AFRL-RB-WP-TM-2011-3115

ADVANCING REUSABLE BOOSTER SYSTEM (RBYS)
TECHNOLOGIES AND CAPABILITIES WITH A SPACE
TOURIST SUBORBITAL VEHICLE

Barry Hellman

Integrated Systems Branch
Structures Division

Craig Remillard, Khaki McKee, and Mark Street

XCOR Aerospace

APRIL 2011
Interim Report

Approved for public release; distribution unlimited.

See additional restrictions described on inside pages

STINFO COPY

AIR FORCE RESEARCH LABORATORY
AIR VEHICLES DIRECTORATE
WRIGHT-PATTERSON AIR FORCE BASE, OH 45433-7542
AIR FORCE MATERIEL COMMAND
UNITED STATES AIR FORCE



NOTICE AND SIGNATURE PAGE

Using Government drawings, specifications, or other data included in this document for any
purpose other than Government procurement does not in any way obligate the U.S. Government.
The fact that the Government formulated or supplied the drawings, specifications, or other data
does not license the holder or any other person or corporation; or convey any rights or
permission to manufacture, use, or sell any patented invention that may relate to them.

This report was cleared for public release by the Wright-Patterson Public Affairs Office and
is available to the general public, including foreign nationals. Copies may be obtained from
the Defense Technical Information Center (DTIC) (http://www.dtic.mil).

AFRL-RB-WP-TM-2011-3115 HAS BEEN REVIEWED AND IS APPROVED FOR
PUBLICATION IN ACCORDANCE WITH ASSIGNED DISTRIBUTION STATEMENT.

*/[signature// */[signature//

BARRY M. HELLMAN, Project Engineer AARON M. KLOSTERMAN, Chief
Integrated Systems Branch Integrated Systems Branch
Structures Division Structures Division

*/[signature//

MARK M. DERRISO, Acting Technical Advisor
Structures Division
Air Vehicles Directorate

This report is published in the interest of scientific and technical information exchange, and its
publication does not constitute the Government’s approval or disapproval of its ideas or findings.

*Disseminated copies will show “//signature//” stamped or typed above the signature blocks.



REPORT DOCUMENTATION PAGE o A e

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including
suggestions for reducing this burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite
1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YY) 2. REPORT TYPE 3. DATES COVERED (From - To)
April 2011 Interim 30 April 2009 — 30 April 2010
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
ADVANCING REUSABLE BOOSTER SYSTEM (RBS) TECHNOLOGIES IN-HOUSE
AND CAPABILITIES WITH A SPACE TOURIST SUBORBITAL VEHICLE |5b. GRANT NUMBER
5c. PROGRAM ELEMENT NUMBER
62201F
6. AUTHOR(S) 5d. PROJECT NUMBER
Barry Hellman (Structures Division, Integrated Systems Branch (AFRL/RBSI)) 2401
Craig Remillard, Khaki McKee, and Mark Street (XCOR Aerospace) 5e. TASK NUMBER
N/A
5f. WORK UNIT NUMBER
A07TOK
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER
Structures Division, Integrated Systems Branch (AFRL/RBSI) XCOR Aerospace AFRL-RB-WP-TM-2011-3115
Air Vehicles Directorate 1314 Flight Line
Air Force Research Laboratory Mojave, CA 93501
Wright-Patterson Air Force Base, OH 45433-7542
Air Force Materiel Command, United States Air Force
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
AGENCY ACRONYM(S)
Air Force Research Laboratory AFRL/RBSI
Air Vehicles Directorate 11. SPONSORING/MONITORING
Wright-Patterson Air Force Base, OH 45433-7542 AGENCY REPORT NUMBER(S)
Air Force Materiel Command AFRL-RB-WP-TM-2011-3115
United States Air Force

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release; distribution unlimited.

13. SUPPLEMENTARY NOTES
PAO Case Number: 88ABW 2009-3650, cleared 30 August 2011. Work performed under CRADA 09-120-RB-01.
Document contains color.

14. ABSTRACT
The Air Force is pursuing a Reusable Booster System (RBS) to meet future responsive launch needs. These needs
include “within days” reconstitution, flexibility, adaptability, and assuredness. This report discusses how the
aeromechanic technologies from a suborbital space tourist vehicle are being studied to further develop the aeromechanic
technologies of the RBS concept.

15. SUBJECT TERMS
Reusable Booster System (RBS)

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON (Monitor)
a. REPORT | b. ABSTRACT | c. THIS PAGE OF ABSTRACT: OF PAGES Barry M. Hellman
Unclassified | Unclassified | Unclassified SAR 18 19b. TELEPHONE NUMBER (Include Area Code)
N/A

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39-18




Section Page
I A0 T U =SSR ii
ISR 11 oo L1 T £ [ o SO 1
2. LYNX ACIOMECNANICS ..cuviiieitieiesiie sttt sttt sttt sttt e r e sbe et sbe e e nne e 4
List of Acronyms, Abbreviations, and SymbolS...........ccccevveiiiiiiiiice e 9
REFERENGCES.......coo oottt bbbt n et e et e 9

Table of Contents

Approved for public release; distribution unlimited.



List of Figures

Figure Page
Figure 1. SDP Requirements and DIIVEIS. ........cccuoiiiieiinie et 2
Figure 2. SDP Architecture Example that Includes Reusable Booster System. ................... 2
Figure 3. Notional Concept of Operations for Reusable Booster System.............cccoeevuenee. 3
Figure 4. Artist Drawing of XCOR's Sub-Orbital Lynx Vehicle.........c.ccccoovvvvviviivciicinennn. 3
Figure 5. Flight Profile 0f LYNX. .....ooiiiiiiiiei e e 4
Figure 6. AFRL FAST Program Reference Flight System. ........cccccocvveviviiviieveece e, 4
Figure 7. Altitude vs. Time Trajectory Comparison of a Reusable Booster Rocketback
from Mach 6.5 Compared to the LYNX'S TraJECtOrY.......c.cccvriuereeresiiesrerieesieseesieeseeseessneneens 5
Figure 8. Altitude vs. Velocity Trajectory COMPAriSON. ........ccccuvreeruerierneenieseesieenee e sieeees 5
Figure 9. Mach Number vs. Time Trajectory COMPAriSON. ........ccceveeeereereereeseesieseeseenens 5
Figure 10. Dynamic Pressure vs. Mach Number Trajectory Comparison. ..........cccecvereenens 6
Figure 11. Example of a Potential Operational Reusable Booster with an Upper Stage
Integrated on the LEEWArd SIAE.........ccoiiiiiiieiiie e 6
Figure 12. Potential Space Shuttle Modification with Wing Tip Vertical Stabilizers.......... 7
Figure 13. Yaw Moment vs. Sideslip Angle for Lynx Analyzed with CART3D................. 7
Figure 14. Diagram of Wright-Patterson Vertical Wind Tunnel. ..........cccocoeviveveiiieivciennn, 8
Figure 15. Incompressible Yaw Moment Data of the Lynx from the Vertical Wind Tunnel
at WIIght-Patterson AFB. ..........ooiiiiee ettt re e e 8
ii

Approved for public release; distribution unlimited.



1. Introduction

The Air Force is pursuing a Reusable Booster System (RBS) to meet future responsive launch needs'.
These needs include “within days” reconstitution, flexibility, adaptability, and assuredness. Future payload
launch needs include 1 klbm up to 41 kilbm, shown in Figure 1. A reusable booster is expected to provide at
least a 50% cost reduction, 48 hour turnaround, and flexible basing. Potential architectures for a reusable
booster are shown in Figure 2.

A reusable booster that is launched vertically and lands horizontally at the launch site is the current
approach being pursued for these launch architectures. This type of booster is expected to be the most likely
alternative pursued to provide responsive launch operations. A notional concept of operations is shown in
Figure 3. At staging the booster is supersonic, significantly downrange, and flying away from its launch site.
From the staging point, the booster can return to the launch site by either gliding, using its rocket engines to
reverse its velocity, or carrying a secondary propulsion system (most likely a set of turbine engines) to
provide the necessary energy for return.

Previous analysis has shown that in order to glide back to the launch site with delta wings, the staging
Mach number must be limited to about 3" assuming the vehicle is designed for a maximum subsonic L/D
ratio of about 5. This approach requires an extremely large upper stage, increasing recurring costs. Staging
from about Mach 5-7 optimizes the launch architecture but requires the booster to carry an additional energy
source for returning to the launch site. The current baseline approach for the Air Force future plans is to
carry extra propellant and use the main rocket engines on-board the booster to reverse its horizontal velocity
and glide to a horizontal landing back at the launch site." This return to launch site (RTLS) concept is
referred to as rocketback. By executing a rocketback RTLS trajectory instead of using a turbine engine
(referred to as jetback), the vehicle becomes simpler by flying in a more benign heating environment and
eliminates a major secondary subsystem (i.e. the turbine engines)."¥ These two main advantages of
rocketback provide a simpler booster that can meet the turn-around requirement of 48 hours.

In order to help Air Force Space Command (AFSPC) and its product center the Space and Missiles
Center (SMC) decide how to proceed with future launch vehicle developments, the Air Vehicle Directorate
of Air Force Research Laboratory (AFRL/RB) is pursuing a reusable booster technology demonstrator."
One of the critical technologies to be demonstrated is the rocketback trajectory from a simulated staging
point that is representative of a likely operational staging point. These future demonstrations will bring the
rocketback trajectory up to a technology readiness level (TRL) of 6, demonstration in a relevant
environment." The TRL 6 definition is very similar to the technology requirements under Federal
Acquisition Regulations to proceed to a Milestone B decision (i.e. an operational development program can
begin)"'. Understanding the aeromechanics and control system requirements, and designing a rocketback
flight profile that will allow booster to remain a highly operable system are critical results needed to help the
Air Force make future engineering decisions about how to best develop a RBS operational system.

AFRL/RB and XCOR have established a cooperative research agreement (CRADA) that focuses on
development of Lynx aeromechanics and comparison of analysis tools with flight results. This paper will
present some background of the technologies that XCOR is developing and some aerodynamic trends of the
Lynx.

XCOR’s Lynx is a two-place manned vehicle with a double-delta wing and twin outboard vertical tails.
It is designed to take off and land horizontally on a runway using its retractable/extendable tricycle landing
gear. It is flown by one pilot with no computer assistance except guidance and navigation displays. The
airframe is all-composite, with added thermal protection on the nose and leading edges. The wing area is
sized for landing at moderate touchdown speeds. The prototype Lynx Mark | will take off from a runway
under rocket power, climb to at least 62 km altitude (200,000 ft) and a maximum speed of Mach 2.2, and
then reenter the atmosphere and glide to a runway landing. Lynx Mark Il will have higher performance
capabilities reaching 100 km altitude and Mach 3.5. In many ways this vehicle is similar to, but has
significantly higher performance than, XCOR’s previous rocket-powered vehicles, the EZ-Rocket and X-
Racer, which have a combined total 66 flights.

Approved for public release; distribution unlimited.



Approved for Public Release

Sl i Requirements & Drivers
| % AS———_SS e I ]
Sources
* EELV ORD AFSPC 002-93-11 ] ]
Performance (Ibs) LEO: 17,000 GTO: 8,500 Spacelift Drivers
Polar: 41,000 GEO: 13,500 f
Demonstrated reliability ~ 97% (heavy) 97.5% (all others) ﬁ Performance
Cost Reduction: 25% (threshold) 50% (objective)
» National Security Presidential Directive 40 (NSPD-40) — ﬁ o
Reliability

Dramatic improvement in reliability, responsiveness & cost
Encourage / facilitate U.S. commercial space transportation industry to
support U.S. space transportation goals

 Spacelift "required force" roadmap*
EELV through 2029; Minotaur I/IV through 2019
Planned development for next-gen med-heavy launcher starts in FY15, with
10C in FY25

Planned devel for next-gen small launcher starts in FY14, with I0C in FY18 D

\ ﬂ Cost Reduction

|:| Dramatic Cost
Reduction

. ; ) R i
Responsive Launch, not formalized but likely to SRR

include Lift flexibility
* ORS/PGS: 1-5klbto LEO, equivalent \
* Reconstitution / Augmentation “within days” —
« Flexibility, adaptability, and assuredness ;"’;‘;;x(ls"(tguhﬁcgésggﬁg and -

draft, consistent with AFSPC FY10
Strategic Recapitalization Plan (SRP)

Affordable responsive lift for full range of payloads
3

Figure 1. SDP Requirements and Drivers.'
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Figure 3. Notional Concept of Operations for Reusable Booster System.'
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2. Lynx Aeromechanics

The flight profile of the Lynx, shown in Figure 5, involves a rocket-powered horizontal takeoff,
suborbital exoatmospheric flight, re-entry, glide, and horizontal landing. The Lynx incorporates a double-
delta wing with vertical stabilizers mounted on the wing tips. This design feature is similar to AFRL’s
Future responsive Access to Space Technologies’ (FAST) Reference Flight System (RFS), shown in Figure
6. Since the re-entry for the Lynx flies through similar flight conditions as the re-entry from a rocketback
trajectory, the data from Lynx flight tests will provide tool validation and risk reduction for a reusable
booster demonstrator, which AFRL/RB is pursuing. The Lynx re-entry is compared to a rocketback from a
staging point of Mach 6.5" in Figure 7 through Figure 10. The Lynx will also be able to provide
aeroelasticity data for using wing tip mounted vertical stabilizers.
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Mn Rirngees] - Mach T

[ —— ___.-""--
TrtsdFght pomm - 30 wirmtrn '-L__dﬁ!-"'

_-—'—'_'_'_._._

Figure 5. Flight Profile of Lynx.

N

Figure 6. AFRL FAST Program Reference Flight System.
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Figure 10. Dynamic Pressure vs. Mach Number Trajectory Comparison.

This design of wing tip mounted vertical fins was chosen for three main reasons over a fuselage mounted
tail similar to the shuttle. First, at supersonic and hypersonic speeds, the verticals have more exposure to the
freestream at angles of attack up 40 degrees, i.e. the fuselage doesn’t shield vertical tails. The shuttle’s
vertical tail doesn’t provide control authority for most of its re-entry glide. The ailerons along with the RCS
system must provide the necessary yaw control. Next, using the wing tip mounted verticals reduces the
amount of structural supports in the aft end of the vehicle allowing easier access to components located there
which will increase the vehicle’s operability. Finally, this design feature allows for easier upper stage
integration on the leeward side of the vehicle, as shown in Figure 11.

Figure 11. Example of a Potential Operational Reusable Booster with an Upper Stage Integrated on
the Leeward Side"™".

This design idea was studied at NASA Langley as an upgrade for the Space Shuttle, shown in Figure 12.
This configuration would deflect each rudder outward for control and to serve as a speed brake. This effort
involving tunnel testing and control system analysis showed that the tip-fin controllers could adequately
control the orbiter during entry, reduce drag during the terminal area approach, and be able to handle the
landing gust requirements of the shuttle. However, use as a speed brake would be reduced by about 65%.

6
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Figure 12. Potential Space Shuttle Modification with Wing Tip Vertical Stabilizers™.
The Lynx geometry has been analyzed using NASA Ames’ Euler CFD Solver called CART3D.* Yaw
static stability analysis from Mach 0.7 up to Mach 3 at 30° angle of attack is shown in Figure 13. This chart
shows that the change in wind axis yawing moment with sideslip angle is positive indicating static stability.

[wNacho7 |
I —+-Mach0.85 I
—+Niachl |
|==Mach1.5
j—s—-.\l:ncln_? .

Yawing Moment

Sideslip _-\.ng]e (deg)
Figure 13. Yaw Moment vs. Sideslip Angle for Lynx Analyzed with CART3D.
(Note: Yaw Moment Axis Values Removed due to data being proprietary)

In March of 2009, XCOR tested a model of the Lynx at the Vertical Wind Tunnel at Wright Patterson
AFB. This test was used to begin validating various CFD models and to look at the aerodynamics and
stability of the vehicle during low speed phases of flight. A diagram of the tunnel is shown in Figure 14.
The Lynx was tested at the tunnel’s maximum speed of about Mach 0.13. The resulting yaw moment data
from this test is shown in Figure 15. At the higher angles of attack, the wing tip vertical stabilizers are
keeping the vehicle stable. However, this test showed some yaw stability issues flying in a strong crosswind
at 0° angle of attack since the curve begins to have a negative slope.
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Figure 14. Diagram of Wright-Patterson Vertical Wind Tunnel".
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Figure 15. Incompressible Yaw Moment Data of the Lynx from the Vertical Wind Tunnel at Wright-

Patterson AFB.
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List of Acronyms, Abbreviations, and Symbols
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Abbreviation Description

CRADA Cooperative Research and Development Agreement
CFD Computational Fluid Dynamics

FAST Future responsive Access to Space Technologies
RBS Reusable Booster System

RFS Reference Flight System

SDP Spacelift Development Plan

TRL Technology Readiness Level
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