
the boundary layer [27]. 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 stability analysis. The
present design calculations do not take into account the effect of the
vortex stretching. During the course of the design calculations, 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 [28,29]. In the present design method the
boundary layer stability calculations do not consider the effect of the
centrifugal instabilities. The design program took 2785 seconds on CRAY-
2S to predict the final tiptank design shape.

The original and the final tiptank shapes obtained are compared in
Fig. 3. The stability envelope for the new tank has a smaller gradient than
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the original tiptank. On the original tiptank, high frequency disturbances
(5000 Hz, 6000 Hz and 7500 Hz) grow along the first 20% of the body and
then become stable. These high frequency disturbances do not grow
beyond an n-factor of 5. The critical disturbances, characterized by a
frequency of 3500 Hz, start growing near 13% of the body length from the

nose and reach an n-factor of 9 at Xtr(en ) = 0.327 (Rtr(en) = 6.04 x 106).

On the designed body, the disturbances with frequencies of 3500 Hz
and 4000 Hz do not grow as much as they did on the original tiptank. The
disturbance at a frequency of 9000 Hz, which did 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; whereas, the disturbance with the same
frequency grew to an n-factor of about 13 for the original tiptank. The

transition location corresponding to an n-factor of 9 occurs at Xtr(en ) =

0.391 (Rtr = 7.22 x 106) on the designed body. Although the critical

frequency leading to transition remained at 3500 Hz on both the original
tiptank and the designed body, boundary-layer transition corresponding to

an n-factor of 9 as predicted by the en-method occured much further
downstream on the designed body.

To assess the effect of extending the length of laminar boundary-
layer flow over the geometries analyzed, The viscous drag was calculated
using a modified integral boundary layer approach [3]. An improved
turbulent boundary-layer calculation method was incorporated in the
panel method to give more realistic drag calculations with available
experimental data. The turbulent boundary-layer calculations were based
on Head's entrainment method as modified by Shanebrook and Sumner
[30]. Validation of this improved method with experimental drag
measurements by GErtler [31] on axisymmetric turbulent body shapes at

R L of 10.0 x 106 and 26.0 x 106 show that the drag coefficient can be

calculated accurately for these predominantly turbulent flow geometries
[3]. A drag coefficient (CD) of 0.0491 was predicted on the original tiptank

with the boundary-layer transition fixed at Xtr=0.327, and a drag coeffi-

cient (CD) of 0.0415 was predicted on the designed body shape with the

boundary-layer transition fixed at Xtr=0.391.
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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 negative way. A constraint on the nose radius will help
alleviate the off-design aerodynamic characteristics.

CONCLUDING REMARKS

An optimization procedure has been developed to design axisymmetric

body shapes with increased transition Reynolds numbers. The 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. Granville's criterion was
used to compute all the gradients required by the constrained

minimization method. At the end of each iteration, the objective function

was predicted by a transition criterion based on the en-method. This new

approach to evaluate the objective function would be more practical andn

would save computation time compared to the approach in which the e -

method is used for all the transition predictions in the design method.

A tiptank of a business-jet was used to demonstrate the use of the

method to design an axisymmetric body shape with increased transition

Reynolds number. Boundary-layer transition was predicted to occur at a

transition Reynolds number of 6.04 x 106 on the original tiptank and at

7.22 x 106 on the designed body shape. This was an increase of 20% in

transition Reynolds number.
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