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Volume I: Assessment Report

1.0 Notifi cation and Authorization

This assessment was initiated out-of-board by the authority of the NASA Engineering and Safety
Center (NESC) Director on October 13, 2006. Julie Kramer White, Crew Exploration Vehicle
(CEV) Chief Engineer requested a risk comparison of the Integrated Landing System design
developed by NASA and the design developed by Contractor— referred to as the LM 604
baseline. Based on the results of this risk comparison, the CEV Chief engineer requested that the
NESC evaluate identified risks and develop strategies for their reduction or mitigation. The
assessment progressed in two phases.

A brief Phase I analysis was performed by the NESC team to compare the CEV Integrated
Landing System proposed by the Contractor, as defined in the LM 604 baseline, against the
NASA TS-LRS001 baseline with respect to risk (safety and reliability).

During the Phase II effort, the NESC team further examined the areas of critical importance to
minimizing the overall landing risk, including risk to the crew and the Crew Module (CM)
during a nominal land-landing. The areas studied included:

Task 1: Landing System Risk Assessment - Estimate the risk to the crew during landing
using the LM 606 baseline and postulated landing attenuation system configurations.

Task 2: Landing System Test and Verification (T&V) Approach - Assess the CEV
Project’s T&V approach to determine the level of residual risk.

Task 3: Landing Site Accessibility and Availability - Evaluate implications of relying on
wind limits to ensure that horizontal velocity at touchdown remains within the CM design
capability.

Task 4: CM Roll Control in Preparation for Landing — Assess the requirements and
capability of the CM roll control concept to orient the CM for an acceptable landing.

Task 5: Investigate Parachute Effects during Landing - Investigate parachute induced
effects on CM stability during landing near or beyond the CM’s horizontal velocity
capability.

Task 6: Crew Protection System Enhancements — Develop tools to evaluate enhanced
crew restraints and develop restraint concepts that would enhance crew safety during
high-g impacts or CM tumbling

The key stakeholders for this assessment were Ms. Julie Kramer White at the Johnson Space
Center (JSC), and Mr. Christopher Johnson, JSC, who served as the CEV Project Office liaison.
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Figure 3.0-1. CEV Integrated Landing Assessment Team Structure

s s .
Front row: David Eisenman, Brian Bairstow, Chris Johnson, Blake Putney, Christina Cooper, Mal Cohen, Scott Peer, John Baker

Second Row: Dave Shemwell, Wayne Lee, Ed Fasanella, Bob West, Debora Briggs, Chuck Lawrence, Dan Yuchnovicz
Third Row: Phil Glynn, Jim McMichael, Jeff Cyphert, T.K. Mattingly

NESC Request No.: 06-060-E
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4.0 Executive Summary

This assessment was performed in two phases. A brief Phase I analysis was performed by the
Water versus Land-Landing Team (NESC Assessment Number 06-020-E) to compare the Crew
Exploration Vehicle (CEV) Integrated Landing System proposed by the Contractor, as defined in
the LM 604 baseline, against the NASA TS-LRS001 baseline with respect to risk (safety and
reliability). A phase II effort examined the areas of critical importance to the overall landing
risk, evaluating risk to the crew and to the CEV Crew Module (CM) during a nominal land-
landing.

Phase I Results Summary

The Phase I analysis was performed to compare the CEV Integrated Landing System proposed
by the contractor Lockheed Martin (LM), as defined in the LM 604 baseline, with the NASA TS-
LRS001 baseline with respect to risk factors potentially leading to severe injury or loss of crew
(LOC). Due to the early stage of development for both systems, insufficient detail exists for
either a numerical risk analysis or reliability calculation, thus the following approach was
utilized:

» Focus on potential design reliability - mass, volume, cost, and complexity were
secondary considerations unless obvious concern existed.

» Compare the two designs with the proven Apollo Earth Landing System (ELS).

» Use existing design and performance data from NASA and LM CEV teams.

* Do not incorporate preliminary requirements changes from the CEV Project’s
Requirement Analysis Cycle-3 (RAC-3) because the NESC task was run in parallel
with RAC-3 activities.

» Develop a functional description for each baseline (functional block/event sequence
diagram).

* Quantify/evaluate the relative risks of each function.

The end result of the comparison/evaluation is summarized in Figure 4.0-1. A list of ten
concerns (C1-C10) and associated NESC recommendations were generated. The major
concerns included:
*+ C1-LM 604 - Use of a single drogue to extract all the main parachutes was viewed
as a critical single point failure.

+ (C2,C4 LM 604 - 600 Ibm confluence retro-rocket pack mounted at the confluence
point on the main parachute harness is viable, but will require an extensive
development and validation program. Primary concerns include deployment without
contacting CM retrorocket plume impingement, parachute risers, and retrorocket pack
(200 Ibm) re-contact with CM after touchdown.

* (C3-LM 604 - The use of horizontal wind velocity limits for LM 604 was unproven
for effectiveness. Insufficient data had been produced to demonstrate that relying on
operational wind limits without horizontal retrorockets was a viable design option.
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C5 - LM 604, TS-LRS001 — The reliability and robustness of the apex/Forward Bay
Cover (FBC) separation system needs to be improved to ensure high reliability and
adequate clearance with the CM during the mission descent phase. Failure to deploy
the FBC would result in LOC.

Landing
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Figure 4.0-1. Risk Comparison of the NASA TS-LRS00I and LM 604 Landing and Recovery
System Baselines

The findings were presented to Julie Kramer White and the CEV Project Configuration Control
Board (CPCB) on December 2006. Key team members of the NESC Water versus Land-
Landing Assessment were used to perform this task and were critical in influencing the CEV
Project and Contractor decision to adopting the NASA TS-LRS001 design as the baseline
configuration.

Phase Il Results Summary

A systems approach was required to assess the overall risks since the Landing System design can
affect multiple CEV subsystems and will operate in a range of landing environments. Figure
4.0-2 summarizes the six tasks and their relationships.
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Figure 4.0-2. Systems Approach to the Integrated Landing and Recovery System Risk Assessment

Phase II Study Task Areas
Task 1: Integrated Risk Analysis Summary

The purpose of the Task 1 risk assessment was to identify the risk drivers of different CM
landing configurations and provide overall risk comparisons of the alternatives. Several
spacecraft landing configuration baselines were examined including: the LM 606, Zero Based
Vehicle (ZBV): and a water-lander based on the ZBV with minor modifications, with/without
vertical / horizontal retrorockets, roll control, and air bags.

The NESC recommendations included:
Improve the FBC release (Apex Cover) to minimize interference with drogue parachute
deployment.
Increase the horizontal velocity attenuation to protect against under predicted horizontal
winds at land-landing site, increase stability of the CM during landing, and increases
landing availability.
Improve crew occupant protection systems as functional redundancy to any landing
attenuation system failures.

NESC Request No.: 06-060-E
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Task 2: Landing System Test and Verification (T&V) Summary

This task was designed to investigate the completeness of the Landing System T&V plan. A
landing event sequence diagram was developed and used as the basis of the investigation. The
major NESC recommendations included:

e Explicitly add a test program to exercise end-to-end performance of the Landing and
Recovery System (LRS) with emphasis on interactions between subsystems.

e Formulate a working group charged with the responsibility for verification of end-to-end
LRS performance with emphasis on subsystem-to-subsystem and subsystem-to-CM
interactions.

e Adopt a strategy of developing specific LRS tests based on evaluation and verification
needs as opposed to forcing the verification plan to conform to already existing “all
encompassing’ tests.

e Develop T&V scenarios to test the FBC release, parachute extraction and deployment,
main heat shield jettison (if required), and active controls used for impact attenuation or
control during descent, landing, and airbag inflation (if used).

Task 3: Landing Site Accessibility and Availability Summary

The terrestrial landing site availability from Low Earth Orbit (LEO) task addressed the
interaction of continental United States (CONUS) landing accessibility and availability.
Accessibility is the number of times a given landing site can be physically reached from the
initial orbit. Awvailability is defined as the number of times opportunities can be utilized in the
presence of operational constraints. This study covered accessibility based on orbital mechanics,
landing site location and CM lift to drag ratio (L/D). Availability topics studied included
day/night, ascending/descending orbit pass constraints, surface wind conditions and thresholds,
gust conditions, and Service Module (SM) disposal footprints.

The task also determined that water-landings were a viable back-up to CONUS-based land-
landings and could also be used as standalone landings. Suggestions included choosing a water
based location that takes advantage of ascending and descending pass opportunities (e.g., off the
coast of California). In addition, because of the flexibility of water-landings — through ship
movement — additional opportunities for vehicle return become apparent. There were no obvious
CONUS-based land-landing opportunities for the 28.5 degree inclination orbit. CONUS sites are
accessible if an inclination change orbit maneuver is performed.

The major NESC recommendations included:

e Implement improved wind forecasting at the landing sites because current wind
forecasting is not sufficiently accurate at the relatively low velocity constraints that are
important to CM stability.

e Improve crew protection to guard against misforecast winds or gusts, and to avoid over
constraining wind placards.

e Develop a flight test program that can support International Space Station (ISS) schedules
and be prepared to capitalize on performance envelope expansion opportunities as they
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emerge. The initial flight test program will be paced by limited opportunities to satisfy
initial land-landing wind placards.

e Preplanned water-landing sites can backup missed or unavailable land-landing site
opportunities.

Task 4: CM Roll Control in Preparation for Landing Summary

The use of roll control can optimize the orientation of the crew seat attenuation system for land-
or water-landings. CEV Project tests show that the CM Reaction Control System (RCS) has
sufficient torque to meet the + 30 degree roll requirement with current parachute harness / riser
designs. The NESC recommendations from the NESC CEV Water versus Land-Landing
Assessment endorsed the use of roll control, and the recommendation remains applicable
because:
e Some form of roll control is useful to orient the CM Z plane with the direction of travel to
maximize crew safety.
e There is limited cabin volume and minimal human impact acceleration tolerance in the Y
axis (lateral impacts).
e During water-landings, the CM can be oriented to minimize crew impact accelerations.
This supports meeting reduced impact acceleration requirements for de-conditioned crew.

Task 5: Main Parachute Release Times during Land-Landing Summary

The effectiveness of releasing the parachute from the CM at different release times post
touchdown was examined for a vertical and horizontal landing velocity of 26 and 37 fps,
respectively. A 37 fps horizontal velocity was used since this velocity represents one of the
more extreme conditions and is most likely to cause CM rollover.

For landing conditions where there is a horizontal wind, retaining the parachutes has a
detrimental effect on CM stability since the drag force on the parachutes can pull the vehicle
over. The effect of rigging and parachute flexibility has minimal effect on the acceleration and
roll response so that the trends reported here should be applicable to most parachute system
designs. Peak accelerations occur early at touchdown where the parachutes have negligible
effect. Rollover which occurs after touchdown is not significantly affected by the parachutes
since the parachutes are either slack or have minimal tension, thus applying little or no forces on
the CM.

Some form of automated parachute release should be a requirement since in the presence of
horizontal winds with an attached parachute may cause the CM to be dragged and tumble. This
is true for both water and land-landing events.

¢ An automated system should be required since the release may be required to occur
within 0.50 seconds of touchdown, which is not sufficient time for a crew operated
manual release.



Document #: Version:

NASA Engineering and Safety Center
. NESC-RP- 1.0
Technical Assessment Report 06-060

Title: Page #:

Crew Exploration Vehicle Integrated Landing System 17 of 314

e An automated release system would be a critical function that must ensure no
unplanned release events.

Task 6: Crew Protection System Enhancements Summary

This task explored the utility of using Finite Element Model (FEM) techniques as a method for
improving overall understanding of the effects and effectiveness of advanced or modified crew
restraint systems. While in many aspects simplified, the results of this task indicate that the
technique is useful and traceable to appropriate and well anchored approaches. This task also
explored the specific case of incorporating lateral supports to improve the crew’s tolerance to
high Y-axis accelerations. Simulations indicated that substantial reductions in neck moments,
cited as being most responsible for severe injury for these sorts of crashes, while showing
increases in some other forces throughout the body. In particular these simulations indicate that
substantial improvement in crew safety can be effected, with the caution that care must be taking
in the detailed design to avoid transferring injurious loads to other parts of the body. Concepts
were also developed that would allow implementation of suitable restraints.

The major results of Task 6 included:

e The Finite Element Analysis (FEA) modeling approach shows promise as a tool for seat
designers. In this task, lateral supports were studied and could be used to improve crew
survivability for landings with increased Y-axis accelerations. FEA models can provide a
design engineering means to understand the effect of these restraints. In addition to
developing tools, it is important that a practical means exist for implementing design
solutions.

e Lateral Seat Support - The use of rigid lateral supports of the type found currently in race
cars were not directly applicable since these designs would likely be impractical during
crew ingress and egress. In order for lateral restraints to be used in space flight
applications, a practical means for implementation with reasonable crew ingress, and
rapid egress must be developed. In addition the restraint system must be flexible in its
ability to accommodate crew members of different sizes. During this subtask, several
lateral restraint concepts were examined.

e Assuming that the potential for unplanned landings on land cannot be eliminated for a
CM configured for water penetration or other compromised landing configurations,
additional crew protection is desirable.

e The Brinkley Dynamic Response Method criteria define an acceptable environment for
crews restrained in a specific way. However, it does not provide insight into additional
or modified crew restraint systems.

e The use of FEA and anthropomorphic test devices (ATD) tests can allow designers to
evaluate the effectiveness of alternate restraint systems that can provide crews with
Brinkley Dynamic Response Method levels of protection in substantially harsher
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Space flight inherently poses risk to the crew during dynamic flight phases. This assessment was

environment. Additional evaluation of industry standard injury criteria should be
initiated to ascertain the applicability of these criteria to crew protection.

Based on the work performed to date, further development and adoption of these

contemporary design tools and techniques is recommended.

Practical methods for implementing additional crew protection appear realistic and

should be developed.

performed to address specific risk areas identified during the previous study on Water versus
Land-Landings (NESC Assessment Number 06-020-E) involving the descent and landing phase

of the mission. New findings and recommendations for the CM parachute architecture, occupant
protection system, landing attitude, and operational approaches were identified and implemented.

The Apollo CM remains as a solid reference, which when combined with the NESC team

experience, allowed the understanding and then improvement on what Apollo had accomplished.
Finally, additional lessons learned from Apollo Program experience were made to reduce risk as

part of the T&V program. Given the state of maturity of the CEV Project at this time, those
recommendations have not yet been implemented.
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5.0 Ass essment Plan
5.1 Charter and Background

The CEV Project Chief Engineer requested that an integrated risk assessment and various
associated studies be performed on the CEV Integrated Landing System — referred to as the LM
604 baseline. The Chief Engineer requested the independent study as preparation for the CEV
Project’s decision to baseline the LRS.

A brief Phase I analysis was performed by the Water versus Land-Landing Team (NESC
Assessment Number 06-020-E) to compare the CEV Integrated Landing System defined in the
LM 604 baseline, against the NASA TS-LRS001 baseline with respect to risk factors potentially
leading to severe injury or LOC. This assessment covers CM and crew recovery, but does not
include post-landing operations.

The Phase I effort resulted in the requestor asking the NESC to perform an in-depth analysis of
potential risk to the crew in the Integrated Landing System of the LM 606 baseline as described
in the following section.

5.2  Scope

The scope of this task is limited to an evaluation of potential risks found in the LM CEV
Integrated Landing System as described in LM 606 baseline. Initially, the NESC 06-020-E
Water versus Land-Landing study evaluated the Integrated Landing System risks to the proposed
LM 604 CEV baseline. As the CEV design has matured and many design assumptions have
changed, the NESC was requested to investigate areas of potential risk in the LM 606 baseline.

The Phase II study focused on areas of risk associated with the flight terminal phase for the CM
and developed strategies for reducing or mitigating inherent risks. Risk was evaluated in terms
of risk to the crew during a nominal land-landing. Additionally the CEV Integrated Landing
System testing approach was evaluated.

6.0 Description of the Problem and Approach

The problem description and approach for the Phase I portion are presented in Section 6.1 and
the Phase II problem description and approach are presented in Section 6.2. Note: each of the
problems and approaches has a corresponding data analysis section and paragraph number in
Section 7.0.

6.1 PhaseI - Comparison of LM 604, TS-LRS001, and Apollo LRS —
Problem and Approach

The CEV Project Office requested a risk comparison of the LRS proposed by LM with the
design developed internally by NASA as shown in Figure 6.1-1.
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Figure 6.1-1. NASA and LM Landing and Recov ery Baselines used for Comparison in Phase I

The primary focus for the Phase 1 task was reliability. Mass, volume, cost, and complexity were
considered only if an obvious concern existed. The CEV Project’s RAC-3 results were not
factored into the assessment because this task was run in parallel with RAC-3 activities. A
qualitative risk assessment was performed because insufficient detail existed for a quantitative
risk analysis or reliability prediction.

This assessment relied on existing design and performance data from the NASA (TS-LRS001)
and LM604 CEV teams primarily from the September — October 2006 timeframe. There were
no existing formal design documents. Mr. Jim Corliss, Chief Engineer for the CEV Landing
System Advanced Development Project, provided presentation material regarding landing
systems from the weekly CEV Government Equipment and Materials (GEM) Office project
control panel status meetings at JSC. LM data were culled from presentation packages and from
technical interchange meetings (TIMs) to discuss the status of the LRS design. Additionally, the
NESC assessment team visited the LM Denver site in October 2006 for a TIM.

The paradigm for the evaluation procedure was as follows: Entry, Descent, and Landing (post-
entry) was decomposed into five major sequences, all of which must succeed:

* Parachute deployment

* Heat shield unlock or jettison
* Terminal descent

* Retrorocket firing

*  Touchdown
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Each of the five sequences was further decomposed into a set of sub-events or conditions, all of
which must succeed for the overall sequence to be successful. Each sub-event was evaluated for
design vulnerabilities with the potential to cause severe injury or LOC. Four categories of design
vulnerabilities were considered in the qualitative evaluation process. The design vulnerabilities

WCErIC:
[ ]

Brittleness (sensitivity to design assumptions) of performance to flight dynamics,
environmental factors, or operating conditions.

Potential to be a common-cause failure source or susceptibility to a common-cause
failure.

Lack of redundancy coupled with potential reliability issues.

Steep drop-off in performance under off-nominal conditions.

A color code was assigned to each sub-event based on the level of concern relative to the list of
vulnerabilities. The colors assigned to the sub-events assume that all previous sub-events and
sequences are successful. Vulnerability concerns by color codes were:

Green = low concern (function deemed to be robust).

Yellow = moderate concern (design concept may be adequate but robustness
improvements should be considered).

Red = active concern (recommend proactive measures to increase robustness and/or
change the design).

White (no color) = function not applicable to the design.

Color code assigned to each sub-event based on level of concern relative to the list of
vulnerabilities as shown in Figure 6.1-3.
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Figure 6.1-2. Post-Entry Descent and Landing Event Sequence (Functional Decomposition of Main
Events) for a Successful Landing
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6.2 Phase II -Integrated LRS Risk Assessment — Problem and Approach

The Phase II study focused on determining the areas of risk associated with the terminal phase of
flight for the CM and developed strategies for reducing or mitigating risks inherent in this phase.
A systems engineering approach was used to investigate the overall landing risk by investigating
multiple areas of risk and suggested strategies for reducing or mitigating the risks.

Analysis of the problem by the NESC assessment team and working with the CEV Chief
Engineer resulted in six individual tasks that encompassed specific, but related portions of the
overall landing system concept. The tasks were developed to assess the risk to the crew of
operating various vehicle configurations in the anticipated nominal descent and nominal land-
landing environments, and investigate specific landing risk mitigation strategies. The overall
systems approach is depicted in Figure 6.2-1.
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Figure 6.2-1. Systems Approach to the Integrated LRS Risk Assessment

The tasks and approach are summarized in the following sections.

6.2.1 Task 1: Entry, Descent, and Landing System Quantitative Risk Assessment Problem
and Approach

The NESC assessment team’s objective was to estimate the risk to the crew during landing using
the LM 606 LRS baseline. The team’s approach was to update the Integrated Risk Matrix from
the CEV Water versus Land-Landing Study, which provided a quantitative risk assessment of
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landing. The analysis began with undock through entry, descent, and landing, and included
various landing configurations (e.g., with and without CM horizontal retrorockets) and site
conditions.

EdE I

Undock, Entry, Descent and Landing Phases of Flight

Figure 6.2-2. Phases of the Entry, Descent, and Landing Included in the Integrated Risk
Assessment

6.2.2 Task 2: Landing System Test and Verification (T&V) Problem and Approach

The NESC assessment team assessed the CEV Project’s T&V approach with respect to design
qualification and certification. The original request was to provide an independent assessment
regarding the CEV Project’s T&V strategy for the CM LRS with respect to design qualification
and certification. The team found that it was difficult to evaluate strategy since the CEV Project
T&V planning is still in initial stages. Historically, T&V plans are not developed until the
Preliminary Design Review (PDR) time frame or after. Early work on T&V planning is also
problematic because design requirements are in an evolutionary state.

The team’s opinion was that historical experience should be used to make recommendations
because the LRS design has heritage from Apollo and Mars exploration programs — while still
recognizing that the CEV has unique requirements.

The team restructured the Task 2 objective to develop a recommended set of T&V activities
based on the team’s experience with similar systems and available knowledge of the efforts to
date. The goals were to:

» Develop a set of activities that would comprise a comprehensive entry, descent, and
landing T&V plan.

* Provide Project with sufficient T&V information for use as a guide during their T&V task
planning process.

+ Utilize event-tree methodology to expose the items that must be verified in the absence of
requirements.

For each activity, the following was provided:
* A brief, qualitative description of the activity.

*  Whether the activity should cover exhaustive, bounding, or representative scenarios.
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» External variables that should be examined.

» Fidelity of the interfaces to other subsystems or components that interact with the prime
target of verification.

6.2.3 Task 3: Landing Site Accessibility and Availability Problem and Approach

The NESC assessment team’s objective of this analysis was to identify significant trends in
availability and develop a relative measure of sensitivity for those of special interest. The goal
was to identify factors that warrant additional attention, not to make probability assessments or
recommend design or operations criteria. Further, the team was to evaluate implications of
relying on wind limits to ensure that horizontal velocity at touchdown remains within the CM
design capability.

The team addressed the operational implications of implementing various landing scenarios for
CM return from an ISS orbit. Two quantifiable attributes, accessibility and availability, have
been defined to guide this evaluation (Figure 6.2-3).
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Figure 6.2-3. Approach to determining Landing Site Accessibility and Availability

Accessibility is defined as the number of times a given landing site can be physically reached
from the initial orbit. It reflects the classic Return to Earth (RTE) targeting problem, achieving
an inertial trajectory that will transition to an earth based coordinate system at a specific time of
landing and geographic location. This evaluation identifies opportunities to land at a given site
during a period of interest.
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» External variables that should be examined.

» Fidelity of the interfaces to other subsystems or components that interact with the prime
target of verification.

6.2.3 Task 3: Landing Site Accessibility and Availability Problem and Approach

The NESC assessment team’s objective of this analysis was to identify significant trends in
availability and develop a relative measure of sensitivity for those of special interest. The goal
was to identify factors that warrant additional attention, not to make probability assessments or
recommend design or operations criteria. Further, the team was to evaluate implications of
relying on wind limits to ensure that horizontal velocity at touchdown remains within the CM
design capability.

The team addressed the operational implications of implementing various landing scenarios for
CM return from an ISS orbit. Two quantifiable attributes, accessibility and availability, have
been defined to guide this evaluation (Figure 6.2-3).

R
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Figure 6.2-3. Approach to determining Landing Site Accessibility and Availability

Accessibility is defined as the number of times a given landing site can be physically reached
from the initial orbit. It reflects the classic Return to Earth (RTE) targeting problem, achieving
an inertial trajectory that will transition to an earth based coordinate system at a specific time of
landing and geographic location. This evaluation identifies opportunities to land at a given site
during a period of interest.
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iii. inclination 51.63 degree
b. Edwards Air Force Base (EAFB) wind/gust data for 2006

2. Multiple site weather from National Oceanic and Atmospheric Administration (NOAA)

for 2004 [ref. 14]. Geographic data and orbital tracks were derived from Analytical

Graphics, Inc’s Satellite Toolkit (STK) orbital model

Day-time are initially defined as 0600-1800 local time

4. Landing opportunities are assumed possible whenever the ISS model flies through a
cylinder with a radius equal to the CM cross range, projected vertically from the center
of the landing area (ignores the delta times due to actual reentry timeline)

5. Toe of SM debris footprint ranges from 370 nm short of landing site in orbital plane with
no raise maneuver to 1,300 nm with a maximum raise maneuver of 55 fps for L/D 0.35,
and 230 nm and 1160 nm for L/D 0.30

6. No attempt was made to assess the suitability of landing sites, capabilities of specific
CM designs, compatibility of CM designs with landing site surfaces, or availability of
more accurate wind forecasting tools.

7. Analysis is focused on land-landings associated with returns from LEO since they are a
precursor to lunar operations and must accommodate unique flight test and operational
constraints.

(O8]

Availability is defined as the number of times that accessible opportunities can be utilized in the
presence of operational constraints. The consideration of operational constraints can only reduce
the number of potential landing opportunities, this study addresses those concerns. Key
considerations included were:

e Surface winds and gust conditions
e Day/night restrictions
e Ability to ensure SM debris footprints remain off shore

A deterministic approach was used to determine landing site availability that included:
* Collect and evaluate 2006 recorded and forecast wind data for EAFB.
» Identify EAFB landing opportunities for various forecast criteria and evaluate outcomes
for each using appropriate wind reports.
» Consider potential correlation among EAFB, Carson Sink, NV, and the Utah Test Range
wind data.
* Consider potential flight demonstration build up plan.
A statistical approach was also used to determine landing site availability that included an
examination of the weather forecasts (primarily horizontal winds and gusts) versus the measured
winds exceeding the CM’s horizontal wind landing capability.

Additional concerns not addressed were: landing surface conditions, terminal area weather
(snow, rain), and weather forecasting confidence. While these are broad assumptions, their use
allows for identification of significant trends and sensitivities in key design drivers (i.e., orbital
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mechanics and weather patterns and may lead to a more detailed evaluation). The complexity of
this environment and large number of conditions that merit examination, led to the development
of an analog evaluation tool, Spacecraft Landing Accessibility and Availability Model
(SLAAM). SLAAM was created in multiple steps starting with using the simulated orbit data
modeled in AGI’s STK, tracking the times when the orbiting satellite (ISS) would pass over the
landing areas specified by the CM L/D and exporting this data into Microscoft® Excel ®. This
data was then sorted and adjusted for local time, ascending or descending pass types, landing
location, and SM disposal method. Weather data for EAFB was added in a separate database.
Lastly, the tool mainly allows the user to sort the data based on their desired inputs. This model
displays data in both daily and daily/hourly calendar format and geometrically accessible landing
times while allowing for various user-imposed constraints. Those landing opportunities that fail
the constraint from the display are removed from consideration. Figure 6.2-5 shows an example
of the SLAAM user interface along with the sample output.

]
— Landing Data Date Rangs - Daylight Howrs (HHMM - in Local Time) T
ES w| [ [ Fotose [ 2r12j200 MamberofDays [ 14 Start 800 End | 1759
— Ske Selection - — Day/Night Selection — Direction Selection
™ ALL ¥ Day (Local) ¥ naght (Local) ¥ ascending [ Descending
I~ 636 W Carson [ Cuddeback ¥ Edwards SM Condition Selection i
™ Tonopah [V Lkahy [™ white Sands ™ Yuma ¥ Raise IV Okay
(— Reject Wind Condiion — Reject Gust Condition
™ Reject ¥ Speed > | Knots 'I Equiv: OF/S I Reject i Speed > Krots Tl Equiv: 0 FjS
| ©Offset Before | Offset After | Offset Before Offset After | | ALt Y
[¥ Show Data Which Does Not Fit Fiter As Grayed Info Goto Oukput | T | | e ‘ Closs Didlog ]

Figure 6.2-5. SLAAM User Interface

6.2.4 Task 4: CM Roll Control in Preparation for Landing Problem and Approach

The NESC assessment team’s objective was to evaluate the requirements and capability of the
CM roll control concept to orient the vehicle for an acceptable landing. The approach was to
determine the previous Apollo missions roll control requirements, the current CM requirements
for the roll control system, and then:

* Compare Apollo and CEV CM requirements.

* Determine what the requirements should be on the roll control system, and identify the
simplest approach using a combination of modeling and simulation, design, and peer
review.

* Deployment altitude, descent times, and range of wind conditions including cross winds
as function of altitude.

* Analyze the RCS impulse performance and fuel allocation.

+ Identify accepted range of roll alignment requirement (with confidence of specified
requirement) for landing.
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» Estimate torque requirement for range of bearing diameters and compare with RCS
torque output.

» Size riser length and thickness requirement based on estimated peak deployment loads

» Estimate oscillation frequencies, magnitude, and dampening of the CM/parachute system.

6.2.5 Task 5: Investigate Parachute Release Times during Land-Landing Problem and
Approach

The NESC assessment team investigated parachute induced effects on CM stability during
landing near or beyond the vehicle’s horizontal velocity capability. A concern of the CM
landing is that structural accelerations will be large causing vehicle damage and/or crew injuries.
Winds at the landing site could exceed the predicted values and thus exceed the CM capability
(i.e., environment exceeds capability). Also, the CM accelerations could be large causing
vehicle and/or crew injuries. The parachute effects are thought to have the potential to pull the
CM over during conditions such as higher winds, or in some cases to stabilize the vehicle by
preventing the motion after touchdown.

The effect of releasing the parachutes at different times after touchdown was investigated in
terms of CM accelerations and rollover in various horizontal wind conditions. A simplified
parachute model was developed and coupled to a CM structural model. Simulations were
performed with vertical and horizontal landing initial conditions and horizontal winds expected
at the landing sites.

6.2.5.1 Parachute Model

The LS-DYNA® FEM originally created for the CM was extended to include the parachutes and
parachute lines. While CM is expected to utilize three primary parachutes for landing, for the
purposes of this study the effects of the parachutes and lines are simplified by combining the
effects into a single parachute concept (Figure 6.2-6). The parachute is modeled as a lumped
mass whose weight is equal to the total expected parachute weights. The connecting lines are
modeled as a single line with elastic properties and pre-tensioning. The line is preloaded with an
initial tension equal to the CM weight so that the coupled vehicle-parachute system is in
equilibrium just before touchdown. The “cable” element available within LS-DYNA® is used to
model the line so that the line transmits load when the line is in tension and carries no load when
the line is slack. The weight of the line is distributed along the length and the mass of the
parachute is concentrated at the top of the rigging.
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Figure 6.2-6. Conceptual Automatic Parachute Separation on Landing to Prevent CM Tumbling
(left) and Simplified LS-DYNA® Model (right)

The parachute force is applied at the location of the parachute mass. The parachute force is
computed from the simple drag equation:

F=CxV?

Where F is the parachute force, V is the velocity of the parachute mass, and C is the parachute
coefficient. C may be determined from the relationship:

1
== Cax A
2xpx aX

Where p is the air density, A is the area of the parachutes, and Cg is the drag coefficient of the
parachute. An alternative approach to computing the parachute force is to use the equilibrium
conditions for a nominal landing to compute the coefficient, C. For a nominal landing, the
parachute force must equal the CM weight so that:

W=CxV?

For this assessment, the nominal vertical velocity was 26 fps and the CM weight was 13,046 lbs
leading to a parachute coefficient of 0.134. For the present assessment, this coefficient was used
for both the vertical and horizontal directions. This was a reasonable approximation to the actual
parachute forces since the parachutes tend to orient themselves so that they efficiently oppose the
direction of the wind and vehicle motions. Currently, tests are being performed on CM
parachute systems and as this data is processed a better understanding of the parachute forces
will be defined. However, for the present study this simplified model of the parachute system
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and forces was sufficient to explore the effects of the parachutes once the CM touches the
ground.

The parachute force was implemented into the LS-DYNA® simulation via a series of lookup
tables for various wind conditions. During each time step in the transient simulation, the
computed vertical and horizontal velocity at the location of the parachute mass was used with the
lookup tables to extract a parachute force in each of the horizontal and vertical directions. These
forces were then applied at the parachute mass location and used to compute the structural
response for the step time step. When there was a horizontal wind present, the horizontal wind
force was added to forces generated from the transient motion of the parachute mass.

The vertical parachute force is defined as:
F,=0.134xV,” Ibs
And the horizontal force is defined as:
Fp=0.134 X (Vyina> + Vi©) Ibs

Where V., and Vy, are the vertical and horizontal velocities of the finite element node at the
location of the parachute mass.

Figure 6.2-7 shows a comparison between the parachute forces computed using the identified
formulation and the vertical parachute force obtained using the parameters supplied by LM in
memorandum CEV-LRS-07-001. For descent velocities within those expected for the CM, there
was close agreement between the LM and NESC assessment team’s predictions. At higher than
expected velocities there is a divergence between the parachute forces since the LM formulation
used a parachute drag coefficient that increases with descent velocity (thus increasing the drag
force) while the team’s formulation employed a constant drag.
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Figure 6.2-7. Comparison of Results of Parachute Forces from Two Different Computational

Methods

LS-DYNA® was used to perform the analysis of CM landings with parachute attachments. This

program was selected because of its ability to simulate the complex transient dynamic behavior
of the CM impacting a landing surface. The CM model consisted of a collection of structural
parts as depicted in Figure 6.2-8. The main portion of the CM, which consists of the pressure
vessel, associated structure, and internal components, was modeled as a rigid part having inertia
properties equivalent to the LM 604 CM design. The total weight of the vehicle was 13,046 Ibs
which is lighter than the currently projected design, but was an adequate value for the purposes

of the present study.
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(Pressure Vessel not Shown)

Figure 6.2-8. CM Structural Parts used in the Model

Inside of the CM pressure vessel is the crew pallet. The pallet supports the seats and is
supported by fifteen energy absorbing landing struts. A portion of the CM inertia properties are
allocated to the pallet (modeled as a rigid part) to account for the crew and seat weights. While
the pressure vessel and pallet are modeled as structurally rigid and non-energy absorbing, the
pallet struts are modeled as energy absorbing since they provide the primary source of landing
load attenuation.

The parachute and rigging are attached to the CM FEM so that the parachute attachment point
passes through the center-of-gravity with the vehicle oriented at the desired hang angle shown in
Figure 6.2-9. The parachute is attached approximately 190 feet from the attachment point. The
CM model shown includes a triangular shaped parachute used for visualization purposes only as
the parachute is modeled as a concentrated mass.
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Figure 6.2-9. Overview of the Complete Finite Element Model

For the purpose of the present study the landing surface is assumed to be a relatively “soft” soil.
The soft soil model has the effect of lessoning the resulting CM accelerations compensating for
the fact that most of the vehicle structure is modeled as rigid. A coefficient of friction of 0.60 is
used to model the contact friction between the CM and soil surface.

6.2.5.2 Parachute System Elasticity

Before proceeding with the assessment of the effect of parachute release times, it is important to
measure the significance of the effect of the parachute system elasticity. For example, if a stiff
rigging configuration responds significantly differently from a soft system, it is important to
identify these differences and to either model the system as closely as possible to the actual “to
be built system”, or to identify differences so that relevant information is available to subsequent
designers.

The overall parachute system elasticity is a combination of the elasticity contributed from the
harness, riser, parachute suspension lines, and the air embedded inside the inflated parachute. To
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assess the overall effect from these components they may be viewed as a single spring that
connects the parachute to the CM. When the parachute pulls on the vehicle, the air inside the
chute compresses and, along with the rigging lines and riser, provides system flexibility. While
the parachute design may utilize materials such as nylon or Kevlar® which are readily
characterized, the total system elasticity is more difficult to calculate since it is a combination of
rigging material, geometry, and aerodynamics. In fact, the compression of the air inside the
parachute may provide more elasticity than all of the rigging materials combined.

To provide a reasonable assessment of the system elasticity, or to at least determine if elasticity
considerations are even a significant issue, three different system stiffness’s were examined for
their effect of the overall system response. The three stiffness’s are a relatively stiff system
where the entire parachute/rigging elongates only 1 percent of its length when the CM weight is
hung from the parachute (i.e. 13,046 Ibs hung from a 190 foot parachute system stretches the
system ~2 feet), a medium system (2 percent elongation), and a relatively soft system where the
elongation is 5 percent.

The CM rotation and acceleration resulting from a vertical and horizontal landing velocity of 26
fps and 37 fps is shown in Figures 6.2-10 and 6.2-11, respectively, for the three levels of
stiffness. The hang angle is 0 degrees. For all three stiffness’s the parachute is kept attached to
the CM for the duration of simulation. As depicted in the figures, the CM rolls over regardless
of the system stiffness, which is an expected response for a 0 degree hang angle and horizontal
velocity. Furthermore, there is no significant different among the three levels of stiffness. The
simulation resulting from the softest stiffness does rollover slightly less than the other two
simulations, but the difference in rollover angle is not large. The accelerations at the location
where the crew are seated are almost identical regardless of the stiffness level. The medium
stiffness level was used for subsequent simulations since this level is thought to be the most
reasonable characterization of the actual stiffness.
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Figure 6.2-10. Effect of Rigging Stiffness on CM Rollover (0 degree hang, Parachute Remains
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Figure 6.2-11. Effect of Rigging Stiffness on Pallet Acceleration (0 degree hang, Parachute Remains
Attached)

NESC Request No.: 06-060-E
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6.2.6 Task 6: Crew Protection System Enhancements Problem and Approach

During the course of this assessment, tools were developed to:

» Evaluate enhanced crew restraints and to develop restraint concepts that would enhance
crew safety during high-g impacts or CM rollover.

» Investigate the use of FEA techniques to model the biodynamic effects of high-g impacts
with various seat and restraint systems.

» Establish correlation between the FEA technique and standard methods (e.g., Brinkley
Dynamic Response Method Model) for the case of standard restraints.

* Employ FEA to explore one type of advanced crew restraint system.

At the conclusion of this assessment, these tools were provided to the CEV Project for use in
evaluating alternative crew seats.

The effects of crew restraint options on the LM 604 seat strut and seat pallet concept designs
using traditional “whole body” dynamic response models, and FEA models of (ATDs (e.g., crash
test dummies) were investigating. The NESC team:

» Investigated the basic crew seat configuration (legacy) versus race car seat.

* Determined if FEA ATD models can be developed into design tool that will be
predictive for advanced crew protection seats.

* Performed FEA simulations of impacts in the Y- and Z-axis directions (most sensitive
for crew injury).

» Compared FEA to Brinkley Dynamic Response Method and biological data.
» Developed and compare crew seat impact attenuation improvement concepts.

* Found opportunity to add additional value that involved validating the FEA model
with recent sled results run by the CEV Project and the Suit Project at Wright
Patterson Air Force Base.

7.0 Dat a Analysis

The data analysis for the Phase I portion is presented in Section 7.1 and the Phase II data

analyses are presented in Section 7.2.

7.1 PhaseI - Comparison of 604, TS-LRS001, and Apollo LRS Data
Analysis

The NESC team compared the configurations of the reference designs and developed an

architecture comparison of these designs with the Apollo ELS. Table 7.1-1 lists the points of
architecture comparison with the Apollo system.
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Table 7.1-1. Areas of Comparison between the Apollo ELS and the LM and NASA CM LRSs

Feature

Apollo

604

TS-LRS001

Drouge Chute

2 deployed in parallel via mortars

1 prirme via mortar, backup
drogue deployed if FSW detects
prime has failed

2 deployed in parallel via mortars

[[Main Chutes

3 ring sails, §3.5' diameter

4 ring sails

3 ning sails, 122.5° diameter

|Main Deployment

Extracted by 3 independent
mortar-fired pilots

Extracted simultaneously by
single drogue

Extracted by 3 independent
mortar-fired pilots

path same as for entry

prior to touchdown

Type Avcoat FICA PICA
. Retained for touchdown, but : =
abaiinmnt Retained for splashdown, load iinlrickied ik sy s piiahls Petttisoned after main chute

deployment

Active orientation required, uses

Active orientation required, swivel

Type Passive swivel at chute confluence [TBD
Altirnetry N/A (TBD) Radar (TBD} Radar or LIDAR
Velocimetry /A (TED) Doppler or GPS {TBD) Doppler or GPS
Awonics Location N/A Within capsule within capsule
i at chute confluence, mounted to  |&t bottom of capsule, under the
Ante Locati M/SA 2 4
IS sacaaen ¥ retrorocket casing heatshield
i 1 rocket w/ 6 nozzles, D
Vertical H/& hrust e 14 rockets, 7000 Ibs thrust each
Honzontal N/A My & [4 rockets, 9400 lbs thrust each
Mounting Location N/ On risers, at parachute confluence |&t base of capsule, under the

point above capsule

heatshield

The Apollo ELS Subsystem Manager was an integral part of the NESC team and identified the
areas of design challenge in the Apollo ELS applicable to the LM and NASA LRS baselines.

A vulnerability concern map that evaluated risk was prepared of sub-events/conditions mapped
to the five major sequences outlined in paragraph 6.1. Concern colors for each of the reference
designs were indicated for each sub-event. The 10 concerns, numbered C1 through C10, were

associated with the sub-event or sub-events. They are:

C1 (LM 604) - Main Chute Extraction

C2 (LM 604) - Retrorocket Extraction

C3 (LM 604) - Winds and Residual Horizontal Velocity
C4 (LM 604 and TS-LRS-001) - Retrorocket Firing Chain
C5 (LM 604 and TS-LRS-001) - Apex Cover Separation
C6 (LM 604) - Retrorocket Plume Impingement

C7 (LM 604 and TS-LRS-001) - Capsule Orientation Event
C8 (LM 604) - Drogue Stabilization

NESC Request No.: 06-060-E
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e (9 (TS-LRS-001) - Impact Survivability

e C10 (TS-LRS-001) - Heat shield Separation

An additional level of categorization was also applied to the concerns:

e 1% Tier — Considered the most serious and challenging and has architectural

ramifications for the design: C2, C3, and C4.

e 2™ Tier — Considered challenging, but fixable. Does not necessarily have cascading
effects through the architecture: C1 and C5.

e 3" Tier — Considered to have relatively straightforward fixes: C6, C7, C8, C9, and

C10.

Figure 7.1-1 illustrates the vulnerability concern map, the concern colors for each design, the
numbered concerns associated with entry, descent, and landing sequences, and the 1%, 2™, and

d .
3™ Tier concerns.

Landing
Successful
| I I |
Parachute Heatshield Terminal Retrorocket Touchdown
Deploy Sep/Unlock Descent Firing Event
| |
FSW commands firing Residual vertical
at proper time ca velocity within limits

il

C5

il

rovides
e data

tabilizes
ule
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HS separates and no
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e cleanly
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cleanly

survive
loads
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c2
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Figure 7.1-1. Vulnerability Concern Map
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7.2  Phase II - Integrated LRS Risk Assessment Data Analysis

This section presents the data analysis of the six tasks included in the Phase II assessment.

7.2.1 Task 1: Data Analysis for Entry, Descent, and Landing System Quantitative Risk
Assessment Data Analysis

The purpose of the risk assessment was to identify the risk drivers of different configurations,
and provide comparisons of the overall risk of the alternatives. This work was an extension of a
previous NESC assessment that evaluated the risks of landing the CM on water versus land.
This previous assessment did not analyze specific vehicles and assumed that key risk mitigating
features were in place. The current assessment extended the previous analysis to evaluate
specifics of the current CEV design concepts. The risk metric chosen for this analysis was
probability of LOC (PLOC).

7.2.1.1 CM Landing System Configurations Assessed

Several candidate CM configurations were assessed and compared, which include:

» LM 606 was the baseline configuration in the Spring of 2007. It is a primary land-
lander with airbags and horizontal retrorockets. It did not meet weight allowances, so
variations were considered.

* The ZBV was based on the LM 606, but had numerous parts removed (e.g., landing
system and some redundant components) in order to meet the weight allowance. This
was the starting point for alternative configurations assessed. It is also the starting
point for the PDR point of departure (POD) vehicle design (currently scheduled to be
approved in mid-November 2009).

» Water-lander, which is essentially the ZBV with minor accommodations for water-
landing, including roll control.

» Vertical retrorockets with no horizontal retrorockets on dry soil.

» Vertical retrorockets with no horizontal retrorockets on wet soil.

» Vertical and horizontal retrorocket land-lander (soil type does not significantly affect
outcome), which is equivalent to the LM 606 configuration.

» Airbags with no horizontal retrorockets on dry soil.

» Airbags with no horizontal retrorockets on wet soil.

» Airbags with horizontal retrorockets (soil type does not significantly affect outcome).

In the ZBV, some multi-level redundancy was removed. For example, some avionics electronics
was previously multiple fault-tolerant, but was reduced to single fault tolerance (e.g., three
computers were reduced to two). The NESC team’s calculations determined the reduction in the
number of computers made a negligible difference because of the used of a common cause
failure rate of 10 percent of the independent failure rate, so the third unit typically reduces the
failure rate by less than 1 percent. It was not clear if all manual backup modes were maintained
in the ZBV, but the team assumed that they were. Similarly, ballistic mode and some trajectories
were removed from the ZBV. The team did not analyze in detail the risk impact, but instead
assumed that it would have a minimal impact (i.e., other design features would be used to
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mitigate new risks that arose from the change). It was also assumed that there would be roll
control. The importance of roll control for water-landing was not analyzed in detail, but it is
crucial for land-landings.

The airbag systems assessed were the Generation 1 airbags by Airborne Systems and the
Generation 2 biased airbags by Boeing. Boeing’s biased airbags have different pressures in the
front and rear bags to counteract the center-of-gravity offset, but was not optimized in order to
maintain acceptable stability at all landing orientations (roll). Generation 2 airbags showed
improvement over the Generation 1 airbags, thus only the Generation 2 airbags results are
presented in this study.

It should be noted that for a given primary land-lander CM configuration, the risk can vary
widely based on the landing site and landing wind criteria. Section 7.2.3details the analysis that
was done in selecting landing criteria and the influence of that on landing availability. In this
section, the primary landing site was EAFB (with backup sites), and the wind forecast go-for-
landing criteria was 18 fps. In this case tumbling is the number one entry, descent, and landing
risk for land-landing configurations except for airbags with horizontal retrorockets. At the same
time, for day landings with three sites, there would be a 10 percent chance of having to wait 200
hours to land for an ISS return (i.e., landing availability is not likely to be reduced further in
order to reduce risk).

7.2.1.2 Mission Risk Description and Design Impacts

The risk analysis was focused on the landing systems. The mission segments considered was the
entry, descent, and landing for an ISS mission. This mission segment is shown in Figure 7.2-1,
along with risk drivers, and key design features that differentiate the LM 606 design from the
idealized land-landing design previously analyzed. The reentry risk drivers are:

e Entry

0 Guidance Navigation and Control (GN&C) System Fault After Entry: This
failure mode represents failure of the system to deliver the vehicle to the proper
landing site. If the CM does not land on a relatively smooth, flat surface it may
be subject to tumbling. This failure mode applies only to land-landing.

0 Thermal Protection System (TPS) Failure: TPS failure could cause catastrophic
failure to the CM, or cause the structure to become overheated and weakened.
The weakened structure could cause the vehicle to sink during a water-landing.

0 FBC Release Mechanism: Failure of this mechanism and drogue parachute could
cause the FBC to interfere with deployment of the drogue parachutes.

e Parachute Descent

0 Two Drogue Chute Deployment Failure: This failure prevents the initial CM
deceleration and stabilization to allow for successful deployment of the main
parachutes.
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0 Two Main Chute Deployment Failures: This failure prevents the CM from
decelerating to safe limits. This failure could result from system faults, or a
postulated situation where the drogues are released at a time when there are
sufficient rates to cause the CM to be inverted when the main parachutes are
deployed causing failure of the deployment. This concept is being evaluated by
the CEV Project and is not expected to be in the final CM configuration.

0 Apex Cover Re-contact: Once the apex cover is clear of the CM, it is possible for
re-contact if its drogue chute does not deploy.

e Landing Risk Drivers

0 Land-Landing

No Heat Shield Separation: The land-landing systems are designed such
that the heat shield must be jettisoned to allow for operation of the active
attenuation systems (retrorockets/airbags). Failure of this system will
cause the capability of the seat attenuation system to be exceeded, or
make the CM susceptible to tumbling. The idealized vehicle in the
previous study was assumed to be designed to have a possibility of
survival.

Altimeter or Retro Failure (Retro Systems): This failure results in an
early, late, or no actuation of the Retro System. Failure of this system
will cause the capability of the seat attenuation system to be exceeded, or
make the vehicle CM to tumbling. This type of system requires a narrow
timing window for actuation (approximately 1 second), with no back-up.
The idealized vehicle in the previous study was assumed to be designed to
have a possibility of survival.

Airbag Failure to Inflate or Deflate Properly (Airbag Systems): A failure
in this system will cause the capability of the seat attenuation system to be
exceeded, or possibly make the CM tumble. Timing of the actuation of
this system is not as critical as for retrorockets. The idealized vehicle in
the previous study was assumed to be designed to have a possibility of
survival.

Mispredicted Surface Winds: This failure mode is applicable to systems
that do not have the capability to remain upright in high surface winds
(either by design or through active systems such as horizontal
retrorockets). These systems will typically require that the winds be
placarded to ensure the capability of the system is not exceeded. This
failure mode represents the possibility that the weather prediction meets
the placard, but the actual winds at time of landing can cause the CM to
tumble. The idealized vehicle in the previous study was assumed to be
designed to have a possibility of survival.
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o Water-Landing (Cabin Flooding/high leak rate)

» Pressure Relief Valve/Vent Failure: This failure would cause the CM to
take on water and begin t sink. Requiring crew emergency egress if the

recovery is not prompt.

=  Structural Failure (due to TPS failure): This failure represents the
possibility of a TPS failure causes overheating (but not destruction) of the
CM such that it fails during water impact. This failure is assumed to be

severe enough to cause immediate sinking.

Another potential risk driver was the contribution of the landing system during a pad abort.
There is the possibility of a pad abort occurring when there are sufficient winds to blow the

vehicle back on land.
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Figure 7.2-1. Summary of Risk Drivers for the Nominal ISS Return Mission — Updated from the

NESC CEV Water Versus Land-Landing Study (Before and After)

7.2.1.3 Risk Quantification Updates

Each of the risk drivers that had new information was re-quantified for the LOC end state. The
overall risk matrix is shown in Appendix A. The results of this are summarized in qualitatively
in Figure 7.2-2 and Table 7.2-1. Rationale for the quantification is provided in the following

sub-sections.
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Table 7.2-1. PLOC for Risk Driver (Tabular)

Vehicle Analyzed
Updated Risk WvL Land LM 606 LM 606 LM 606 | LM 606 LM 606 with
Driver (Vertical, with with Water- with Vertical

Horizontal Airbags Airbags and | Landing | Vertical and | retrorockets

Retrorockets | (dry soil) | Horizontal Only Horizontal Only (dry soil)

) retrorockets retrorockets
Pad Abort 8E-5 1.2E-5 1.2E-5 1.2E-5 1.2E-5 1.2E-5
TPS Failure 2.6E-5 2.7E-5 2.7E-5 2.7E-5 2.7E-5 2.7E-5
GNC and Other 1.1E-5 1.5E-5 1.5E-5 1.5E-5 1.5E-5 1.5E-5
Entry
Apex Cover 1E-4 2E-4 2E-4 2E-4 | 2E4 2E-4
Separation
Heat Shield 0 8.8E-5 8.8E-5 0 8.8E-5 8.8E-5
Separation Fault
Parachute Failure | NG 2.6E-4  2.6E-4 2.6E-4 | 2.6E-4 2.6E-4
Roll Control 1E-6 4.2E-5 4.2E-5 1.1E-5 4.2E-5 4.2E-5
Failure
Retro System 0 0 0 0 - -
Failure
Airbag System 5E-6 (airbag - - 0 0 0
Failure alternative)
Mispredicted 0 1E-4 0 0 1E-3 1.5E-2
Winds
Structural Failure 4.4E-5 0 0 2.3E-5 0 0
due to Overheat
(Water-Landing)
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Heat Shield Failure

Several faults can lead to heat shield failure resulting in LOC. For ISS missions this is
dominated by Micro Meteoroid Orbital Debris (MMOD) damage during extended stays at the
ISS. This analysis assumed no covering of the heat shield shoulder region that is above the SM.
The damage leads to increased turbulence during entry and catastrophic failure (LOC).

Less severe MMOD damage can lead to weakening of the structure that can cause CM sinking.
For land-landing, similar damage could lead to overheating the landing system, but this was
assumed to be less likely. An additional, but less probable cause of sinking is structural failure
due to insufficient margins.

Heat shield failure during lunar return was also analyzed, but not included because most risks do
not differ between lunar and ISS cases and ISS return is more frequent. Due to the high heat
loads for lunar return. Heat shield failure leading to LOC is more likely with a probability of
1.3E-4. Sinking due to heat shield overheating is also more likely at 2.6E-4.

Apex Cover Separation

Risk of apex cover/FBC separation failure increased from the Water versus Land-Landing
Assessment, mostly due to new concerns about interference with the drogue chutes.

Heat Shield Separation

Heat shield separation faults do not apply to the water-lander because it retains the heat shield.
The driving failure modes are early separation (which results in LOC in all cases) and no
separation. In the Water versus Land-Landing Assessment, heat shield failure to separate was
not considered to cause LOC due to the enhanced seat system, and early separation was not
considered. In the current study, both cases result in LOC, although early separation was given a
0.75 weighting due to non-fatal cases (i.e., early separation and cases where the aerodynamic
loads keep the heat shield in place until parachute deployment).

Roll Control Failure

Roll control/RCS thruster alignment failure has the same probability of system failure for the
Water versus Land-Landing investigation and this assessment. However, in the earlier study the
system failure did not lead to as high of a PLOC due to the superior seat system. Roll control is
not as critical for water-landing, but there is some risk due to the asymmetric CM structure
design and the increased risk of sinking at off-nominal roll angles.

Retro System Failure

Vertical retrorocket system failure applies only to that particular system, and is a significant
discriminator between CM configurations. In this study all retrorocket failures were presumed to
result in LOC, whereas in the Water versus Land-Landing Assessment the seats mitigated the
fault completely.
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Airbag System Failure

Airbag system failure applies only to that particular system, and is a significant discriminator. In
this study airbag failures were presumed to lead to LOC, whereas in the Water versus Land-
Landing Assessment the seats mitigated all failure modes except for the pressure release valve
failure, which was 95 percent mitigated.

Mispredicted Winds at Landing Site

The possibility of choosing to land based on acceptable wind forecasts at the time of the go/no-
go decision, but encountering high winds upon landing was not considered during the Water
versus Land-Landing Assessment. This was partly because the baseline design included
horizontal retrorockets that would counteract the winds at the time of landing. However, during
the current study it was found to be the dominant risk in several vehicle configurations. Details
about the variability of the winds and landing criteria are provided as part of the separate wind
task; only the effect on PLOC is discussed here.

The CM’s horizontal velocity at impact is roughly equal to the surface wind speed. Water-
landing is not affected by horizontal winds. Airbag systems have been demonstrated to handle
higher horizontal velocity without tumbling than vertical retrorocket systems. This was achieved
by timing the pressure release of the outer bag and shaping the airbags to behave like skids. It
was also found through simulation that the CM will tumble at a lower horizontal velocity on wet
than on dry soil. In all cases it was assumed that tumbling results in LOC (unlike Soyuz or the
Water versus Land-Landing Assessment vehicles with their improved seat attenuation).

These effects led to the CM configuration with vertical retrorockets, but no horizontal
retrorockets to have unacceptable PLOC of over 1 percent. Airbag systems without horizontal
retrorockets are marginal (especially when the landing soil is wet and soft). While the risk could
be reduced with increased landing constraints, those constraints would probably be unacceptable
due to the resulting loss of landing opportunities (i.e., there could be many days with no landing
opportunities). Vertical retrorocket systems with horizontal retrorockets have similar
performance to airbag systems without retrorockets. In this study, it was found that winds are
handled well by only the airbag system with horizontal retrorockets and the water-lander.

Structural Failure Due to Overheat

Structural failure can lead to sinking of a water-lander, which has a high probability of causing
LOC in a CM with up to six crew members. Although early Apollo tests resulted in sinking
under nominal conditions, it is assumed that for the CEV Project the main cause of sinking
would be TPS failure to meet temperature requirements, leading to a weakened pressure vessel
and high leak rate upon splashdown.
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7.2.1.4 Risk Observations and Results

Role and Benefit of Quantitative Risk Assessment to the Process

The quantitative risk assessment process goes beyond a reliability and safety analysis and is
based on an evaluation of the entire mission to identify scenarios that could lead to LOC. This
analysis integrates hazards and equipment reliability with the physics of the scenarios. It may be
difficult to validate the estimates generated by this process. However, the discipline of
developing, justifying, and comparing estimates for internal consistency helps keep the project
focused on appropriate risk drivers. Opening the analysis beyond the standard safety and
reliability framework provides the opportunity to analyze situations that go beyond hardware
failure (i.e., mispredicting winds), and considering the possibility of failures due to design
problems and unknown unknowns that have occurred in the past (i.e., failure of the retrorocket
system to actuate in the less than 1 second window).

The risk assessment made it possible to link the CM design features to the mission. In this way it
was possible to understand the benefit of crash protection in the context of the landing system
failure modes. Furthermore the analysis helped expose the difference between a land-landing
capability (on a smooth, flat, dry surface with low horizontal velocities), and land-landing
survivability during a pad abort. This distinction helps to make visible the capabilities of the
land-landing vehicle, and understand the benefit of crash protection for any system type.

Qualitative Results

It was recognized that the risk analysis is subject to large uncertainties. In order to provide a
high level interpretation of the results, the risks were color coded to reflect the rough order of
magnitude of their likelihood. The risks shown in Figure 7.2-1 are: Before (B) representing the
risk of idealized landing systems (used in the earlier Water versus Land-Landing Assessment),
and After (A) representing the LM606 configuration.

Figure 7.2-1 shows an increase in failure from TPS and apex cover separation. These risks are
currently under design so they may change. But if the apex cover separation requires a parachute
system to mitigate the risk, then it may remain high along with the other parachute systems
(yellow to red risk).

The risks during descent have remained the same. The landing phase shows a risk increase for
land-landing systems due to the lack of capability to protect the crew during a hard landing
(resulting from system failure), or after tumbling (due to mispredicted winds). The mispredicted
surface winds became red due to the lack of horizontal retrorockets that were assumed to prevent
tumbling in high wind conditions.
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Quantitative Results

The total risk for each CM configuration was computed by adding the PLOC for each risk item.
This approach is viable because the fault probabilities are relatively independent and low.
Airbag and vertical retro systems without horizontal retrorockets were evaluated for both wet
and dry soils due to the significantly different tumbling velocities for the soil types. The results

are presented in Figures 7.2-3 and 7.2-4.

Comparison of All Options
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Figure 7.2-3. Comparison of All Options (Uses Generation 2 Airbags)

Mispredicted wind (landing with high horizontal velocity) was found to dominate risk for
vertical retro systems without horizontal retrorockets. This risk was unacceptable and tended to
saturate the bar chart used to compare options. After the vertical retro systems without
horizontal retrorockets were removed, a new bar chart was generated (Figure 7.2-4) to compare

the remaining options.
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Comparison of Lower Risk Options
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Figure 7.2-4. Comparisons of Lower Risk Options with Generation 2 Airbags (bottom)

When using the Generation 2 airbags, failure rates within an order of magnitude (PLOC = 1.8 E-
3 to 9.4 E-4) indicated that they were relatively close considering the order of magnitude
uncertainty attached to most of the constituent probabilities. Water-landers had the best risk
(PLOC = 5.3 E-4) due to their insensitivity to wind, soft landing surface, and simplicity (no
landing mechanisms or retrorockets). Airbags with horizontal retrorockets have the next best
risk, and are similar to water-landers, but with some added risk for the landing system.

Airbag systems without horizontal retrorockets on dry soil and vertical retro systems with
horizontal retrorockets were found to have similar risk, with similar increases in risk over the
airbag/horizontal retro system due to having similar (decreased) wind speeds for tumbling.
However, airbag systems without horizontal retrorockets tumble at a lower wind speed than
those options on wet soil, and so have higher risk. Because it is likely that most landing sites
would have wet soil at the same time (during rainy winter months), this risk must be considered
to be an integral part of the risk for the airbag/no horizontal retrorocket CM configuration.

Overall, mispredicted winds (high surface winds) were found to be the dominant risk due to
resultant vehicle tumbling. If this risk is mitigated (e.g., using horizontal retrorockets or
improved seat systems), all of the options are found to have similar risk magnitude considering
their uncertainties.
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7.2.2 Task 2: Landing System Test and Verification (T&V) Data Analysis

The data analysis effort is summarized in Appendix B. Figure 7.2-5 depicts the events and sub-
events that were examined.

EDL
Successful
1
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Figure 7.2-5. CM Event Sequence Diagram Used to Investigate the Completeness of the CEV
Project’s T&V Approach

7.2.3 Task 3: Landing Site Accessibility and Availability Data Analysis

The land-landing site availability from LEO assessment addressed the interaction of CONUS
landing accessibility and availability as discussed in the following sections.

7.2.3.1 Landing Site Accessibility

Land-landing site accessibility was based on numerous factors. Each of these factors is
discussed, followed by an integrated graphical representation. A landing opportunity was
assumed possible when the ISS ground track fell within a specified cylinder projected vertically
from the center of the landing target. The cylinder radius was equal to the CM cross range
defined by its anticipated L/D capability.

CM Lift to Drag Ratio (L/D)

For this analysis, two L/Ds were under consideration, 0.30 and 0.35. This analysis looked at
each ratio; the cross range possibilities each presented and determined the sensitivity of L/D
design. The cross range possibilities for the 0.30 and 0.35 L/D are 60 and 85 nm, respectively.
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Using a one site landing location as a baseline, this analysis determined how many landing
opportunities were presented for 180 contiguous days. The cross range capabilities meant that
the ISS did not need to be directly over a landing site for a landing opportunity to occur, but
rather the ground track must intersect the cylinder projected vertically from the landing site, thus
allowing the CM to be guided to the landing site on that orbital track.

Table 7.2-2 shows the SLAAM output for landing opportunities over a 14 day period, but the
total passes and average pass per day show the amounts for the180 days calculated by the
model. This model displays data in both daily and daily/hourly calendar format and all
geometrically accessible landing times while allowing for various user imposed constraints.
Those landing opportunities that fail the constraint from the display are removed from
consideration. In addition, the SLAAM results displayed represent 180-day periods, starting on
January 1, 2006. It is reasonable to allow for trends in the 180-day data to represent yearly data.
The SLAAM display in the table uses following nomenclature:

‘a’ —ascending pass

‘d> —descending pass

‘OK’ — raise maneuver not necessary
‘R’ —raise maneuver necessary

Table 7.2-2. Comparison of L/D 0.30 and 0.35 for EAFB (Edwards) landing site, all options
available (day and night), 180 days (first 14 days shown)

L/D=0.35
Start Date 1/1/2006
Number of Days 180
Site Name Day 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13 14
Edwards Pass 1 dR | aOK | dR | aOK a0k dR dR | aOK
Edwards Pass 2

Day Total 0 1 1 1 1 0 1 0 0 0 1 0 1 1
# of Landings Total Passes 76

Ave Pass Per Day 0.4
L/D =0.30
Start Date 1/1/2006
Number of Days 180
Site Name 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13 14
Edwards Pass 1 drR a0OK dR dR
Edwards Pass 2

Day Total 0 1 0 0 1 0 0 0 0 0 1 0 1 0

# of Landings Total Passes 56
Ave Pass Per Day 0.3
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Decreasing the L/D by 0.05 (from 0.35 to 0.30) decreases the CM cross range capability from 85
to 60 nm with a corresponding reduction in the amount of landing opportunities from 76 to 56, a
loss of approximately 26 percent. Some sites are available twice per 24 hour period (Pass 1 and
Pass 2) while on some days the site is not available due to orbital mechanics and the CM cross
range capability (Figure 7.2-6). An additional note is that some land-landing sites require the
raise maneuver, shown in Figure 7.2-7. The reentry trajectory targets a SM disposal area off the
US western coast. After SM jettison, the CM must perform an RCS burn lasting up to 50
seconds to extend the trajectory downrange to clear the intervening mountains and achieve the
desired landing site.

| Landing Site with
mane Uyerability
footprint for L/D
035

Landing Site with
maneLverability
footprint for LD
0.20

Figure 7.2-6. Problem geometry: illustration of cross range options, ascending and descending
passes and 3 orbit ground trace

NESC Request No.: 06-060-E
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Figure 7.2-7. Concept of Operations: CM Disposal and Raise Maneuver
Ascending or Descending Passes

The latitude of the landing site greatly influences the ascending/descending pass time spread.
The closer the landing site to the equator, the more evenly spaced the landing opportunities
become and conversely, the further toward either pole, the shorter the time between ascending to
descending passes. For most of the sites chosen for this study, the ascending/descending time
spread is approximately 16/8 hours (i.e., 16 hours between descending to ascending passes, and 8
hours between ascending to descending passes). While this aspect of orbital geometry may not
directly influence landing accessibility, whether or not a pass is ascending or descending might,
depending on what occurs in each of those scenarios. For example, there may be landing sites
where all the ascending passes mean a particular SM deorbit procedure is required, therefore
sorting on ascending or descending was deemed a necessary study tool. The model shows that
choosing to sort for either ascending only or descending only passes results in a 50 percent
reduction of landing opportunities.

Landing Network

As shown previously in Table 7.2-2, having one landing site has significant limitations. One
relatively simple idea to increase landing accessibility is to have a network of landing sites.
Table 7.2-3 displays the results for a representative network of three US western coast landing
sites: Carson Sink, NV (Carson), EAFB (Edwards), and the Utah Test Range (Utah). Having
two additional landing sites increases accessibility over one site by 241 percent.
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Table 7.2-3. Landing accessibility for NASA’s landing site network, all Ianding options available,

180 days.
Start
Date 1/1/2006
Number
of Days 180
Site
Name 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Carson Pass 1 aOK a0OK aOK
Carson Pass 2 dOK dOK dOK
a0

Edwards Pass 1 dR K drR a0OK a0OK dR dR | aOK
Edwards Pass 2
Utah Pass 1 arR dR dR drR aR ar arR dR
Utah Pass 2

Day

Total 1 1 2 1 2 2 2 3 0 3 1 1 1 2

Total

Passes 259

Ave

Pass Per

Day 1.4

7.2.3.2 Landing Site Availability

As mentioned previously, landing site availability is the number of times that accessible landing
opportunities can be utilized in the presence of operational constraints. The operational
constraints studied were SM deorbit, day/night landing preferences, wind velocity threshold, gust
conditions, and the use of water as a CONUS landing site backup is described in the following
sections.

Day/Night Constraints

In certain circumstances and locations, landing either at night only or day only may be
preferable. Table 7.2-4 shows the differences for day and night only landings, with day and
night-time each containing 12 hours. For January of 2006, day and night also coincide with
descending and ascending passes respectively, which is not the case throughout the year. For
example, in June 2006 day only passes for EAFB opportunities occur on both ascending and
descending passes.

Table 7.2-4. Landing site availability for Edwards with day landing only constraint

Start Date 1/1/2006
Number of Days 180
Site Name 1 2 3 4 5 6 7 8 9 10 | 11 | 12 | 13 14
Edwards Pass 1 dR dR dR dR
Edwards Pass 2
Day Total 0 1 0 1 0 0 0 0 0 0 1 0 1 0
Total Passes 38
Ave Pass Per
Day 0.2
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Surface Wind Constraints

Past studies indicated that landing systems were sensitive to surface wind speeds. In this
analysis, the objective was to study landing sensitivity to various wind speed thresholds, diurnal
and seasonal effects, and site to site wind correlations

The data for the threshold sensitivity, diurnal, seasonal studies were obtained from the EAFB
staff meteorologist and included observation and forecasted data for each hour recorded and gust
conditions. The data for the site correlation study came from Jet Propulsion Lab (JPL) and
NOAA.

Diurnal Study

The diurnal study was completed by examining the hourly wind speed observation data for
EAFB in 2006, sorting the observations into six 4-hour time blocks, and taking the average wind
speed for each time block for the year. This study indicated that there are diurnal effects at
EAFB and the 1600 — 1900 time block has the highest average wind speed. Final results are
shown in Figure 7.2-8. It is worth noting that while diurnal effects were seen, there were many
instances of wind variability at all times of day. This study has shown that avoiding certain
times of day for landing due to diurnal effects is not an effective remedy to the wind situation.
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Figure 7.2-8. Diurnal wind study results, Edwards 2006
Seasonal Wind Study

This study examined the recorded data for seasonal variations. Data for 2006 in the 1600-1900
time block was used. The year was broken into seasons by month and the average seasonal wind
speeds were compared with the average yearly wind speed for the chosen time block. The
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seasonal study also indicated that while the average wind speeds tend to be benign, the data

shows that averages can be misleading. Figure 7.2-9 shows the results for summer 2006.

See

Appendix B for all seasons. Because this analysis is only for the 1600-1900 time block, the

annual average differs from the total annual average.

1600-1900 Time Block

Observation Number

June, July, August 2006
1600-1900 Average Wind Speed Summer = 12.80 (knots)

Summer Annual average = 10.4 knots
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Figure 7.2-9. Seasonal Study: Summer 2006, EAFB

Wind Threshold Sensitivity Study

The purpose of the wind threshold sensitivity study was to determine what happens to landing

availability when winds above certain thresholds are eliminated. SLAAM has the capab

ility to

take wind threshold as a user input and sort accordingly. As the wind threshold increases,

landing availability increases. Table 7.2-5 through 7.2-8 through show the results for 5,
and 20 knot thresholds at EAFB for 180 days.

10, 15
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Table 7.2-5. 5 knot wind threshold (8.4 1ps)
Start Date 1/1/2006
Number of
Days 180
Site Name 1 2 3 4 5 6 7 9 10 11 12 13 14
Edwards Pass 1 [aok [or [aok [ [aok] [or [ T or [ aox |
Edwards Pass 2
Day Total 0 0 1 1 1 0 1 0 0 1 0 1 1
Total Passes 40
Ave Pass Per
Day 0.2
Table 7.2-6. 10 knot wind threshold (16.8 {ps)
Start Date 1/1/2006
Number of
Days 180
Site Name 1 2 3 4 5 6 7 9 10 11 12 13 14
Edwards Pass 1 [or [ aok [or [aok | [ aok | [or [ [ar [ aok |
Edwards Pass 2
Day Total 0 1 1 1 1 0 1 0 0 1 0 1 1
Total Passes 55
Ave Pass Per 0.
Day 3
Table 7.2-7. 15 knot wind threshold (25.3 {ps)
Start Date 1/1/2006
Number of
Days 180
Site Name 1 2 3 4 5 6 7 9 10 11 12 13 14
Edwards Pass 1 [or [ aok [ar [aok | [ aok] [or [ [or [ aok |
Edwards Pass 2
Day Total 0 1 1 1 1 0 1 0 0 1 0 1 1
Total Passes 69
Ave Pass Per 0.
Day 4
Table 7.2-8. 20 knot wind threshold (33.7 {ps)
Start Date 1/1/2006
Number of
Days 180
Site Name 1 2 3 4 5 6 7 9 10 11 12 13 14
Edwards Pass 1 [or [ aok [or [aok | [ aok | [or [ T or [ ao|
Edwards Pass 2
Day Total 0 1 1 1 1 0 1 0 0 1 0 1 1
Total Passes 75
Ave Pass Per 0.
Day 4

NESC Request No.: 06-060-E
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Figure 7.2-10 shows how the cumulative wind speed capture percentage compares with the wind
speed at EAFB for 2006. The data shows that if a CM is designed to withstand a wind speed
listed on the y-axis, one can note the percentage of observations, based on the year’s wind data
that the vehicle could be expected to accommodate.
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Figure 7.2-10. Percent Capture versus Wind Speed (knots)

Because wind gusts can cause CM oscillations, this analysis investigated what happens to
landing availably with gust conditions. Using gust data for the same time period (EAFB 2006),
SLAAM was used to determine landing availability based on whether there were or were not
gust conditions only. Shown in Table 7.2-9 are the results for gust elimination at EAFB for 180
days.

Table 7.2-9. Gust elimination, No wind threshold, EAFB 2006

Start Date 1/1/2006
Number of
Days 180
Site Name 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Edwards Pass 1 dR | aOK | dR | aOK aOK dR dR | aOK
Edwards Pass 2
Day Total 0 1 1 1 1 0 1 0 0 0 1 0 1 1
Total Passes 63
Ave Pass Per 0.
Day 4

Wind threshold and gust elimination can have a significant effect on landing availability. Wind
thresholds can decrease availability by up to 49 percent with a 5 knot threshold. Gust
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elimination alone can decrease availability by 17 percent. Due to the variability of gusts and the
unpredictable nature of gusts elimination, an operational constraint may be necessary.

Forecast Versus Actual Wind

The differences between actual and forecast wind conditions are worth noting. This assessment
looked at both forecast and actual data for 2006 at EAFB. In all, there were over 8,500 hourly
wind and gust observations with two daily forecasts. The actual wind speed exceeded the
forecast approximately 1,200 times and there were approximately 200 occasions where there
were non-forecast gust conditions or gusts that exceeded the forecast. This showed that forecasts
tend to be more conservative, but actual wind and gust conditions frequently exceed the forecast.
Due to the nature of gust and wind recording methods, there may be situations where gust
conditions exist or various wind speeds occur, but are not recorded. Reported wind data is the
latest two-minute average wind speed for the previous hour, and gust data is the highest two-
minute wind speed average for the last 10 minutes of the previous hour. This data reporting
method shows how vital information can be non-recorded.

Wind/Gust Offset

Because of the nature of weather forecasting and the methods for determining wind and gusts
speeds, a data-offset capability was introduced into the model. This offset allows the user to use
the highest value of either wind and/or gust velocity, forecast or actual data for their analysis
based on time. For example, if a user wanted to use the tool to determine landing opportunities
with a wind threshold, but wanted to include information on the wind forecast from six hours
before landing they would have that option. The examples in Tables 7.2-10 and 7.2-11 show the
impact of using the offset option.

Table 7.2-10. Offset Example, 20 knot threshold, no pre- or post-offset, forecast data

Start Date 1/1/2006
Number of Days 180
Data Used LD .35
Site Name 1 2 3 4 5 7 81910 11 |12 | 13 14
Edwards Pass 1 dR | aOK | dR | aOK aOK dR dR | aOK
Edwards Pass 2
Daily Availability 0 1 1 1 1 1 0[0] O 1 0 1 1
Total Passes 74
Ave Pass Per Day 0.4
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Table 7.2-11. Offset Example, 20 knot threshold, 6-hour-pre- and 3-hour-post-oftset, forecast data

Start Date 1/1/2006
Number of Days 180
Data Used LD .35
Site Name 1 2 3 4 5 7 8|19|10| 11 |12 | 13 14
Edwards Pass 1 dR | aOK | dR | aOK a0OK dR dR | aOK
Edwards Pass 2
Daily Availability 0 1 1 1 1 0 1 0[0] O 1 0 1 1
Total Passes 68
Ave Pass Per Day 0.4

Due to the offset uses for the highest wind value for the time period specified, the result is a
more conservative prediction of availability. The offset works similarly for the gust criterion.
For more information about the offset option, see Appendix B.

Site-To-Site Correlation

Based on top level statistical analysis, this study showed that there is some correlation between
the three previously discussed land network sites: Carson Sink, NV; EAFB, and the Utah Test
Range. The correlation coefficients for the three pairs are listed below:

1. Wind speed correlation for Carson and Edwards = 0.5460
2. Wind speed correlation for Carson and Utah = 0.5039
3. Wind speed correlation for Edwards and Utah = 0.5071

A correlation of 0.5 indicates a generally positive relationship between wind speeds at both
locations. This means that the plot of wind speed at one location versus wind speed at the other
location tend to fall along a line with positive slope. The closer the correlation coefficient is to 1,
the closer the points in the plot will fall on a straight line. So, if the wind speed is high at
Carson, a similarly high wind speed is expected at EAFB. This is not to say that a lower wind
speed at EAFB is not possible, but the probability of a lower wind speed is smaller than a higher
wind speed. Table 7.2-12 shows the 2006 site winds for Carson Sink, NV, EAFB, and the Utah
Test Range, respectively.
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Table 7.2-12. 2006 Winds, Reported in Knots, at Representative Landing Sites
2006 Winds, Reported in Knots, at Representative Landing Sites
CAR EDW UTTC

6 Ave 7 Ave 6 Ave

3 Max 29 Mex 3 Mex
3B Pecele  100% 29  Pecenle  100% 38 Pecele  100%
15 %B% 17 B 17 %B%
12 % 15 A% 14 %
10 85% 14 8% 1 85%
9 80% 12 80% 9 80%
8 5% 1 % 8 %
7 0% 10 0% 8 0%
6 65% 9 65% 7 65%
6 60% 8 60% 6 60%
5 55% 7 55% 6 55%
5 50% 6 50% 5 50%

SM Deorbit Method Constraint

In order to reduce the likelihood of SM debris hitting land, sorting for raise and non-raise
maneuvers was incorporated into SLAAM. Using the SM debris footprint, Table 7.2-13 was
developed to classify the ascending and descending passes for each site based on L/D and SM
debris footprint. “Raise” means a raise maneuver is necessary for landing and “okay” means no
raise maneuver is necessary.

Table 7.2-13. Raise maneuver classification

Site Name Approach L/D0.30 | L/D 0.35
Ascending Raise Okay
Carson Sink, NV Descending Raise Okay
Ascending Okay Okay
EAFB Descending Raise Raise
Ascending Raise Raise
Utah Test Range Descending Raise Raise

Eliminating opportunities that require raise maneuvers reduces availability at EAFB by 51
percent as shown by the loss landing opportunities shown in Table 7.2-14.
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Table 7.2-14. Availability at EAFB without Raise Maneuvers
Start Date 1/1/2006
Number of
Days 180
Site Name 1|2 3 4 5 6 7 8 | 9 |10]11]12]|13]| 14
Edwards Pass 1 a0oK aOK a0k a0K
Edwards Pass 2
Day Total ) 1 0 1 0 1 oJlo|Jo]o]o]o 1
Total Passes 37
Ave Pass Per
Day 0.2

This analysis also quantified what impact the SM deorbit method constraint had on the landing site
network. Eliminating opportunities that require raise maneuvers for the land-landing network
decreased the availability by 52 percent, shown in Table 7.2-15.

Table 7.2-15. Availability at Carson Sink, NV. EAFB, and the Utah Test Range without Raise

Maneuvers
Start Date 1/1/2006
Number of Days 180
Data Used LD .35
Site Name 1 2 3 4 5 6 7 8 9 10111 | 12 | 13 | 14
Carson Pass 1 aOoK aOK aOK
Carson Pass 2 dOK dOK dOK
Edw ards Pass 1 aoK aoK aoK aOoK
Edw ards Pass 2
Utah Pass 1
Utah Pass 2
Daily Availability 0 0 1 0 1 2 1 2 0 2 0 0 0 1
Total Passes 124
Ave Pass Per Day | 0.7

Statistical Analysis of Landing Site Data to Determine Site Availability
Landing site availability was determined statistically by an examination of the weather forecasts
(primarily horizontal winds and gusts) versus the measured winds exceeding the vehicle capability.
Weather forecast data from EAFB was used as input to a Monte Carlo analysis. Figure 7.2-11
shows a flow chart of the analysis.
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Figure 7.2-11. Monte Carlo Simulation Flow Chart for Statistical Weather Analysis

The simulation began by setting the parameters such as the landing, critical, and catastrophic
criteria. The criteria determined if the CM would attempt to land in the estimated wind
conditions, and whether the vehicle landed nominally under the experienced wind conditions. If
the forecasted wind speed is lower than the landing criteria, then the CM could attempt to land.
If the actual wind speed is higher than the critical criteria, then the CM could experience tipping,
and if the actual wind speed is higher than the catastrophic criteria then the CM will tumble and
LOC was assumed.

Different values correspond to different CM configurations. The baseline landing criteria used
for previous studies was 18 fps, according to the operational number presented by Marshall
Space Flight Center (MSFC) in May. The baseline CM configuration used was a vehicle with
airbags, no horizontal retrorockets, and landing on dry soil. The corresponding critical criteria
was 38 fps, and the catastrophic criteria was 47 fps.
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Another parameter was wind gust chance. The gust data used in the studies only gave the
maximum gust speed experienced during a ten-minute period in an hour, and no information
about gust length or frequency. Thus, if conditions were gusty, the gust chance parameter
represented the probability that a gust would happen during the critical landing period. The
baseline value used in the studies was 20 percent, which is an approximation based on the
characterization of gusts as roughly sinusoidal. This 20 percent number meant that landing
vehicle was estimated to experience gusty wind speeds rather than average wind speeds 20
percent of the time.

The user could also select the available landing sites. Cases with one site used EAFB, while
cases for three sites used EAFB, Carson Sink, NV, and the Utah Test Range. The NESC team
only had gust data for EAFB and was used as a reasonable proxy at low fidelity for the two other
sites. The other sites provide additional landing opportunities based on orbital analysis.

The user was able to select the forecast time. This is the length of time prior to touchdown that
the go/no-go landing decision has to be made. Thus this describes how old the wind forecast
data will be by the time the landing takes place. This value is typically a product of the
operational setup, and the value of three hours was used as a baseline. This means that the
landing decision will be made based on the forecast in effect three hours before the scheduled
landing.

After framing the problem, the simulation performed runs up to the specified amount, usually
about 10°runs. For each run the simulation selects a random day to be the first day in which a
landing is desired. The next landing opportunity is determined from a database of orbital
accessibility times (assuming a CM L/D of 0.3). Then a set of wind data is chosen randomly
from the wind speed database according to time of day and time of year of the landing
opportunity. The data is binned by hour and month, but in order to increase the number of data
points to choose from the simulation can select from data sets one hour earlier or later; and from
data sets one month earlier or later. Thus for a landing at 13:00 in May, the simulation would
select data from the hours of 12:00, 13:00, and 14:00, and from the months of April, May and
June. Each set of wind data includes the forecasted maximum wind speed, the actual observed
average wind speed from the end of the hour, and the maximum gust speed in that hour. The
forecasted data, actual data, and the gust data come from the same hour.

The forecasted wind speed is then compared to the landing criteria speed. If the forecasted speed
is too high then the landing is delayed until the next landing opportunity. If the forecasted speed
is acceptable, then the landing is attempted. To determine the outcome of the landing, the actual
wind speed (or gust speed depending on the gust chance) is compared to the critical and
catastrophic criteria. If those criteria are not exceeded then it is a nominal landing, and if they
are exceeded, then the landing is critical or catastrophic. The data is recorded and the next run is
completed.
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After completing all runs, the probabilities of nominal, critical, and catastrophic outcomes can be
examined. Also the probability of landing delay, and the total delay times for each run can be
analyzed.

Critical and catastrophic criteria were chosen for several CM configurations seen in Table 7.2-
16. These values are for a three hour forecast time (i.e., a forecast in effect three hours before
the scheduled landing) and 20 percent gust chance (with 0 percent gust chance in parentheses).
The landing criteria was kept constant for comparison. The tumbling capabilities affect the risk
directly, with higher capability being better.

Table 7.2-16. Results from the Monte Carlo Weather Analysis

)Air-Bag Dry Soil |Air-Bag Wet  |Air-Bag Retro Dry Soil [Retro Wet Soil |[Retrorocket
(no horizontal (Soil (no (with horizontal |(no horizontal |(no horizontal |(with
retrorocket) horizontal retrorocket) retrorocket) |retrorocket) |horizontal
retrorocket) retrorocket)
Go for Landing 18 18 18 18 18 18
[Forecast Criteria, (1D (11) (11) (11) (11) (11)
fps (kts)
Actual Landing 38 30 54 22 14 38
Tipping Criteria, (22) (18) (32) (13) (8.5) (22)
fps (kts)
Actual Landing 47 38 61 30 22 47
Tumbling 27 (22) (36) (18) (13) (27)
Criteria, fps (kts)
Probability of 0.3 1.1 0.04 2.8 13 0.3
Tipping, Percent | (0.2 - no gusts) | (1.1 - no gusts)| (0 - no gusts) | (2.8 - no gusts) [(13 - no gusts) [(0.2- no gusts)
Probability of
LOC, Percent 0.1 04 0.01 1.5 4.3 0.1
(Tumbling (0.04 - no gusts) | (0.2 - no gusts) | (0 -no gusts) | (1.3 - no gusts) |(4.1 - no gusts)| (0.04- no
Criteria gusts)
Exceeded)

The Monte Carlo was run for a range of landing criteria in order to examine the sensitivity of the
landing delay chance and crew risk to that parameter. The assumptions were airbags, no
horizontal retrorockets, dry soil (38 fps critical, 47 fps catastrophic), 20 percent gust chance,
three possible landing sites, and a three hour forecast. The results are in Figures 7.2-12 and
7.2-13.

The baseline case is 18 fps for comparison. The PLOC is at about 1e-3 for the baseline, and goes
above le-2 at about 50 fps landing criteria. The chance of abort is 47 percent at 18 fps.

As the landing criteria value is increased, the CM is allowed to land under rougher conditions.
This decreases the chance of landing delay while increasing the chance of crew injury. As the
landing criteria value is decreased, the operational procedure becomes stricter. The chance of
delayed landing goes up since it is less likely the conditions will be acceptable, but the risk to the
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crew goes down since the winds would have to exceed their forecast to a greater degree to be
dangerous. Thus this is a trade between landing availability and crew injury risk.

To decrease risk without decreasing availability, it is necessary to improve forecasting to avoid
being surprised by high winds or to increase the CM capability. The CM capabilities were
varied to examine the results. The assumptions were landing criteria of 18 fps, 20 percent gust
chance, and a 3 hour forecast. The results are in Figure 7.2-14.

Figure 7.2-14 illustrates that increasing the CM capability decreases risk. When the tumbling
criteria was increased, the CM sees more severe winds in order to roll and injure its occupants.
When the tumbling critieria is decreased, the CM will be dangerous in a greater range of wind
speed. The baseline tumbling criteria for an airbag system without horizontal retrorockets
landing on dry soil is 47 fps.
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Figure 7.2-12. Landing delay risk - Chance of abort is 47 percent for the 18 fps baseline case
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Off-nominal Landing Probability (Airbags, Dry)
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Figure 7.2-13. Logarithmic plot of risk of LOC over criteria

Probability of Catastrophic Event
(given 18 fps "Go™ criteria)

1
[l p ] K1 1] 1] ] ]
0.1 *
£ oot \\,
E \\-\
E 0,001 \
0.0001 _ 5
0 00001
Tumbling Capability {fps)

Figure 7.2-14. Logarithmic plot of risk of LOC over capability

Another interesting output was the amount of delay before landing for each run. The time
between the first available landing opportunity and the actual landing was recorded for every
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run, with some landing immediately and some being repeatedly delayed (these delays being
independent). Due to orbital tracks, these attempts can be separated by days or weeks. This data
can be visualized as a cumulative probability chart, where each point in the chart gives the
probability that the CM would have landed with that much delay or more. The assumptions used
are a CM with an L/D of 0.3 (which effects site accessibility), 20 percent gust chance, and three
hour forecast. Some of the characteristics that were varied were time of day (any time or
daytime only), number of sites (one or three), and landing criteria. The results are in

Figures 7.2-15 through 7.2-19.

For the case of 1 site, 18 fps, and any time landing, there is an approximate10 percent chance
that the CM will not have landed after 10 days. If 3 sites are used, then the change of landing
drops slightly more than an order of magnitude. For the case of 1 site, 18 fps, and daytime
landing only, there is an approximatel0 percent chance that the CM will not have landed after 25
days. Allowing three landing sites changes with 90 percent confidence time to 10 days. For the
strictest case (1 site, 13 fps, daytime only) it takes over 40 days of landing delay to achieve 90
percent confidence that the CM would have landed.

Ways to improve these values and lessen the landing delay are to increase the landing criteria,
allow landing under a wider variety of conditions, or to increase the accessibility of landing sites
by increasing the number or improving the CM landing range.

Landing Dely, 1 site, 18 fps criteria, log plot
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Figure 7.2-15. Landing delay cumulative probability, 1 site, 18 fps
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Landing Delay, 3 sites, 18 fps criteria, log plot
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Figure 7.2-16. Landing delay cumulative probability, 3 sites, 18 [ps
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Figure 7.2-17. Landing delay cumulative probability, 1 site, 18 Ips, daytime
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Figure 7.2-18. Landing delay cumulative probability, 3 sites, 18 Ips, daytime

Landding D elay, 1 site, 13 fps criteria, log plot, daytime
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Figure 7.2-19. Landing delay cumulative probability, 1 site, 13 1ps, daytime

Another Monte Carlo simulation was run to judge the effectiveness of the Generation 2 airbags.
The results are summarized in Table 7.2-17. The PLOC for an airbag equipped CM on soil is
near zero in this simulation when compared with Table 7.2-16.
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Table 7.2-17. Monte Carlo Results Incorporating Increased Capability of Generation 2 Airbags

Air-Bag Hard Soil

Air-Bag Soft Soil

Retro Dry Soil (no

Retro Wet Soil (no

Retrorocket

Tipping

(0% - no gusts)

(0.2% - no gusts)

(2.8% - no gusts)

(13% - no gusts)

(no horizontal (no horizontal horizontal horizontal (with horizontal

retrorocket) retrorocket) retrorocket) retrorocket) retrorocket)
Go for Landing 18 FPS 18 FPS 18 FPS 18 FPS 18 FPS
Forecast Criteria (11 KTS) (11 KTS) (11 KTS) (11 KTS) (11 KTS)
Actual Landing 60 FPS 40 FPS 22 FPS 14 FPS 38 FPS
Tipping Criteria (36 KTS) (24 KTS) (13KTS) (8.5 KTS) (22 KTS)
Actual Landing 70 FPS 50 FPS 30 FPS 22 FPS 47 FPS
Tumbling Criteria (41 KTS) (30 KTS) (18 KTS) (13 KTS) (27 KTS)
Probability of 0.01% 0.3% 2.8% 13% 0.3%

(0.2%- no gusts)

Probability of
Tumbling

0%
(0% - no gusts)

0.1%
(0.02% - no gusts)

1.5%
(1.3% - no gusts)

4.3%
(4.1% - no gusts)

0.1%
(0.04%- no gusts)

Shown in Figure 7.2-20 is an update risk trade of landing opportunities versus risk. An analysis
of the Generation 2 airbag system resulted in using 70 fps for the tumbling criterion on hard soil,
and 50 fps for the tumbling on soft soil. The CM tipping criteria was set to 10 fps less than the
tumbling criteria based on CEV Project provided data. The plots in Figure 7.2-20 were based on:
Generation 2 airbags, hard soil, 20 percent gust, three sites, day landings only, and a three hour
forecast. As aresult, the 18 fps ‘Go for Landing’ criterion resulted in and average of two
opportunities per week, and a 1E-3 PLOC.
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Figure 7.2-20. Updated Landing Opportunities versus Risk

7.2.3.3 Water-Landing Possibilities

The purpose of this portion of the analysis was to determine how water-landing availability could

work with accessibility. In addition, this analysis was used to determine if and how water could

be used as a backup to land-landings.

Water Accessibility

Water-landing accessibility is similarly based on geometry. However, choosing a location that
maximized the opportunity for landing is easier in the water due to ship mobility and lack of SM
debris constraints. Day/night constraints may still play a part. As an assumption to the water
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accessibility study, a ship was placed strategically to support an ascending and descending
landing opportunity. Also, it was assumed that this ship could travel at a speed of 15 knots. The
ship’s motion, in combination with the CM cross range capability meant a large surface area
would be considered for landing opportunities as shown in Figure 7.2-21.

7 lan
Intrange: 11:19

Op

Opi 2 Jan
& Jan Intrange: 20:18

Inrange: 20:37

Figure 7.2-21. Water-landing illustration

For example, a ship could be placed at the intersection of the magenta passes and if Opportunity
1 and Opportunity 2 were missed, could be moved to the intersection of the purple passes with
sufficient time to “c