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Numerical Skip-Entry Guidance 

Michael A. Tigges* Timothy Crull† Jeremy Rea‡ Dr. Wyatt Johnson§

NASA Johnson Space Center, Houston, Texas, 77058 

This paper assesses a preliminary guidance and targeting strategy for accomplishing 
Skip-Entry (SE) flight during a lunar return-capsule entry flight.  One of the primary 
benefits of flying a SE trajectory is to provide the crew with continuous Continental United 
States (CONUS) landing site access throughout the lunar month.  Without a SE capability, 
the capsule must land either in water or at one of several distributed land sites in the 
Southern Hemisphere for a significant portion of a lunar month using a landing and 
recovery scenario similar to that employed during the Apollo program.  With a SE 
trajectory, the capsule can land either in water at a site in proximity to CONUS or at one of 
several distributed landing sites within CONUS, thereby simplifying the operational 
requirements for crew retrieval and vehicle recovery, and possibly enabling a high degree of 
vehicle reusability.  Note that a SE capability does not require that the vehicle land on land.  
A SE capability enables a longer-range flight than a direct-entry flight, which permits the 
vehicle to land at a much greater distance from the Entry Interface (EI) point.  This does not 
exclude using this approach to push the landing point to a water location in proximity of 
CONUS and utilizing water or airborne recovery forces. 

Nomenclature 

ARES  =  Architecture for Exploration Studies 
Azimuth = Measure of vehicle direction.  0º azimuth is due north 
AEG = Apollo Entry Guidance 
CEV = Crew Exploration Vehicle 
CM =  Crew Module 
Co-azimuth = Complement of the azimuth angle (90º-azimuth).  0º is due east 
CRANGA = Crossrange Error 
EI =  Entry Interface (400,000. ft, 121.92 km) 
GN&C = Guidance Navigation and Control 
GRAM = Global Reference Atmosphere Model 
I-Load =  Initialization load parameter 
ISS = International Space Station 
KSC = Kennedy Space Center 
L/D = Lift-to-Drag ratio 
MC_OPS = Monte Carlo Operational Data Sets 
NSEG = Numeric Skip-Entry Guidance 
PET = Phase Elapsed Time 
RCS = Reaction Control System 
SE = Skip Entry 
SM = Service Module 
SORT = Simulation and Optimization of Rocket Trajectories 
TEI = Trans-Earth Injection maneuver 
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I. Introduction 
capsule vehicle in the 0.3–0.4 Lift-to-Drag (L/D) class returning from the Moon can fly a maximum of about 
2000 nautical miles (nmi) range and 60 nmi crossrange using an Apollo-like direct entry.  To fly longer range 

and/or crossrange, the capsule trajectory must be lofted to decrease aerodynamic forces.  Lofting, or Up-Control, 
implies using the vehicle lift to push the vehicle out of the atmosphere and slow the rate at which energy is 
dissipated.  During this high altitude low drag skip phase of the entry, the vehicle can dramatically increase the 
range and crossrange capability.  In this report, a SE trajectory will be defined whenever the Up-Control drag 
acceleration drops below a threshold of about 6 fpss (0.2 Gs) during the Up-Control phase of flight.  The crew flying 

on such a trajectory will experience a short exo-
atmospheric phase of flight before the second 
entry. 

A 

 

Entry 
Interfac

Landing 
Site: 

Carson Flats 

SM Disposal
 Footprint 

 
The SE trajectory places the footprint for the 

SM far from the landing point (see Figure 1).  
By properly targeting the TEI maneuver at the 
Moon, the SM footprint can be safely disposed 
in water in an area close to the antipode of the 
lunar approach orbit.  The antipode is a vector 
that points from the moon to earth at the time of 
lunar departure.  A SE trajectory enables Crew 
Module (CM) landing anywhere within 
CONUS.  In this report, however, only landing 
sites that are compatible with an International 
Space Station (ISS) return-entry flight will be 
considered.  This will isolate landing sites to the 
Western CONUS. 

Figure 1. Skip-Entry Groundtrack. Shown is a typical Skip-
Entry groundtrack ascending right approach to Carson Flats, Nv, 
5,400 nm flight range flight. 

 
Shown in figure 2 are the SE groundtracks and event sequences for four of the EI Operational Sites (OS1-4) 

under analysis in this report.  
Each of these four OS sites 
initializes an SE trajectory to 
Edwards Air Force Base 
(EAFB), California; and will be 
discussed in more detail in 
section II.  The simulation starts 
at EI (EI = 400,000 feet, 121.92 
km), with the vehicle postured 
in the middle of the SE flight 
corridor.  The SE flight corridor 
is designed to maximize success 
for a nominal flight and to 
insure the safe abort landing of 
the crew in the event of a failure 
before EI that would require a 
downmode to a ballistic entry to 
the water (see Section III, SE 
Flight Corridor – Ballistic 
Entry).  The nominal flight 
continues through the skip 
maneuver, coasts up to apogee, 
and then enters the atmosphere 
a second time and flies until 
drogue chute deployment in proximity of the targeted landing site.  As shown, the flight time from EI to drogue 

 
Figure 2. Entry Footprint. Shown are four proposed Operational Test Sites 
under study in this report.  Each site (OS 1-4) identifies the EI state consistent with 
access to a given landing site (Edwards AFB example shown).
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deployment can vary between 16 and 23 minutes for the flights under consideration.  A large variability in the 
maximum altitude for the different ranges flown during the skip is also evident in this Figure. 

II. Lunar Return Geometry 
Several key components of the lunar return geometry as related to the landing footprint are presented.  Figure 3 

displays the groundtrack, antipode, Entry Interface (EI), and landing site for a 7,300 nm trajectory to KSC, Fla.  
Entry Interface is defined when the vehicle achieves 121.92 km (400,000 ft) altitude on the approach ellipse and the 
antipode defines a vector connecting the moon through the earth's center at time of lunar departure.  The antipode 
moves from a maximum latitude point to a minimum latitude point and back again during each lunar month (~27.32 

days).  The extreme latitude for 
this movement ranges from 
±28.6 degrees when the moon is 
at maximum inclination to 
±18.3 degrees when the moon is 
at minimum inclination.  The 
period for this motion is 
approximately 18.6 years.5  

 
 Figure 4 shows how the 

antipode relates to EI, the 
vacuum perigee point, and the 
landing footprint for both lunar 
return Apollo direct entry and 
SE flight.  The antipode is an 
important component of the 
entry design landing footprint 
since, for a lunar return direct 
entry, it is tied to and in 
proximity of the nominal 

landing site latitude.  As shown, the landing footprint is much farther downrange for the SE.  Note that EI, vacuum 
perigee, and the footprint are all tied 
together via the entry design process.  
The vehicle can land anywhere within 
the landing footprint using nominal 
lift-vector control.  The longitude of 
the landing site is positioned within 
the entry footprint by varying the lunar 
trip time ±12 hours to allow the Earth 
to spin into the correct orientation; 
however, the location of vacuum 
perigee, and therefore the entry 
interface point and entry footprint, 
changes for different flight times.  This 
shift is relative to the antipode, and 
along the groundtrack, and can be as 
large as 420 km (220 nmi) for a 3.5- to 
4.5-day flight time variation direct 
entry scenario.  Since the amount of 
flight-time longitude adjustment is not 
known until the time of lunar departure, the heel of the landing footprint must be designed worst-case to occur 
before the landing site/antipode.  This design bias effectively reduces the 750-nmi Apollo direct entry footprint to 
approximately 520 nmi as shown.  

Figure 3. Entry Footprint. Shown is the Earth-Moon geometry and Skip-Entry 
trajectory components for a 7,300 nm  trajectory to KSC, Fla. 

Figure 4. Entry Footprint. Shown are the components of the entry 
footprint for a typical Apollo direct entry and 5,300 nm SE trajectories.    
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Note also that the vacuum perigee point 

approximates the toe of the service module ballistic 
footprint.  Service module disposal is an important 
consideration when designing the lunar return 
trajectory for vehicles that separate from a service 
module stage, since safe disposal of the surviving 
fragments is mandatory.  Since the opening of the 
landing footprint for the SE flight occurs at a much 
greater distance downrange from the antipode, an 
entirely different geometry for the location of the 
service module disposal footprint is provided. 

 
  Finally, the approach direction (azimuth) of the 

entry groundtrack can be controlled via the lunar 
TEI maneuver for a cost of ~130 m/s, providing 
±90º of co-azimuth control.5   This delta-velocity 
permits rotation of the entry footprint about the 

departure antipode as depicted in Fig. 4 and enables an 
extra degree of freedom for controlling entry geometry 
and service module disposal for direct entry or SE 
flight trajectories.   

Figure 5. Skip-Entry Footprint Overlay. Lunar skip 
capability footprint overlay with territorial water constraints. 

 
Figure 5 shows that, in the absence of SM disposal 

constraints, the arc of a constant range-to-target circle 
can be drawn throughout the lunar month that connects 
the EI point, the antipode, and a desired landing site.  
The nominal footprint of section V was superimposed 
for each flight on this figure.  Standardizing the SE 
range would be a desirable goal for flight qualification 
reasons; however other constraints, most notably SM 
disposal, play an important role in dictating the 
allowed geometry for Skip-Return.  Noteworthy on 
Figure 6, is an “eye” of possible primary and alternate 
CONUS landing sites defined throughout the lunar 

month.  This eye is created by overlaying the 
guidance footprints introduced in Section V 
on the approach geometries across the month.  
The common area of intersection creates the 
eye.  It will be possible to select a primary 
landing site within this eye and have 
confidence that an alternate landing site can 
be chosen late in the approach trajectory that 
will be within the footprint of the SE 
guidance. 

Figure 6. Entry Footprint. Shown are the complementary 
ISS direct entry and SE CONUS landing sites created from 
the overlapping SE footprints from Section V.  

It may be possible to 
leave the low latitude 
cases at the original entry 
point, but were moved for 
ease of explanation. 

       Lunar Skip Capability Footprint
        Combined Skip Capability 
        SM Disposal Ellipse 
        Original Entry Interface Curve 
        Original Antipode Location 
        SM Disposal “Keep out” zones 
        Potential Landing Sites 
        0.4 L/D capability line (ISS return) 
        1000 nm capability line (ISS) 
        Adjusted EI targets 
        Min/Max Antipode Latitudes Max Range = 

5400 nm (SCI)

Min Range = 
3230 nm 
(EDW) 

4 Operational MC 
Site Selections 

 

 
Figure 6 shows a magnified view of the 
landing site eye.  Recall that all landing sites 
within the eye are within the footprint 
capability of the SE guidance.  Contained 
within Figure 6 are the landing sites under 
consideration in this report.  Choosing a 
primary and alternate site(s) will depend on 

Figure 7. Entry Footprint.  Monte Carlo operational set definition 
(MC OPS1-4).
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