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An integration environment has been developed for conducting multidiscipline design 

optimization analysis under uncertainty.  It facilitates solution of multiple optimization 

problems in parallel with multiple sets of objectives and constraints originating from 

different design disciplines while simultaneously accounting for uncertainty during the 

optimization process.  A seamless general purpose integration capability facilitates 

exchanging data between the optimization processes and the solvers which are used for 

evaluating the objective functions and the constraints.   Metamodels can be developed and 

used instead of the actual solvers during the highly iterative optimization process in order to 

expedite the computations.  Uncertainties are introduced in the optimization by considering 

the constraints which depend on any random variables and any random parameters as 

probabilistic.  Satisfying the probabilistic constraints in the presence of uncertainty 

introduces sufficient conservatism in the solution and eliminates the need for further 

application of safety factors.  The work presented in this paper considers trajectory, 

aerothermal, aerodynamic, thermal, and structural computations when performing the 

design optimization for the Thermal Protection System (TPS) and for the structure of a 

TSTO upper stage vehicle.  Sixteen different sections are considered on the vehicle when 

designing the TPS.  The trajectory bank angle schedule, the angle of attack schedule, the 

thickness of the sixteen different TPS sections, and twenty seven thicknesses associated with 

the structure are considered when reducing the overall weight of the vehicle while satisfying 

the imposed constraints.  Uncertainties are considered in three control angles of the 

trajectory, in the material strength, the thrust load and the 2.5G loads.  The results from the 

multi-discipline optimization without and with uncertainty are discussed, and a comparison 

between the deterministic and the probabilistic optimum is made. 

I. Introduction 

HE physical difficulty of designing entry vehicles originates from the large degree of coupling between the 

various disciplines involved in the design [1-3].  The disciplines which must be accounted for and integrated 

during the design are: trajectory optimization [4-6], guidance, navigation, and control (GN&C) technology [7,8], 

aerodynamics and aerothermodynamics [9-11], thermal-structural analysis [12-14], and thermal protection system 

(TPS) development [15-19].  Efforts have been made in developing a collaborative or a multidisciplinary 

optimization process that considers some of the disciplines of interest during an integrated design [20-23].  Further, 

it is important to capture in the decision making process how uncertainty in the atmospheric conditions, in the entry 

parameters of the vehicle, in the condition of the vehicle during entry, and in the performance of the TPS will 

influence the design and provide a risk assessment for a mission.  The work presented in this paper considers 

trajectory, aerothermal, aerodynamic, thermal, and structural computations when performing the design optimization 

for the Thermal Protection System (TPS) and for the structure of a TSTO upper stage vehicle.  It utilizes an 

integration framework developed and presented previously [24, 25] for conducting multidiscipline design 

optimization (MDO) under uncertainty. Sixteen different sections are considered on the vehicle when designing the 
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TPS.  The trajectory bank angle schedule, the angle of attack schedule, the thickness of the sixteen different TPS 

sections, and twenty seven thicknesses associated with the structure are 

the overall weight of the vehicle while satisfying the imposed constraints.  

analysis is conducted.  In the latter, u

material strength, the thrust load and the 2.5G loads.

     The trajectory code Traj [26] developed 

Aerothermal information is computed at each point of the trajectory from flight characteristics computed by Traj 

(Mach number, angle of attack, and dynamic pressure) and an aerotherma

created using the (configuration Based AEROdynamics) 

utilized in the past for designing the trajectory and the thermal protection system for reusable launch vehicles [

In this application the trajectory is controlled by an angle of attack schedule containing seven angles, and a bank 

angle schedule containing seven angles.

     Thermal analyses are performed for each 

locations.  The thermal loads are determined from the trajectory results and the aerothermal database.  The FIAT 

code developed at NASA Ames [30] is employed in the thermal computations

minimizing the thickness of the TPS at sixteen differe

Mach number, angle of attack, and dynamic pressure time histories.  Soak out conditions are considered in this 

analysis.  Constraints are imposed at temperatures on the bondline sur

core material. 

     The structural optimization minimizes the weight of the structure while considering four loading conditions: 

loads corresponding to max(Q), max(Qalpha), the 2.5G load, and the thrust load. 

trajectory while the last two are independent of the trajectory and are constant for all different trajectory 

configurations.  Twenty seven design variables linked with the thickness of the graphite layers and the thickness of 

the aluminum core are considered in the structural optimization.  The MSC/Nastran SOL200 code is used for 

conducting the structural optimization.  Two important issues associated with the structural optimization shaped the 

manner that the overall multi-discipline optimization analysis is conducted.  The thrust load and the 2.5G loads 

dominate the solution of the structural optimization.  Thus, the trajectory results and the related aerodynamic loads 

do not influence the outcome of the structural optimizatio

point for the structural design variables leads to different results in the NASTRAN SOL200.  In order to address 

these two issues the following actions were taken: The structural optimization wa

disciplines (trajectory and thermal); 

optimization in order to address the dependency of the optimal solution to the starting point for the optimization.

     The formulation of the multi-discipline optimization analysis, and the results from the multi

optimization without and with uncertainty are discussed, and a comparison between the 

probabilistic optimum is made. 

Figure 1. Flow Chart of the MDO Analysis for the TSTO upper stage vehicle
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TPS.  The trajectory bank angle schedule, the angle of attack schedule, the thickness of the sixteen different TPS 

sections, and twenty seven thicknesses associated with the structure are used as design variables

the overall weight of the vehicle while satisfying the imposed constraints.  Both a deterministic and a probabilistic 

uncertainties are considered in three control angles of the trajectory, in the 

material strength, the thrust load and the 2.5G loads. 

] developed at NASA Ames is employed for the trajectory computations.  

Aerothermal information is computed at each point of the trajectory from flight characteristics computed by Traj 

number, angle of attack, and dynamic pressure) and an aerothermal database provided by NASA Ames and 

(configuration Based AEROdynamics) CBAERO package [27,28].  The CBAERO code has been 

utilized in the past for designing the trajectory and the thermal protection system for reusable launch vehicles [

ory is controlled by an angle of attack schedule containing seven angles, and a bank 

angle schedule containing seven angles. 

Thermal analyses are performed for each TPS material system corresponding to each of the sixteen

e thermal loads are determined from the trajectory results and the aerothermal database.  The FIAT 

] is employed in the thermal computations.  The thermal optimization is 

minimizing the thickness of the TPS at sixteen different locations.  The thermal environments are evaluated from the 

Mach number, angle of attack, and dynamic pressure time histories.  Soak out conditions are considered in this 

onstraints are imposed at temperatures on the bondline surface and locations within the graphite and the 

The structural optimization minimizes the weight of the structure while considering four loading conditions: 

loads corresponding to max(Q), max(Qalpha), the 2.5G load, and the thrust load.  The first two depend on the 

trajectory while the last two are independent of the trajectory and are constant for all different trajectory 

configurations.  Twenty seven design variables linked with the thickness of the graphite layers and the thickness of 

the aluminum core are considered in the structural optimization.  The MSC/Nastran SOL200 code is used for 

conducting the structural optimization.  Two important issues associated with the structural optimization shaped the 

cipline optimization analysis is conducted.  The thrust load and the 2.5G loads 

dominate the solution of the structural optimization.  Thus, the trajectory results and the related aerodynamic loads 

do not influence the outcome of the structural optimization in this particular application.  Additionally, the starting 

point for the structural design variables leads to different results in the NASTRAN SOL200.  In order to address 

these two issues the following actions were taken: The structural optimization was decoupled from the rest of the 

 and a customized algorithm is developed and used for the structural 

optimization in order to address the dependency of the optimal solution to the starting point for the optimization.

discipline optimization analysis, and the results from the multi

optimization without and with uncertainty are discussed, and a comparison between the deterministic and the 

Figure 1. Flow Chart of the MDO Analysis for the TSTO upper stage vehicle

TPS.  The trajectory bank angle schedule, the angle of attack schedule, the thickness of the sixteen different TPS 

sed as design variables in order to reduce 

Both a deterministic and a probabilistic 

three control angles of the trajectory, in the 

NASA Ames is employed for the trajectory computations.  

Aerothermal information is computed at each point of the trajectory from flight characteristics computed by Traj 

l database provided by NASA Ames and 

].  The CBAERO code has been 

utilized in the past for designing the trajectory and the thermal protection system for reusable launch vehicles [29].  

ory is controlled by an angle of attack schedule containing seven angles, and a bank 

sixteen representative 

e thermal loads are determined from the trajectory results and the aerothermal database.  The FIAT 

The thermal optimization is 

nt locations.  The thermal environments are evaluated from the 

Mach number, angle of attack, and dynamic pressure time histories.  Soak out conditions are considered in this 

face and locations within the graphite and the 

The structural optimization minimizes the weight of the structure while considering four loading conditions: 

The first two depend on the 

trajectory while the last two are independent of the trajectory and are constant for all different trajectory 

configurations.  Twenty seven design variables linked with the thickness of the graphite layers and the thickness of 

the aluminum core are considered in the structural optimization.  The MSC/Nastran SOL200 code is used for 

conducting the structural optimization.  Two important issues associated with the structural optimization shaped the 

cipline optimization analysis is conducted.  The thrust load and the 2.5G loads 

dominate the solution of the structural optimization.  Thus, the trajectory results and the related aerodynamic loads 

n in this particular application.  Additionally, the starting 

point for the structural design variables leads to different results in the NASTRAN SOL200.  In order to address 

s decoupled from the rest of the 

algorithm is developed and used for the structural 

optimization in order to address the dependency of the optimal solution to the starting point for the optimization. 

discipline optimization analysis, and the results from the multi-discipline 

deterministic and the 
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II. Optimization Statements for the Multidiscipline Analysis

     The flow chart of the multi-discipline optimization analysis is presented in Figure 1.  Once it was realize

trajectory dependent aerodynamic loads (pressure loads for max(Q) and max(Qalpha)) have no impact on the results 

of the structural optimization the structural optimization was removed from the tight integration 

multidiscipline analysis.  This is necessary because the top level optimizer gets no response to any attempts to 

influence the outcome of the structural optimization and thus it cannot operate properly.  The results from the 

optimal thickness of the structure are taken into account in the FIA

max(Qalpha) loads from the trajectory 

are made to establish any iterative process between the structural optimization and the remaining two disciplines.  

The optimal structural configuration is determined first and then the rest of the analysis is conducted.  This is 

necessary because the structural skin thic

A. Trajectory Optimization  
     Through a variable screening process ten design variables are defined from the trajectory analysis out of the 

seven angle of attacks and eleven bank angles.  The time schedule 

summarized in Figure 2.  The angles that are selected as design variables for the trajectory optimization are also 

identified in Figure 2. 

 

Figure 2. Schedule of angles of attack schedule and bank angles sched

 

     The Traj code is utilized as the solver during the trajectory optimization analysis.  An aerodynamic and an 

aerothermal database are linked with the Traj code in order to generate the necessary information for Traj.  

speed aerodynamic and aerothermodynamic databases for the TSTO Upper Stage vehicle 

CBAERO code.  CBAERO is an engineering

a reentry vehicle.  Surface pressures are computed using independent panel methods (e.g. Newtonian Flow).  

Surface shear forces and convective heating are computed using Reference Enthalpy methods for acreage areas and 

Fay-Riddell methods for stagnation regions.  Aerodynamic coefficients used in the trajectory analysis are computed 

by integrating pressure and shear forces over the surface of the vehicle to obtain trimmed aerodynamic lift and drag 

coefficients as function of flight Mach number, angle

     The objective function of the trajectory optimization is to minimize the heat load.  At the same time the following 

constraints are imposed: 

 

Max G < 3 

Max Q (psf) < 500.0 

Max QA (psf-degrees) < 8000.0 

Cross Range (nm) > 1200.0 

Limits on maximum temperature at 16 body points (Figure 
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Optimization Statements for the Multidiscipline Analysis 

discipline optimization analysis is presented in Figure 1.  Once it was realize

trajectory dependent aerodynamic loads (pressure loads for max(Q) and max(Qalpha)) have no impact on the results 

of the structural optimization the structural optimization was removed from the tight integration 

is is necessary because the top level optimizer gets no response to any attempts to 

influence the outcome of the structural optimization and thus it cannot operate properly.  The results from the 

thickness of the structure are taken into account in the FIAT thermal analysis.  Since the

trajectory have no influence on the optimal configuration of the structure

o establish any iterative process between the structural optimization and the remaining two disciplines.  

The optimal structural configuration is determined first and then the rest of the analysis is conducted.  This is 

thickness influences the results of the thermal analysis. 

Through a variable screening process ten design variables are defined from the trajectory analysis out of the 

seven angle of attacks and eleven bank angles.  The time schedule for the angles of attack and bank angles is 

.  The angles that are selected as design variables for the trajectory optimization are also 

. Schedule of angles of attack schedule and bank angles schedule; identification of design variables 

for trajectory analysis 

The Traj code is utilized as the solver during the trajectory optimization analysis.  An aerodynamic and an 

aerothermal database are linked with the Traj code in order to generate the necessary information for Traj.  

othermodynamic databases for the TSTO Upper Stage vehicle are generated using the 

.  CBAERO is an engineering-based code for estimating the forces and aero heating on the surface 

a reentry vehicle.  Surface pressures are computed using independent panel methods (e.g. Newtonian Flow).  

Surface shear forces and convective heating are computed using Reference Enthalpy methods for acreage areas and 

regions.  Aerodynamic coefficients used in the trajectory analysis are computed 

by integrating pressure and shear forces over the surface of the vehicle to obtain trimmed aerodynamic lift and drag 

coefficients as function of flight Mach number, angle-of-attack and free-stream dynamic pressure

The objective function of the trajectory optimization is to minimize the heat load.  At the same time the following 

Limits on maximum temperature at 16 body points (Figure 3 and Table 1)                            (1) 

discipline optimization analysis is presented in Figure 1.  Once it was realized that the 

trajectory dependent aerodynamic loads (pressure loads for max(Q) and max(Qalpha)) have no impact on the results 

of the structural optimization the structural optimization was removed from the tight integration of the 

is is necessary because the top level optimizer gets no response to any attempts to 

influence the outcome of the structural optimization and thus it cannot operate properly.  The results from the 

.  Since the max(Q) and 

configuration of the structure, no attempts 

o establish any iterative process between the structural optimization and the remaining two disciplines.  

The optimal structural configuration is determined first and then the rest of the analysis is conducted.  This is 

Through a variable screening process ten design variables are defined from the trajectory analysis out of the 

for the angles of attack and bank angles is 

.  The angles that are selected as design variables for the trajectory optimization are also 

 
ule; identification of design variables 

The Traj code is utilized as the solver during the trajectory optimization analysis.  An aerodynamic and an 

aerothermal database are linked with the Traj code in order to generate the necessary information for Traj.  The high 

re generated using the 

based code for estimating the forces and aero heating on the surface of 

a reentry vehicle.  Surface pressures are computed using independent panel methods (e.g. Newtonian Flow).  

Surface shear forces and convective heating are computed using Reference Enthalpy methods for acreage areas and 

regions.  Aerodynamic coefficients used in the trajectory analysis are computed 

by integrating pressure and shear forces over the surface of the vehicle to obtain trimmed aerodynamic lift and drag 

stream dynamic pressure.   

The objective function of the trajectory optimization is to minimize the heat load.  At the same time the following 
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Maximum temperature limits are imposed on sixteen body points of the TSTO vehicle, the location of each point, 

the type of thermal protection material used, and the corresponding maximum temperature

Table 1.  Additionally, the sixteen points are presented in Figure 

the same physical location of the vehicle).  Th

simulations. 

Table 1. Summary of body point TPS material and temperature limits

Figure 3. Summary of sixteen body points defining the thermal constraints in the trajectory optimization, 

the locations where thermal optimization analysis is performed

B. Thermal Protection System Optimization 
     In the thermal discipline the objective is to minimize the total mass of the TPS.  Sixteen design variables (the 

thickness of the thermal protection associated with each one of the sixteen body points) are considered in this 

analysis.  Table 2 summarizes the sixteen body points, the area where they are applied, the material used, and the 

total area associated with each location.

 

 

 

 

 

 

 

 

BP# Tri# Location

 1 None Nosecap Stagnation

 2 33506 10% Body Wind

 3 43219 25% Body Wind

 4 35179 50% Body Wind

 5 35806 75% Body Wind

 6  24080 10% Body Lee

 7  24834 25% Body Lee

 8  25775 50% Body Lee

 9 8624 Wing L/E

10 9742 Wing L/E

11 16785 Wing 1/4C Wind

12 10645 Strake

13 2054 Winglet L/E

14 37383 Wing 50%C Lee

15 16785 Wing 1/4C Wind

16 16840 Wing 50%C Wind
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Maximum temperature limits are imposed on sixteen body points of the TSTO vehicle, the location of each point, 

ection material used, and the corresponding maximum temperature limit are summarized in 

.  Additionally, the sixteen points are presented in Figure 3 (note that some points in Figure 

the same physical location of the vehicle).  The actual Traj solver is utilized in the trajectory optimization 

. Summary of body point TPS material and temperature limits 
 

. Summary of sixteen body points defining the thermal constraints in the trajectory optimization, 

the locations where thermal optimization analysis is performed 

Thermal Protection System Optimization  
In the thermal discipline the objective is to minimize the total mass of the TPS.  Sixteen design variables (the 

tion associated with each one of the sixteen body points) are considered in this 

summarizes the sixteen body points, the area where they are applied, the material used, and the 

total area associated with each location. 

Location           Material  TLIMIT (ºK) 

Nosecap Stagnation ACC  2000 

10% Body Wind AETB/TUFI 1650 

25% Body Wind CRI  1400 

50% Body Wind CRI  1400 

75% Body Wind CRI  1400 

10% Body Lee CRI  1400 

25% Body Lee FRSI  750 

50% Body Lee FRSI  750 

Wing L/E  ACC  2000 

Wing L/E  ACC  2000 

Wing 1/4C Wind AETB/TUFI 1650 

Strake   AETB/TUFI 1650 

Winglet L/E  AETB/TUFI 1650 

Wing 50%C Lee FRSI  750 

Wing 1/4C Wind AETB/TUFI 1650 

Wing 50%C Wind CRI  1400 

Maximum temperature limits are imposed on sixteen body points of the TSTO vehicle, the location of each point, 

limit are summarized in 

(note that some points in Figure 3 are related with 

e actual Traj solver is utilized in the trajectory optimization 

 
 

 
. Summary of sixteen body points defining the thermal constraints in the trajectory optimization, and 

In the thermal discipline the objective is to minimize the total mass of the TPS.  Sixteen design variables (the 

tion associated with each one of the sixteen body points) are considered in this 

summarizes the sixteen body points, the area where they are applied, the material used, and the 
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BP# Tri # Region Zone TPS 

Material 

Total Area 

(m
2
) 

1 - Nosecap                                                                                                                      1001 ACC 0.356 

2 33506 10% Body (Wind) 1020+1050 AETB/TUFI 12.596 

3 43219 25% Body (Wind) 1021+1051 CRI 21.868 

4 35179 50% Body (Wind) 1022 CRI 22.558 

5 35806 75% Body (Wind) 1023 CRI 62.560 

6 24080 10% Body (Lee) 1010 CRI 14.33 

7 24834 25% Body (Lee) 1011 FRSI 24.936 

8 25775 50% Body (Lee) 1012,1013,1002 FRSI 146.950 

9 8624 Wing L/E 30%(2101+2201) ACC 4.970 

10 9742 Wing L/E 30%(2101+2201) ACC 4.970 

11 16785 Wing Acreage (W) 5%(2200) AETB/TUFI 1.990 

12 10645 Strake 40%(2101+2201) AETB/TUFI 6.626 

13 2054 Vertical Tail L/E 8101+8201 AETB/TUFI 5.494 

14 37383 Wing Acreage 

50%Chord (L) 

78%(2100)+8100+8200 FRSI 40.312 

15 37429 Wing 

Acreage25%Chord (L) 

22%(2100) AETB/TUFI 8.406 

16 16840 Wing Acreage 

50%Chord (W) 

95%(2200) CRI 37.816 

Table 2. Summary of body point TPS material and temperature limits 
 

For the thermal optimization metamodels are developed based on the FIAT simulation results.  Sixteen metamodels 

are developed, one for each section of the TPS.  The metamodels link the ten design variables from the trajectory 

analysis with the optimal thickness that results from the FIAT optimization.  In this work the metamodels are created 

using the Kriging method.  Soak out conditions are considered in the FIAT simulations.  The FIAT code is utilized 

to compute the optimal thickness for a given set of trajectory design variables while at the same time temperature 

limits on the bondline surface and locations within the graphite and the core material of the structure are applied.  

The trajectory variables determine the Mach number, angle of attack, and dynamic pressure time histories.  Based on 

these time histories an aerothermal database is utilized to compute the input environment for FIAT.  The CBAERO 

code is run over an expected range of flight Mach numbers, Angles-of-Attack and free-stream dynamic pressures 

that will span the trajectory envelope, generating an aerothermal database for the given vehicle configuration.  The 

convective heating environments at each body point are generated by interpolating the aerothermal database as a 

function of Mach number, angle-of-attack and dynamic pressure as function of time.  The resulting convective 

environments file which is used as input for the FIAT analysis consists of the time history of the recovery enthalpy, 

the convective film transfer coefficient and the surface pressure.  The trajectory optimization and the thermal 

optimization are linked within the multidiscipline analysis in order to exchange information and facilitate the 

interaction between the two discipline level optimizations. 

C. Structural Optimization  
     For the structural discipline optimization the MSC/Nastran SOL200 is used.  The structural finite element model 

and the locations associated with the twenty seven design variables are presented in Figure 4.  This is a coarse finite 

element model since only stresses from global loading conditions are considered in this work.  A description of the 

twenty seven design variables is presented in Table 3.  Four loading conditions are considered in this analysis: the 

aerodynamic pressure loads corresponding to the max(Q), max(QAlpha), and 2.5G conditions, and the thrust load.  

For the hypersonic/supersonic phase of the re-entry trajectory, the surface pressures are generated over the entire 

surface of the TSTO Upper Stage vehicle by interpolation of the aerodynamic/aerothermodynamic database 

generated by CBAERO.  Maximum free-stream dynamic pressure and the maximum dynamic pressure times angle-

of-attack occur during the supersonic portion of the entry trajectory.  The 2.5G turn occurs during the final landing 

approach phase of the flight at a subsonic mach number of 0.5.  The surface pressure at this flight condition come 

from interpolation of an aerodynamic database generated using the NASA Ames Research Center code CART3D 

[31].  CART3D is an Euler CFD code for computing subsonic, trans-sonic and low supersonic flow over arbitrary 

aircraft configurations.  The thrust load is evaluated by considering that the maximum ascent axial load on the TSTO 

Upper stage vehicle occurs at the end of the powered flight phase, just before main engine cut-off (MECO).  The 
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rocket engines are throttled back to a lower power setting to limit the axial acceleration of the vehicle.  For this 

design case, the maximum allowable axial acceleration is limited to 5 g’s, hence setting the total engine thrust at five 

times the MECO weight.  Although all four loadi

Max(Q) and Max(QAlpha) has no influence on the optimization results.

Figure 4. Finite element model used in structural optimization and locations associated with the twenty seven 

 

DV # Material Card

1 & 2 PCOMP 1001 GR & AL 

3 & 4 PCOMP 1002, 1016,1019 GR & AL

5 & 6 PCOMP 1003 GR & AL 

7 & 8 PCOMP 1004 GR & AL 

9 & 10 PCOMP 1005 GR & AL 

11 & 12 PCOMP 1009, 1020 GR & AL

13 & 14 PCOMP 1017 GR & AL 

15 & 16 PCOMP 1018 GR & AL 

17 PSHELL 1006 

18 PSHELL 1007 

19 PSHELL 1008 

20 PSHELL 1021 

21 PSHELL 1022 

22 PSHELL 1023 

23 PSHELL 1024 

24 PSEHLL 1025 

25 PBARL 1010 

26 PBEAML 1 

27 PBEAML 2 

Table 3.  Description of the twenty seven structural design variables
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back to a lower power setting to limit the axial acceleration of the vehicle.  For this 

design case, the maximum allowable axial acceleration is limited to 5 g’s, hence setting the total engine thrust at five 

times the MECO weight.  Although all four loading conditions are considered, the loading originating from the 

Max(Q) and Max(QAlpha) has no influence on the optimization results. 

. Finite element model used in structural optimization and locations associated with the twenty seven 

design variables 

Material Card Description 

Front Fuselage Bottom 

PCOMP 1002, 1016,1019 GR & AL Aft-fuselage Bottom + Wing root closure

Lower Surface of Wings 

Upper Surface of Fore Fuselage 

Upper Surface of Wing and Rudder 

PCOMP 1009, 1020 GR & AL Rear End  &  Upper Surface of Aft Fuselage

Upper Surface of Mid-Fuselage 

Aft Center Keel 

Fore Center Keel 

Nose Cap 

Wing Leading Edge 

Front Carry-Through 

Rear Carry-Through 

Front Spar 

Rear Spar 

Wing-tip Rib 

Truss Tube for Thrust Structure 

PBEAML BOX -Ring Frame 

PBEAML BOX -Longitudinal Frame

.  Description of the twenty seven structural design variables 

back to a lower power setting to limit the axial acceleration of the vehicle.  For this 

design case, the maximum allowable axial acceleration is limited to 5 g’s, hence setting the total engine thrust at five 

ng conditions are considered, the loading originating from the 

 
. Finite element model used in structural optimization and locations associated with the twenty seven 

fuselage Bottom + Wing root closure 

 

Rear End  &  Upper Surface of Aft Fuselage 

Longitudinal Frame 
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Constraints on the stresses and strains in the graphite layers and AL core material are imposed during the structural 

optimization conducted by Nastran SOL200.  The Nastran optimization checks for violation of the constraints; 

additionally, a code provided by NASA Ames processed the Nastran results after the optimization was completed 

and offered an additional check for the constraints.  

     A main issue for the structural optimization is that the results depend on the starting point of the optimization. 

Thus, the level of improvement in the structural weight depends on the starting point of the optimization.  In

address this issue, a customized algorithm is developed 

Figure 5.  Since the initial point for the design variables has an influence on the optimization results, 100 different 

starting points are created through a random number generator and an optimization analysis is performed for each 

starting point.  Out of all the optimal solutions the one which produces the smallest weight is identified.  Then, an 

iterative process is executed where the optimal solution with the smallest weight comprises the starting point for the 

optimization.  Each time that the optimization is completed, the new optimum configuration is set as the starting 

point for the next optimization analysis.  The process is considered to converge in the optimal solution when there is 

no further weight reduction between two successive iterati

Figure 5. Flow chart of optimization algorithm used for the structural optimization
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Constraints on the stresses and strains in the graphite layers and AL core material are imposed during the structural 

optimization conducted by Nastran SOL200.  The Nastran optimization checks for violation of the constraints; 

by NASA Ames processed the Nastran results after the optimization was completed 

and offered an additional check for the constraints.   

A main issue for the structural optimization is that the results depend on the starting point of the optimization. 

Thus, the level of improvement in the structural weight depends on the starting point of the optimization.  In

algorithm is developed and used.  The flow chart of this algorithm 

.  Since the initial point for the design variables has an influence on the optimization results, 100 different 

starting points are created through a random number generator and an optimization analysis is performed for each 

Out of all the optimal solutions the one which produces the smallest weight is identified.  Then, an 

iterative process is executed where the optimal solution with the smallest weight comprises the starting point for the 

ptimization is completed, the new optimum configuration is set as the starting 

point for the next optimization analysis.  The process is considered to converge in the optimal solution when there is 

no further weight reduction between two successive iterations.   

. Flow chart of optimization algorithm used for the structural optimization

Constraints on the stresses and strains in the graphite layers and AL core material are imposed during the structural 

optimization conducted by Nastran SOL200.  The Nastran optimization checks for violation of the constraints; 

by NASA Ames processed the Nastran results after the optimization was completed 

A main issue for the structural optimization is that the results depend on the starting point of the optimization.  

Thus, the level of improvement in the structural weight depends on the starting point of the optimization.  In order to 

algorithm is presented in 

.  Since the initial point for the design variables has an influence on the optimization results, 100 different 

starting points are created through a random number generator and an optimization analysis is performed for each 

Out of all the optimal solutions the one which produces the smallest weight is identified.  Then, an 

iterative process is executed where the optimal solution with the smallest weight comprises the starting point for the 

ptimization is completed, the new optimum configuration is set as the starting 

point for the next optimization analysis.  The process is considered to converge in the optimal solution when there is 

 
. Flow chart of optimization algorithm used for the structural optimization 
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III. Results of Design Optimization Analysis  

     A deterministic analysis is performed first without considering any uncertainty during the optimization.  Then 

uncertainties are assigned in three design variables of the trajectory analysis and in parameters associated with the 

strength of the graphite, the thrust load, and the 2.5G load and the optimization analysis is repeated.  Uncertainties 

are considered in the 2
nd

 and 3
rd

 angles of attack and in the 3
rd

 bank angle.  Thru a sensitivity analysis these three 

design variables are identified to be the most influential to the optimization results.  The uncertainty is introduced in 

these three angles as a normal distribution with a sigma of 0.25 degrees.  The uncertainty in the strength of the 

graphite is defined as a uniform distribution between 50% and 100% of the nominal value.  For the thrust load a 

normal distribution is considered with a variation of + or – 5% as 3 sigma.  For the 2.5G load a normal distribution 

is considered with a variation of + or – 0.5G as 3 sigma.  The results from the optimization without and with 

uncertainty are presented in this section.  All the results which are presented here are computed using the actual 

solvers.  For the trajectory and for the structural computations the actual solvers are always utilized during the 

optimization process.  Metamodels are used for the FIAT analysis during the optimization process.  In the summary 

of the results the actual solvers are used for the FIAT simulations once the optimal trajectory parameters have been 

identified. 

     Figure 6 presents the results for the bank angle schedules and the angle of attack schedules from the analysis 

without uncertainty and with uncertainty.  Adjustments are made in the trajectory design variables (particularly the 

bank angle schedule) in the presence of uncertainty in order to satisfy the trajectory constraints and the thermal 

analysis constraints with a 98% reliability level in the presence of uncertainty.  Table 4 summarizes the results for 

the trajectory optimization without and with uncertainty.  The label “MDO” is used to indicate results from the 

deterministic analysis and the label “MDOU” indicates results from the optimization in the presence of uncertainty.  

In the parts of the Table which present the values of the constraints, the MDOU column contains values for the 

constraints that correspond to the 98% reliability level.  It can be observed that the presence of uncertainty does not 

allow the optimizer to reduce the objective function of the total heat load as much as the simulation without 

uncertainty does, in order to introduce the necessary margin of safety in the various constraints.  The most 

prominent constraints in both sets of optimizations appear to be the maximum temperature at body points #1, #3, #4, 

#5, #10, #14, #16; and the constraint in the required cross range.  As a point of reference indicating the level of 

improvement achieved by the optmization analysis, the original trajectory demonstrated a heat load of ~79,000 

J/cm^2. 

 

 
Figure 6. Trajectory summaries for the bank angle schedule and the angle of attack schedule for the 

trajectories optimized without uncertainty (left) and under uncertainty (right) 
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Table 4. Summary of results for optimal trajectory without and with uncertainty

 
     The results for the thermal analysis discipline are summarized in Table 

design, along with the lower and upper bounds, were provided by NASA Ames, and the improvement achieved by 

the optimization uses the original configuration as a point of reference.  The Table contains two columns 

labeled as “MDO” (optimization without uncertainty) and 

observed the MDOU results provide a more conservative (higher thicknesses) solution for the optimal TPS design.  

This is due to the more severe heat environments that can get created from the presence of unce

design variables of the trajectory simulation.  

used to design the TPS of an Apollo type vehicle under uncertain

constraints in the presence of uncertainty

checks are not conducted for the analysis presented in this 
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. Summary of results for optimal trajectory without and with uncertainty

The results for the thermal analysis discipline are summarized in Table 5.  The initial thicknesses for the TPS 

h the lower and upper bounds, were provided by NASA Ames, and the improvement achieved by 

the optimization uses the original configuration as a point of reference.  The Table contains two columns 

(optimization without uncertainty) and “MDOU” (optimization with uncertainty)

observed the MDOU results provide a more conservative (higher thicknesses) solution for the optimal TPS design.  

This is due to the more severe heat environments that can get created from the presence of uncertainty in the three 

design variables of the trajectory simulation.  In previous work where the same multidiscipline environment was 

used to design the TPS of an Apollo type vehicle under uncertainty, the ability of the optimal design to satisfy the 

in the presence of uncertainty was checked through a Monte Carlo simulation [25].  Therefore, su

checks are not conducted for the analysis presented in this paper. 

 

 

 
. Summary of results for optimal trajectory without and with uncertainty 

.  The initial thicknesses for the TPS 

h the lower and upper bounds, were provided by NASA Ames, and the improvement achieved by 

the optimization uses the original configuration as a point of reference.  The Table contains two columns of results 

zation with uncertainty).  As it can be 

observed the MDOU results provide a more conservative (higher thicknesses) solution for the optimal TPS design.  

rtainty in the three 

In previous work where the same multidiscipline environment was 

, the ability of the optimal design to satisfy the 

Carlo simulation [25].  Therefore, such 



 

American Institute of Aeronautics and As

Table 5. Summary of the results from the thermal discipline of the multi
 

     The results from the structural discipline are summarized in Table 

treated as continuous design variables.  

along with their initial values were provided by NASA Ames.  The improvements in reducing the mass of the 

structure are referenced with respect to the starting 

presented with and without the internal concentrated non

structural analysis in order to capture the weight related loading effects.  A

reduction can be achieved in the structure of the vehicle (under the set of the four loads that are considered in this 

study).  Out of all sources of uncertainty, the main one for driving up the weight of the struc

considered in the strength of the graphite material.  In the presence of uncertainty thicknesses are increased in order 

to compensate for the reduced strength of the structure.  For certain sandwich panels where bending is the prima

form of loading, the thickness of the aluminum core is increased much more than the thickness of the graphite in 

order to increase the overall moment of inertia of the cross section by moving the graphite section further away from 

each other.  Figures 7 and 8 present the distribution of the thicknesses of the graphite and of the aluminum core, 

respectively for the deterministic analysis

the original thickness in each section.  Therefore, value equal to one indicat

indicate increase in the thickness, and values less than one indicate a reduction in the thickness.  Similar results are 

presented in Figures 9 and 10 for the thickness distribution identified by the multi

uncertainty. 
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. Summary of the results from the thermal discipline of the multi-discipline optimization

The results from the structural discipline are summarized in Table 6 and in Figures 7-10.  The thicknesses are 

iables.  The initial lower and upper bounds for the twenty seven design variables 

along with their initial values were provided by NASA Ames.  The improvements in reducing the mass of the 

structure are referenced with respect to the starting point for the optimization.  Results for the mass reduction are 

presented with and without the internal concentrated non-structural masses of the vehicle that are present in the 

structural analysis in order to capture the weight related loading effects.  As it can be observed a significant weight 

reduction can be achieved in the structure of the vehicle (under the set of the four loads that are considered in this 

study).  Out of all sources of uncertainty, the main one for driving up the weight of the structure is the uncertainty 

considered in the strength of the graphite material.  In the presence of uncertainty thicknesses are increased in order 

to compensate for the reduced strength of the structure.  For certain sandwich panels where bending is the prima

form of loading, the thickness of the aluminum core is increased much more than the thickness of the graphite in 

order to increase the overall moment of inertia of the cross section by moving the graphite section further away from 

present the distribution of the thicknesses of the graphite and of the aluminum core, 

istic analysis.  The results are presented in a non-dimensional manner with respect to 

the original thickness in each section.  Therefore, value equal to one indicate no changes, values higher than one 

indicate increase in the thickness, and values less than one indicate a reduction in the thickness.  Similar results are 

for the thickness distribution identified by the multi-discipline optimization with 

 

 
discipline optimization 

The thicknesses are 

The initial lower and upper bounds for the twenty seven design variables 

along with their initial values were provided by NASA Ames.  The improvements in reducing the mass of the 

point for the optimization.  Results for the mass reduction are 

structural masses of the vehicle that are present in the 

s it can be observed a significant weight 

reduction can be achieved in the structure of the vehicle (under the set of the four loads that are considered in this 

ture is the uncertainty 

considered in the strength of the graphite material.  In the presence of uncertainty thicknesses are increased in order 

to compensate for the reduced strength of the structure.  For certain sandwich panels where bending is the primary 

form of loading, the thickness of the aluminum core is increased much more than the thickness of the graphite in 

order to increase the overall moment of inertia of the cross section by moving the graphite section further away from 

present the distribution of the thicknesses of the graphite and of the aluminum core, 

dimensional manner with respect to 

e no changes, values higher than one 

indicate increase in the thickness, and values less than one indicate a reduction in the thickness.  Similar results are 

timization with 
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Table 6. Summary of optimization results for structural discipline

Figure 7. Distribution of optimized graphite thickness from 
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. Summary of optimization results for structural discipline 

 

. Distribution of optimized graphite thickness from the deterministic analysis

 

 

 
analysis 
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Figure 8. Distribution of optimized aluminum core thickness from 

 

Figure 9. Distribution of optimized graphite thickness from 
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. Distribution of optimized aluminum core thickness from the deterministic

. Distribution of optimized graphite thickness from the analysis with uncertainty

 
he deterministic analysis 

 
with uncertainty 
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Figure 10. Distribution of optimized aluminum core thickness from 
 

     The work presented in this paper demonstrates how a flexible optimization en

seamlessly multiple solvers; drives in parallel multiple optimization analyses while automating th

between them; and allows to account for uncertainty in the decision making process can be utilized for the 

multidiscipline design of a hypersonic vehicle

them in the multi-discipline design computations

behavior of the optimization in each discipline is importa

to the same set of design variables.  Conducting a sensitivity analysis helps identify the important design variables 

and the important parameters for assigning uncertainty.  There is no single re

statement; instead the structure of the optimization must reflect the physics of the particular problem of interest.  It is 

advisable to utilize metamodels when the computational savings will be significant, instead of

for all objective functions and all constraints.  Capturing uncertainty is important and allows for all disciplines to 

adjust their performances in order to meet the probabilistic constraints, thus, leading to superior performance un

uncertainty. 
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. Distribution of optimized aluminum core thickness from the analysis with uncertainty

IV. Conclusions 

work presented in this paper demonstrates how a flexible optimization environment 

drives in parallel multiple optimization analyses while automating th

between them; and allows to account for uncertainty in the decision making process can be utilized for the 

multidiscipline design of a hypersonic vehicle .  Additionally, the capability of creating metamodels and employing 

discipline design computations is available and employed in this work.  Understanding the 

behavior of the optimization in each discipline is important in terms of the interdependency of different disciplines 

to the same set of design variables.  Conducting a sensitivity analysis helps identify the important design variables 

and the important parameters for assigning uncertainty.  There is no single recipe for formulating the optimization 

statement; instead the structure of the optimization must reflect the physics of the particular problem of interest.  It is 

advisable to utilize metamodels when the computational savings will be significant, instead of trying to create them 

for all objective functions and all constraints.  Capturing uncertainty is important and allows for all disciplines to 

adjust their performances in order to meet the probabilistic constraints, thus, leading to superior performance un
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