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SECTION 1

INTRODUCTION
Summary
o Define Objective and Block Diagram of Integrated Hypersonic Aerothermoelastic Program
Architecture

e  Background

o A Supersonic-Hypersonic Vehicle Design System: SHVD

o ZONA7U: A Unified Unsteady Hypersonic/Supersonic Panel Method for Arbitrary Wing-
Body Configurations

o Optimization Test-Bed of ZONA7U for TAV:ASTROS*

o  Other Related Disciplines for TAV Design

e Description of the following sections

This final technical report describes work done by the ZONA team (ZONA Technology, Inc. and
TechnoSoft, Inc.) under SBIR Phase I contract F33615-01-M-3131, entitled “Integrated
Hypersonic Aerothermoelastic Methodology for TAV/TPS Structural Design and Optimization.”

The overall Phase I technical objective is to develop a hypersonic aerothermoelastic
methodology for Trans Atmospheric Vehicle (TAV)/Thermal Protection System (TPS) structural
design/optimization with a view to integrate it with Adaptive Modeling Language (AML) (Ref 1)
into a preliminary TAV design software system.

Specific objectives include:

o Establish interfaces between all key analysis software tools of the preliminary software
system (see Figure 1.1)

e Validate the proposed sofiware system by a feasibility study on a selected TAV
configuration (e.g., X-34)
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Figure 1.1 Block Diagram of Integrated Hypersonic
Aerothermoelastic Program Architecture

In this Phase I effort, we have accomplished the following:

Developed blunt-nose aerodynamic methodology, based on a Strained-Coordinate
technique analytically applied to the local panel by matching the Chernyi’s similarity
solution (Ref 2), including Lees’ hemisphere solution (Ref 3), with ZONA’s unified
hypersonic/supersonic pulsating-cone solution (Ref 4) on downstream panels

Seamlessly integrated the SHABP module of the MARKYV code (Ref 5) into ZONA7U
for aeroheating analysis

Developed a finite element based streamline code called ZSTREAM that adopts the
inviscid surface velocities generated by ZONA7U as input to yield high quality
streamline solutions

Integrated the EXITS module of MINIVER (Ref 6) with ZONA7U+SHABP for TPS
sizing

Demonstrated the integrability and the trim analysis capability of ASTROS* for a
flexible X-34 in hypersonic maneuver and re-entry phase.

Validated Central Methodologies (Blocks 1-5 in Figure 1.1) required for
aerothermodynamic optimization individually for X-34, a selected TAV configuration for
methodology demonstration.



1.1 Background

Aerothermoelastic  analysis has become a required discipline for TAV design.
Aerothermoelasticity is a synergic disciplinary of aerothermodynamics and aeroelasticity. In a
hypersonic extreme environment, aerothermoelastic effects will strongly influence the TPS
sizing and the integrated TAV/TPS structural design. During the hypersonic flight phase, the
aerothermoelastic load will cause TAV deformation, which in turn will impact the structural
integrity of the TAV/TPS system. If designed properly with the main structures, the TPS will
serve as a part of the load-carrying structure, thus helping further reduce the total weight of the
TAV. For this reason, both the TAV and its TPS require an accurate aerothermodynamic loads
prediction method to couple with an optimization method in order to achieve a viable TAV/TPS
structural design.

Other important disciplines that will influence TAV/TPS design are the trajectory analysis, the
TPS sizing and thermal analysis. To integrate all these disciplines and turn them into a
Multidisciplinary Design and Optimization (MDO) design tool for TAV/TPS presents great
challenges. A series of Computational Fluid Dynamics (CFD) works and test data were directed
towards the X-34 research and developed by NASA and Orbital Sciences Corporation in the last
decade (Refs 7-12). Adopting the CFD approach for an effective TAV/TPS design tool in a
hypersonic environment is prohibited by the slow CFD turn around time. On the other hand,
other more expedient computational methods (e.g., Refs 13-14) utilized in treating all these
required disciplines have been developed individually to a certain extent including the focused
aerothermodynamic program. Nonetheless, all these previous computational approaches lack a
main design-oriented program with data management capability and multidisciplinary
design/optimization perspective. An MDO oriented program such as ASTROS* (Automated
STRuctural Optimization System) or NASTRAN should be the central piece of a valid TAV/TPS
_ design tool. If ASTROS* is selected then a compatible aerothermodynamic program must be a
high-fidelity one in order to interface with a structural FEM module. This requirement will
probably rule out the existing efficient but non-FEM compatible types of aerodynamic prediction
programs such as APAS (Ref 15), Datcom (Ref 16), or AP98 (Ref 17). Clearly, a high fidelity,
computationally efficient hypersonic aerothermoelastic methodology is lacking.

1.2 A Supersonic-Hypersonic Vehicle Design System: SHVD (Ref 18)

Adaptive Modeling Language (AML), developed by TechnoSoft, Inc., offers the advanced,
object-oriented engineering modeling language to enable the modeling and simulation of the
entire product development. Based on AML, TechnoSoft and Lockheed Martin are developing a
Supersonic-Hypersonic Vehicle Design (SHVD) system, which is an object-oriented, web-
enabled distributed framework environment for design analysis and simulation of TAV. The
SHVD system automates and manages the data transfer between various design, analyses and
simulation tools, including aerodynamics, aero-heating, Thermal Protection System (TPS),
propulsion system, trajectory analysis, structural weight optimization and cost. The SHVD
system builds upon, and leverages years of software development and TAV design domain
knowledge offered by the entire SHVD team: 1) AML, a web-enabled Adaptive Modeling
Language from TechnoSoft; 2) IMD, an Interactive Missile Design system from Lockheed
Martin Missile ‘and Fire Control; 3) Numerous aerodynamic, aero-thermal, propulsion and




trajectory codes and detailed domain knowledge offered by Lockheed Martin Aeronautics
Company (Forth Worth, Skunk Works and Marietta); 4) Structural/TPS sizing, optimization
applications and domain knowledge offered by Collier Research; 5) Software support/validation
for TAV design by NASA/Langley and NASA/Marshall.

The SHVD development resulted in an advanced multidisciplinary capability for TAV
design/simulation under hypersonic extreme environment; the enabling software methodologies
include:

- Aerodynamic Analysis: S/HABP, APAS, PANAIR, VUAERO
- Thermal Analysis: MINIVER, FEM/SINDA

- Boundary Layer/Aero-Heating Analysis: S/HABP MarkV

— Trajectory Analysis: POST

- Structural Analysis: NASTRAN

For realistic TAV design/analysis in an extreme hypersonic environment, aero-heating problems
related to aerothermodynamic and aerothermoelasticity will strongly impact the TAV/TPS
structural design compatibility, hence the vehicle structural integrity. Further, the aeroelastic
instability induced by aero-heating could lead to serious divergence or flutter problems in its
hypersonic flight phase. Close examination of the aerodynamic software capability of SHVD
(e.g., Ref 18) reveals that:

- S/HABP-APAS does not have unsteady aerodynamic capability needed for flutter,
divergence and ASE instability analysis

- It does not generate Aerodynamic Influence Coefficient (AIC) matrices needed for
sensitivity analysis to avoid repetitive aerodynamic computation in an optimization
procedure

- It is not a PANAIR-level high-fidelity panel method; hence, it offers no solution
refinement from conceptual to preliminary design stage

On the other hand, unsteady aerodynamics-structural dynamics coupling via Panel-FEM
interface has been a widely practiced methodology in both loosely or tightly-coupled levels.
Only until the recent ZONA unsteady-hypersonic development, such a Panel-FEM methodology
for hypersonic TAV design has not been available due to the lack of a suitable hypersonic

aerodynamic panel method.

For decades, the difficulty that has hampered the development of a viable hypersonic panel
method lies in the following;

- Superinclined Panel. Supersonic kernel integral becomes singular at a Mach number at
which the inclined panel slope exceeds that of the Mach wave. Computation breaks down
beyond this Mach number

~ Flow Rotationality: Strong shock induced flow rotationality cannot be included in the
conventional potential flow-based panel method. Accuracy will deteriorate rapidly as the
supersonic Mach number increases toward the hypersonic range



1.3 ZONA7U: A Unified Unsteady Hypersonic/Supersonic Panel Method for
Arbitrary Wing-Body Configurations

With continuous R&D in hypersonics since 1995, ZONA Technology, Inc. (ZONA) has made
major breakthroughs in overcoming the above two issues. The result is a unique software product
ZONA7U, a high-fidelity unified unsteady hypersonic panel method (Ref 4). ZONA7U (U
stands for unified) has the following capabilities:

- It is a frequency-domain and s-domain aerodynamic for unified supersonic/hypersonic
Mach numbers up to the Newtonian limit, hence capable of performing hypersonic
aeroelasticity/aerothermoelastic applications including flutter, divergence, gust and
aeroservoelasticity (ASE) instability

- It provides unified supersonic/hypersonic AIC matrix, hence is readily applicable for
structural optimization procedure with aeroelastic constraints

- It can aerodynamically model complex air vehicles such as conventional aircrafts,
blended wing-body and TAV configurations, hence a high-fidelity panel method

Based on the formulation of strained coordinates in conjunction with the local pulsating body
analogy, ZONA7U can accurately approximate the nonlinear thickness effect and the shock-
induced rotationality in the unified supersonic/hypersonic Mach range up to the Newtonian limit.
Both of these effects are ignored by the linear theory and are overestimated by the Piston theory
(Refs 19, 20, 21). In the following examples, it can be seen that the ZONA7U results agree well
with the Euler solutions for various classes of wings and bodies.

o ZONA7U for Various Wing Planforms

. Figures 1.2-1.5 present the ZONA7U unsteady damping derivative, generalized aerodynamic forces and
Slutter solutions for various wing planforms at hypersonic Mach numbers showing comparable accuracy.
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Figure 1.2 ZONA7U Damping-in-Pitch Derivatives of a Rectangular Wing with a Diamond
Profile versus Airfoil Thickness (o) at: (a) M=2.0, (b) M=5.0, and (c) M=10.0.
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Figure 1.3 ZONA7U Damping-in-Pitch Derivatives of a Rectangular Wing with a Diamond
Profile versus Mach Number (c=15°, h/c=0.5).
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Figure 1.4 Effect of Reduced Frequency on Generalized Aerodynamic Forces for Oscillating
Panels ZONA7U at M =5.0,6 =2°, N =2
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Figure 1.5 ZONA7U Flutter Results of the NASP Demonstrator Wing at Mach 5.0, 10.0, and 15.0.



e ZONA7U for Bodies

Figures 1.6-1.15 present the ZONA7U paneling, pressure distributions and unsteady stability derivatives
for various bodies showing excellent agreement with CFL3D/Euler solutions (Ref 22) and measure data.

Under a recent Army/REDC support,
ZONA has further extended ZONA7U to
treat body-fin configurations at Mach 6.0.
To circumvent the superinclined panel
problem (i.e., when the Mach line cuts into
the body panel due to high Mach number),
we introduce an equivalent Mach number
transformation to recast the physical
problem into a new coordinate, whereby
the body undergoes a compressibility
stretch in the axial direction.

Liu).

(a) ZONA7U Panel Model

(b) CFL3D Mesh

Figure 1.6 ZONA7U and CFL3D Models of the
CKEM Body

For the inclusion of flow rotationality effects, we have established a local pulsating body analogy

to extend Sims’ (Ref 23), Brong’s (Ref 24), and Dorodnitsyn’s (Ref 25) steady Euler solutions.

A detailed theoretical formulation of ZONA7U can be found in References 4 and 26 (Chen and

Note that CFL3D requires over 2 hours of computer time for each bent-nose case whereas

ZONAT7U takes only 1 minute.
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Figure 1.7 ZONAT7U Pressure Distributions and Aerodynamic Force/Moments along the CKEM
Body at M = 6.0 for Various Bent-Nose Angles and Angles of Attack
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1.4 Optimization Test-Bed of ZONA7U for TAV: ASTROS*

Under recent Army/RDEC support, ZONA has successfully integrated ZONATU with
ASTROS* and performed structural optimization for a hypervelocity Compact Kinetic Energy
Missile (CKEM) design with flexible body control at Mach 6.0 (Ref 26). ASTROS* is ZONA
Technology’s enhanced version of ASTROS that is seamlessly integrated with ZONA’s Unified
Aerodynamic ZEARO system and Aeroservoelasticity (ASE) module. ASTROS (Automated
STRuctural Optimization System) is a proven engineering design/analysis and optimization
software which includes most of the essential aerospace disciplines that impact an
aircraft/missile structural design (isotropic or composites).

Under a two-year contract support by AFRL, ZONA Technology Inc. (ZONA) has further
enhanced the software system by seamlessly integrating several additional engineering modules




into ASTROS (Refs 27, 28). Figure 1.16 shows all the essential modules of ASTROS*,
including the ZAERO aerodynamic module, the smart structure module, the ASE module, the
trim module and the aeroelastic stability module. The functionalities and features of each
module are shown in Figure 1.16. Note that ASTROS* = ASTROS + ZAERO (Refs 29, 30)
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Figure 1.16 Engineering Modules in ASTROS*

ZONA plans to use ASTROS* as the ZONA7U test-bed for TAV structural design/optimization.
Once shown successful, ZONA7U compatibility is assured for subsequent interface with other
structural FEM codes such as NASTRAN.

1.5 Other Related Disciplines for TAV Design

Aerothermoelastic analysis is a major concern for load-carry structures and Thermal Protection
System (TPS) structural design of TAV. In addition to the strength and flutter/divergence
constraints, the thermal-stress and the material property degradations due to the aero-heating
effects must also be taken into an account for designing the load-carry structures.

The TPS sizing is normally dominated by the boundary conditions of the thermal analysis.
Petley et al. (Ref 31) outlined an excellent design procedure of TPS sizing in which they
conducted a trajectory analysis to obtain a transient heating profile over a Mach 10 cruise
vehicle. Two types of TPS design concepts were presented; one for the vehicle skin over the
integral tank structure and the other for skin with no integral tank to provide the hydrogen heat
sink capability. For TPS sizing, SHVD has MINIVER and FEM/SINDA as software tools for
design/analysis.
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Trajectory simulation/optimization is required for aero-heating analysis and vehicle mission
closure for TAV. POST (Program to Optimized Simulated Trajectories) developed by NASA is
included in SHVD for fuel minimization and other objectives for a given mission.
Aerothermoelastic analysis requires local temperature gradient heat transfer and heat rate over
the outer mold-line (OML) of the TAV. This in turn requires the hypersonic inviscid and
compressible boundary layer interaction. ZONA7U will provide the edge pressure and velocity
which will be coupled with the boundary layer/aero-heating module of S/HABP MarkV to
replace MarkV’s inviscid module. The output is the above local heat transfer quantities, heat
transfer coefficients and equivalent skin friction coefficients. The last parameter will be a new
trajectory input from the integrated ZONA7U. -

1.6 Description of the Sections

There are 9 sections in the present report.

« Section 2 describes our methodology development of the hypersonic aerodynamics and
aerothermodynamics for basic vehicle component.

e Section 3 describes our development of a surface streamline routine, ZSTREAM, which is
essential in aerodynamics/aeroheating interface, and an integral part of the present
methodology.

o Section 4 describes the application of the present hypersonic aerothermodynamics
methodology to X-34, a selected TAV configuration.

« Section 5 describes how we employ ASTROS* to perform analysis for a flexible X-34,
under aerothermodynamic loading, demonstrating the integrability of the present
methodology with ASTROS* as a design/optimization central software.

« Section 6 describes the elementary TPS sizing procedure in anticipation to a proposed
automated optimized procedure (See Section 8).

« Section 7 describes aeroheating history of the stagnation point of X-34 throughout two

' different trajectories and shows validation with that due to MINIVER.

« Section 8 is the phase I concluding researches/recommendation.

o Section 9 describes the proposed phase II plan.

The interfacing/interaction plan of AML without present hypersonic aerothermodynamics
methodology is shown in the Appendix A.
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SECTION 2

HYPERSONIC AEROTHERMODYNAMICS DEVELOPMENT:
POINTED AND BLUNT BODIES

Summary
In this section, we describe ZONA'’s extended development of its unified hypersonic/supersonic

aerodynamic tool ZONA7U to aerothermodynamic applications. In so doing, a new surface
streamline method has been developed based on ZONA7U. ZSTREAM, the ZONA developed
streamline scheme, is Mach number dependent and uniformly valid everywhere including the
stagnation point. ZSTREAM is to replace the role of QUADSTREAM in SHABP. Thus ZONA
unified hypersonic/supersonic aerothermodynamic methodology is developed by suitably
coupling ZONA7U + ZSTREAM + SHABP. Two cases studied in hypersonic
aerothermodynamics for pointed body (CKEM) and for a 15° blunt cone are shown to
demonstrate the ZONA developed methodology. Our computed results in C,and heat flux are
validated with those obtained by a CFD method (CFL3D + LATCH, also worked out by ZONA).
Overall good correlations are found except that the computing efficiency of the ZONA method is
one to two orders faster than that of the CFD method.

2.1 ZONA7U Unified Hypersonic Aerodynamics (Block 1)

Previous description of ZONA7U capability includes:
- It generates unsteady aerodynamics, aeroelasticity and aeroservoelasticity instability
solution for design constraints
- It provides Unified Mach number AIC Matrix readily to be integrated with structural FEM
of ASTROS* for MDO
- It is generally applicable to arbitrary wing-body configuration

In addition to the above, ZONA7U can handle sharp nose as well as blunt nose bodies at
arbitrary angles of attack up to flow separation. The blunt-nose aerodynamic methodology is
based on a Strained-Coordinate technique analytically applied to the local panel by matching the
Chernyi’s similarity solution, including Lees hemisphere solution, with ZONA’s unified
hypersonic/supersonic pulsating-cone solution on downstream panels. In Phase I, a validation
effort of the ZONA7U pressure solution was extensive showing good correlation with test data
and CFD solution up to flow separation (see Figs 2.1 — 2.13).

2.2 ZSTREAM Development for Aerothermodynamics (Block 2)

In Phase I, we have seamlessly integrated the SHABP module of the MARKV code into
ZONAT7U for aeroheating analysis.

SHABP performs the boundary layer / aeroheating computations along each streamline using the

empirical equations documented in the first Phase I progress report. In the original SHABP
module, the Newtonian steepest decent method (called “QUADSTREAM”) is employed for
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streamline computation. However, it was found that the Newtonian steepest decent method
experienced numerical problems on complex configurations that contain highly twisted panels.
Because the four corner points of a twisted quadrilateral panel are not located on the same plane,
a gap exists between two adjacent twisted panels. The streamline tracing procedure of the
QUADSTREAM method is not robust enough to overcome this problem.

Another shortcoming of QUADSTREAM is its independence of Mach number. The only
information needed to generate the streamline is the freestream velocity vector and a
quadrilateral discretization of the geometry. Obviously, the accurate streamline locations should
be determined by the local velocity vectors over the surface of the configuration. Because the
aerodynamic methods in the SHABP code are all based on empirical methods, they do not
generate the local velocity vectors over the surface; only the local pressure is computed.
However, this is not the case if the ZONA7U code is used because of its hypersonic panel
method formulation that generates the local velocity vectors.

In Phase I, we have developed a finite element based streamline code called ZSTREAM that
adopts the inviscid surface velocities generated by ZONAT7U as input to yield high quality
streamline solutions. The details of the theoretical formulation of ZSTREAM will be described
in Section 3 in detail. :

To validate the ZONA7U/ZSTREAM/SHABP procedure, we have performed the aeroheating
analysis on three configurations, namely the CKEM (Compact Kinetic Energy Missile) body at

=6.0 and o=2°, a 15° blunt cone at M=10.6 and a=0°, 5°, and 10° and the X-34 wing-body
configuration at M=6.0, a=9° and 15.22°. These results are compared to the CFD results using
CFL3D + LATCH (Ref 25). These comparisons on the inviscid C, and heat transfer rates are
shown as follows:

" 2.3 Case Study (A): CKEM Body at M = 6.0 and o =2°

The CKEM body consists of a sharp ogive nose and a cylinder body. Fig 2.1 shows the inviscid
surface pressure distribution computed by ZONA7U and the CFL3D Euler solver. Fig2.2
depicts the comparison of the wind-side C, distribution computed by ZONA7U and CFL3D. In
both figures, excellent agreement between the ZONA7U results and the CFL3D results can
clearly be seen. The streamlines computed by ZSTREAM using the ZONA7U generated surface
velocities are shown in Fig 2.3. For clarity, only streamlines associated with panels at the rear of
the CKEM body are shown. Based on these ZSTREAM results and the ZONA7U inviscid Cp
results, the Laminar heat transfer rates (¢) distribution is shown in Fig 2.4 and compared with
results computed by the CFL3D + LATCH code. It should be noted that the streamline
computation procedure of LATCH is based on an integral method that contains a singularity at
the stagnation point. Due to this singularity, LATCH cannot provide the heat transfer rate near
the stagnation point resulting in a “cut-out” of ¢ at the nose. The comparison of ¢ on the wind-
side surface between ZONA7U + SHABP and CFL3D + LATCH using the boundary condition
Tw = 540°R is shown in Fig 2.5. At the ogive nose region, ZONA7U + SHABP slightly over-
predicts the heat transfer rates when compared to CFL3D + LATCH. This discrepancy is
probably caused by the shortcoming of the empirical-equation-based methodology in SHABP.
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ZONATU CFL3D/Euler

Figure 2.1 Inviscid Surface Pressure Distribution,
Sharp Cone/CKEM: M _ =6.0, a=2°, p_ =2.66 Ib/ft’, T, =89.971°R, T, =540°R
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Figure 2.2 Wind-Side Inviscid Surface Pressure Distribution ($=180°).
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Figure 2.3 Streamlines Computed by ZONA7U/ZSTREAM, M=6.0.
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Figure 2.5 Wind-Side Laminar Heat Transfer Rates ($=180°).

2.4 Case Study (B) 15° Blunt Cone at M=10.6, a=0°, 5°, and 10°

" The 15° blunt cone geometry consists of a 15° cone with a round nose of 1.1” radius. The
inviscid surface C, distributions computed by ZONA7U and CFL3D are presented in Fig 2.6 for
o =0° 2.7 for o = 5°, and 2.8 for a = 10° where good correlations near the nose region can be
seen. Note that at a = 0°, the CFL3D result shows some numerical oscillation while ZONA7U
" remains smooth. The comparisons of the inviscid C, between the test data and the computed
results of ZONA7U and CFL3D are depicted in Figs 2.9, 2.10, and 2.11 for the a = 0°, 5°, and
10° cases, respectively. At a = 0°, both the ZONA7U and CFL3D results correlate well with the
test data. At o = 5° and 10°, the CFL3D results give a better correlation with the test data than
ZONA7U. This is expected since CFL3D solves the Euler’s equations; whereas, ZONA7U
suffers from the attached-flow assumption and consequently loses its accuracy at high angles-of-
attack. However, CFL3D requires much longer computing time than ZONA7U. For the present
case, CFL3D requires 30 hours of computing time whereas ZONA7U requires only 10 minutes.

Based on the surface velocities generated by ZONA7U, the streamline computed by ZSTREAM
at o = 0°, 5°, and 10° are presented in the Fig 2.12. The Laminar heat transfer rates computed by
ZONA7U + SHABP and CFL3D + LATCH at o = 0°, 5°, and 10° are depicted in Figs 2.13,
2.14, and 2.15, respectively. Again, due to the singularity in the integral method, the CFL3D +
LATCH cannot provide ¢ at the stagnation point near the nose whereas ZONA7U + SHABP
does not have such a problem. Figs 2.16, 2.17, and 2.18 present the comparison of ¢ between
the computed results of ZONA7U + SHABP, of CFL3D + LATCH and the test data for the o =
0°, 5°, and 10° cases, respectively. The temperature on the wall is fixed at 540°R. In general,
the CFL3D + LATCH results correlate better with the test data than those of the ZONA7U +
SHABP results. Again, the discrepancy of the ZONA7U + SHABP is probably due to the
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inaccurate C, at high angles of attack and the shortcoming of the empirical-equation-based
methodology in SHABP.

oa=0°
ZONATU CFL3D/Euler

Figure 2.6 Inviscid Surface Pressure Distribution
15° Blunt Cone at M _ =10.6, a=0°, p_=2.66 Ib/ft’, T, =89.971°R, T, =540°R
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ZONATU CFL3D/Euler

Figure 2.7 Inviscid Surface Pressure Distribution
15° Blunt Cone at M =10.6, o=5°, p_=2.66 Ib/ft’, T_=89.971°R, T, =540°R

a=10°
ZONATU CFL3D/Euler

Figure 2.8 Inviscid Surface Pressure Distribution
15° Blunt Cone Case at M =10.6, a=10°, p_=2.66 Ib/ft’, T =89.971°R, T, =540°R
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Figure 2.9 Inviscid Surface Pressure Distribution (¢=180°)
on a 15° Blunt Cone at M=10.6 and a=0°.

0.4

0.3

Cpo.2

01 +

0 2 4 6 8 10 12 14 16 18

x ) (a) Wind Side

0.4
o Test

—CFL3D
+ ZONA7U

03 r

Cp02

01

0 2 4 6 8 10 12 14 16 18

x ) (b) Lee Side

Figure 2.10 Inviscid Surface Pressure Distribution ($=180°)
on a 15° Blunt Cone at M=10.6 and a=5°.
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Figure 2.11 Inviscid Surface Pressure Distribution (¢=180°)
on a 15° Blunt Cone at M=10.6 and a=10°.

(b) a=5°

Figure 2.12 Streamlines on a 15 Blunt Cone at M=10.6; (a) a=0°, (b) a=5°, (¢) a=10°.
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Figure 2.13 Laminar Heat Transfer Rates(Btu/ft’-s)

15° Blunt Cone at M_ =10.6, a=0°, p_=2.66 Ib/f¢, T_=89.971°R, T, =540°R
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Figure 2.14 Laminar Heat Transfer Rates(Btu/ft’s)
15° Blunt Cone at M _ =10.6, o=5°, p =2.66 b/, T_=89.971°R, T, =540°R
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Figure 2.15 Laminar Heat Transfer Rates(Btu/ft’-s)
15° Blunt Cone at M _ =10.6, 0=10°, p _=2.66 Ib/f¢’, T_=89.971°R, T, =540°R
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Figure 2.16 Laminar Heat Transfer Rates on a
15° Blunt Cone at M _ =10.6, a=0°, p _=2.66 b/, T_=89.971°R, T, =540°R
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Figure 2.17 Laminar Heat Transfer Rates on a
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SECTION 3 -

ZSTREAM for Hypersonic Aerothermodynamic Methodology

Summary

The ZONA development of ZSTREAM was prompted by the breakdown of QUADSTREAM at the
stagnation points and its independency of freestream mach numbers. ZSTREAM is a finite
element based streamline code, which is Mach number dependent and uniformly valid
everywhere on the body surface. It is capable to define/plot the complete streamline domain on
body surface, including the stagnation point, according to surface Sflow solutions given by a
panel code (for example, ZONA7U) or a CFD code (For example, CFL3D).

The input required is the surface velocities at each grid/element points. The output is the surface
streamlines. ZSTREAM functionality is to provide streamlines input for Aeroheating/Heat-
transfer programs such as SHABP/MARKYV' or MINIVAR for computations of the heat-transfer
rate at the body surface.

Two test cases are presented to demonstrate the resulting streamlines and the developed
aeroheating procedure using ZONA7U + ZSTREAM + SHABP for C, and heat-transfer rate
predictions. These cases are:

A) 3D Validation: Blunt Cone Case and
B) 2D Verification: Blunt Wedge Case

Given flow condition reads:
M=10.6, 8. = 15° and o = 10°. Solution outputs for validation are the pressure
coefficent C, and the heat-transfer rate, ¢.

3.1 ZSTREAM Development

Several problems were found in the QUADSTREAM code of SHABP/MARKYV. First, the code
only works for quadrilateral elements. Second, the Newtonian steepest decent method used in
QUADSTREAM calculates streamlines only based on the freestream velocity vector and the
normal vector of the element. No local flowfield variables are involved. We found the method
is not accurate, nor is it uniformly valid throughout the surfaces.

By contrast, there are two other approaches that will yield more accurate streamline solutions
that the Newtonian steepest decent method used in QUADSTREAM. One is to use the inviscid
surface pressure, and the other is to use the inviscid surface velocity. Both can yield streamlines
that are mach number dependent and uniformly valid throughout. ZSTREAM adopts the latter
as input to yield higher quality streamline solutions.
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3.2 Methodology of Tracing Streamlines

A streamline on a three-dimensional surface is traced by a step-marching method using the flow
velocity on the tangential plane of the surface. In order to define the tangential plane at a point,
the geometry of the body surface is approximated by a number of four-noded quadrilateral
elements (Fig 3.1) and the surface close to the nose is modeled by some three-noded triangular
elements (Fig 3.2)

1,1 (1,1)
n

L

.(-1 ~1) (1,-1)
1 2
Fig 3.1 Quadrilateral Isoparameter Element

1 2

Fig 3.2 Triangular Isoparameter Element

Over an element, coordinates can be determined using the following equation

x(Em=2 N M)

where N, is the number of element nodes (4 for quadrilateral elements and 3 for triangular
elements), x are the coordinates at the node o, & and n are parameters ranged from -1 to 1, and
N, (§,m) are shape functions given by
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Nmén)=%ﬂ—§xkﬁﬁ
No(€m=5 1+

; @
N, =70+0+)
No(&m=70-8)1+n)
for quadrilateral elements, and
NiEm == +)
NaEm=30+8) ®)

Nxam=%o+m

for triangular elements.

A local Cartesian coordinate system x| is defined on the element with x; along £ direction and
x; along the normal direction (see Fig. 3.3).

surface element

Fig. 3.3 Local Coordinate System

Based on this coordinate system, coordinates (%, y) and velocity (u, v) at the element nodes on
the tangential plane can be calculated in terms of their global values by
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X 4)
ya =ZL2Jx7

Jj=1
u® =Z:L”g;z

o 5)
ve =ZL2Jg;2

where g7 are the global components of the velocity and L;; and Ly are the direction cosines of

the local coordinate axes x; and x; with respect to the global coordinate system.

The streamline marches from a beginning point towards the stagnation point along the negative
direction of the tangential velocity (u, v). Denoting the current position with (x; yp) and the
velocity at this point with (#g, Vo) and referring to Fig. 3.4, the new position (X, y) can be
determined using the relation:

(x=x,)vy = (¥ =y )u, (6)

Fig. 3.4 Marching from position (x4, y,) to (x, y)

In equation (6), the coordinates x and y in the tangential plane can be calculated using shape
functions as follows

x=3 N, (&nx°
9
y= Z_Na (& my*
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The distance between the current position (x, yy) to the new position (x, y) is controlled by step
size A or An. Using (&, 1) to denote the parameters at the current position, their values at

the new position can be written as

=g +4¢g

@®
=1+ A7
Thus, for a given step size AE, we can solve equation (6) for Az and vice versa. This task is
accomplished by using the software Mapple. For quadrilateral elements, the results are:

A =[v0s (dwx0-(-1+deta+etd)xx1v{-1+3d0) + (~1+deta+etDd) »x2+ (1 +xi0) -
{(l+deta+et0) »{x3 + x4+ X3 »xi0-xX2»xil0)) +
Wer{-2ryd+{(-L+deta+etd) » (-1+xi0) ryl- {(-1+deta+et0d) ~{(1+xi0) »y2 +
(l+deta+et0) »(¥3+xi0+y3+y2-xi0»y4))] f[v0~
{{-1+deta+etD) »x1 +%x2 + X3 -x1 - {deta +et0) » {x2 -x3 +x4)) +ubryl -
0w (Y2 +¥3+{deta+etd) »{yl-y2+¥3)) + {1l+deta+etl)~uld~yd]

©)
for the given step size A7z (here denoted by deta), and
deta = -[v0 (-4 %0 + (-1 +et0) x1 (-1+dxi +xi0) - {-1+etB) x2 {1 +cxi +xi0) +
(1+et0) {xt - x4 {dxi +xi0) + %3 {1 +dxi +xi0))) -
U0 (-4 ¥0 + (-1+etB) (-1+dxi +3i0) yl+ (1+cxi +xi0) (y2-et0y2+y3 +et0y3) -
(1+etd) {-1+cbci +xi0) y4)] / [v0 {-x2 + X3 + x4 + x1 {-1+doxi +xi0) -
(X2 - %3 +x4) (o +360)) +ub (- (-1 + i +3i0) yl+ (1+edd +xi0) (¥2-¥3) +
{-1+dxi +xi0) y1)] (10)

for the given step size A& (here denoted by dxi).
The results for a triangular element are:

xi = [v0#+{-2 »X0 +%x2 - {deta +et0) » {x1 -x3) + X3 + (-X1 +%x2) »xi0) +
W0 {2+y0 +detaryl+et0ryl +2d0 »¥y1-y2 -xil0#y2 -
{(l+deta+et0) »¥3)] /[v0» {X1-%x2) +ubr {-¥1+¥2)] (1 1)

for the given step size A7, and

deta=[v0s (-2 +x0 ~cba v X1-et0»x1+x2+dbd nx2 +x3+et0nx3 -
X130 +X2+xxiB) +ul+ (2 +y0 +cd vyl+etOnyl+ il »yl -
Y2-hdwy2-xi0+y2-{1+et0) v ¥3)] 7 [v0w{x1-%x3) +ubd»{-y1+¥3)] (12)

for the given step size A¢ .
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Once A¢ and An are obtained, the new position can be determined by equation (7) and the
tangential velocity at the new position can be calculated by

u=y N, (&nu®
o=l (13)

V=Z_Na(§,77)va

This process is repeated until the element boundary is reached. On the element boundary, &
and/or M equal(s) +1. Once this condition is satisfied, the next nearest element is considered in a
similar way, until the stagnation point, characterized by u=v=0, is encountered. Here are some
examples:

)

Fig. 3.5 Body and Wing Streamlines Produced by ZAERO/ZSTREAM
(a) Ogive-Cylinder Body (M=6.0, a=2°, 7=0.022) (b) Simple Wing Body Combination at a=0

(@) (b)

Fig. 3.6 Blunt-Nose Cone Streamlines Produced by ZSTREAM
(Two different views with flow condition at M=10.6, a=10°, 5=15°, Rx=1.1")
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3.3 Aeroheating Procedure Demonstration

Two cases are selected for case study; namely, the 15°-Blunt Cone and the 15°-Blunt Wedge

with the given conditions below.

Given Hypersonic Flow Conditions for Blunt Cone/Wedge
Mach No. M =10.6
Wedge/Cone angle o= 15°
AoA a=10°
Meridian Plane o =180°
Nose Radius Ryx=1.1"
Freestream Pressure P_=2.66""
Freestream Temperature T, =89.971R
Wall Temperature T, = 5407

Our objective is to validate/verify the results obtained with existing results/test data as collected
by Moore (Ref 32, See Fig. 3.1) '

3.4 Pressure Distributions, C,

Case A: Blunt-Nose Cone

To validate the computation procedure with the existing data, we select the CFL3D code, for
flow accuracy, to generate the surface pressure. Fig. 3.4.2 shows C, versus surface distance, at
the meridian plane ¢ = 180°, up to 18 times of nose radius. The demarcation points on the body

exhibit the following:

e Sonic Point € * at x =04 Ry
o Tangent Point § at x=0.74 Ry
o First Minimum

Pressure at x=2.6Rxn
e Sharp Cone Pressure

Restored at x=12Rn

(C,e=0.378)
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Accordingly, several observations can be made:

1) In the nose region, the CFL3D result checks quite well with the Newtonian-Lees
distribution” (Ref 3). One exception is that the flow characteristics at 6, does not reflect
a kink in C,.

i1) In the aft-body downstream an asymptotic matching point exists (say, X/Rx = 12), the C,
recovers the value of that due to a sharp cone of the same angle . (called equivalent
cone). It is known that the sharp cone C, typically serves as an asymptotic pressure for

the blunt-nose cone problem.
iii)  The relaxation distance, defined as the distance from the first minimum C, location to the

asymptotic matching point, is not known in advance.
Case B: Blunt-Nose Wedge

The present 2D case is a heuristic study with the goal of understanding the physics of the blunt-
nose body flow characteristics while keeping a relatively low CFD computing level. Further, the
C, obtained could be immediately linked with the Heat-Transfer code (MARKYV). No coupling
with the QUADSTREAM is needed, since the 2D body shape is the basic streamline itself.

Fig. 3.9 presents C, versus X/Rx up to x = 4.0 Ry, where C, converges to the asymptotic
matching value of an equivalent wedge of the same 8, (8, = 15°). The demarcation points on the
wedge exhibit the following:

¢ Sonic Point 8* at x=0.47 Ry

o Tangent Point fat x=0.74 Ry

e First Minimum

Pressure at 6yor x=0.74 Rn
e Sharp Wedge Pressure

Restored at x=3 Ry

(Cpw=0.45)

Similarly, observations can be made:

i) Similar to the Blunt-Cone Case, the NLD-C, formula should be applicable to the wedge
case up to 6. '

i1) The asymptotic matching value in the aft body is indeed the sharp wedge value.

1ii) Again the relaxation distance is better defined in this case, as its starting point is the
tangent point (defined by the body symmetry) &,

+ Also known as the improved modified Newtonian approach
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Fig. 3.8 C, for 1.1-in. Nose Radius 15° Half-Angle Cone at M= 10.6, o= 10°, &= 180°
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Fig. 3.9 C,for 1.1-in. Nose Radius 15° Half-Angle Wedge at M,=10.6, o= 10°,=180°

3.5 Heat Transfer Rates, g

With the computed pressures, we then used the ZSTREAM to couple them with the MARKV of
SHABP. Shown in Figs. 3.10 and 3.11 are the Heat Transfer Rates,q, for a 15°-Blunt Cone

(Case A) and for a 15°- Blunt Wedge (Case B). Comparisons of the present results with that of
the existing methods (MINIVAR (Ref 33), AEROHEAT (Ref 34)) and Cleary’s test data (Ref
. 35) are made. A fairly good trend is found between the present result and the test data.
However, in both q-distributions, large change in the heat-transfer gradient is found for the

present (ZONA) solution at about one radius distance from the nose. The Blunt-Wedge (Case B)
Case is well understood in that the large gradient point corresponds to the tangent point & i,
where the pressure also suffers from a high gradient change.

However, for the Blunt-Cone Case (Case A), the cause of such a high gradient in q is not clear
which requires further investigation.

33




10

+ Test
X Miniver
A A Aeroheat
8 OZONA
—
Ox
6 .
X
qdot
X
4 A
+ A
+ &OF & 3
. ?oa A+z 2 + +
popoo o o b 2ot & Xox %] P o o
2 X X *—
0
0 2 4 6 8 10 12 14 16 18
PUM

Fig. 3.10 q for 1.1-in. Nose Radius 15° Half-Angle Cone at M.=10.6, o= 10°, &= 180°

20
$

»

15 te

qdot 10

*

{000’

pe o @ * *

0 2 4 6 8 10 12 14 16 18
X/Rn

Fig. 3.11 q for 1.1-in. Nose Radius 15° Half-Angle Wedge at M=10.6, a= 10°, ¢= 180°

34



SECTION 4

Application of ZONA Hypersonic Aerothermodynamic Method to X-34

Summary
The developed ZONA Hypersonic aerothermodynamic method consists of coupled software

of ZONA7U + ZSTREAM + SHABP. To demonstrate the developed methodology, we apply
the software to X-34 for solution validation with that of CFD aerothermodynamic method
(For example, CFL3D~+LATCH) in terms of pressure distributions and temperature
distributions on the front/lee/wind-side surfaces of X-34, at two selected flow conditions.
Streamlines of X-34 at these conditions are displayed. Note that the X-34 wing-body adopted
for demonstration is defined as the partial configuration (Fig 4.1(b)) by NASA-LaRC (Ref 13,

ATAA498-0880)

a) Full configuration used for viscous solutions.

b) Partial configuration used for inviscid solutions.

Figure 4.1 X-34 Configurations Taken From AIAA 98-0880 (Ref 13)
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4.1 Pressure Coefficients of X-34 Wing-Body Configuration at M = 6.0, o = 9° and
15.22°

The X-34 wing-body configuration consists of a body with a round nose of 7.0” radius, a strake,
and a swept wing. The inviscid surface C, distributions computed by ZONA7U and CFL3D
Euler solver on the wind-side and lee-side of X-34 are shown in Fig 4.2 for the M = 6.0, o = 9°
case and Fig 4.3 for the M = 6.0, a = 15.22° case. In general, ZONA7U results on the wind-side
correlate well with the CFL3D results but those on the lee-side present discrepancies. This is
caused by the flow separation on the lee side at high angle of attack (o = 9° and 15.22°) that
cannot be handled well by the ZONA7U attached-flow assumption. Nevertheless, in the high
pressure regions such as at the round nose of the body, and along the leading edge of the wing,
ZONAT7U results give good agreement with those of the CFL3D. Note that those high-pressure
regions represent the high temperature area on the configuration, and therefore, are critical for
the TPS design.
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Figure 4.2 Inviscid Surface Pressure Distributions on the X-34 at M =6, 0=9°;
(a) Front View, (b) Wind-Side, and (c) Lee-Side.
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Figure 4.3 Inviscid Surface Pressure Distributions on the X-34 at M _ =6, 0=15.22°;
(a) Front View, (b) Wind-Side, and (c) Lee-Side.
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(a) a=9° (b) 0=15.22°

Figure 4.4 Streamlines Computed by ZSTREAM on the X-34 at M =6;
(a) 0=9°, (b) 0=15.22°.

4.2 Streamlines and Temperature Distributions on X-34 Wind Body: M=6.0, a=9°
and 15.22°

Fig 4.4 depicts the streamlines computed by ZSTREAM for o = 9° and 15.22° cases. The
acroheating analysis is performed using the radiative equilibrium temperature wall boundary
condition (the “hot wall” condition) with emissivity of 0.8. The temperature distributions
- computed by ZONA7U + SHABP and CFL3D + LATCH on the wind-side and lee-side of X-34
at M = 6.0, are presented in Fig 4.5 for the o = 9° and the altitude = 183 Kft. condition and in Fig
4.6 for the o = 15.22° and altitude = 112 Kft condition. In both cases, the temperature
distributions computed by ZONA7U + SHABP on the wind-side of X-34 correlate well with
. CFL3D + LATCH whereas some discrepancies are shown on the lee-side of X-34.
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Figure 4.5 Turbulent Surface Temperatures (°F) on the X-34 at
M_ =6, a=9°, Alt.=183 Kft; (a) Front View, (b) Wind-Side, and (c) Lee-Side.
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Figure 4.6 Turbulent Surface Temperatures (°F) on the X-34 at
M _ =6, 0=15.22°, Alt.=112 Kft; (a) Front View, (b) Wind-Side, and (c) Lee-Side.
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SECTION 5

TRAJECTORY ANALYSIS

Summary

ZONA7U + SHABP is used to compute the heat rate at the stagnation point of the X-34,
according to two assigned trajectories S, namely X1004601 and X1004701. Here ZONA7U +
SHABP only requires the trajectory to be submitted once, then it outputs the pressure C, and the
heat rate q throughout the complete trajectory. For 14 time steps with a stretch of 800 seconds,

it requires 10 minutes of computing time. By contrast, MINIVER requires manual input for each
point of interest, i.e. each output g solution requires approximately 5 to 10 minutes.

5.1 Descriptions and Functionality of Blocks 5: Trajectory Analysis (Block 5)

Description:

Two trajectory analysis codes used within industry (OTIS and POST/OTIS) have often
been adopted by the Air Force Research Laboratory (AFRL). The trajectory code POST
will be adopted in the program integration. _

POST (Program to Optimize Simulated Trajectories, Version II) is a generalized point
mass, three and six-degree-of-freedom (3-6 DOF) trajectory program. The 3-DOF-
trajectory simulation can be used to compute loads, propellant requirements, propulsion
and aerodynamic trim interactions for ascent trajectories.

POST 1I has a discrete parameter targeting an optimization capability that can be used to
guide the user to the optimum trajectory (dynamic pressure profile) and fuel and oxidizer
settings to minimize propellant requirements for a given mission.

POST II can model multiple powered and unpowered vehicles including SSTO, TSTO,
VTHL, HTHL, re-entry problems, as well as exo-atmospheric orbital transfer problems.

Functionality:

The main function of the trajectory analysis is to obtain an optimal trajectory that
minimizes the fuel while satisfying other constraints such as Mach number needed for
specific engine usage, final velocities, altitudes, launch angle, etc. (Ref 36).

Inputs include forces, moments of TRIM aerodynamics and mass from ASTROS*. Other
inputs based on the requirements from propulsion, mission and TPS performance
considerations.

Provide trajectory/flight condition history as inputs to TPS for heat rate estimate (see cases
studied)
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5.2 Phase I Achievements in Trajectory Analysis/Case Demonstration Trajectory
Analysis Example (Block 4)

Here, ZONA7U + SHABP is used to compute for the heat rate at the stagnation point of the X-34

according to two assigned trajectories (X1004601 and X1004701). Good correlation is found

between the present ZONA7U + SHABP method and MINIVER (Fig 5.1). Clearly, the

advantage of the ZONA7U + SHABP method over MINIVER is two fold:

1. Automated generation of heat rate solutions once the trajectory history is given as input

2. Formulation of the aerodynamic (C,) and aerothermodynamic (4 ) is based on a rigorous
panel methodology which accounts globally for the aerodynamics/aerothermodynamics of
the complete X-34 configuration.
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Figure 5.1 Heat Rate Comparison (hot wall) at Stagnation Point
(a) X1004601, (b) X1004701, (c) Trajectory and flight condition history.
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5.3 Case Study (D): Trajectory Analysis/Case Demonstration

The example case demonstrates the heat rate computation methodology in the presence of two
given trajectory profiles. The trajectory cases X1004601 and X1007401 were selected from a
previous NASA study (Ref 36) upon the recommendation of OSC (Orbital Sciences
Corporation).

The following is noted in the present cases studied:

1.

2.

Trajectory X1004601 has a peak Mach number of 7.4 and a maximum AoA at 25°
trajectory X1004701 has a peak Mach number of 8.6 and a maximum AoA at 30°.

Similar to the previous NASA study, we simply computed the heat-rate at the stagnation
point of X-34, only to demonstrate the capability of the present methodology.

We employ MINIVER and ZONA7U + SHABP for heat-rate computation. Hot-wall
condition is imposed, where the emissivity is given as € = 0.8.

ZONA7U + SHABP only requires the trajectory inputs to be submitted once, then it outputs
the pressure (C,, not shown) and the heat-rate (g) solutions. For 14 time steps along a

stretch of 800 seconds, it requires less than 10 minutes of computing time. By contrast,
MINIVER requires manual input for each point of interest; i.e., each output ¢ solution

requires approximately five to ten minutes.
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SECTION 6

TPS SIZING

Summary

o The TPS sizing objective is to develop a procedure to minimize the TPS weight while
satisfying the thermal protection requirement and the load-carrying requirement of the
combined TAV/TPS structure. An elementary TPS sizing procedure can be established by
constructing a prototypical TPS/AFRSI model.

o With this model, the objective becomes one to minimize the weight of the middle insulation
layer (3). The inequality constraints are the operating temperatures of each layer including
that of the skin layer. The TPS element is selected on the windward centerline of X-34. The
model input is the heat rate, which is provided by ZONA7U+SHABP from trajectory
aerothermodynamic prediction. Based on a hot-wall consideration, maximum temperatures
in outer/interior skin layers and minimum TPS weight are resulting outputs obtained by
applying an iterative procedure using MINIVER/EXITS. A formal TPS optimization method
using Complex-Variables Differentiation Sensitivity with MINIVER/EXIT is proposed in
Section 9.

6.1 Description and Functionality of TPS Sizing (Block 4)

Description:

- Factors that influence the design of TPS include TPS weight, heat transfer property,
mechanical property, manufacturability, and price.

- In the present design concept, there should be at least two disciplines involved in the TPS
design: the heat transfer analysis for TPS size and the stress analysis for TPS strength.

- MINIVER/EXITS is used for heat transfer analysis and ASTROS* is used for stress
analysis.

- TPS debonding from the main structure is of concern. Shear stress applied on the TPS and
aeroelastic behavior of the vehicle should be accurately predicted form the ASTROS*
computation outputs in order to prevent the TPS from a debonding design under load.

- TPS is non-sizable with respect to the ASTROS* main structure design cycle. It will be
sized independently; while from a structural standpoint, it will be considered jointly with
the entire structure.

Functionality:
- Objective is to minimize the TPS weight while satisfying the thermal protection
requirement and the load-carrying requirement of the combined TAV/TPS structure.
- Provide feedback to ASTROS* for the load carrying design: TPS mass, stiffness, material
degradation, temperature mapping to the main structure.
- Shock/Shear loads input from ASTROS* for TPS heat/stress analyses.
- Heat rate input from trajectory analysis (Block 5)
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6.2 Phase I Achievements in TPS Sizing Case Demonstration: TPS Sizing Example
(Block 4)

1. In order to facilitate the case studied, ZONA has integrated the EXITS module of MINIVER
with ZONA7U+SHABP. In so doing, this automated procedure allows the heat rate
solutions of the latter to be directly input into EXITS for heat transfer analysis.

2. The following TPS sizing example (case studied) demonstrates that a TPS sizing procedure
has been developed and tested out successfully on a typical case (TPS element) previously
adopted by NASA (Ref 37). This case yielded a minimum weight insulated layer, among the
three such layers selected, resulting in realistic thermal solution in the structure layer (skin).
A flow chart is attached showing such a optimization concept utilizing EXITS for
TPS/AFRSI sizing (see Fig 6.1)

3. The case studied suggests that present procedure can be generalized into the following

it poses no restriction on the number of selected insulated layers to be considered

the thickness of the other layers of the TPS can be adjusted at will

it should also include shear-stress consideration

it can be developed into an automated optimization scheme for TPS minimum weight
objective with required thermal/mechanical constraints.

AFRSI configuration as shown

in Figure 6.2 with insulation
layer thickness varied during
the iteration
Decrease insulation Increase insulation
layer thickness layer thickness
: EXITS
Tskinmax < Tskin,max >
Tupper_bound Tupper_bound
Tskin,max =
Further Tupper_bound
decrease of
insulation Obtain temperature distribution
thickness in all AFRSI layers
results in
i exceeding
material
| operating
temp.
Use different AFRSI configuration
with proper guideline
-{ 1. Change insulation layer material

2. Change material and thickness in
other layers

AFRSI with
minimum weight

Figure 6.1 Trial-and-Error Procedure to Obtain an Optimized AFRSI.
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6.3 Case Study (C): TPS Sizing Case Demonstration
Example Case: TPS of X-34

Case example of a TPS unit is selected from Ref 37 (pg 7 NASA TM 2000-210289). The
AFRSI concept modeled in the example is composed of an outer fabric with C-9 coating, 6 Ib/ft’
Q-fiber felt insulation, and an inner fabric layer, and it is attached to the structure with RTV
adhesive (Fig 6.2).

This TPS unit is placed at the windward bottom surface of the X-34 centerline at 50 in. from the
nose (see Fig 6.3, Pt. A). The X-34 is subject to a trajectory with heat rate limiting at point A.

Layer 1 - Coating (0.01 in. HRSI Coating)
€4— Layer 2 - Outer Fabric (0.015 in. Outer Fabric AB312)

Layer (3) Insulation
a. Q-Felt Insulation (standard)

I b. Q-Felt 3.5PCF x (inches)
¢. 6LB Dynaflex
(Insulation layer size is to be optimized) i

<€— Layer 4 - Inner Fabric (0.009 in. Inner Fabric AB312)
«4— Layer 5~ Adhesive (0.008 in. RTV Adhesive)

Layer 6 - Structure (0.011 in. Aluminum)

o Touier 11d Timterior are the temperatures at the outer edge and (1) to (5) interior layers of the TPS.
T is the temperature at the nodes within the skin layer 6.

Figure 6.2 Description of the AFRSI on the Structure.
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Figure 6.3 Location and Heat Flux History to Evaluate TPS Size on Windward Side of X-34
Centerline (bottom view and side view, L=50 in.) :
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The TPS/AFRSI Model

According to the above, a TPS/AFRSI model is constructed in Fig 6.2. The modeled AFRSI
consists of six layers with layer three being the insulation layer subjected to adjustment and layer
six being the structure (or the skin) layer, within which a temperature is set (Typper-bound = 300° F)
as a constraint.

The Iteration Process

In the present case, we fix all other layers; the objective then becomes the minimum weight of
layer three, the insulation layer. The inequality constraints are the operating temperatures of
each layer including the skin layer (Tuin = 300° F). Each layer has a Tupper-bound Specific to the
material composition.

Input Output

2 Heat Flux History

;;;;;

800]
600 o - MxT,,

———
——

heat rate (Btw/it"2-s)
Temperature (F)
N
Q
(]

600 800 1000

tie (s)

0 200 400

Figure 6.4 Input/Output of TPS Sizing

Discussion of Results

In Table 6.1, the thickness of insulation materials used as layer 3 is adjusted to have maximum of
T Within 0.1% of 300° F (the constraint of the skin material, Aluminum) throughout the entire

trajectory. The initial temperature is set as 100° F and the inner edge is assumed insulated.

Table 6.1 Thickness and Weight Comparison Between
Insulation Materials used in AFRSI.

Layer 3 Thickness | Normalized Normalized Max Max Max

material weight, TPS | weight, layer 3 Touter Tinterior T siin
Q-Felt insulation 0.456 in 1.000 1.000 708.7°F | 696.4°F | 300.3°F
Q-Felt 3.5PCF 0.638 in 0.694 0.408 713.6°F | 702.0°F | 300.2° F
6LB Dynaflex | 0.560 in 1.118 1.228 696.9°F | 681.6°F | 300.2°F

(T puter 1A Tinterior are the temperatures at the outer edge and interior of TPS. Tgun is the temperature at the
nodes within the skin. “Maximum temperature” is determined by scanning all temperatures obtained
throughout the trajectory history.)

Computation results indicate that Touter and Tinerior reach maximum at t = 340 sec, which is right
after the peak heating condition of the X1004601 trajectory at t = 330 sec. (ZONA7U + SHABP
result has been verified at t = 340 sec.)
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Because of AFRSI the Tqqn reaches its maximum at t = 680 sec. The temperature drop from the
outer edge of AFRSI to skin is about 400 °F.

Table 6.1 shows that an iteration process can be used to find a AFRSI design (using Q-Felt
35PCF as insulation layer) which outperforms current AFRSI design (using Q-Felt) with 69% of
original weight from the heat transfer analysis. This is a trial-and-error procedure and is a time
consuming process. In Phase II, we will develop an optimization driver for MINIVER/EXITS
that can automatically achieve a minimum weight design of the TPS system.
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SECTION 7

TRIM ANALYSIS

Summary

To demonstrate one of the multifunctional capabilities of ASTROS*, we used its Trim Module to
perform trim analysis of a modeled X-34, at a selected flight condition (M=6.0, AoA =9°
h=183K ft) With X34/FEM model provided by OSC/NASA-Langley, ASTROS*/TRIM results in a
trim condition requiring trailing edge flap angle 6=2.05°, load factor N=0.97g, and total weight
of vehicle W=16,000 Ibs. The aerodynamic loads at the trim condition is then mapped to the
FEM grid by means of ASTROS*/3D Spline Module, thus allowing a subsequent analysis of the
X-34 structures. Accordingly, the resulting stress distribution of the X-34 at time is obtained.

7.1 Descriptions and Functionality of Blocks 3:ASTROS* Structural Optimization

Description:

- As shown in Fig 7.1 below, ASTROS* consists of at least 8 comprehensive modules;
these include the Structural FEM module, the ZAERO Aerodynamic module, the
Aeroelastic Stability module, the ASE module, the Optimization module, the Trim
module, the Smart structures module, and the Sensitivity module.

- The outcome of the proposed ASTROS* optimization is a minimum-weight structural
design.

- It uses the Aerodynamic Influence Coefficient (AIC) matrices from ZONA7U/AIC to
obtain steady/unsteady airloads and it performs Trim analysis to yield flight loads.

- It performs aeroelastic analysis to yield Flutter/Divergence constraints.

- It will receive the shock impingement location from a high fidelity Unified hypersonic
aerodynamics.
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Figure 7.1 ASTROS* Engineering Modules.

Functionality:

The flight conditions for defining the aeroelastic constraints are provided by the results of
the trajectory analysis.

For TAV/TPS design, the effects of the TPS mass and the material property degradations
and the temperature on the load-carrying structure due to aero-heating must be included in
the FEM model.

The objective function of the ASTROS* structural optimization is the minimum welght
which is a feedback information to the trajectory analysis. .

With the aerodynamics input from Block 1, the flight loads including the shear loads and
shock loads computed by the trim module of ASTROS* is another feedback information
to the stress analysis of the TPS design.

The total mass of this design is the feedback information to the trajectory analysis for the
next design iteration. Other important ASTROS* results are the loads and structural
deformation computed by the ASTROS*/Trim module for the TPS stress analysis.

Several trim solutions computed by the trajectory analysis will be selected as the flight
conditions for defining the aeroelastic constraints. These constraints include the flutter
and divergence at various Mach number and the strength constraints of each designed
structural element at various angles of attack and Mach numbers.
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7.2 Phase I Achievements in X-34 TRIM Analysis using ASTROS*/FEM: Block 3

The objective of this study is to demonstrate the trim analysis capability of ASTROS* for the
flexible X-34 in hypersonic flow. The outcomes of the trim analysis are the control surface
deflection angles, load factors, etc. as well as the stress distribution in the structures. Fig 7.2
depicts an ASTROS* finite element model of the X-34 that was converted from a
MSC/NASTRAN X-34 model originally provided by the Orbital Sciences Corporation. Using
the aerodynamic influence coefficient (AIC) matrix computed by ZONA7U in conjunction with
the stiffness matrix of the FEM model, the ASTROS* trim analysis shows that in order to trim
the X-34 at M = 6.0, o = 9° and altitude = 183 Kft, the required trailing edge flap angle is 2.05°
degrees and a load factor of 0.97-g for a total weight of 16,000 Ibs. At this condition, the
aerodynamic loads computed at the ZONA7U panels are then mapped to the FEM grid using the
3D spline module; allowing a subsequent stress analysis of the structures. Such a stress
distribution is shown in Fig 7.3.

Figure 7.3 X-34 Stress Distribution at
Figure 7.2 X-34 Finite Element Model. M=6.0, a=9°, Alt=183 Kft.
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SECTION 8

CONCLUDING REMARKS AND RECOMMENDATION FOR PHASE II
WORK

1. Central Methodologies (Blocks 1-5) required for aerothermodynamic optimization were
individually developed and validated.

2. Hypersonic Aerodynamics and Aerothermodynamic methodology for Blocks1/2 are aimed at
replacing the high-level method CFL3D+LATCH and the low-level method MINIVER by a
mid-level method ZONA7U+ SHABP which has been developed in Phase 1.

3. For ZONA7U+SHABP to generate one set of X-34 aerodynamic/heat rates typically requires
10 minutes on a 550 MHZ PC, whereas for CFL3D+LATCH it requires 30 hours.

4. ZSTREAM was developed in Phase I to replace the QUADSTREAM streamline generator of
SHABP in that the latter, derived from the Newtonian flow consideration, has a stagnation-
point singularity in its streamline solution and it does not depend on freestream Mach
number.

5. Validation/verification of ZONA’s aerothermodynamic method ZONA7U+SHABP suggests
that further improvement is needed in the following: ZONA7U requires higher-fidelity
upgrade in order to cope with the high AoA and the lee-side aerodynamics of SHABP needs
to be replaced by the AEROHEAT methodology (Ref 34) in order to further improve the local
heat rate estimates.

6. The TPS weight sizing example shows that the designed TPS weight can be further reduced
if an automated optimized scheme can be developed. A database of TPS material in terms of
their thermal and mechanical properties must be fully established in order to enhance the
capability of the optimized scheme.

7. The trim solution of the X-34 in terms of the flight loads, input to the structural FEM within
ASTROS*, will yield shear loads and shock loads which will result in strength constraint in
the ASTROS* optimization procedure. :

8. Given trajectory inputs, ZONA7U+SHABP aeroheating solution at the nose of X-34 was
verified with previous solutions obtained by NASA (Ref 36). Total optimization loop
including ASTROS* will be tested next using an X-34 example as a demonstration case.
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SECTION 9

PHASE II PLAN

Summary

In Phase 1, the ZONA unified hypersonic/supersonic aerodynamic method ZONA7U in the
aerothermoelastic software development for TPS/TAV design/analysis, was proven a successful
fool through feasibility cases studied in the CKEM body, blunt cones and X-34 wing-body.
Further upgrade of ZONA7U to a high-fidelity panel method ZONAIR is proposed in order to
enhance the universality of the aerodynamic capability with: 1) unified AIC for
hypersonic/supersonic/subsonic Mach numbers; 2) exact paneling to model OML surface; 3)
high AoA flow; 4) corrected location/strength of impinged shocks; 5) two-body interference
aerodynamics. Other proposed improvements of the aerothermoelastic software include: i)
incorporation of AEROHFEAT to replace SHABP with ZONAIR and ZSTREAM, ii) optimized TPS
sizing procedure using Complex Variable Differentiation Sensitivity with MINIVER/EXIT iii)
applying temperature mapping onto structural FEM. The structural optimizer ASTROS* is used
throughout for sizing TAV/TPS while maintaining the TPS design as a part of the load-carry
structure. The TPS design adopts POST/OTIS for trajectory optimization in the outmost design
cycle, thereby leading to a final minimized fuel and weight objective. Meanwhile, ZONAIR and
ASTORS* FEM will be driven by the automated parametric grid-panel mesh generation of AML,
developed by Technosoft. By means of AML, an integrated software framework with a feature-
based environment can be established to support an underlying object-oriented architecture that
will harness and link all software modules in configuration geometry, aerothermoelastic
analysis, TPS design, etc. RMLS and HyperX are proposed as the test-bed vehicles for software
demonstration in Phase 1.

9.1 Phase II Technical Objectives

Main Goal:

The ZONA team proposes to continue the phase I devélopment in a unified
hypersonic/supersonic aerothermoelastic methodology, to enhance its geometry high-fidelity and
to integrate it with a TAV/TPS structural design/optimization procedure for TAV/TSP weight

minimization throughout TAV’s re-entry/maneuver flight phases.

Further, the above development will be integrated in a feature-bas