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Nomenclature
All the dimensions are provided as a fraction ef ¥ihicle body radius.

X —the rotational axis along the vehicle length
S —the arc length along the cross section of theckeMiody starting from the center of the vehiclseno
t(s) —the point of transition from laminar to turbuldlaw
I(s) —the point of laminar separation
a —the main axis of the ellipsoid defining the rourglof the vehicle nose
b —the secondary axis of the ellipsoid defining thending of the vehicle nose
Riose —the vehicle nose radius
Roody —the vehicle body radius
Re — Reynolds number
Cp — pressure coefficient
CPrin — minimum value of the pressure coefficient
l. Introduction

hen designing an axisymmetric vehicle nose, mdtjptrformance characteristics have to be considered

ensure mission success. A design configuratioh dipdimizes one performance characteristic may be
different from the configuration that optimizes tbther characteristic. In this case the final gestould be the
configuration that minimizes conflicts between thaltiple performance characteristics. The shapthefvehicle
nose has a significant effect on some of the vehpelrformance characteristics. This paper expleaggtions in
the shape of the nose and how these shapes adféatiy performance characteristics.

Il General Problem Formulation

Figure 1 presents the schematic view of the uppHrdf a notional axisymmetric vehicle nose, simiia those
investigated by Arakeri and AcostaFor our problem formulation the nose shape istretled via the location of
two control points: A and B (see Figure 1). Pdinepresents the end of the vertical portion ofribee and start of
the rounding portion. Point B represents the emaihthe rounding portion and start of the mainigiehbody. In
Figure 1 and further on in the paper the variabtepresents the arc length along the cross seofidine vehicle
body starting from the center of the nose.
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Figure 1. Schematic representation of an axisymmet vehicle nose

The Transition Analysis Program System (TAP&)de was used to calculate the desired flow pexdoce
characteristics: location of the boundary layendgition point,t(s), location of the laminar separation poilfs),
pressure coefficientCp, and gradient ofCp with respect to the arc length s over bodZp/ds. The primary
program components of TAPS include body geometrtemtial flow, boundary layer analysis, and stap#inalysis.
The potential flow code computes the pressureildigton over the body surface for a given Reynaidmber,Re
The boundary layer profiles are then computed ah dedy location until laminar separation occurrédter that
the stability analysis predicts the growth ratestta boundary layer disturbances at specified romedsional
frequencies. Transition from laminar to turbuléotv is said to occur when the disturbance amgifion, ln(A)
reaches a value of 9 at any given frequency.

lll.  Nose Shape Representation via Ellipsoid

In our first approach to the nose shape optiminati® rounding of the nose was represented by lgos@t
constructed using two control points A and B. Ehpsints define the two main axes of the ellipsozhanges in
the main axes of the ellipsoid reflect the changfethe nose shape. Figure 2 presents more detaitkefining the
flow over the modified nose geometry where poténtiadifications are defined via the ellipsoid. Theminar
separation” notation in Figure 2 indicates wheraiter separation of the boundary layer takes pitwenstream of
the transition point.

Laminar Turbulent
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Figure 2. Vehicle nose shape optimization problemefinition with rounding specified via ellipsoid

A. Extracting Analysis/Simulation Results

Figures 3-5 show typical TAPS results for the axisyetric vehicle nose problem. The body geometiy an
potential flow solution are shown in Figure 3. Uiig 4 shows the peak in the pressure coefficieadignt,ACp/4s,
and its location relative to the minimum value loé pressure coefficienGp,,. Figure 5 shows the transition point
location for the body geometry and given Reynoldsmber,Re Identifying the location of the transition point
requires some effort as the amplification curvesstveral non-dimensional frequency ranges habe tanalyzed.
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Figure 3. Typical Cp distribution and location of the transition and sgaration points on the vehicle body as a
result of TAPS analysis
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Figure 4. Typical Cp gradient values along the body arc length as a rek of TAPS analysis
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Figure 5. Example of identifying the location of dransition point (0.928) from disturbance growth rates
using TAPS stability analysis

B. Optimization Problem Statement
Geometrical conditionsRyqy is fixed
Riose= Roody - b
Design variables: 0.3&<3
0.3 <b<0.96
Possible objective functions:
Maximize transition point locationt(s)
Minimize value ofCpni,
Minimize peak (maximum) value afCp/4s
The reason for selecting these particular objestis¢he following:
e Moving the transition point as far downstream assjiile reduces the spatial extent of the turbulence
acting on the surface
e Minimizing the minimum of the pressure coefficie@f,» , typically minimizes cavitation
* Minimizing ACpl/4s reduces the strength of the turbulence acting surface

In addition to the size constraints on the variapthe performance constraint was established teeraare that
the laminar separation point is downstream of thesition point.

C. Single Objective Optimization Problem Results

Three variations of the optimization problem weerfprmed. Each variation represented a singleebip
optimization problem that used one of the threentified objectives, while the other two objectivegre not
considered. Thus the best possible result fosspeeific objective was obtained without the infloerof the other
objectives. The optimizations were performed uaiisnalDOC software from Vanderplaats R&D, Inc.

We employed several optimization methods. Tablsuinmarizes the results for the Response Surface
optimization method. This method in most casesiired the least number of analyses to get to th@mmneof the
optimum. Table 1 shows the results of optimiziog different objectives. The objective functionedsin the
specific optimization is presented in the firsturoh. The first row in Table 1 represents the @hitiesign from
where all optimizations were started.
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Table 1. Optimization results for single-objectiveproblems with nose shape represented via ellipsoid

a b t(s) Chin Max ACpl4s
Initial design 1.00 .33 .92 -0.85 23.19
Max transition t(s) 1.94 .96 1.85 -.33 1.91
Min (Cpmin) 3.00 .30 72 -2.43 126.36
Min Max(4CplA s) 1.82 .96 1.84 -.35 1.86

The results indicate that maximizing the locatidnthe transition point and minimizing the peak bt Cp
gradient result in a similar design, both in terofighe resultant values of the design variables pedormance
characteristics. On the other hand, minimizinguakie ofCp.,i, results in a significantly different design. dtthe
designer’s responsibility to then decide which tgpelesign to use.

One of the ways to resolve this situation is with help of experienced designers to identify wiabfective is
most important, while putting constraints on thieentresponses with reasonable limits. Below isafribe possible
optimization problem formulations used to achigvie:t

Minimize:  Cpuin

Subjectto: ACplds < 12

Transition point(s) > 1.1

The design variables used were the same as inrévéops optimization problems. The optimizatiosuks are

presented in Table 2.

Table 2. Results of compromised optimization wittnose shape represented via ellipsoid

a b t(s) ChRin Max ACpl4s
Initial design 1.00 .33 .92 -.85 23.19
Min (Cpmin) 0.68 .81 1.30 -1.09 8.27

The new results represent a compromise betweeougadbjective values from Table 1. However, theeaf
the design variabla is different from any of the optimum results inbl@ 1. In our experience the most reasonable
explanation to such a situation is a relative #agof the design space with respect to variapiehich means that
there is a small sensitivity of the objective wiéispect to this particular variable.

D. Multi-Objective Exploration

In addition to single-objective optimization, adyuvas performed to indirectly confirm the optintina results
and to visualize the trade-off between the thrgeatives. The visualization and multi-objectivetiopzation work
was performed using the Trade Space Visualizatiofinare (ATSV)4 software from the Pennsylvania &tat
University. To perform this study, 1000 randommtsiwere analyzed within the design space definedhb
bounds on the two design variables.
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Figure 6 represents these 1000 points in the abgefiinctions space. Pareto Points were identifistbng the
1000 points to get the visual representation ofttade-off between various objective functions.isTdpproximate
Pareto Front in objective functions space is regesd in Figure 7. Figure 7 confirms the conclasidrawn from
the single objective optimization study: maximizithge location of the transition point and minimizithe peak of
the Cp gradient resulted in similar designs, whi@imizing Cpmin yields a design with markedly @ifént
performance characteristics.

sTramsition

Figure 6. Exploration of the design space in the Figure 7. Approximate Pareto Front in the
objective functions space with nose shape objective functions design space with nose shape
represented via ellipsoid represented via ellipsoid

IV. Nose Shape Representation via Ellipsoid and Hicks¢tne Functions

To investigate possible further improvements innfloharacteristics, variations in the possible nekapes
geometries were expanded. Two areas were expsinaataneously. First, the bounds on the desigiabkes &
andb) were expanded. Table 1 shows that the optimusigdehat minimize€py,, is located on the boundary of
the considered design space. It is reasonablgpane the bounds slightly to explore the new desijggice. The
second area of design study was the exploraticgheohew representation of the nose shape. Usimgighted sum
of shape functions (detailed below) superimposedhenellipsoid to represent the nose shape providietitional
opportunities for exploring the design space. KAs Hicks-Henne shape functions were successfulbd der
representing the shape of 2-D airfofisthe authors felt that they could be successfitilized for our problem also.

In the present paper the Hicks-Henne shape furgtivare used as follows: the geometric shape was
represented as the weighted sum of the shape duascti

Y= Ybase + zvvl I:i '

whereYy.seis the baseline function (an ellipsoid for thiseg W, is a weight factor for the specific shape function
F;, andF; is a shape function. In the present paper we teetive following shape functions:

F, =[sin(rx**)]®, -0.20<W, <0.001
F, =[sin(rx*)]®, -0.35sW, <0.005
F, =[sin(rx"®)]®, -0.37<W, < 022
F, =[sin(rx**")]*, -0.31sW, <01

F, =[sin(Tx**)]°, -0.12<W, < 002
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These five normalized shape functions are presantétjure 8. The power coefficients and the bauaod the
weight factors were chosen from experimenting it shapes that the functions produced for ourifsp@coblem.

0 0.2 0.4 0.6 0.8 1

Figure 8. Normalized Hicks-Henne functions used ithis study

A. Optimization Problem Statement
The previous optimization studies showed that mimiimy maximum value o#ICp/As resulted in similar nose
shapes to maximizing the location of the transifimint. As a result, the new studies restrict ghmgle-objective
optimizations to two problems: maximizing the triéina point location and minimizing the value 6p.;,. The
bounds on the ellipsoid parameters were also exgghndihe optimization problems were formulatedadies:
Geometrical conditionsRyqy is fixed
Rhose= Rbody -b
Design variables: 0.1 <a <5
0.1 <b <0.96
-0.2 <W; <0.001
- 0.35 <W, < 0.005
-0.37 <W; <0.22
-0.31<W, <0.1
-0.12 <W; <0.02
Objective functions:
Maximize transition point location(s)
Minimize -Cpuin
Thus, the new optimization problem formulation Isaden design variables instead of two, when the sbape
was represented by an ellipsoid only. Similarlythe previous optimization problem, an additionatfprmance
constraint was established to make sure that thanéa separation point was downstream of the ttiamspoint.

B. Single-Objective Optimization Problem Results

Two optimization problems were solved. Each probiepresented a single-objective optimization pobthat
contained one of the two identified objectives, letthe other was ignored. The optimizations wesefqymed
using VisualDOC software from Vanderplaats R&D,.Inthe weight factor design variables correspondnthe
Hicks-Henne functions provided more flexibility the design, and therefore, helped to improve theegaof the
individual objective functions. However, this flbitity came at the expense of the existence ofyrlanal optima.
To overcome this situation, a Particle Swarm evohary algorithm was employed.
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Table 3 summarizes the results of all optimizatipegormed, including the optimizations, when tlse shape
was represented via an ellipsoid only. For thiefatase the weight factor values in the tablesaeteo zero. The
first column in Table 3 specifies the objective dtions used in the specific optimization. Thetfiew in Table 3
represents the initial design from where all optitions were started.

Table 3. Optimization results for all single-objetive problems

a b VV_L W2 W3 W4 W5 t(S) Cpnin MaX(ACp/A S)

Initial design 1.00 33 0 0 0 0 0 092 -.85 23.19
Max transition (s) 1.04 96 0 0 0 0 0 1.85 -.33 1.01
2 variables

Min (CPrin) 3.00 30 0 0 0 0 0 .72 -2.43 126.36
2 variables

Min Max(ACp/A's) 1.82 96 0 0 0o o0 0 184 -35 1.86
2 variables

Max transition,{(s) 3.48 96 -031 -097 -090 .020 .0202.96 -.27 16.65
7 variables

Min (CPrin) 2.91 33 -015 -031 -030 .001 -003 .67-6.80 650.00
7 variables

The values in boldface type in Table 3 represemtahjective function values achieved using two giesiariables
vs. values achieved using seven design varialblggire 9 represents the shapes of all the bodies Trable 3.

O - T T T
0 0.5 1 15 2 25
o Initial 2DV Max t(s) — & — 2DV Min Cpmin
77777 2DV Min Max(dCp/ds) 7DV Max t(s) —e— 7DV Min Cpmin

Figure 9. Shapes for all the designs representex Table 2

Common trends are observed when considering thitsdén Table 3 and Figure 9. The designs thatimie
the transition point location tend to have a smaitical portion at the nose (the lines without keas in Figure 9),
whereas the designs that minim2p,,i, tend to have a relatively large vertical nose ipartvith a relatively “sharp
corner,” then remains relatively “flat” as it traisns into the vehicle body (the lines with theres in Figure 9).
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C. Multi-Objective Exploration

Similar to multi-objective study performed for ttveo-design variable problems, a study for a sevesigoh variable
problem was performed. The visualization and ralfective optimization work was performed using S\
software. Figure 10 shows all the points analyiretthe process of all Particle Swarm optimizaticarsg Figure 11
shows the Pareto points extracted from all the tpoirsimilar trends in Pareto points from Figurand Figure 11
are noted. Figure 12 and Figure 13 show the ozigkip between all the variables and responsesilfahe
analyzed points and for the Pareto Points onlypeaetvely.
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Figure 10. Plot of all the points visited during Figure 11. Pareto points extracted from all the
optimizations points
(Color corresponds to points preference:
red — most preferred, blue — least)
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Figure 13. Scatter plot showing relations betweeall variables and responses for Pareto Points only
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V. Concluding Remarks and Future Work

In this paper, we used optimization techniquesnbprove several flow characteristics of an axisynminet
vehicle by adjusting the vehicle’s nose shape. fiiisé part of the presented work optimized a mtyealitional
representation of an axisymmetric vehicle nose, @e ellipsoidal shape). The second portion edpdrithe design
space by introducing Hicks-Henne functions to cd&isimore variety in the nose shapes. Common trendese
shape were identified for both approaches in tesisptimizing the vehicle’s flow characteristic§he tradeoff
studies presented illustrate how a designer camsghdhe nose shape dependent on his/her preferer@gs
visualizing the Pareto points, it should be eafieia designer to identify tradeoffs between dekirkaracteristics.
Introducing more flexibility into the nose shapeogestry resulted in improving the individual flowaracteristics,
but also introduced difficulties for more traditedroptimization techniques (i.e., Gradient-basetingpation and
Response Surface optimization).

Future work may focus on further study of Hicks-Herfunctions for this particular application, ingsing the
number of shape functions employed as well as adgusheir power coefficients. There is also agioifity to
consider power coefficients of Hicks-Henne functioms design variables. Other computational, aicalytor
empirical solutions for determining the nose shagag also be considered.
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