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ANNOTATION

[Text] This book explores problems encountered by developers of space
vehicles for descent and landing in studying vehicle structure and condi-
tions of motion. Methods for the parametric calculation of different
types of descent vehicles are presented, the problem of searching for
optimal parameter values is formulated, and methods of physical modeling
are described.

Analytical methods of studying the dynamics of soft landing are presented.
The results of applying these methods are fully acceptable for practical
. engineering computations in terms of accuracy and scope. The book can be
A useful to designers of space vehicles, to scientists, and to those engaged
in studying problems of descent and landing, as well as for graduate and
undergraduate students of institutions in the appropriate specilalties.

PREFACE

The book is devoted to problems of space vehicles descending to and landing
on planets. Success of space engineering in this direction is obvious;
man-made space vehicles are landing on the Moon, Venus, and Mars and return-
ing successfully to Earth from orbits and interplanetary trajectories.

Current publications at home and abroad describe methods for calculating
trajectories, gas dynamics, and heat transfer during the motion of a space
vehicle through the atmosphere. As a rule, these books contain techniques
and algorithms that require laboricus numerical computational procedures to
determine even some of the parameters of such space vehicles. Unfortu=
nately, it is impossible to describe precisely all operations in the process
of space-vehicle design and 1t is necessary in practice to search for
analogies and general guidelines in the construction of new space vehicles.,
Methods of approximate parametric design estimates based on simplified com-
putational models and on the results of experiments using methods based on
- the theory of similarity and dimensional analysis must be used to determine
- configuration-of space vehicles working under nmew and unusual conditions.

Obviously, it is impossible to encompass the diversity of problems connected
with landing on a planet and returning to Earth within the limitatioms of a
single book. Even a brief enumeration of these problems with a description
and formulation of the basic tasks to be carried out during the design and
ground-based development of various landing vehicles would require a multi-
volume monograph. The authors of this book have therefore limited them-
selves to considering only the basic questions connected with the design of
future descent and landing vehicles and with the illumination of problems
that have to be solved in the near future.

1
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Problems of descent into the atmospheres of various planets are treated in
Part 1, which also presents the results of calculations of design and
research tasks connected with determining the configuration and motions of
descent vehicles. 1In particular, for descent to Earth, the conditions of
motion based on load-factor criteria for piloted space vehicles are substan-
tiated for entry into the Earth's atmosphere at hyperbolic velocity, and an
. approximate mathematical model is proposed for calculating a controlled
descent trajectory. By using parametric computations, optimum loading on
lifting surfaces suitable for a descent to Mars is determined; for Venus,
optimal descent trajectories are determined based on the conditions at tran-
sition to the subsequent descent into denser layers of the atmosphere; and
modern concepts have been formulated for design phase calculations of the
characteristics of a planetary sounding vehicle for a descent to Jupiter.

Problems associated with space vehicles making contact with the surfaces of

planets and the related problems of landing-gear design can, to a certain

known degree, be separated and considered independently of the problem of
- wotion in the atmosphere and during the touchdown braking phase. Part 2 of
the book 1s devoted to the set of problems that arise during the development
of landing gears, including theoretical methods of calculating the dynamics
of soft landing, methods for modeling and designing support kinematics,
designing shock absorbers, and improving the stability of landing systems,
and the experimental verification of theoretical results using full-scale
mockups and dynamically similar models.

Part 2 of the book substantiates the techniques for the physical modeling

of soft landirng under Earth conditions. The derivation and analysis of con-
- ditions of similarity are presented, which are necessary for the simulation

of processes of landing on the Moon and other planets. Such simulations are

required for the ground-based development of landing vehicles.

The book can be useful to specialists in designing and developing landing
systems for lunar, Venusian, Martian, and other descent vehicles, to those
studying the specific problems of the mechanics of landing and thermodynam-
ics of descent, and to students of appropriate specialties.

The authors are grateful to candidates of technical sciences A. F. Yevich
and R. P. Belonogov for useful counsel and the comments they made in review-
ing the manuscript, and to engineers A. I. Goncharov, A. I. Burtsev, Yu. V.
Zakharov, and V. F. Malykhin for help in preparing manuscript materials for
publication.

The authors will gratefully accept all comments that readers might have
about this book.
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PART ONE

LANDING OF SPACE VEHICLES ON PLANETS
WITH AN ATMOSPHERE

This portion of the book is devoted to problems of space-vehicle descent
through the atmospheres of Earth and planets. The wide circle of special~
ists is familiar with books and texts that present methods for computing

and generalizing the problems of thermodynamics of descent (for example,
Refs. 1, 20, 40, 43). 1In these works, the emphasis is on obtalning apptoxi~
mate relationships of a general character suitable for qualitative conclu-
sions at the preliminary design stage of analysis. The methods and results
of analytical assessments presented in this literature are no doubt useful
to persons beginning to study the problems of motion of traditional descent
vehicles in an atmosphere.

However, space engineering continues to develop; new vehicles use modern
technology and employ many different specialists. These specialists need
more than just general information on ballistics and thermodynamics of
descent; they are interested in the professional aspects of designing new
flight vehicles. It is just for this reason that the present book attempts
to throw light on the problems of designing future descent vehicles. The
characteristics of descent to each of the planets are considered within only
one of the two parts, with the authors intentionally limiting themselves to
the exposition of general relationships and basics and to specific engineer-
ing aspects of descent under conditions characteristic for each planet. The
goal was to capture the problem as a whole, to compare the varicus possible
engineering solutions for each type of descent vehicle, and to establish the
general outline inherent to the conditions of motion and shape of future
descent vehicles.

Part 1 of the book explores questions of selecting the descent mode and cal-
culating design characteristics of future descent vehicles. To start with,
the design features peculiar to descent vehicles and which differ from those
of other component systems of space rocket systems are presented in general-
ized form. The typical design search problem that has to be solved in any
mechanized design at the top level of research and design selection is
described, that is, in an automated synthesis of the configuration and
structure, with consideration given to the conditione of motion in the
atmosphere. Methods and results of analysis of the conditions of motion are
considered as they apply to the requirements of modeling future vehicles
with weight as the control parameter. Such vehicles, in the authors' opin-
ion, include reusable space rocket systems that return to Earth, as well as
vehicles for landing on Mars or returning to Earth after an interplanetary
expedition. The problem of descent for heavy controlled automated planetary
systems to study Mars and Venus and questions of automated sounding of the
Jovian atmosphere are decidedly of interest.

All of these problems, to some detail, are sequentially illuminated in
Part 1 of the book.

Thus, we will start with the characteristics of descent vehicles that deter-
mine the specifics of designing them, in contrast to the design of other
space vehicles.

2
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CHAPTER 1
CHARACTERISTICS OF DESCENT TO PLANETS WITH AN ATMOSPHERE

Landing on planets with an atmosphere or returning to Earth from space is
one of the most complex and important stages of space flight. The task of
the descent vehicle is to land on the surface of a planet or to Teturn to
Earth with some payload. In landing on a planet, the payload consists of
the scientific research equipment; with returning to Earth, it can be the
fruits of a particular flight program. For manned space vehicles whose pay-
load is the crew and passengers either returning from space or about to land
on a planet, the peiod of descent through the atmosphere represents one of
the most critical stages of the expedition. This is because the descent
vehicle experiences the extreme effects of space flight. The descent vehi-
cle, as well as orbiting vehicles and interplanetary and planetary space
vehicles, operate under conditions of vacuum, weightlessness, solar radia-
tion, and meteoric erosion. However, all these effects, common to all space
objects, assume a secondary significance compared to the effects of the
atmosphere during descent. Approach to the planet and descent into its
atmosphere occur with a speed several times higher than the flight of even
the fastest aircraft, and deceleration from that speed is accomplished by
aerodynamic braking in the atmosphere. The inertial forces acting on both
structure and crew during such braking exceed their weights; heat-shielding
of the vehicle protects 1its airtight cabin from powerful heat flows that
emanate from the shock layer of the gas, heated at the forward part of the
vehicle to several thousand degrees. Besides static loads, the vehicle
experiences vibration and shock loads. The process of braking in the atmos-
phere is, as a rule, short-lived; however, large gradients in load factor,
altitude, flight veloecity, heat flow, and temperature in the various parts
of the structure appear during braking. The extreme loads thus are the
first difference between descent vehicles and other types of space vehicles.

The enumerated characteristics of the process of descent through an atmos-
phere define yet another difference between descent vehicles and other com~
ponent systems of space vehicles. These characteristics make considerable
demands on the reliability of all systems of the descent vehicle. Thus,
while it is possible to abort a flight and return to Earth to save crew and
pavload, or to evacuate a crew with the aid of a supply space ship, it is
almost impossible to rescue the crew from the airtight cabin of a descent
vehicle in an emergency during the braking phase of flight in the atmos-
phere. Let us note that rescue from orbit or from a trajectory of injection
into orbit depends on using the very same descent vehicle, and the proba-
bility of failure of the descent and landing systems thus determines the
safety of flight. Thus, the reliability of the descent and landing systems
has to be higher than the reliability of other subsystems and ships of the
space rocket system.

The third differentiating characteristic of descent vehicles is determined
by the rigid weight limitations placed on the entire space rocket system.

3
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As a rule, descent vehicles operate in the concluding phase of space flight
and each excess kg of welght is equivalent to several kg of weight in the
propulsion systems of the mission system or tens of kg in the initial weight
of the booster. For this reason, problems of optimizing the descent and
landing system by using the weight criterion are important. Also, problems
of minimizing the descent and landing system weight are complex and inter-
esting and require a detailed account of the interplay between the condi-
tions of motion and the configuration of the vehicles. These relationships
determine the fourth difference of descent vehicles from orbital and inter-
planetary ships and stages, namely, the complex dependence of welght charac-
- teristics on those geometric parameters that determine the form of the
descent vehicle. These parameters determine, on one hand, the distribution
of the heat flows and mass of the thermal protection system and, on the
other hand, the 1lift and braking characteristics of the vehicle, which char-
acteristics, in turn, determine the duration, thermal resistance, and load-
factor regimes of the descent trajectory, and, in the final accounting,
determine the total mass of structure, heat shield, and fuel of the propul-
sion system for breking and control.

Only an integrated approach to the problem of optimizing the geometric, com-
ponent, and weight-propulsion parameters of descent vehicles can guarantee
the achievement of reliable results in choosing optimal design solutionms.
Unfortunately, as frequently happens, erroneous cenclusions are drawn about
the advantages of one or another vehicle configuration during the detailed
analysis of nonrelated problems in ballistics, control, or aerodynamics. If
the optimizing of descent-vehicle parameters is based on a weight criterion,
then the computational model has to provide procedures for describing the
configurations, for estimating aerodynamic and centering characteristics,
for modeling of the conditions of motion and heat exchange, and for estimat-
ing the weights of the structure, heat shield, and landing system, while
also considering vehicle loading, detail features, and the requirements
placed on the landing site. For each type of flight vehicle, the computa~-
tional model is constructed differently, and design criteria and limitations
are accounted for differently. Examples are shown in subsequent chapters of
this book of how allowances are made for limitations placed on vehicles
designed for different missions. It is possible to point to several general
, pPrinciples for constructing computational models and to attempt to unify the
general statement of the problem of optimizing parameters of different types
of descent vehicles. It is assumed that use is made of numerical search
methods during optimization and that the choice of design parameters is made
using a system for the automated synthesis of descent-vehicle configurations.

The typical algorithm for design or verification calculations used in a sys-—
tem of automated search and selection of design solutions for descent vehi-
cles as a whole must necessarily include the following specialized computa-
tional models:

1. A module or group of modules for describing the vehicle configuration,
for mathematical modeling of contours, and for computation of dimensional,

4
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volumetric-centering, and layout characteristics. For simply-shaped vehicles
formed by combining several geometric shapes, a special computational routine
has to be provided for the calculation of dimensions, areas, and volumes.

As a rule, the group of modules describing the configuration is combined witi
a special procedure for generating the vehicle shape by using graphic infor-
mation display devices (graphic displays, plotters, or digital printing
devices).

2. A group of modules for the calculation of aerodynamic characteristics.
Different modules are, as a rule, created for different classes of shapes and
different regimes of flow.

3. Mcdules and routines for the computation of the conditions of motion.
These routines can differ by the degree of detail in design estimates, they
can use different principles and procedures of calculation, and they can form

part of the modules for computing aerodynamic and weight-power characteris-
tics.

4. Modules for cumulative calculation of weight-power characteristics.

These modules process and summarize information for judging the appearance of
the vehicle as a whole. Depending on the formulation of the design search
problem, it is possible to include, as part of these modules or separately,
procedures for strength calculations, thermodynamic calculations, computa-
tions of dynamic processes, estimates of cost, synthesis of design layout,
and so forth.

All parameters determining the appearance of a typical descent vehicle can be
divided into several groups. The first group ought to contain geometric
characteristics that determine the external contour of the body. Parameters
in this group are continuous and represent the starting point for calculating
aerodynamic characteristics and, therefore, largely determine the ballistic
design parameters and the thermal stress for the trajectory, as well as the
flow regime around the body and heat exchange in the different zones of the
vehicle's surface. The second group should contain parameters that describe
the control of motion. Among them are the coefficients that shape the pro-
grammed change in the angle of attack or roll, or indicators that determine
the instant of transition from one to another type of control, for example,
motion along a constant altitude, constant load factor, or constant tempera-
ture trajectory.

The third group of design parameters includes the weight-power and design-
- layout characteristics of the descent vehicle. These are primarily dimen-
sions of the structural elements and of the thermal protection system, power
plant parameters, and data that determine the location of compartments and
assemblies onboard the vehicle. Among these parameters can be those that
change discretely or assume only integer values.

5
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The situation becomes more complicated when, combined with an automated
search for configuration and structure of the descent vehicle, different
internal layout schemes and various arrangements for the instruments and
assemblies forming part of the onboard systems are reviewed.

The variables in such a problem of optimization are the configuration param-
eters whose integer values correspond to certain variants of layout or sche-
matic solutions. 1In this case, the task of an automated synthesis of the
structure of the vehicle is formulated as a problem of discrete programming
for whose solution specialized search methods are used as described in

Ref. 23, which also contains the formulation of the problem of synthesizing
the structure of a space vehicle. In the same book, examples are taken from
the practice of space-vehicle design in order to explore the solution to the
problem of opt._mal design thrcugh the use of a system of automated search
and selection of configurations, descent trajectories, design, and weight-
power parameters for different types of descent vehicles. For this reason,
we will limit ourselves here to a descriptiorn of the general formulation for
the problem of searching for design parameters of descent vehicles. We will
present several of the most interesting applications of design calculations
and results from such a search and show the chosen conditions of motion and
configuration of future descent vehicles.

The commor, most typical problem of search for geometric and trajectory
parameters is usually solved at the initial design stage and determines the
appearance of the descent vehicle. Only continuous parameters that belong
to the first and second groups are varied and their values, corresponding to
the minimum of a weight index, are determined. This index can be the mass
of the vehicle or the mass of the descent and landing equipment. The ques-
tion of criteria that determire the goodness of the vehicle in terms of
weight will be posed below as part of the discussion on descent-vehicle pay-
load. The simultaneous optimizing of vehicle shape and of the conditions of
motion is usually formulated as a problem in nonlinear programming and is
solved with the aid of known numerical search methods based on a stepwise
progression through the parameter space to arrive at the optimum variant.
The values of the design parameters for a descent vehicle determine the state
vector of the system to be optimized:

XXy, Xysenes Xppenny X).

To each value X(k) of this vector corresponds & value F(k) of the object
function ¢(X) and the values

(), , (k) (k)

:yZ yeee Yj ,---y(k)

m

of the functional constraints Yl(x), Y ®, ceey Y (i), eees Ym(i)' Here
the vector X is defined over the set R, which is cgnstrained due to the
range of variation of each variable determined by inequalities of the type:

By £ Xj s i (constraints of the first type) (1.1)

6
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and also due to the functional comstraints, that is, due to inequalities of
the type

Yj X) < 5,0 (constraints of the second type) (1.2)

The goal of the optimization is to find the best value of the criterion
Fopp for XER. The goal of the search is broader and canm result in finding

a whole family of suboptimal solutions. It is among these solutions, which
are close to optimum but differ from it by a number of additional properties
and attributes that cannot be formulated, that the developer will look for
the best variant for the vehicle design applicable to the design limitations
established. By choosing a design variant at the current level of the state
of the art, the designer must know to what degree he departs from the
strictly optimum solution according to each criterionm.

The general goal of design research is broader, and it results in determin-~
Ing the relationships between optimal or suboptimal solutions and the basic
initial data and constraints.

In choosing descent-vehicle design parameters, it is necessary to deal with
a number of criteria that in part are contradictory. As a rule, one of them
determines the achievement of weight goals, a second may target a specific
problem, for example, the achievement of maximum cross range, a decrease in
load factor, or a decrease in the flight velocity at the end of the descent
trajectory before landing. The problem of searching for the best values of
descent-vehicle parameters is thus divided into a number of partial problems
of optimization, for each of which one of the best solutions for a given
criterion is determined with other criteria being considered as constraints.

By letting an optimum "drift" along fundamental constraints, the bounding
sets of optimum solution are determined, that is, the bounding relationships
of the best solutions in terms of each criterion are found while values of
the other criteria are held constant.

Among the criteria or constraints in problems of searching for the best val-
ues of descent-vehicle parameters can be indices of weight or mass for the
whole vehicle, expenditures of the working medium from systems of attitude
control and braking, the value of characteristic velocity of the propulsion
systems, speed of flight at a given altitude, or altitude of flight at a
given speed, load factor, drag, effect of load factor on the crew, cross
range or trajectory turn angle, flight range, temperature, specific heat
flows, or erosion of the surface layers at the heat-stressed points of the
vehicle, thickness or strength of the heat shield, time of flight, or time
of flight through the atmosphere. The choice of criteria and constraints is
determined by the specific search problem and depends on the particular mis-
sion of the vehicle. The mission of the vehicle determines the method for
controlling motion, the type of structure, and class of shapes to be consid-
erad in searching for the vehicle configuration.

7
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In spite of the brevity of the development period of space engineering,
there exists at present a variety of descent vehicles, and this variety pro-
duces the need for some kind of classification. The authors do not pretend
to have an all-inclusive and definitive system for classifying descent vehi-
cle attributes and grant that there are other ways of grouping descent vehi-
cles into classes and groups; in the future, one ought to expect a more sub-
stantiated approach to the classification of descent vehicles.

It is possible, for example, to group descent vehicles arbitrarily according
to the character of thelr payloads, and this will be our first attribute for
their classification. The presence of man on board the vehicle, or, more
correctly, the presence of systems that provide for his ability to live,
work, and participate in the control of the mission, substantially influ-

- ences the composition of the payload, which then is reflected in the appear-
ance of the vehicle and in the trajectories of descent and landing, Descent
vehicles developed for automatic flight can be designed for substantial load
factors, as a result of which the requirement for controlled descent and
high 1ift capability of the aerodynamic shape is removed.

The mission of the vehicle should probably be the second classifcation
attribute. The shape of the vehicle depends on the conditions of entry into
the atmosphere, on the parameters of the atmosphere and gravitational field

_ of the planet, and on the schedule of operations to be performed during
descent and landing.

An additional subdivision according to specific purpose and flight condi-
tions is possible for vehicles intended for operations close to a particular
planet. Descent vehicles can enter the atmosphere either from an approach
trajectory with hyperbolic velocity or from a low orbit around the planet.
In either case, different requirements on the lifting properties of the
vehicle frequently arise. In addition, descent vehicles can either pene-
trate the atmosphere and deliver a payload, or dive through it and return to
an orbit around the planet or to a departure trajectory. In the first case,
delivery is made to either the surface, in which case a special landing gear
is used, or to a predetermined altitude in the atmosphere of the planet.

The external appearance of the vehicle, its configuration, and conditions of
motion in the atmosphere depend to a great extent on the manner in which the
1ift capability of the aerodynamic shape is used. Here we have in mind the
maximum attainable lift-to-drag ratlo, that is, the available lift-to-drag
ratio of a given shape for the assumed layout and centering characteristics.
In flight, the vehicle can be trimmed at some angle of attack to produce a
lift~to-drag ratio less than the available one.

The relatrionship between the lifting and braking properties will serve as a

third attribute for classification, according to which descent vehicles can
- arbitrarily be divided into five categories: Vehicles for ballistic descent

(with zero lift-to-drag ratio); vehicles with low lift-to-drag ratios

(K < 0.4); vehicles with modest lift-to-drag ratios (K = 0.4-0.7); vehicles

8
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wvith significant lifting capabilities (K = 0.7-1); and gliding vehicles with
high lift-to~drag ratios.

_‘ Ballistic descent vehicles, in turn, can have different braking capabilities
and two limiting configurations: A shape with a large aerodynamic braking
device (as a rule, this is a blunt heat shield) or a pointed shape with high
midsection load factor.

There are many methods of classifying aerodynamic shapes having a modest to
large lift-to~drzg ratio. The classes are obtained by means of transforming
various initial configurations to combine several bodies or various

conic and spheric shapes. The variety of all conceivable shapes tasks one's
ability to count them.

Comparisons of different classes of aerodynamic shapes are useful only in
terms of applications to vehicles for specific missions at a given level of
the required lift-to-drag ratio.

One of the widespread means for classifying descent vehicles according to
the method of flight in the atmosphere is based on the differences in con-
trol used during the main segment of the descent trajectory. Descent vehi-
cles can perform a noncontrolled ballistic descent as used in automated
vehicles; they can vary the amount of braking either gradually or in steps
during the flight, thus controlling the descent trajectory without requiring
lift; they can, for a given constant 1ift that corresponds to the trim angle
of attack, change its projection onto the vertical, by controlling the roll
angle, that 1s, by turning about the velocity vector; and, finally, they can
change the magnitude and direction of the lifting force by controlling the
angles of roll and attack during the flight. Roll control can be achieved
relatively simply for blunt-shaped vehicles with a low value of the avail-
able 1ift, inasmuch as rotation about the velocity vector can be achieved
vith gas jets and without changing the balance of the vehicle. Such a
descent, which has been called "slipping," was used for the Soyuz and Apollo
spacecraft.

And finally, the various types of descent vehicles can also be divided
according to structural attributes, which determine the principle of opera-
tion of individual descent and landing systems.

Depending on the manner in which structure and thermal protection of descent
vehicles are used, they can be of the single~ or multiple-use varieties,
with multiple-use descent vehicles, in turn, subdivided according to thermal
protection method ("hot structure," ablative thermal protection, thermal
protection using heat-sink or radiating screen, and so forth).

The landing systems of descent vehicles also influence their appearance and
can be used to differentiate one from another. Thus, we differentiate

between devices for prelanding braking and shock-absorbing devices for soft
landings. For the latter, use can be made of landing gears with different
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energy absorbers in the support mechanism, inflatable balloons, or soft-
landing thrusters, which provide a vertical impulse at the moment of contact
with the surface. The prelanding maneuver devices and braking systems can
consist of wings, liquid-propellant rockets, turbojet or turbofan power
plants, rotor systems with different methods of driving the blades, para-
chute and paraballoon braking devices, and collapsible soft-envelope wings

- with either an inflatable or a rigid airframe.

There are many other ways for differentiating among descent vehicles by
structural features of individual systems. Let us now try to define general
criteria for comparing descent vehicles intended for the same mission, that
is, let us make the transition from the attributes that separate different
descent vehicles to the attributes that unite them.

One of the basic nondimensional criteria used in comparing descent vehicle
characteristics is the weight criterion for descent and landing systems.

The widely~used form of the weight criterion for the descent and landing
System, namely, the ratio of the weight (mass) of the descent and landing
system, Ggeps to the total weight (mass) of the vehicle, Gy, is not correct,
inasmuch as the total weight of the vehicle already includes the weight of
the descent and landing system. Only the ratio of the weight of the descent
and landing system to a reference weight, fixed for all variants of descent
vehicles, can objectively describe the weight improvement of the wvehicle.
Such a reference weight could be the weight (or mass) of the payload, Gry.

Thus, if for two vehicles the weight efficiency, that is, the ratio GCCH/GO’
is 50 percent and 70 percent, and at first glance the difference is only

20 percent of the total weight, in actuality, for given uniform constraints
Placed on the weight of the descent vehicle in terms of total weight of the
Space system, we have to reduce the payload weight in the second vehicle by
nearly a factor of 2 compared to the first vehicle. The ratio

Scen _ Scen/Co (1.3)

1-6G

G cen /Co

"
is 100 percent in the first case and 2.33 percent in the second case. Thus,
for an identical payload weight fraction, the true difference in actual pay-
load weight is 60 percent.

The payload for a typical descent vehicle can be conveniently thought of as
consisting not only of the scientific equipment to be returned to Earth or
delivered to a planet but also all onboard systems, which remain fixed dur-
ing changes of design parameters of the vehicle, that is, in changing from
one variant of the vehicle to another.

In this fashion, the payload includes all that does not form part of the

descent and landing system. As a rule, the descent and landing system
includes the structure of the airtight cabin, the structure of the glider
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or aerodynaiic braking equipment, the thermal protection and thermal insula-
tion, propuision equipment for attitude control and prelanding braking, and
systems that provide for a soft landing. The other onboard systems, namely,
the collection of life~support systems, systems for thermal control, power
generation, and radio communication, and the instrumentation portion of the
control system all form part of the payload of the descent vehicle.

The systems mentioned are arranged in the body of the vehicle, and the man-~
ner of distributing them in the various sections of a given configuration
. determines the volume characteristics and mass properties. One of the non-
dimensional critaria, which indirectly reflects the increase in vehicle
weight with an increase in its lifting capabilities, is defined by the fol-
lowing well-known formula:

Kg = (4.85/8) %pz (1.4)

where V_ is the available volume of the vehicle (in terms of the external
outline}; $ is the total surface of the vehicle. This criterion represents
the ratio of the surface of a given vehicle to the minimum possible surface
for the given volume and can be thought of as a kind of efficiency in using
the vehicle surface.

For vehicles with a fineness ratio close to unity and without wings or otker
protruding surfaces, this criterion is close to unity. The typical descent
vehicle shape with small or moderate lift-to-drag ratios consists of two
bodies: A forward volume and an aft volume (Figure 1.1). The forward vol-
ume can be a segment or a blunted cone, either circular or elliptical. The
aft volume can be spherical or conical. Both volumes are jolned at a common
surface, which can arbitrarily be considered to be a plane, and all aerody-
namic characteristics can be referred to it. This plane, called the lifting
plane, is perpendicular to the plane of symmetry of the vehicle, in which,
as a rule, lie the vehicle center of mass and the center of balance of aero-
dynamic forces.

Aerodynamic forces used for braking and controlling the descent trajectory
are basically generated by the surface of the forward body. In the hyper-
sonic regime of flow, aerodynamic forces are generated by the pressure in
the stream as it is decelerated by the forward part of the vehicle. The
front lifting surface is coated with a thermal protection layer and forms
the heat shield or screen. Side surfaces of the aft body lie in the base
region (region of blanketing), require less thermal protection, and form the
fairing about the payload. The main portion of the required volume of the
descent vehicle is formed by the volume of the aft body and its surface is
larger than the surface of the heat shield, which results in an advantage of
weight, inasmuch as the density of a unit of surface of the heat shield is
two to three times higher than the density of a unit of surface of the base
fairing.
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The centering characteristics for this type of vehicle can he compared to
the layout parameters by using the nondimensional criterion , which is
determined for the design trim condition and for the corresponding location

B of the resultant aerodynamic force. The criterion used i1s the ratio between
the minimum possible volume that can be cut from the vehicle by a plane in
which the resultant force lies and one-half of the total available volume.
The minimum possible volume is bounded for this situation by the surface of
the vehicle on the upstream side and by a plane containing the resultant
force acting normal to the surface of symmetry of the vehicle.

The vehicle's center of mass for the design balance condition Is located
along the resultant aerodynamic force. If, by using active devices for
stabilization an¢ control, the attitude of the vehicle relative to the
velocity vector can be controlled before entry into the atmosphere, then, as
a rule, there is no requirement on where the center of mass is along the
resultant. The same has to hold in the case of descent vehicles whose
motion is controlled in accordance with the tasks set.

In any case, whether control is used for reducing the cumulative effect of
- deceleration to an allowable level (descent to Earth), for shaping a shallow
trajectory for approaching the surface with minimum velocity (descent to
Mars), or the injection of the vehicle into the descent regime at the high-
est possible altitude (descent into the atmosphere of Venus), the design
conditions for the flight are determined by the method chosen for control-
ling descent. Any deviation from the desired trajectory due to an off-
design entry into the atmosphere by the vehicle with an arbitrary angle of
attack has to be avoided, as this will lead to failure to achieve the basic
flight objectives. A direct consequence of such an approach in choosing the
conditions of motion 1s the main requirement on the location of the center
of gravity: Its location has to be along the resultant aerodynamic force
for the design angle of attack, and for insignificant deviations from this
angle of attack the vehicle has to be statically stable. Let us agree that
by normal direction we will mean the direction parallel to the lifting sur-
face of the vehicle and by longitudinal direction we will mean the direction
perpendicular to the lifting surface.

Thus, the longitudinal movement of the center of gravity is, as a rule,
unlimited for angles of attack close to the design value. The matter stands
differently with displacement of the center of gravity in the normal direc-
tion, because here we have to relate the centering of the vehicle to the
location of the resultant aerodynamic force, which is almost perpendicular
to the lifting surface. For vehicles with a moderate lift-to-drag ratio,
such a displacement of the center can cause certain difficulties. If the
surface, which passes through the resultant, divides the vehicle volume in
half, then the necessary centering can be achieved without any welght loss.
On the other hand, depending on the degree to which the required location
for the resultant is moved away from the geometric center of the volume of
the vehicle, layout difficulties arise and the ballast weight goes up. The
criteria stated above indirectly reflect the possibilities that exist for
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some forms of vehicles to use the internal volume to attain Improved lift-to-
drag ratios. This is particularly important for those cases where the
required magnitude of the 1ift-to~drag ratio approaches 0,5 to 0.7. Achiev-
ing such a 1lift-to-drag ratio with traditional segmented conic forms, which
retain a good ratio of surface to volume and a relatively small surface of
the heat shield, is difficult for a number of reasons, among them the dis-
placement of the resultant and the attendant poor use of the volume while
maintaining the necessary lateral centering.

To improve further the shape of controlled vehicles for entry into the atmos-
pheres of Earth, Venus, and Jupiter at hyperbolic velocities, let us recall
the relationship between convective and radiative heat flows and the require-
ment for more pointed heat shields. In such circumstances, we have to con-
sider shapes with conic heat shields in a zero angle-of-attack flow.

By replacing the segmented shield of traditional segmented-conic shapes in a
zero angle-of-attack flow (Figures 1.2, 1.3) by a shield shaped like an
obliquely~cut elliptical come, a shape will result that has the same volume
and surface as the segnented cone but with a number of advantages. The main
advantages are: Increased lift-to-drag ratios for given angles of attack;
smaller angles of attack of the 1ifting surface for equal lift-to-drag
ratios; lower structural weight for the lifting envelope of the heat shield
and lower weight of the thermal protection system in those cases where the
radiative heat flows from the shock layer exceed the convective ones (for
vehicles entering the atmospheres of Earth, Venus, and Jupiter at hyperbolic
velocity); and a more advantageous location of the resultant aerodynamic
force from the point of view of the required lateral centering.

The latter circumstance becomes especially important in those cases where it
1s necessary to achieve a higher value of the lift-to-drag ratio (K = 0.7 to
0.8). Obtaining such ratios in a shape with a segmented shield (Figure 1.4)
is difficult, due to the rigid requirements on the location of the center of
gravity, which has to follow the resultant in moving to the upstream side of
the generatrix of the payload fairing.

The centering advantages of the shapes considered can be seen in Figure 1.2,
where the initial and transformed shapes and the location of the resultant
for various angles of attack, corresponding to lift-to-drag ratios of 0.3
and 0.4, are shown.

These advantages are even more apparent for shapes intended for achieving
higher values of the lift-to-drag ratio (K = 0.7 to 0.8). One of the pos-
sible nonsymmetrical segmented-conic shapes and a bi-conic shape are shown
in Figure 1.4. They were generated by substituting an obliquely-cut ellip~
tical conic shield for the segmented heat shield.

The curves in Figures 1.3 and 1.5 show the aerodynamic characteristics for

different angles of attack of the initial and resultant shapes and demon-
strate the first two advantages of the new shapes. We must mention another
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advantage of the bi-conic form, in which the axis of the forward cone, which

forms the surface of the heat shield, is parallel to the velocity vector of
- the impinging flow. The heat shield 1s in a flow at zero angle of attack,
and for such a symmetrical flow it is fairly easy to calculate the aerody-
namic characteristics and the parameters that determine the heat transfer
at the surface of the heat shield. For vehicles that have to fly in night
conditions and particularly for those entering the atmospheres of Earth and
planets at hyperbolic velocities, the latter advantage is considerable.

Zero angle~of-attack flow implies that the forward cone has to be elliptical
with its oblique cut either elliptical or clrcular, as, for example, in the

shape shown in Figure 1.2. TFairings in the base regions of vehicles are, as
a rule, circular cones. Thus, these difficulties in production engineering

of the fuselage and application of thermal protection surfaces are peculiar

only to heat shields with the new shapes.

Neither can we remain silent aboui such a property of the above bi-conic
shapes as their ability to preserve centering characteristics while the
lift-to-drag ratio is increased. The derivatives dX/da and dK/dYT for these
shapes are significantly larger than for segmented-conic ones. Tf we con-
sider the influence of the scatter in centering properties on aerodynamic
characteristics of the finished product, then the mentioned property has to
be classified as a shortcoming. If, however, we consider the system for
controlling centering before flight as part of the flight process, or if we
consider a property such as adaptation of shape and layout to changing
regimes of balanciug (as, for example, for increasing the available lift-to-
drag ratio) as important to the design process, then the property indicated
has to be considered an advantage.

To avoid repeating descent trajectory calculations when changing the mass or
dimensional properties of a vehicle without changing the vehicle shape, it

is useful to develop a method that permits the determination of the trajec-
tory characteristics without having to integrate the equations of motion, if
the descent control is known only in general. Such estimates are also
needed in problems of optimizing vehicle shape when the type of descent tra-
jectory is known, that is, the variation of load factor is kmown as a func~
tion of time or as a function of flight velocity. In the above-mentioned
problems of optimization for each variant of descent vehicle considered, a
design calculation is done that culminates in estimating the weight charac-
teristics of the descent and landing system for different constraints. An
iterative procedure is used to determine the weight during design calcula-
tions, because, in order to determine weight, it is necessary to know the
descent trajectory, which, in turn, makes it necessary to know the loading
on the lifting surface, which, in turn again, depends on the weight of the
vehicle. Also, the computational cases for the majority of descent and
landing systems consider the extreme conditions of flight. The determination
of extreme conditions of load factor, heat flow, temperature, time, and range
of flight is dependent on a series of iterations, in each of which a specific
descent trajectory is calculated.
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The material presented above dictates the basic need for methods to permit
economical use of machine time and approximate determination of trajectory
parameters. Known methods (Refs. 6, 20, 40) are not convenient for design
purposes, as they do not give values for thermal flow loading along the tra-
jectory but only at the end of the calculation. This removes the basic
advantage of such methods for purposes of design search; specifically, the
opportunity is lost to proceed in these calculations directly to the extreme
conditions of flight in terms of load factor and heat transfer. In the pro-
posed method of calculating motion, the type of trajectory is glven by a
combination of control laws that include constant load-factor laws; programs
that, by followiug the given relationship between load factor and flight
velocity, can shape a constant-altitude trajectory or assure that the tra-
jectory will remain within given comstraints of temperature and flight
range.

The unified sequence of control laws defines a whole set of trajectories,
and each trajectory in the set differs only by one design-ballistic param-
eter, namely, the loading on the lifting surface. The independent variable
is flight velocity and, by specifying the switching instants (on the veloc-
ity scale) makes it possible to combine all possible trajcctories into a
single class and to establish general ranges for controlling interactions.

It is sufficient to obtain the variation of speed and altitude of flight as
a function of time in order to estimate the parameters of motion, loading,
heat flow, and temperatures, and, consequently, ablation and heating of the
thermal protection surface.

By integrating the four basic equations of motion, we can determine the
indicated relationships with a precision sufficient for design calculations.
These equations based on generally accepted assumptions (Refs. 1, 6) and
written in the velocity coordinates in a unified form suitable for any
planet are

av 1’41 .
— S e —— — 6; .
s = T ap, 83— gnsin; (1.5)
49 _ KoV v 1y, .
dt—Qnga+g..cosﬂ(——gan V), (1.6)
dH . '
?—-Vsmﬂ, (1.7)
dL -
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where V 1c the flight velocity; 6 is the flight-path angle with respect to
the horizon; g, is the free-fall acceleration at the Earth's surface; g, is
the free-fall atceleration at the altitude of flight in the atmosphere o¥ a
given planet; R, is the distance from the center of the planet to the alti-
tude at which the vehicle is moving; H is the altitude of flight; L is the
range of flight; p is the density of the atmosphere, evaluated at the given
altitude of flight; P, is the loading on the lifting surface. Here

Py = G/(Cy4S) or P, = mg4/ (CXS) where G is the total weight of the vehicle;
Cx is the drag; S is the area of 1ifting surface; and m is the mass of the
vehicle.

- It is assumed that the law according to which density varies with altitude
of flight is known and that by determining the density we have an estimate
of altitude.

The magnitude of the effective lift-to-drag ratio K at any instant of time
determines the control of descent. For a constant angle of attack, the load-
ing P, of the vehicle practically does not change along the trajectory and.
the magnitude of the effective lift-to-drag ratio is determined by the roll
angle y and the available lift-to-drag ratio of the vehicle, Kp, namely,

K =K, cos vy (1.9)

As will be shown in later chapters, the preferable trajectories of motion of
future descent vehicles entering the atmospheres of Earth, Mars, and Venus
will include leveling-off regimes with constant altitude or constant load-
factor plateaus. Transition to the leveling-off regime is achieved after
the atmospheric entry segment, that is, after achieving maximum load factor
or heat-shield surface temperature. Control during the atmospheric entry
phase (permitting flexible response to changes in entry conditions and the
attendant change in vehicle characteristics) uses control algorithms or a
collection of programmed relationships between load factor and time or
between load factor and flight velocity, in order to bring the controlled
object to within established load factor and temperature bounds.

In the simplest case, the atmospheric entry phase can be modeled by a linear
relationship between lcad factor and time. By assuming the angle of entry
into the atmosphere to be small (controlled descent), we assume § * 0;

cos 6 * 1 and sin 6 = 0 in the equations of motion and obtain the following
relationships for the flight phase with a constant rate of increase in load
factor:

(1.10)

o N

o2 Vigg
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o= Me max 2P;
aVi+ kg V2

T, . (1. 11)

n.-—n——r: (1.12)

L-';‘V“T-——c.—.— 173, (1. 13)

where V., is the velocity of entry into the atmosphere; ¢ = (nE max/A'rB)g
is the gradient of the change in acceleration during braking; N, pnax 1S the
maximum load factor characteristic for the given entry corridor and the
avallable 1ift-to-drag ratio of the vehicle; A'rB 1s the interval of time
from the instant of entering the atmosphere (load factor of 0.05 to 0.1 g's)
to the instant of experiencing maximum load factor. If, during the period
of atmospheric entry, a flexible algorithm is used that permits obtaining a
general relationship between the required acceleration and the apparent
velocity for all conditions of entry, then a maneuver will result that pro-
vides for capture of the vehicle (for motion along the upper boundary of the
entry corridor) and injection of the vehicle into a permissible level in
terms of load factor or temperature. Let us assume that we are following a
linear relationship between the longitudinal acceleration Vx and the appar-
ent velocity (Vgy - V), that is, a relationship of the type

Vy=a+b (Vgx - V) (1.14)
This relationship for the longitudinal acceleration is now substituted into
Equation 1.5.

The nominal, or reference, trajectory is common for all conditions of entry,
and in such a case is determined by the following equations, obtained by
integrating the equations of motion with the condition of Equation 1.14 and
using the same assumptions as in the preceding case:

V=v,;—’;- (et —1); (1. 15)
2P, ae®
&4 [Vn"" ":—'(eh— 1)J2 '
c=let 0 (Vig— V)] =3 ; 17
n=[a+6( ) ViRl (1. 17)
a 8 4. @ .
L=V“1—Tt~§ et +-b—2-. o (1.18)
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Immediately after passing the maximm load factor, that is, at the instant
the vehicle is in a state to move further by skipping with a maximm effec-
tive lift-to-drag ratio, the trajectory angle approaches zero and then
changes sign and becomes positive.

The time interval from the moment of entry into the atmosphere to the
instant of passing peak load factor will be designated by At., and flight
velocity at this same instant ty Vg. The constant altitude Tegime of level-
ing off should be started at this time, as the control program generates an
effective lift~to-drag ratio starting with a zero value for the derivative
of the trajectory flight-path angle. Taking this into account, we can inte-
grate Equation 1.5 by assuming the density of the atmosphere to be constant.
We obtain the following expression for the velocity of flight during the
constant-altitude phase:

V= [(1/Vp) + (og4/2P,) (x - trp)] 7 (1.19)

The density of the atmosphere during the constant-altitude phase of flight
equals

- P = (yag pax)/ (V21 + KD (1.20)
Load factor is determined from the expression
ne = Mg payV?)/Vg2 (1.21)

The increase in flight range along the trajectory is determined by using the
formula

AL=L—L,=?._L’L[m (-‘-— s ar - 2Ls ':) -mvl]

e, Ve 2P, 2P, (1.22)

Motion along a constant-temperature trajactory usually begins when the lim~
iting temperature is attained. We will consider that at the instant of
transition to the isotherm the flight time is Aty and the velocity is Vg.
The condition that the equilibrium temperature remain constant means that
along this trajectory there is preserved a constant heat flow in the ther-
mally stressed zone of the vehicle. A formula like the following one is
usually used to estimate the magnitude of the convective heat flow:

We will assume that the magnitude of heat flow will be maintained at the
attained value qg- With the control system providing for motion along the

isotherm, the density of the atmosphere in this case will depend on flight
velocity in the following fashion:
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1
()

Integration of the equation of motion (Equation 1.5), with the condition of
Equation 1.24 and assuming that the flightwpath angle is zero, ylelds the
following relationship between flight velocity and time:

n—m 1 m
V= B'" _h-mfg\m & _ n—m
[V m (cq) 2p, CAW[ @.25)

Load factor as a function of time for a constant~temperature trajectory var-
ies in the following fashion:

n=m 1 tmn
v, _izm ﬂ)”' s n=m .
x[ ~ (c,, 7o (=47, (1.26)

The range for flight along a constant-temperature segment of the trajectory
can be determined approximately by the following formula:

Al=Ll—lm—— 1 X

, . n—m(q 7"__6’3_ m
- m (Cq ) 2P, (n—m+l)
L ‘ 1 LI
mo_n=mo\m &3 0 ay [T :"} 1.27
x[[v. = (c,,) Ty Ar,)] vi.oa.en

The constant-load~factor segment begins after the point of leveling off or
following flight in the constant-altitude regime, Departure from the iso-
therm can also be achieved using a constant load-factor trajectory. Assum-
- ing that the flight-path angle (between the velocity vector and the local
horizontal) is small and assuming a lead factor much larger than the
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magnitude of gy sin 0, we obtain the approximate expression for the trajecw
tory parameters for a constant~load~factor plateau;

v:v,,—_v_l_"i;; gs(1—At,); " (1.28)
H

2Psn,- .

- Vi

AL=L—L,~V,(v—At) — —— g (v—Ar2, (1.30)

Vi+K;

(1.29)

where L., VH’ and At are the initial values of distance, velocity, and time
of fligﬁ't correspondgng to the Instant of transition to constant~load-~factor
= flight, '

All the above relationships are characteristic for different segments of con-
controlled descent, with the control system using the 1ift characteristics
of the vehicle, shaping a shallow trajectory, and thus implementing a law
for varying the load factor as a function of flight velocity.

With the variation of velocity and flight altitude known, it is possible to
estimate heat flow and, hence, the required mass of the ablative thermal
protection layer.

During the preliminary design stage, when a number of approximate models are
used, specific heat flows are computed by correlation formulas. In the gen-
eral case, correlation relationships for estimating heat flows have the form

g, =kQLVLR™, (1.31)
a=ho.VIR, o (1.32)

where q_ and g are the specific radiative and convective heat flows at the
stagnation point of the vehicle; R is the radius of bluntness.

During entry into the atmospheres of Venus and Earth at hyperbolic veloci-
ties, radiative heat flows are comparable to convective ones, while during
entry into the atmosphere of Jupiter, radilative flows predominate. Under
such conditions, the estimation of the optimum radius of bluntness is of
some Interest at the stage of qualitative analysis of braking in the atmos-
phere. Finding the optimum radius of bluntness is important for that class
of trajectories that have been optimized by using the criterion defining the
special problem whose solution determtnes the conditions of motion. TFor
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entry into Earth's atmosphere, this problem turns out to be (as will be shown
in the next chapter) the search for a minimum integral of load factor; for
entry into the atmosphere of Venus, it is the completion of braking in the
upper layers of the atmosphere. TIn this and other cases, trajectories with
constant—altitude plateaus are preferred, followed by further shallow descent
along a constant-load-factor trajectory. Parameters of trajectories of this
type can be determined without integrating the equations of motion; there-

- fore, for vehicles with variable loading on the lifting surfaces, it is pos-
sible to estimate an optimum radius of bluntness for different conditions of
entry into an atmosphere.

The expression for the optimum radius of bluntness is derived from the condi-
tion

d
“Q+)=0. (1-33)

where Qr and QK are the integrated heat flows at the stagnation point.

By considering Equations 1.31 and 1.32, we can determine the optimum radius
of bluntness by using the unit integral heat flows, that is, heat flows at the
stagnation point with radius 1 m:

o4 \™
J &S, VY dr \ 7
m
Ru=| =2 L———1. (134
[kl V8, a3 )
o

In Figure 1.6, the reader can see a typical variation of the optimum radius
of bluntness as a function of speed of entry into the Earth's atmosphere for
vehicles with different loading on a lifting surface with the available 1ift-
to-drag ratio equal to 0.6. The curves have been constructed for trajecto-
ries corresponding to the lower bounds of the entry corridor with the con-
straint that after passing through the maximum load factor the conditions of
motion correspond to the minimal integrated load factor effect (Chapter 2).

Let us note that the magnitude of the optimum radius of bluntness determined
using Equation 1.34 does in no way imply the need to make the vehicle with
that exact radius of bluntness but only allows us to asseas the correlation
of the integral heat flows at the stagnation point for the given type of
descent trajectory.

The loss in the total heat flow depends on the optimum radius of bluntness,
which is borne out by the curve in Figure 1.7, showing in relative units the
magnitude of the loss in the total integrated heat flows for deviations from
the optimal radius.
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The true value of the optimal radius of bluntness has to be determined by
the mass of the thermal protection material to be ablated and heated at the
stagnation point of the heat shield and its vicinity, while also consider-
ing the mass of the structure that supports the heat shield.

The magnitude of the radius of bluntness has, as a rule, little influence on

- the mass of the vehicle. Here the deciding factors are the dimensions of
the surface of the heat shield and the general curvature of its surface with
respect to the local angles of attack, inasmuch as they determine, on one
hand, the drag of the vehicle, its lifting characteristics, and, therefore,
the thermal stress of the descent trajectory, and, on the other hand, the
mass of the entire shield in terms of the mass-density of a square meter of
area.

Figure 1.1 General View of Descent Vehicle with Modest Lift-to-Drag Ratio
Key:

Heat shield
Forward volume
. Payload fairing
Aft volume
Lifting surface
. Center of mass

LW
P .« .
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Figure 1.2. External Contours and the Location of the Resultant Aerodynamic
Force of Segmented-Conic and Bi-Conic Shapes of Vehicles with

Small Lift-to-Drag Ratio
Key:
1. Center-of-mass locations
2. Lifting surface angle of attack

— —— Vehicle with segmented heat shield
—— Vehicle with heat shield in the shape of an obliquely-cut cone

23
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300040031-0



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300040031-0

FOR OFFICIAL USE ONLY

K &

S
<t

N
, g
- \\/
!

05 X

O ' e
d \
P
/

05

AN,
N

C0 W W W e (1)

- Figure 1.3. Aerodynamic Characteristics of Segmented-Conic and Bi-Conic
Shapes at Various Angles of Attack for Vehicles with Small
Lift-to-Drag Ratio
Key:

Vehicle with segmented heat shield

——— Vehicle with heat shield in the shape of an obliquely-cut cone
1. Tifting surface angle of attack
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Figure 1.4. External Contours and the Location of the Resultant Aerodynamic
Force of Segmented-Conic and Bi-Conic Shapes of Vehicles with a
Modest Lift-to-Drag Ratio

Key:
1. Center-of-mass locations
2. Lifting surface angle of attack

— — — Vehicle with segmented heat shield
——— Vehicle with heat shield in the shape of an obliquely-cut cone
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Aerodynami c Characteristics of Segmented-Conic and Bi- -Conic
Shapes at Various Angles of Attack for Vehicles with Modest

Lift-to-Drag Ratio

Figure 1.5.

Key:

Vehicle with segmented heat shield
Vehicle with heat shield in the shape of an obliquely—cut: cone

1. Lifting surface angle of attack
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Dependence of the Optimum Radius of Bluntness on the Speed of
Entering into the Earth's Atmosphere

1. loading P, on the lifting surface (N/mz)
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Dependence of Total Heat Flow Loss on the Radius of Bluntness
(Q is the heat flow in the bluntness region of radius R;

R = R/Ropts 4Q = (Q = Qopt)/Qupt)
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CHAPTER TWO

PROBLEMS CHARACTERISTIC FOR THE RETURN TO EARTH FROM NEAR-EARTH
AND INTERPLANETARY SPACE FLIGHTS

Most questions related to the development of future descent vehicles deal
with problems of descent through the Earth's atmosphere. It is in this
atmosphere and in near-Earth space that the majority of new engineering
solutions are verified.

The return to Earth for interplanetary, piloted flights is usually related
to expeditions involving flight around Mars and Venus, with automated sound-
ing of these planets or landing on the surface of Mars. The velocity of
entry into Earth's atmosphere exceeds escape velocity and reaches 16 to

17 km/s. By studying Figure 2.1, we can see how the required magnitude of
the lift-to-drag ratio K, varies with changes in entry velocity (for a con-
stant maximum total load factor of 10 g's). We also see the variation in
magnitude of the maximum load factor Npax for the vehicle (for several con-
stant values of the 1ift-to-drag ratio K). Finally, we also see that the
lift capability of the vehicle provides a corridor of entry into the atmos—
phere with a height of 20 km. The following conclusion can be drawn from
calculating the limiting descent trajectories, as generalized in the graph:
If we use current estimates of navigation accuracy in the planetary
approach portion of the trajectory and if we want to use traditional descent
principles (vehicle of modest lift-to-drag ratio with roll control), then we
run into load factors during descent whose maximum value will be the same as
was experienced during the first flights into space (8-12 g's), with the
time of braking in the atmosphere increased by a factor of 2.

If we now turn to the relationship between maximum load factor and time, as,
for example, shown in Reference 12 and in Figure 2.2, we can determine by
using simple estimates the maximum load—factor effect that can be tolerated
by the crew for optimum posture of each crew member with respect to the
acceleration vector (~78° to the spinal column in a chest-to-back direction).
The situation is aggrevated by the fact that the crew will have become decon-
ditioned due to prolonged flight under weightlessness. In such conditions,
the load-factor effect on the crew exercises an essential influence on the
choice of the regime for braking in the atmosphere, and to determine the cri-
teria that model the load-factor effect becomes one of the basic tasks of
ballistic design research.

Let us first consider those general criteria that describe the maximum per-
missible level of acceleration. Having seen the relationship between load
factor and the limiting time of action (shown in Figure 2.2), we note that
the limiting time that man can sustain a certain load factor increases
sharply with a decrease in load factor. For example, by reducing the load
factor by a factor of 2, from 10 down to 5 g's, the time of tolerance
increases from 115 to 650 s, that is, approximately by a factor of 5 to 6.
An even more striking change is obtained for a further reduction of the load
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factor below the level characteristic for the segment of entry into the
atmosphere. It is logical to assume that, by having reduced the load factor
during the basic stage of braking yet having preserved its maximum value at
the moment of entry into the atmosphere, that is, by maintaining the speci-
fied corridor of entry for the vehicle with modest 1ift-to-drag ratio, we
will lower the cumulative load-factor effect on the crew.

The quantitative side of the cumulative load-factor effect can be conven—
iently estimated by introducing the concept of a maximum (permissible)
effect impulse J-,, which is determined as the product of the load factor
acting and the limiting time corresponding to this load factor. Determining
the effect impulse makes it opossible to construct a system of nondimen-
sional cumulative load-factor criteria.

Let us turn to Figure 2.3, which shows two curves for the maximum~effect
impulse as a function of load factor, with the lower curve corresponding to
a body that has been weakened by the effect of weightlessness. These curves
show an interesting relationship, namely: As the velocity of entry into the
atmosphere increases, the maximum permissible load factor, that is, the load
factor that can be sustained by a body, decreases. Indeed, the dashed hori-
zontal lines in the figure define levels of different required effect
impulses that correspond to velocities of entry into the atmosphere of 12,
15, and 17 km/s. The points where the horizontal lines cross the curves of
maximum impulse give the maximum load factor for the condition that braking
is occurring with a constant load factor of this magnitude, that is, for the
coadition of isoload-factor braking. It is easy to establish that the maxi-
munm load factor for a pilot in top condition drops in this case from 10 g's
for a velocity of eatry into the atmosphere of 12 km/s down to 8 g's for an
entry velocity of 17 km/s (for vehicles that have an available 1lift-to-drag
ratio of 0.5).

The example considered once again shows that in estimating load-factor
effects it is not enough to operate solely on the basis of load-factor mag-
nitude but that it is necessary to introduced criteria that, based on the
maximum impulse, determine the magnitude of the cumulative load-factor
effect.

The relationship between maximum impulse and load-factor magnitude for the
- optimum posture of the pilot can be approximated by the following formulas:

1. For 5 < n < 8.67

Jp = 14,000/n ~ 180 (n - 8) (2.1)
2, For 8.67 <n < 16
Jup = 14,000/n ~ 120 (2.2)
- 3. For 16 <n < 20
Ipp = 11,500/(n - 0.8) (2.3)
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The decrease in maximum impulse for a body weakened by weightlessness and
subjected to conditions of hypokinesis is given approximately by the formula
ano b (an - 450) 0.85.

The ratio between the achieved value of effect impulse J = nAt for the con-
stant load factor n and its maximum permissible magnitude an = nAtyp 1is the
basis for the formation of mechanistic nondimensional cumulative 1oag-factor
criteria, which account for the accumulation of the load-factor effect with
time. If a load factor n is acting during a brief portion At of the
descent, then the fraction m of the maximum permissible effect impulse cor-
responding to this load factor and to the given interval of time will be

m=J (n)/an(n) = nAT/nATHp (2.4)

For J(n) > Jn (n), that is, for m > 1, the effect of the load factor will
lead to irrevBrsible changes in the body.

By summing the fractions m of load-factor effects for the separate segments
of the trajectory and then integrating in the limit the ratio between load
factor and the corresponding maximum permissible impulse, we obtain a nondi-
mensional criterion which is termed the "measure of the cumulative load-fac-
tor effect':

Tk

n
= dr.
M 0& e (2.5)

If, for the given method of braking in the atmosphere, M < 1, then we assume
that the cumulative effect is less than the limiting one. This criterion is
described in Reference 11. The criterion proposed in a number of works that
does not use the concept of a maximum permissible impulse (Ref. 18) has the
same physical meaning.

The concept of an effect impulse is methodologically justified inasmuch as
tied to it is a construction of more complex criteria that consider the pre-
history of the loading process. The matter rests on the fact that the meas-
ure of the cumulative effect mechanistically describes the process of accu-
mulating the physiological changes in the human body, as if summing the
power of the effect of the loading on the body organs, which are under
stress from reacting to the forces of inertia and from external pressure
applied by the seat lodgments. Also, this criterion reflects the phenomenon
of accumulation of load-factor effects onesidedly, without accounting for
the prehistory of the loading process nor for the effect of other load fac-
tors on the body. The acceleration effect process is distributed over time,
and it is quite significant during which period of loading the body is sub-
jected to the effect of the maximum load factor. We can assume that the
form of the load-factor envelope as a function of time influences the
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cumulative load-factor effect. Peak loads at the end of the descent trajec-
tory or repeated peak loads will produce a more severe reaction than the
initial load-factor effects at the moment of entry into the atmosphere. The
prehistory of the loading process can, to some degree, be accounted for with
the aid of a nondimensional criterion that represents the maximum of the
ratio between the integral of load factor and the maximum permissible effect
impulse corresponding to that load factor. The maximum value of this ratio
is chosen from all loads computed in the process. Let us call this crite-
rion the "degree of loading due to load factor impulse," and we will deter-
mine it by using the formula

k3

=

f ndv
C¥) = max 2 . (2.6)
jnp(")
For S >d,) we should assume that the body has been overstressed, and
that for Cy < 1 the degree of residual viability Co J) as a result of

actagn of the load-factor impulse is logically estimated as
=1 ~ (@))
Co 1-cy(d.

We should note that the criterion considered only incompleteiy accounts for
the loading prehistory, because no information on load-factor gradients nor
on how the maximum permissible load factors were reached is used. There-
fore, in choosing the descent trajectory by using the cumulative load-fac-
tor criterion, the degree of loading is esimated simultaneously with the
checking of the maximum permissible load-factor levels, which supplements
the basic criterion, which is the measure of the cumulative effect. Deter-
mining trajectories that are optimal in terms of load-factor effect is car-
ried out by using numerical search methods and with the optimization problem
formulated as a problem in nonlinear programming.

Constraints for this search are: The limiting values of load factor and its
gradient, heat flows, ablation of the thermal protection layer, altitude,
and speed of flight. These parameters are varied in the course of the
search and determine (using apparent flight velocity as the independent
variable) the instants of switching from one roll angle to another or the
instants of switching to a different load-factor profile, to be followed by
the control system.

Two trajectories of atmospheric entry at hyperbelic velocity are shown in
Figure 2.4 using altitude and nondimensional flight velocity as the coordi-
nates. One of the trajectories (indicated by the dashed line), which was
the initial one in the search, has a short constant-load-factor segment of
braking at the maximum permissible load factor, which equals the maximum
during atmospheric entry. The figure shows how the cumulative effect grows
during the flight. The initial trajectory is optimal in terms of ablative
mass and mass of the heat-sink layer. The search computations yielded the
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trajectory shown by solid lines, that is, the trajectory with an extended

constant-altitude regime of leveling off, which permits lowering the cumu-
lative load-factor effect without skipping out of the atmosphere, that is,
without a substantial increase in range and thermal protection mass, while
retaining their maximum values at the instant of entry into the atmosphere.

Results of moving the optimum along one of the constraints are shown in
Figure 2.5, namely, along the constraint placed on the angle of atmospheric
entry for a descent trajectory for returns from lunar flights or from high-
altitude near-Earth orbits. The functional relationship shown represents a
family of optimal solutioms, and it is possible to determine the limiting
angle of entry for a given vehicle with optimal control, that is, the maxi-
mum entry angle corresponding to the maximum permissible value of the cumu-
lative-effect measure.

We have thus considered the following criteria: The measure of the cumula-
tive load-factor effect as used in choosing the trajectory only under con-
ditions that the constraints on load factor itself and on its gradient are
known. Information on nearing the limiting values of load factor and its
time derivative supplement the integral criteria and permit the construction
of a system of complex indicators for describing the viability of a body
subjected to the effect of changing accelerations.

From a physiological point of view, we can subdivide acceleration effects
arbitrarily as follows: (1) Effect on bone-muscle fibers; (2) effect on
liquid-filled organs (brain, liver, stomach); (3) effect on blood vessels
(changes in hydrostatic pressure in the blood); (4) effect on rhythmic proc-
esses in the body (frequency rhythms of heart, breathing); (5) decrease in
the working volume of the lungs due to decreased muscle activity; (6) degra-
dation in ideomotor reaction, limitation of motion functions; and (7)
decrease in the solid angle of view.

The body reacts differently to the various load~factor effects. Massive
inertial forces and external concentrated reactions lead to stresses in the
connective, bone, and muscle tissues, thereby limiting mobility. The gradi-
ent in load factor affects the rhythmic processes in the body, changing the
rhythm of the heartbeat and the frequency of breathing, and acting on the
vestibular apparatus. The load-factor impulse affects blood circulation,
complicating blood supply to the brain, and causes congestion, increased
pressure, and local hemorrhaging. In order to judge the viability of the
body to be subjected to the extreme results of all load~factor effects, it
is necessary to consider the degree of remaining viability following the
action of each effect. Analogously to the load-factor impulse, for which
the degree of loading is determined by Equation 2.6, the degree of loading

M) due to acceleration itself and the degree of loading.Cy dn/dt) que to
the gradient of acceleration are determined by

: dnjdv
CM =max L ; ClM49) —max 474 _
Ang (dn/dT)ny
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The degree of remaining viability after the action of the load-factor
effects mentioned is determined the same way as for the load-factor effect
impulse:

Co(n) =1 - CH(n) 2.7)
Co(dn/dr) =1 - CH(dn/dr> (2.8)

In calculating the remaining viability sequentially after the action of each
factor, care must be taken in approaching the maximum permissible values of
impulse, load factor, and gradient. The limiting value of load factor is
that value which, if a body is exposed to it for even a short period, pro-
duces irreversible changes in that body. According to several sets of data,
this load-factor value is in the range of 30 to 40 g's. Using this crite-
rion for evaluating the ability of pilots to work, we have to reduce this
limit and consider as a threshold value of acceleration the one at which a
temporary disturbance of separate functions of the body occurs under condi-
tions such that after removal of the load these functions are restored.

The limiting value of the acceleration gradient is even more vaguely known
and, apparently, lies in the range of 5 to 10 m/s3.

We must mentioned that the majority of medical researchers consider the
cumulative load-factor effect to be the key one, as provision of normal
blood flow to the body is the determining condition for supporting life.

In Reference 12, in which research results on sustaining of load facters by
pilots in good condition and out of condition are generalized, it is assured
that "one of the leading limiting circumstances of the capability of man to
tolerate acceleration is the disturbance of the oxygen balance of the body."

The problem of tolerating load factors is still being investigated and a
full definition of a number of questions does not yet exist. This concerns,
in first order, determining the relative significance of some of the factors
of the load~factor effect, the level of reliability, and questions of pre-
cision in estimating the limiting quantities of load factor, gradient, and

- load-factor impulse.

If we ignore questions of the pilot's ability to function, then we can take
the probability for a successful outcome of the loading process for the
entire crew as a single criterion for this evaluation of the cumulative
load-factor effect. To each component of the load-factor effect, namely,
its gradient, the magnitude of inertial forces, and the cumulative effect of
acceleration, there corresponds a scatter of values in the neighborhood of
the threshold magnitude. This scatter is assumed as given, with the distri-
bution of limiting load-factor values known. In such a case, the determina-
tion of the probability Py (of exceeding for just one member of the crew
the limiting value for a given braking profile with a known load-factor
erelope given as a function of time) does not represent much work, if such
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probability is determined for only a single component of the load-factor
effect. A calculation made in this fashion will become the basis of an
optimistic load-factor-effect model based on the assumption of independence
between the effects of load factor, its gradient, and load-factor impulse.

The probability Py for a successful outcome of the loading is determined by
using such a model in the following fashion:

Pa==[(1 — Py (1— Py (1 — Py, (2.9)

where Pl’ P2, and P, are the probabilities of exceeding the maximum permis-
1 sible values of loag factor, gradient, and load-factor impulse, based on
data for an out-of-condition crew; and n is the number of crew members.

Models that account for the dependence of load factors on one another and on
the prehistory of the loading process are closer to reality. The basis for
such a maximum-permissible-value model is a computational scheme for deter-
mining the probability of a successful outcome through use of "pessimistic"
estimates. Such estimates deal with the correlation of load-factor effects
and are made for each of the limiting effects with the condition that the
degree of loading is determined by considering the degree of remaining via-
bility for a body subjected earlier to other load-factor effects. Modeling
- of the cumulative load-factor effect is done by statistical testing.

Each series of tests is conducted for a single, specific descent trajectory,
and the results are compared to the goal of choosing the best conditions of
motion. In each test, the degree of loading due to the gradient of acceler-
ation during the beginning phase of braking is determined for the given ran-
dom magnitude of the maximum permissible gradient obtained by using the law
for the distribution of threshold values of this gradient.

The measure of the remaining viability becomes the new level corresponding
to which there is a decrease in the magnitude of the maximum permissible
load factor as obtained from a sequential random test. Having determined
the magnitude of the maximum load factor according to the distribution func~
tion for the threshold value of this loading and having reduced it in
accordance with the measure of remaining viability, we can calculate the
degree of loading due to load factor. For this we compare the maximum value
of load factor along the trajectory to the decreased value of maximum per-
missible loading. The newly computed measure of remaining viability will,
in this fashion, account for two load-factor effects. In computing each of
the trajectories being considered, onme should take care to determine ahead
of time the maximum value of the relationship between load-factor integral
and the maximum permissible impulse corresponding to this load factor. Not-
ing the magnitude of load factor corresponding to this maximum, a random
selection is made based on the distribution of the maximum permissible
impulse, after which the threshold value obtained for impulse is corrected
and reduced in accordance with the measure of remalning viability computed
earlier and based on the effect of two other load-factor effects.
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The degree of loading due to :the impulse accounts for the prehistory of
braking and, in the present case, looks like the ratio between load-factor
integral, characteristic for the initial degree of loading calculated for
the trajectory, and the newly corrected threshold value of impulse.

The probability for a successful outcome of the loading process for one
member of the crew as well as for the crew as a whole can be estimated with
a given reliability by repeating the indicated operation for the given
descent trajectory and modeling the time of appearance of threshold values
of gradient, load factor, and impulse as a random parameter.

If an estimate of pilots' fitness levels, which also affect the successful
outcome of the braking process, is required, it is necessary to consider
the following parameters, which describe pilots as links in a control sys~
tem for a flight vehicle in the descent phase:

1. Information lag in the process of operating on signals from control-cir-
cuit sensing elements;

2. Pilot lag and lag in the control link connecting pilot and control
device.

Nominal values and scatter of these parameters depend on load-factor
effects, and in general the probability for a successful outcome of the
braking process includes consideration of control system reliability.

Let us consider one more aspect of the problem of returning to Earth from
interplanetary expeditions, and in particular let us attempt to determine
the possible outline of descent vehicles for the condition that the princi-
ples of descent through the atmosphere remain constant.

One of the conditions for choosing the shape of a vehicle will be assumed

to be the requirement for using existing methods for braking in the atmos-
phere and contv,lling descent. We will consider vehicles of blunted and
moderately-poii._ed shapes, which have minimal available lift-to-drag ratios
approximately equal to the required value (K, = 0.65 to 0.78). Descent
trajectories are chosen using the criterion of minimal cumulative load-fac-
tor effect. The maximum load factor following entry into the atmosphere is
approximately 10 g's for entry speeds of 17 km/s. Figure 2.6 illustrates
one possible path in searching for the best shape of a vehicle intended for
entry into the atmosphere with a speed of 17 km/s and carrying a crew of
six. Subsequent transition to better shapes is achieved by transforming
individual portions of the shapes under consideration while holding the fol~
lowing parameters constant: Volume required, payload weight, maximum per-
missible load factor, available lift-to-drag ratio, and type of descent tra-
jectory, that is, the set of isoaltitude and isoload-factor segments follow-
ing occurrence of peak load.

The initial shape, close in shape to existing descent vehicles and with
acceptable volume characteristics, does not provide the required
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lift-to-drag ratio and therefore the first stage of transformation of the
shape 1s a change in configuration of the aft volume, having changed the
angle of attack of the lifting surface.

Two bounding aths of transformation of the aft volume are shown in Figure
2.6, and they lead to shapes 1 and 2. One of these paths involves an
oblique intersection between body and lifting surface (shape 1); the other
involves an increase in the apex angle of the aft body and a consequent
increase in 1ifting surface for a symmetrical shape (shape 2). Next to each
shape are noted the values for the coefficient of usable volume utilization
(Ky), as well as the total mass of the thermal protection system and of the
descent and landing gear. Mass characteristics are shown in relative units
and are referred to the mass of the payload of the descent vehicles, which
includes crew, exploration results, life-support systems, thermal control

A systems, power supplies, control systems (hardware portion), radio systems,
and equipment for carrying on operations during the period of approach to
. the atmosphere and after landing.

Included in the descent and landing gear mass are those remaining descent
vehicle systems whose masses either directly or indirectly depend on the
vehicle's dimensions and shape, namely: Thermal protection with insulation,
structure of the airtight cabin, base fairing, and the forward section with
the heat shield, parachute-rocket system for alighting, actuators of the
attitude comtrol system, and systems of centering through using the reserves
of working fluid.

The path that leads to shapes with significant asymmetry due to the oblique
cut leads to configurations of the shape 1 type with a small area for the
heat shield and relatively small total surface but with extremely inconven-
ient centering constraints, which lead to an unacceptable mass for the cen-
tering system and to a large total mass of the descent vehicle, while
resulting in a small thermal protection and vehicle structure mass.

The compromise solution shown in Figure 2.6 by shape 3 has better centering
characteristics.

The use of a symmetrical shape with low fineness ratio (shape 2) gives sat-
isfactory conditions while providing satisfactory lateral centering

(Ky = 0.75), but due to the enlarged area of the heat shield, substantial
total surface, and increase of available volume beyond what is needed, the
required mass of the descent and landing gear (which includes the mass of
the thermal protection system) is not acceptable.

The characteristics of all three vehicle shapes mentioned are improved if
in the next stage of transformation the configuration of the forward part
is shaped as an obliquely-cut elliptic cone in a zero angle-of-attack flow.
The result of such a change manifests itself in the mass of the centering
- control system due to the improved volume and centering control character-
istics (Chapter 1). 1In Figure 2.6, we can see what changes are inttroduced
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under these circumstances in the centering criteria, in the mass of the
thermal protection system, and in the descent and landing gear as a whole.

The compromise solution (shape 3a) is attractive not only because of satis-
factory mass and centering characteristics but also due to the circumstance
that not only the initial segmented-conic but also the resulting bi-conic
shapes preserve acceptable and simple outlines for the payload section,
which is shaped like a circular come. Shapes 3 and 3a are shown in Figure
2.6. The landing section, containing the hermetically sealed cabin, which
is part of such forms, is shown in Figure 2.6 and can be used as part of
other descent vehicles that have the traditional symmetric segmented-cone
shape and are intended for entry into the atmosphere from near-Earth orbits
and from lunar trajectories.

One of the advantages of vehicles with moderately pointed shapes which enter
the atmosphere at hyperbolic speeds (in addition to the volume and weight
centering advantages (Chapter 1)) is the lower mass of the thermal protec-
tion system and the simple arrangement of the flow past the forward cone,
whose angle of attack is close to zero. The optimum radius of bluntness
(when radiative heat flows predominate at the stagnation point) is consid-
erably smaller than 1 m. Estimates of the amount of ablation of the surface
have to be made considering feedback in the mechanism of breakdown of the
thermal protection layer, that is, by considering the blocking of convective
flows and the screening of radiative heat flows by the boundary layer of the
pyrolytic gas being formed by the products of breakdown in the thermal pro-
tection material.

Figure 2.7 shows the change in ablation rate of the thermal protection mate-
rial during entry into the atmosphere along the lower boundary of the entry
corridor for three typical points on the heat shield of a vehicle with shape
3a (Figure 2.6). We can also see how the mass of the ablative coating
changes at the stagnation point as a function of time per m? of surface.

Let us now consider questions of control during motion along a trajectory
that is characterized by constraints on temperature, load factor, or heat
flow.

For motion along isotemperature trajectories, there occur heat flows with
values at or less than the maximum permissible ones; here, a constant value
of heat flow indicates a constant temperature equilibrium at the stagnation
point (Refs. 20, 40). Motion along an isotemperature trajectory (along an
isotherm) can be obtained by changing roll attitude without changing the
regime of balance. The nominal value of the required roll angle is deter-
mined as a function of the value of the effective lift-to-drag ratio.

The equations of motion in velocity coordinates were presented in Chapter 1,
from which, by assuming that along the segment of the isotherm of interest,
the flight path angle is close to zero, and becduse sin § » 0 and

cos 8 ~ 1, we obtain the following relationships for the conditions of
motion in the Earth's atmosphere:
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dt = - (2P, /pgV?) dv (2.10)
v eV _ L Q2 V2
-V 2p, —K8op 8T (2.11)

Let us express d6/dV in terms of p and V. By substituting Equation 2.10 in
Equation 1.7, we obtain dH/JV = - (ZPx/ng) 8. The equation relating den-
sity to altitude is differentiated with respect to V from which we obtain
the expression

dH/dv = - (dp/dV) (1/Bp). (2.12)
By equating the right-hand sides of the expressions for dH/dV, we obtain
6 = (gV/2PxB) (dp/av). (2.13)
By differentiating 6 with respect to V, we get

LR By

d2Q deQ
=55 Gm ) (2.14)

dv? dav

Substituting Equation 2.14 in Equation 2.11, we obtain the initial expres-
sion for estimating the effective lift-to-drag ratio required for motion in
the leveling-off region:

= 2 _ Ve eeV3(d2% ., do
K= gp—l+—2= e (dwv-g-dv). (2.15)

From Equation 2.15, we obtain the relationship for isoaltitude (Chapter 4),
isoload factor, and isotemperature conditions of motion. For the latter, we
can obtain the derivative of density with respect to velocity by using the
condition of constant heat flow determined by the formula

q= qumVn . (2.16)
By taking the derivative of q with respect to V and setting it equal to
zero, we find the expression for the first derivative of density with
respect to velocity:
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dp/dV = - (a/m) p (1/V) (2.17)
Differentiating Equation 2.17 again with respect to V, we get

d2/av? = (a/m) (0/V%) (1 + n/m) (2.18)

Substituting Equations 2.17 and 2.18 into Equation 2.15 and noting that
Ny = pV2/2Px, we obtain the following formula for the effective lift-to-drag
ratio

Kg_(l —————— _) | (2.19)

The first two terms inside the parentheses in the expression for determining
the required magnitude of the effective lift-to~drag ratio determine the
condition of flight along an isoaltitude (at a comstant flight-path angle of
the trajectory), and the third term expresses the change 1in lift-to-drag
ratio (negative) required for descent into the dense layers of the atmos~-
phere in accordance with the decreased flight speed. In particular, descent
along an isoload-factor trajectory corresponds to the condition m = 0.5 and
n = 2, while a descent along isotherms is given by the conditions m = 0.5;

n =3 to 3.75.

Analysis of Equation 2.19 shows that for descent from low near-Earth orbits
the magnitude of the effective lift-to-drag ratio cannot be negative for
motion along an isotherm. At the initial moment of passing the point of
leveling off, the angle of roll is close to 60 to 70° and subsequently,
according to the degree of penetration into the atwmosphere, it will, as a
rule, increase further so that later on, when it again decreases, it can
provide an increase of the effective lift-to-drag ratio for flight veloci-
ties of less than 6 km/s. During flight along an isotherm, the load factor
increases, as can be seen, for example, from Equation 1.26.

We have touched on design-ballistic questions related to descent but have
not touched on questions of the prelanding maneuver and touchdown, although
problems of automated landing at an alrport are no less complex and inter-
esting than problems of entry into the atmosphere and the overcoming of
temperature and load-factor effects for motion at hypersonic speeds,

Although analysis of the problem of landing a vehicle with a high lift-to-
drag ratio and controllable pitch, yaw, and roll is more familiar to air-

craft designers, it is difficult to find in the near future any analogies
between problems of a gliding landing at an airport and the problems of

39
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300040031-0



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300040031-0

.

FOR OFFICIAL USE ONLY

landing on planets. Therefore, we will touch on the question familiar to
designers of traditional descent vehicles but also of interest to
researchers for reusable rocket-space systems and future heavy descent vehi-
cles. We will discuss well~known landing systems that use parachutes and
rocket motors. Systems of this type will doubtless be used for a long time
for solving descent and landing problems, and it would be naive to assume
that all operations of returning from space will be concluded by a gliding
landing at an airport in the near future. Descent vehicles entering the
atmosphere from interplanetary trajectories and rocket boosters will land
using parachute-rocket systems, which are best from the point of view of
weight. Such parachute-rocket systems will permit full use of power plants
with onboard propellant storage and will enable landing in different parts
of the Earth.

It would be tempting to continue using traditional methods of terminal brak-
ing and, in particular, to use parachute systems of existing dimensions for
the descent modules of interplanetary vehicles or for reusable rocket assem-
blies. Let us examine the optimal characteristics of parachute-reaction
systems from this point of view. The mass Mg, of the landing gear, as
expressed in relative units (that is, referred to the masgs of the landing
load MO), will consist of the following components

Moq=Mop/Mg =My c+Hgy +Hp (2.20)

where ﬁh.c is the relative mass of the parachute device; 1441,y is the rela-
tive mass of the propulsion-system fuel supply to be used for terminal brak-
ing; and MEBT is the relative mass of the automated equipment and apparatus
for controlling the operation of the landing gear. Optimal velocity for
parachuting corresponding to the minimum mass of the landing gear is quite
high and is measured in tens of m/s. Let us convince ourselves of this
fact. The parachute descent velocity, VC’ corresponding to the minimum
mass, 1s determined from the condition

nd.n/dVC =0. (2.21)
Here ¥ BT 1s on the order of 0.0l for large values of My. We will assume
that M pr is independent of Ve- From the condition that ‘the parachute
descent has achieved equilibrium, we obtain an expression for the relative
mass of the parachute systems:

M =20+ K+ Ky)

2.22
e C 0y cos BV2 ( )

where § is the specific weight of a square m of the parachute canopy; K, is
the ratio between the mass of the shroud lines with the strands and the mass
of the canopies; Ky 1s the ratio between the mass of the attachment elements
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and the means for deploying the parachute and the mass of the canopies; Cx
is the parachute coefficient of drag; po is the density of the atmosphere in
the area of landing; 6 is the angle of deviation of the parachute axis from
the velocity vector (for multicanopy systems). The values of all listed
coefficients and parameters will be assumed to be independent of the veloc-
ity of parachuting. The relative mass of the liquid propulsion rocket-land-
ing systems is determined according to the following equation:

VX

M..yf—-(i+a,.o)(l —e ﬂ)+v..,no- (2.23)

Equation 2.23 is explained in Chapter 3. The relative mass of a solid-pro-
pellant rocket can be determined by using the following expression:

Vx .
Ml.y=/-w;opn+(l ._.e—l_e’), (2.24)

where Mpqpy is the relative mass of the rocket-motor casing. The thrust-to-
weight ratio at landing will be assumed to be much larger than unity, which,
in turn, yields V, = Vi.

For liquid-propellant rockets, which, as a rule, are used for other stages
of £light, the values of ar o Y4y > and n, are independent of Vg, with
ap g << 1. For a solid-propellant’ rocket tge value of MKOPI[ depends on Vi
and for large motors is equal to (0.1 to O. 2)x MA Yy . We will assume that
Mgopnr = constant. The magnitude of V¢ does not exceed 100 m/s, and there-
fore we can assume that

Vx v
|—ele =~ £,
l—effxx (2.25)

is accurate to within 2 to 4 percent. From the condition given in Equation
2.21 and taking into account Equatioms 2.22, 2.24, and 2.25, we obtain

Y IOTRERE
Vo oy S EOE KT KIVE 2.26)
copt ) C,Qqcos 8 . ¢
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It is easy to convince ourselves that for any set of values of the quanti-
ties that make up Equation 2.26, the optimum parachuting velocity will be in
the range of 20 to 30 m/s.

The optimum mass for parachute-rocket systems for such descent velocities
will be 5 to 6 percent of the mass of the landing load, that is, about 2
times smaller than for the majority of systems currently used, which are

- designed for parachute velocities of 7 to 8 m/s. The above considerations
on the optimum parachuting velocity are nothing new to persons who deal with
landing systems. Implementation of systems with nonoptimal parachute veloc-
ities is explained by the fact that it is necessary to allow for the possi-
bility of an emergency landing without propulsive system as well as for dif-
ficulties of providing accuracy in a system for controlling the landing for
higher descent velocities. Errors in sensors (as a rule, altimeters) depend
mainly on the descent velocity, impulse, and altitude at which the propul-
sion system is turned on.

One of the possible methods for decreasing the scatter of landing velocities
is the use of a staircase thrust profile for operating the deceleration
rocket, thus achieving a gradual decrease of velocity. The task during the
first stage of decreasing velocity is the lowering of the parachute descent
velocity to a magnitude on the order of 10 to 15 m/s. The first-stage motor

- has a thrust-to-weight ratio of less than unity and operates underneath the
parachute canopy, thus effectively reducing the landing weight. Errors in
switching on the propulsion system (in altitude) are compensated for by
increasing its duty cycle, that is, by adding a reserve of fuel for the pre~
landing auxiliary braking.

The second phase of braking is accomplished traditionally, that is, by
imparting a powerful impulse to the whole system at a low altitude above the
Earth's surface.

The main difficulties in implementing a staircase braking profile are con-
nected with the operation of auxiliary braking during the first stage of
decreasing velocity, for which 1t is necessary to formulate a program of
rocket motor operation with a gradual increase in thrust, to prevent dynamic
effects on the parachute-load system.

Figure 2.8 shows the variation in thrust of solid-propellant rockets for a
load weighing 5 tons (force). Also shown is one of several possible shapes
for the first-stage motor propellant charge, which provides a progressive
burn with transition to constant thrust.

From the thrust curves for the first-stage (T1) and second-stage (T9) motors,
it is apparent that there is a parallel-sequential switching on of the
motors. In Figure 2.9, we can see how the nominal values of descent veloc-
ity and altitude vary as a function of time for the case of programmed brak—
ing shown in Figure 2.8.
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In the example given, only one of several possibilities is explored of pre-
touchdown braking of parachute-rocket systems, which provide nearly minimal
mass characteristics for landing gear.
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Figure 2.1. The Required Lift-to-Drag Ratio, K,; Maximum Load Factor, Tpnaxs
and Entry Corridor Height, AHH; as a Function of the Velocity
of Entry into the Earth's Atmosphere, Vax
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Figure 2.2. Maximum Sustainable Load Factor, n, As a Function of Time, t,
During Which the Load Factor Acts

Key:
1. Body in condition
2. Body not in condition
3. Time during which maximum load fact 1s sustained (s)
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Figure 2.3. Maximum Permissible Impulse as a Function of Load Factor

Key:

1. TImpulse, J (s)
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Figure 2.4. Measure M of the Cumulative Effect for Two Descent Trajectories
During Atmospheric Entry at Hyperbolic Velocity

Key:
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Figure 2.5. Maximm Permissible Values of the Cumulative Effect Measure for
Different Angles of Entry into the Atmosphere, 9px

Key:
1. Bounding set of optimal solutions
2. Region of possible trajectories
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Figure 2.6. Shape Transformation in Searching for the Best Descent Vehicle
Configuration

Key:
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3. Ggep: Relative mass of descent and landing gear
4. Kvn: Coefficient of usable volume utilization
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Figure 2.7. Ablation Rate of Thermal Protection Layer as a Function of
Flight Time
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Figure 2.8. Variation in Thrust of Lander Rocket Motors and Typical Charge
Shape of the First-Stage Motor
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CHAPTER 3

CHOICE OF DESIGN-BALLISTIC PARAMETERS FOR LANDING VEHICLES OF
MARTIAN PLANETARY SYSTEMS

The basic operational feature of a Mars landing is the rarefaction of the
Martian atmosphere. Therefore, during analysis of the problem of descent to
the planet, it is necessary to determine the best method for braking, con-
sidering both the use of deployable aerodynamic braking devices and the
suitability of the vehicle for active prelanding braking by rocket motors.

It is to be expected that heavy descent vehicles, which will make controlled
descents to the Martian surface with the aim of delivering large planetary
systems, will be developed in the future.

Let us review methods for the practical calculation of optimal design-bal-
listic parameters for such descent vehicles.

The choice of optimum dimensions and component layout for a Martian descent
vehicle is determined, as a rule, through a compromise between vehicle 1ift-
ing-surface area and propellant reserve for braking before touchdown.

During parametric calculations in the preliminary design stage, it is fre-
quently necessary to determine analytically the optimum ballistic parameters
and dimensions of the vehicle for conditions that motion in the atmosphere
will be along an optimum-energy trajectory. The problem of optimizing is
solved by parts, with a class of optimal control laws for descent determined
first. For the set of optimum trajectories, design~ballistic parameters
are then determined, namely, load on the midsection and available lift-to-
drag ratio. Following such calculations, it is possible to go on to the
determination of the brake shroud dimensions for specific configurations of
the aerodynamic braking device.

Let us consider the methods for analytical estimation of optimal design-bal-
listic parameters, solving separately the problem of choosing the optimal
control law for descent and the problem of searching for design-baliistic
parameters and, in particular, load on the vehicle midsection. For this we
will assume that, in the design of the vehicle, use is made of simple and
accepted solutions, that is, for aerodynamic braking at hypersonic veloci-
ties, a forward heat shield will be used. The heat shield is at an angle of
attack sufficient for obtaining a small lift-to-drag ratio, wich the angle
of attack and magnitude of 1lift-to-drag ratio, as determined by balance
weights or asymmetric shape of the shield, held constant during the descent
process. Motion control is achieved by rolling about the velocity vector.
It 1s assumed that all prelanding braking 1s accomplished by a rocket motor,
which is subsequently used for the vernier maneuver and soft landing on the
surface.
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moment of switching from one value of effective lift-to-drag ratio to
another or from one load factor profile to another.

Four characteristic descent trajectories in altitude versus flight velocity
coordinates are shown in Figure 3.1 for a vehicle that has a heat shield *
with a half-cone angle of 70° and a fineness ratio of 0.9. It is assumed

that the vehicle is trimmed at an angle of attack corresponding to a lift—2

to-drag ratio of K = 0.4 and that it has a midsection loading of 5,900 N/m

(600 kg-force/mz). Calculations were made for a model atmosphere approxi-

mating the nominal one (Ref. 24) and for a velocity of entry into the atmos-

phere of 4.6 km/s, with the condition that, at the moment of initial entry

into the atmosphere, flight with maximum effective lift-to~drag ratio and

with maximum permissible load factor of 5 g's is attained.

Trajectory 1, as seen in the figure, 1is a glancing trajectory; this is the
limiting skip trajectory, because the maximum effective lift-to~drag ratio
is maintained (angle of roll is constant at zero).

Trajectory 2 is the limiting steepest trajectory, inasmuch as along this
trajectory maximum load factor is maintained during the entire time of
flight, as a result of which the vehicle does not have enough time for brak-
ing and at the surface has a flight wvelocity corresponding to this load fac-
tor (1.7 to 1.9 km/s).

In the first case, the flight velocity at the surface is also large, inas-
muck as the second dive into the atmosphere occurs along a steep trajectory.

Flight along a sloping trajectory following the initial dive is preferable,
because the vehicle has considerable time for braking in the dense layers of
the atmosphere and approaches the suxface of the planet along a shallow
slope. Two such trajectories are shown in Figure 3.1. In both cases, the
vehicle approaches the surface with maximum effective lift-to-drag ratio, in
the same manner as is done along the entire length of trajectory 1. How-
ever, after passing maximum load factor immediately after atmospheric entry
and in contrast to trajectory 1, the effective lift-te~drag ratio, that is,
the projection of the 1ift force on the vertical, is decreased. The shallow -
skip of trajectory 3 is designed in such a msnner that during the period of
flight, starting with a velocity of 3.2 km/s and ending with a velocity of
1.2 kn/s, the vehicle moves with a roll angle of 10° corresponding to the
value of effective 1ift-to-drag ratio of 0.135. Trajectory 4 has a flight
segment of isoaltitude leveling-off during the same period. The instantane-
ous value of roll angle during this segment is determined from the condition
that the derivative of the flight-path angle be zero.

For both trajectories 3 and 4, a near-minimum value of flight velocity is
attained at altitudes of 2 to 4 km, with the value of this velocity somewhat
lower for the shallow-skip trajectory. However, the trajectory with the
isoaltitude plateau 1s preferable, because, due to the shallower approach
to altitudes of 3 to 4 km, the losses in propellant for the prelanding brak-
ing will be somewhat lower than for the skipping trajectory.
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Let us now investigate how the speed of approach to the surface v--fes for
such level trajectories when 1lifting and braking characteristi., of the
vehicle are varied. The terminal velocity of flight at different altitudes
during descent with an isocaltitude segment is shown in Figure 3.2 as a func-
tion of the loading on the midsection of the vehicle for different values of
the available lift-to-drag ratio for a nominal model of the atmosphere. We
note a gharp increase in velocity at %ow load levels, increasing from 200 to
500 N/m? (20 tg 50 percent kg-force/m?) up to 2,000 to 3,000 N/n2 (200 to
300 kg—force/mz) and a further gradual growth for Pyx greater than 4,000 N/m2
to 5,000 N/m? (400 to 500 kg-force/m2).

As we can see from the figure (lower curves), the sensitivity of the trajec—
tory in terms of the terminal velocity criterion as a function of available
lift-to~drag ratio is nonlinear. This nonlinearity is more sraphically rep-
resented in Figure 3.3, where it is shown how, at a 2-km altitude, flight
velocity of a trajectory with leveiing-off varies with increasing available
lift~to-drag ratio for a constant Py (Py = 7,850 N/m? or 800 kg~force/m2),
and also as a function of increase in loading on the midsection for a con-
stant lift-to-drag ratio (K = 0.526). We see once again that in the area of
large Py the terminal velocity increases with Px but quite sluggishly. The
gradient of the variation of velocity as a function of available lift-to-
drag ratio is clearly not constant, and the velocity decreases most when the
lift-to-drag ratio increases from 0.2 to 0.6.

Generally speaking, we cannot consider the relationship among terminal
velocity, Py, and K in isolation, inasmuch as these characteristics are
closely related to one another by the lift-drag polar of the vehicle. For
one and the same vehicle having the same aerodynamic shape and dimensions,
an increase in 1ift capability is accompanied by worsening braking charac-
teristics, and it would be more correct to consider the effect of the angle
of attack on the magnitude of the terminal velocity. It turns out that for
each vehicle shape there exists a zone of best trim angles of attack, and
Figure 3.4 shows this zone for a vehicle with a shield in the shape of a
symmetric blunted cone with a semicome angle of 70°. Two curves are shown,
relating the speed of flight at an altitude of 2 km to the angle of attack
for an isoaltitude trajectory, with one curve characterizing a vehicle with
an extensive heat shield and the other describing a vehicle of relatively
small diameter and fineness ratio close to unity.

It is useful to approximate the value of terminal flight velocity considered
above through formulas, which can be used to determine that velocity for the
optimal descent trajectory as a function of flight altitude and loading on
the midsection of the vehicle for the range of the best regions of trim,
that is, for those values of the available lift-to-drag ratio (Kp) that are
characteristic for blunted and for moderately pointed shapes.

For the majority of atmosphere models, the structure of the formulas can be

developed on the basis of steady-state motion, as a result of which these
formulas will have the form
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We will also assume that the flow field about the vehicle and the method of
generating aerodynamic forces used for braking and control of the descent
trajectory are traditional, that is, vehicles with simple aerodynamic shapes
having small available lift-to-drag ratios are used. Such a vehicle has a
deployed aerodynamic braking shroud carrying the payload enclosed by a
lightweight fairing in the shadow zone. The shroud can project beyond the
payload, and the shield itself has a blunted or moderately pointed shape.
Let us consider the type of descent trajectory for which the best design-
ballistic vehicle parameters are to be determined.

The optimal descent control law for a Martian descent vehicle is chosen in

accordance with criteria that define the terminal descent phase at the
_ instant the vehicle touches the planet's surface. In general, such a crite-
rion can be the mass of the propulsion system for given dimensions of the
aerodynamic braking shroud. By making a number of simplifications permissi-
ble for parametric estimates, the weight or mass criterion can be isolated,
as 1t is not necessary to consider the thrst-to-weight ratio and the mass of
the combustion chamber, but to work only with the fuel supply for the pre-
touchdown braking and landing maneuvers. The choice of optimum thrust-to-
weight ratio has to be made considering changes in flight velocity at the
various altitudes at which the rocket is ignited and the thrust-control pro-
gram during braking. Several results of calculations of the optimum thrust-
to-weight ratio will be discussed at the end of the chapter. The speed of
entry into the atmosphere of Mars is significantly lower than the speed of
entry into the atmospheres of Earth or Venus; it varies from 3.6 km/s
(descent from low near-planetary orbits) up to 4.8 to 6 km/s (descent from
highly elliptical areocentric orbits or approach trajectories). Along such
descent trajectories, the maximum convective heat flows (wh.ch predominate
in the heat transfer) do not, as a rule, exceed 102 kW/m4 and thus the con-
straints of heating and load-factor effects are not the decisive ones for
Martian planetary descent vehicles.

If we ignore the thrust-to-weight ratio and take the characteristic velocity
of the descent rocket motor as the criterion for searching for the regime of
descent control, we can make additional simplifications in the problem,
reducing the problem of optimizing the weight-energy characteristics to a
problem of minimizing the characteristics of the descent trajectory.

Results of solving such problems appear most graphic if the minimum of just
a single, basic characteristic of the trajectory is determined, namely, the
velocity at the desired final altitude of passive flight at the moment that
the landing rocket motor is ignited.

Strictly speaking, we are not in a position (having optimized the conditions
of descent motion by using the criterion of a minimum characteristic veloc-
ity) to ignore the peculiarities of the regime of active braking and, in
particular, the flight-path angle, which is the angle of inclination of the
velocity vector to the horizontal at the end of the aerodynamic braking seg-
ment. The characteristic landing velocity Vx has the following components:
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- 1. VH is the velocity of flight at altitude Hqy at the end of aerodynamic
0
braking and before ignition of the rocket motor for prelanding braking (the
magnitude of VHO depends on the type of descent trajectory chosen and on the

ballistic characteristics of the vehicle.

2. AVpq is the gravitational loss in velocity during the active braking
segment (determined by the thrust vectory control profile and the length of
the braking segment, that is, by the thrust-to-weight ratio of the rocket
motor, which, in its turn, depends on the altitude Hp and the initial flight
path angle 8p). The magnitude of AVpp is small and amounts to from 2 to 4
percent of VHO; thus, in parametric studies of the optimal design-ballistic

parameters, it is possible to neglect the effect of characteristics of the
final segment of the descent trajectory on the value of AVpp.

3. AV np 1s the characteristic velocity loss due to control during the seg-
ment o¥ active prelanding braking. The total loss due to control amounts to
2 to 5 percent of VHO.

The three components mentioned can be combined, inasmuch as they determine
the propellant reserves needed for the prelanding braking. Thus, AV, for
the braking is AVyropM = VHO + AVpp + AVypp and AVyropym = Ky VHO, where

=1.04 to 1.10. The remaining components of the characteristic velocity
determine propellant losses during the landing segment (AVxHOC) and the
amount of unexpended propeiiant in the tanks (AVPAP)‘ For all practical
purposes, AVyngc is independent of the descent trajectory characteristics:

AVqqioc = AVMAH + AvaCT {3.1]

where AVyay 1s the velocity reserve for the prelanding maneuver. AVMag
depends on the time alloted for the maneuver. For a maneuver time of 60 s,
the magnitude of AVpuy is 270 m/s; AVt are the velocity losses during
vernier braking for a soft landing. The magnitude of AVigcTs as a rule, is
small and amounts to between 20 to 60 m/s. AVppp is the component of the
characteristic velocity, determined by the guaranteed reserve of propellant
in the tanks. The magnitude of AVppp is usually determined by the tank
coefficient and, in practice, does not depend on the parameters of the
descent trajectory.

Let us observe how the conditions of motion on the aerodynamic-braking seg-
ment influence the terminal phase of such braking. Parameters of the tra-
jectory to be varied during optimizatinn are the trim angle of attack for
the vehicle of a particular configura.ion and a set of control actions that
determine the variation of the roll angle and, thus, the magnitude of the
effective lift~to-~drag ratio. These control actions can be in the form of a
series of turns, by defining the instants at which the attitude control
thrusters are turned on or, which is even more graphic, by defining the
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22, P
Vi = 2o x|
m=Ky l/gaﬂu T(Kp) (3.2)

where is the coefficient that determines the control method on the descent
segment and the peculiarities of the atmosphere model being used; gn is the
free~-fall acceleration close to the surface of the planet; g3 1s the free~
fall acceleration in Earth's atmosphere; pg 1s the density of the atmcaphere
at the terminal altitude of flight; the function f£(K,), which defines veloc-
ity, depends on the magnitude of the 1lift~to-drag ratio in the reglon of
optimal values of Kp.'

For an isoaltitude control law, for segmented or conic blunted shapes, and
for a nominal atmosphere model, Equation 3.2 has the form

Vi, =0.49¢7"°P2* (1,26K 3 —0,77K ,+0,45)°5, (3.3

which describes the magnitude of flight velocity at altitudes from O to 4
km; for 980 N/m2 (100 kg—force/mz) S Py s 6,800 N/m2 (700 kg-force/mz); and
for 0.2 s Kp < 0.6, with an accuracy on the order of 10 percent.

The proposed method for determining the optimal parameters of descent and
landing gears is based on parametric calculations, in which widely known
terms are used: Midsection loading, specific mass/m? of structure, specific
mass for the rocket-motor casings, relative weight of the propulsion system,
thrust-to-weight ratio, and others. The authors decided not to use indica-
tors based on mass but to preserve commonly accepted weight criteria,
because this is permitted by the GOST [All-union state standard].

The weight of the descent and landing gear, Geeps consists of the following
components :

Geen = 67 + Cpy + Gypopya,,

where Ggr 1s the weight of the structure and thermal protection layer of the
aerodynamic braking device; Ggy is the weight of the propulsion system
including the propellant supply; and Gosopyp, 1s the equipment weight.

The third itemized component does not, in practice, depend on the design-
ballistic parameters of the vehicle, and for this reason we will determine
the optimal loading on the midsection starting with the minimum welght of
the structure, thermal protection, and propulsion system.

For heavy descent vehicles intended for missions to Mars, the weight char-
acteristics of the vehicle structure conflict with analogous characteristics
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of the landing propulsion system. Because of this, the parameter usea, and
- the one that relates these two, is the flight speed at the moment the rocket
is ignited before landing. The task of optimization is thus the determina-
tion of the optimum loading on the midsection. We will determine the opti~
mum weight of the descent and landing gear in relative units, without tying
- the optimum loading on the midsection to concrete dimensions of the vehicle
Or relating component weights of the descent and landing gear to the initial
weight GO, which is characteristic for the vehicle before atmospheric entry.

The weight of structure and thermal protection is usually estimated during
parametric design calculations by using specific weight of the lifting or
wetted surfaces. We, too, will use the specific weight, defining it as the
weight of structure and thermal protection per each m? of lifting surface:

E}Iﬂ, = GKT/S (3-4)

By letting P, = GO/CXS, we obtain as the weight of structure and thermal
protection:

- G
Glm-=Gynch;;—x' (3.5)

It should not be assumed, even for parametric design estimates, that EyVl
Wwill remain constant for vehicles of different configuration and size.
Increase in vehicle dimensions and 1lifting surface area for the same total
weight will necessarily lead to a decrease in the weight of each m? of 1ift-
ing surface due to the circumstances listed below. First, for decreased
loading on the midsection there will be a decrease in the thermal stress for
the descent trajectory, the vehicle will be braked at higher altitudes, and
the weight of the thermal protection coating per m“® of heat-shield surface
and bottom fairing will decrease. This decrease is also aided by the addi-
tional reduction in convective heat flows due to the increased bluntness
radius with an increase in vehicle dimension.

Second, with an increase in dimensions of the lifting surface, there is a
decrease in the fraction of structural weight per unit area of the surface.
This structure consists of load-carrying elements of the vehicle fuselage,
and payload support components aud assemblies of airlocks, docking mecha-
nisms, and so forth. Some increase in weight of the lifting envelope of the
heat shield affects stability due to increased blun%ness radius and counter-
acts the general trend to reducing the weight per m“ of lifting surface with
an increase in its area.

In the 1imit, as the dimensions of the shield increase (P + 0), the struc-
tural weight per w?of such a shield will tend toward very small values.

For vehicles with the customary relationship between diameter and length and
with modest dimensions and values of loading on the midsection
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(Px = 4,000 to 8,000 N/m? or 400 to 800 kg-force/mz), the sBecific weight of
the structure and thermal protection of the body for each m? of 1lifting sur-
face changes little with changes in the diameter of the vehicle.

From the material presented, it follows that first, the specific weight of
structure and thermal protection per n? of lifting surface is not a constant
value for vehicles with lifting surfaces of different dimensions, and, sec-
ond, this specific weight is a nonlinear function of the midsection loading,
increasing with increases in this loading, and with the steepest increase in
the specific weight to be expected when midsection loads are small.

In the general case, the relationship between specific weight E}yg and the
midsection load of bluntly-shaped vehicles can be described using the equa-
tion:

Gyp =C1Py “, (3.6)

where Cp is an index of degree and lies in the range of 0 to 1.

Typical relationships between specific weight and midsection load are shown

in Figure 3.5 and were obtained by approximating the results of design-lay-

out work on vehicles that have different ratios between heat-shield area and
total wetted surface. This relationship has the form

0.5
Eya = KKTPX N (3.7)

where Kgr is the coefficient that defines the rate of change in EEUl for a
structure with thermal protection. Substituting Equation 3.6 in Equation
3.4 and transforming to relative units, we obtain

=~ o1
bgr = Kgr — 575 - (3.8)
CxPy

Undoubtedly, the relationships presented reflect more the qualitative than
the quantitative side of the relationships between the structural weight and
the heat-shield dimensions of a descent vehicle. In each concrete case, the
weight characteristics will depend on the power plant of the vehicle, the
particulars of loading, the computational cases, the layout of structural
components and assemblies of the heat shield, and the materials used for
thermal protection and structure. However, for parametric studies, it is
usually necessary to neglect specifics of the structure so that, having once
determined the range of optimal values of the design parameters, it is pos-
sible to estimate their values more precisely through the use of additional,
more detailed computational models.
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Let us consider the weight model of the propulsion system for prelanding
braking and touchdown. The weight of the power plant has the following com-
ponents:

GA-Y=GK3M+GHH|;|+GG“- (3. 9)

where Ggam is the weight of the combustion chamber; GTOH is the weight of
the propellant required for landing; and(;SAK is the wnght of the tanks
with fittings.

By switching to relative units in Equation 3.9 and referring the weight of
the components to the total weight of the vehicle, we obtain

G G roua
Cry =Tyt 52 (1 +a.,) (3.10)

where Ygay 1s the specific weight of the combustion chamber (kg-force of
weight per kg-force of thrust); np is the initial thrust-to-weight ratio of
the landing propulsion system; agy is the tank coefficient, which is the

- ratio of the propellant tank system weight to the weight of the propellant.

Since

Gy — Groun ______e—f;, (3.11)
Gy

we have

. ) v, .-
61.y=“ ""a-r.o)(l _e:,}_)"l' Yrasllo- (3°12)

At the beginning of this chapter, we considered the components of character-
istic velocity and divided V4 as follows:

Vx = VHa + A‘vr.n + Avynp + Avuax + Avn):r + AVrop =
= Avx.ropu + Avx.noc + Avrap'

The magnitude of AVppap is determined by the tank coefficient and is included
in amg.
TO

By considering Equation 3.1, we get the relationship between V, and VH
0

Yy = KV Mo , (3.13)

where AVxHOC is independent of VHO.
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The magnitude of V4 does not exceed 1,500 to 2,000 m/s, and therefore it is
possible to transform Equation 3.12 into the following expression with only
a small error:

2

(1+ara ( Ig 2g2!,,)+7nun0 . (3.]_[‘)

By considering the expression of Equation 3.3 for Vg » we obtain
0

= KyV Py + 0Vemoe  (Ky¥y PO5 + AV g.n0c )
- G‘.y‘_(]'l"at.o)(_ Y, - 202 +Ymgﬂ0» (3.15)
where
o -0.5 -
Vy = 0.9py  (1.265,% - 0.77K_ + 0.45)705 (3.16)
0 P

If the thrust-to-weight ratio of the landing power plant is assumed constant
during parametric studies of different descent vehicle variants, then the
altitude at which the power plant is switched on for the prelanding braking
will also remain constant for vehicles with arbitrary loads on the midsec-

tion. By choosing a value of close to the optimum one for the class of
shapes considered, we can determine the optimum value for Py from the con-
dition )
d -— p—
757 (Gert-Cyy)=0. (3.17)

Substituting Equations 3.8 and 3.15 into Equation 3.17 and assuming that
AV is a small quantity, we obtain the following equation for the opti-
mum goadlng on the midsection:

KVVHa

V Ho KKT
(l+ 'ro vt Anirv 1+ 1‘0) 2g202

227 2, =0, (3.18)

where

y = 1//P_

X

For realistic values of Cy, J, Ho2 and a.,, the optimum value of P, is found
to be in the range from 1,500 N/m? to 3, ?80 N/m? (150 kg-force/m2 to 350 kg-
force/m<).
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Figure 3.6 chows the typical variation in the weight constituents of the
descent and landing gear as a function of vehicle lifting surface for one of
the possible configurations based on the initial data given.

As already mentioned in Chapter 1, the relative weight of the descent and
landing gear cannot be used as an objective criterion for comparison, and
Figure 3.7 substantiates this. The figure illustrates the dependence of the
ratio of the weight of the descent and landing gear to the weight of the
payload of the descent vehicle as a function of the load on the midsection,
that is, as a fuaction of the dimensions of the 1lifting surface for a con-
stant total vehicle weight. The optimum lies in the range of

P, = 1,500 N/m? to 3,000 N/m? (150 kg-force/m? to 300 kg-force/m?), which is
indicated broadly in the curves of Figure 3.6 but more distinctly in Figure
3.7.

In conclusion, let us consider the question of the best thrust-to-weight
ratio of the landing rocket motor. In choosing the optimum thrust for the
landing phase of a Martian landing vehicle, allowances should be made for
gravitational losses during the prelanding braking and for the increase in
characteristic velocity to account for changes in initial conditions at the
moment the rocket motor is ignited. Inasmuch as the vehicle is actively
braked by aerodynamic drag during its approach to the surface, it is more
advantageous to ignite the landing rocket motor at the lowest possible alti-
tude, thus resulting in a thrust-to-weight ratio of about 2. A typical
relationship of the relative mass of the propellant section (G o)» the pro-
pulsion system Ggy , and the flight velocity at the instant tge rocket
motor is ignited is shown in Figure 3.8 as a function of the initial thrust-
to-weight ratio of the landing vehicle.

Hum

) 4 2 ;\
: N =
i ae
77

7000 200 000V,

Figure 3.1. Typical Descent Trajectories Through the Martian Atmosphere.
Altitude H in km, velocity V in m/s
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Figure 3.2. Terminal Flight Velocity as a Function of Vehicle Midsection
Loading

Key:
1. Velocity, V (m/s)
2. Midsection loading, Py, in N/m2 (upper scale) and in kg-force/m2
(lower scale) .
3. Available lift~to-drag ratio,
4. Altitude, H, in km, for which terminal velocity is shown
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Figure 3.3. Terminal Flight Velocity at 2-km Altitude as a Function of Mid-
section Loading (for Constant Lift~to-Drag Ratio) and as a
Function of Lift-to-Drag Ratio for Constant Midsection Loading

Key:

1. V (w/s)
2. Py (N/m?)
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Figure 3.4. Terminal Flight Velocity as a Function of Trim Angle of Attack

Key:

1. V (w/s)
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Figure 3.5. Specific Weight of m? of Lifting Surface as a Function of Mid-
section Load

Key:

1. Specific weight, Gyg (kg~force/m?) 2

2. Midsection load, Py, in N/m? (upper scale) and in kg-force/m
(lower scale)

3. Coefficient Kgp, defining rate of change in specific weight 'Gy'q
as a function of load P, (Kgp = 1.8, 2.0, 2.2)
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Figure 3.6. Mass Changes in the Components of the Descent and Landing Gear
as a Function of Vehicle Lifting Surface

Key:

1. ECEII’ relative mass of descent and landing gear
Mids

ection loading Py in N/n? (upper scale) and in kg-force/m?
(lower scale)

3. Specific weight Ey@ (kg-force/m2)
4. G gy » relative mass of power plant
5

G T relative mass of thermal protection and structure
(Equations 3.4 and 3.7)
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Figure 3.7. Mass of the Descent and Landing Gear as a Function of Payload
for Vehicles of Different Lifting Area

Key:
1. Xg = Ggen/Gpys ratio of descent and landing gear mass to the pay-

load mass
2. Midsection loading Py in N/m2 (upper scale) and in kg-force/m2

(lower scale)
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Figure 3.8. Relative Mass of Rocket Motor and Flight Velocity at the
Instant of Motor Ignition as a Function of Initial Thrust-to-

Weight Ratio

Key:
1. VH (m/s)
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CHAPTER 4

ANALYSIS OF TRAJECTORY CHARACTERISTICS FOR CONTROLLED ENTRY
AND DESCENT INTO THE ATMOSPHERE OF VENUS

The great density of the Venusian atmosphere determines the shape of descent
vehicles and the schedule of operations to be conducted during the descent
and after the landing on the surface. Contradictory requirements, which the
vehicle has to satisfy at the different stages of flight, make it necessary
to change the vehicle configuration as it penetrates the atmosphere. Entry
into the atmosphere is made with great speed, reaching 12 km/s for direct
descent from approach trajectories, 10.2 km/s for descent from highly ellip~
tical orbits, and 7.5 km/s for descent from a near-planetary orbit. The
vehicle is braked intensively in the upper layers of the atmosphere and, for

- a shallow entry, the conditions of motion and heat exchange resemble proc-
esses in the Earth's atmosphere. The shape of a descent vehicle designed
for braking during entry into the atmosphere does not differ from the tradi-
tional shape of descent vehicles. However, the process of intensive braking
is accomplished, as a rule, at altitudes of 30 to 40 km, after which the
vehicle begins to descend gradually and to penetrate the dense, 700-degree-~C
atmosphere.

Vehicles for descent into or drift in an atmosphere whose pressure reaches
100 kg-force/m? resemble more a deep-diving bathyscaph than a flight vehicle
in their structure and external appearance.

There are two groups of problems that had to be solved in designing ballis-
tic descent vehicles and that will have to be met in the futwure in the
design of heavy controllable vehicles for the exploration of Venus.

- The first group of problems is connected with selecting the best means of
braking in the upper layers of the atmosphere and with decreasing the levels
of load factors and thermal stresses for the descent trajectory.

- The second group of problems is defined by the operating conditions at high
external pressures and temperatures, and the problems of descent and landing
under these conditioms.

One way of solving problems of landing on Venus is a functiomnal separation
of the planetary landing system into descent and landing vehicles, with the
latter being the payload of the former. Conditions on the planet are
apparently not suitable for conducting landing operations or for the design
in the near future of planetary systems equipped with means of returning to
Earth or to a near-planetary orbit. However, the design of heavy control-
lable descent vehicles capable of effectively braking in the upper layers
of the planet's atmosphere, delivering there their landing ox drift vehicles
for flight in the denser layers of the atmosphere, appears to be one of the
tasks of space flight for the near future. Let us consider the design-bal-~
listic questions applicable to such vehicles, dealing with descent and con-
trolled flight at the boundary of the demse atmospheric layers.
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In contrast to a descent into the atmosphere of Mars (Chapter 3), the prob-
lem of absorbing energy of the vehicle and obtaining accepiable landing
velocities for Venus is achieved without special changes in the structure
and without having to perform special control operations during the descent
segment. A ballistic descent vehicle entering the atmosphere within a wide
range of entry angles (from -30 to -90°) will decelerate to a speed required
for the operation of landing systems. The speed of descent to the surface
of the planet is determined by the specific loading on the vehicle's midsec-
tion and depends on the conditions of entry into the atmosphere and, for
practical purposes, is independent of the lift-to-drag ratio.

The region of attainable descent velocities that are characteristic for dif-
ferent braking characteristics of the vehicle is shown in Figure 4.1 for
variations in atmospheric parameters. It is apparent that acceptable land-

- ing velocities can be achieved without special auxiliary braking systems.

- The instant of terminating the intensive braking phase during atmospheric
entry and transition to slow descent should be fixed, because it is pre-
cisely at this instant that a change is made in the method of controlling the
trajectory, operation of descent vehicle systems is terminated, and landing
gears or paraballoon systems intended for aerostatic braking of the landing
vehicle begin functioning. Apparently, it is the transition to subsonic
flight speeds which indicates that deployment of landing systems can be ini-
tiated. We can determine when such a moment arrives for specific conditions
of atmospheric entry (entry speed of 11 km/s, trajectory flight-path angle
of 30° at a 130-km altitude) by examining Figure 4.2. The achievement of a
flight speed of 200 m/s is taken as the transition point. The curve showing
the terminal flight altitude (Hk) at this moment (for a nominal model of the
atmosphere ror a descent trajectory with maximum effective lift-to-drag
ratio, and for vehicles with different 1ifting characteristics (Kp) and spe-
cific loading (Px) on the 1ifting surface) indicates that for acceptable
vehicle dimensions, the increase in the available lift-to-drag ratio makes
it possible to start the descent phase at higher altitudes (and simultane-
ously increasing the vehicle's loiter time in the upper layers of the atmos-
phere and the effectiveress of operations for sounding the atmosphere of the
planet). It is characteristic that even for ballistic descent the initial
descent altitude is between 20 and 40 km. However, a ballistic descent in
conjunction with the steep angle of entry into the atmosphere is accompanied
by high load factors and heat flows. Using a small or moderate lift-to-drag
ratio makes shallow entries into the atmosphere possible (entry angles less
than 30°), thus reducing both loading and thermal stress. The graph of Fig-
ure 4.3 illustrates the results of calculations of limiting entry trajecto-
ries attainable for motion near the upper boundary of the entry corridor
(condition of capture by the atmosphere) and close to the lower boundary of
the entry corridor (determined by the maximum load factor). The required
dimension of the entry corridor is determined on the basis of the differ-
ence in the altitude of the theoretical perigees, and for a vehicle with
braking characteristics close to conventional ones (Px = 2,000 to 5,000 N/m2
(200 to 500 kg-force/m?)), this results in a 40-km-high entry corridor. The
figure shows the relationship between the maximum load factors reached during
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entry along the lower boundary of the corridor (entry angles of 5 to 7° at
a 130-km altitude) and the available lift-to-drag ratio. This relationship
is valid when, for motion along the upper boundary of the corridor of pre-
scribed dimension, capture is p~~vided for by the value of the lift-to-drag
ratio considered (for negative 1ift). The region between the two curves in
the figure is characteristic for most approach trajectories, with a speed
of entry into the atmosphere between 11 km/s (lower curve) and 12 km/s
{upper curve). Analogously to returns to Earth from interplanetary approach
trajectories, an increase in lift-to-drag ratio and use of a shallow atmos-
pheric entry result in a sharp reduction in specific loading. For example,
loading is decreased by 2-1/2 to 3 times by changing from a ballistic
vehicle to a vehicle with a moderate lift-to-drag ratio of about 0.6 to 0.8.

An even greater reduction in lecad factor is expected for descents from near-
planetary orbits. The high additional energy losses of such a mode of
sounding the atmosphere are justified by the added opportunities for making
a circumspect choice of the region to be studied in the atmosphere and then
directing the descent vehicle to that location. Figure 4.4 shows how the
magnitude of the maximum load factor for vehicles with such braking
characteristics changes with available lift-to-drag ratio for the case of
entry from near-planetary orbits.

The cross hatch regions show what is attainable for descent vehicles enter-
ing the atmosphere from highly elliptical orbits with the lower boundaries
of each zone corresponding to entry speeds into the atmosphere of 9 km/s and
upper ones to entry speeds of 10 km/s. The various regions shown in Figure
4.4 are characterized by varying requirements on the control during descent
and landing operations of the planetary sounder. Region 1, whose bounda-
ries are shown by a dot-dash line, corresponds to low control requirements
for descent from orbit, but entails high load factors for vehicles of tra-
ditional form, with lower load factors for vehicles with high 1ift-to-drag
ratios. The dimensions of the required entry corridor in this case is 80
km. Region 2, bounded by dashed lines, corresponds to a 40-km entry corri-
dor, and, finally, region 3, whose boundary is shown by solid lines, corre-
sponds to a 20-km entry corridor. In the latter case, it is possible to
reduce load factors to acceptable levels for traditionally shaped vehicles.

Proper choice of the conditions of motlon during the descent phase also
makes it possible for vehicles with moderate available lift-to-drag ratios
to brake at higher altitudes than for constant-lift flight (Figure 4.2).

Use of leveling-off regions after passing the maximum load factor makes it
possible to avoid, on one side, skipping and leaving the atmosphere, and on
the other side, to avoid dives with a loss of altitude. One of the means
for leveling off is control based on an isoaltitude law for changing the
effective lift-to-drag ratio. For the condition that the derivative of the
flight-path angle equals zero, there exlsts a completely defined law in the
equations of motion for the variation of the available lift-to-drag ratio
and drag of the vehicle. It is possible to achieve flight with a constant
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flight~path angle and constant loading on the midsection without changing
the angle of attack by controlling the roll attitude about the velocity vec-
tor for small initial flight-path angles. This has to be initiated immedi-
ately after the instant of passing maximum load factor and before the begin~
ning of the skip. If the flight-path angle is assumed to be small, then the
programmed relationship for the roll angle of the vehicle has the form

— 21V g
e [ 2 (1= )]

where

—_— nl max |V2

n"_'vz 1+ K2
Vi+K:

Here nxT is the programmed instantaneous value of load factor determined by

flight speed; gn, Rn are the acceleration of gravity and the radius of the
planet; g3 is the acceleration of gravity on Earth; and n, is the magni~
max

tude of the maximum load factor before entering the leveling-off region.

Results of the search for the best region of braking show that for the main
segment of the descent trajectory it is best to use leveled-off motion or
shallow descent. Figure 4.5 shows an example of an optimal trajectory for
entry along the lower boundary of a 40-km corridor. Speed of atmospheric
entry is 11 km/s, the loading on the midsection is 5,000 N/m2, and the
available lift-to-drag ratio is 0.5.

The isoaltitude segment of leveling off is provided by changing the effec-

tive lift-to-drag ratio, whose required magnitude is shown by the dashed
line in the same figure.

The isoaltitude segment of the trajectory and the isoload-factor segment
that follows it are more graphically represented in Figure 4.6, where the
same trajectory is shown in the altitude-vs-flight-speed coordinate system.
The dashed line shows the required nominal value of the roll angle deter-
mined from the condition of implementing the design control laws. Comple-
tion of the segment of intensive braking in the atmosphere is accomplished
at the maximum lift force with a zero roll angle of the vehicle.

The result of the described program of braking is the injection of the
descending vehicle into the final phase of braking in a relatively short

time and without significant loss of altitude, during which the landing
apparatus begins to operate.
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Figure 4.1. Region of Attainable Descent Velocities for Landings on the
Surface of Venus
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Figure 4.2. 1Initial Descent Altitude for Different Descent Vehicle Charac~
teristics
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Figure 4.3. Maximum Load Factor as a Function of Available Lift-to-Drag
Ratio for a 40-km Entry Corridor and Direct Descent from an

Approach Trajectory. (For Vehicles with a Midsection Loading
of 2,000~5,000 N/m2)

Key:

1. Speed of entry into the atmosphere: 12 km/s
2. Speed of entry into the atmosphere: 11 km/s

== OHy=b0nm

1477 == =-8Hy = 4nn
RGN, ~——Hy = 20m
NN

Figure 4.4. Maximum Load Factor as a Function of Available Lift-to-Drag
Ratio for Descent from Near-Planetary Orbits. (For Py of
2,000-5,000 N/m2 and V of 9-10 km/s)
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Figure 4.5. Parameters of a Descent Trajectory with Leveled-off Segment
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Figure 4.6. Trajectory of Descent with Isoaltitude Plateau Shown in the
Altitude/Speed-of-Flight Coordinates
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CHAPTER 5

DETERMINING DESIGN PARAMETERS FOR DESCENT VEHICLES
TO SOUND THE ATMOSPHERE OF JUPITER

The distinguishing feature of entry into the atmosphere of Jupiter is the
great speed of approach to the planet. This speed is mainly dependent on
the value of the parabolic escape velocity, whose magnitude is determined
by the powerful gravitational field of the planet and exceeds 60 km/s.

In analyzing the conditions of entry into the Jovian atmosphere, it is nec-
essary to consider the planet's rotation. This makes it possible to reduce
the speed of atmospheric entry to a value of 49 to 50 km/s, having arranged
entry along a shallow trajectory in an easterly direction in the region of

the equator and in the same direction as the motion of the rotating atmos-

phere. The main portion of the vehicle's kinetic energy is reduced during

the process of intensive braking in the upper layers of the atmosphere and

before reaching the cloud layer. The distance from the planet's center to

the cloud layer is usually assumed as the base or reference level of calcu-
lations, and, as in Earth conditions, the pressure at this level is said to
be 1 atmosphere.

Most current models of the Jovian atmosphere assume an insignificant varia-
tion in temperature with altitude in the upper layers of the atmosphere, and
the composition of the atmosphere is assumed to be basically hydrogen (70 to
85 percent) and helium (30 to 15 percent).

Implementation of descent, whose goal is the delivery of instrument contain-
ers for measuring atmospheric parameters, is complicated by the high speed
of entry into the atmosphere, with attendant intensive thermal and load-fac~
tor effects on the vehicle. ‘

In aerodynamic heating, radiative heat flows from the shock layer predomi-
nate, and, as the vehicle is braked very hard with load factors reaching
hundreds of g's, the thermal effect on the surface coating has the character
of a thermal shock.

In contrast to descent vehicles entering the atmospheres of Earth, Mars, and
Venus, a descent vehicle for sounding Jupiter and other glant planets is
subjected to a much more powerful thermal effect, and thermal protection of
such a vehicle is one of the basic problems in dcaeigning it, Choice of a
descent-vehicle shape constrains the task of minimizing ‘he weights of

structure and of thermal protection.

Let us imagine what the flight regimes and the shape of such a vehicle will
be and in what respects this vehicle must differ from traditional descent

vehicles that land on the nearby planets. It is logical to assume that for
the first experiments in sounding the Jovian atmosphere preference will be
given to simple and proved designs and to reliable technical solutions. We
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can also assume that the vehicles that will be initially designed will per-
form ballistic, uncontrolled descents analogous to the initial Martian,
Earth, and Venusian descent vehicles.

Among the systems necessary for descent and which will affect the choice of
the vehicle's shape, structure and thermal protection are basic. The struc-
ture includes the envelope, the primary structure of the body, fittings for
the payload, devices for attaching apparatus, hatches, and structural
frames. The vehicle's envelope can be nonhermetic, but it must be rigid in
order to withstand the dynamic loading during oscillation of the vehicle at
the moment of atmospheric entry. Instruments and equipment, however, have
to be located in hermetically sealed sections. The lifting portion of the
envelope (the heat shield) affects stability due to external pressure, which
attains magnitudes on the order of tens of atmospheres at the maximum
dynamic pressures. Thermal protection includes the ablative surface, the
heated thermal protection coating, and thermal insulation. Powerful thermal
flows require the use of thermal protection coatings possessing high break-
down enthalpy, a significant working temperature of sublimation, and good
solid-phase reflectivity at the exterior breakdown front of the coating and
high absorption characteristics of the products of the breakdown of the
coating that enter the boundary layer. The thermal-protection work process
is accompanied by a significant expenditure of the coating mass as a result
of which there forms in the boundary layer a bubble of pyrolytic gas, con-
sisting mainly of products of the breakdown of the thermal protection coat-
ing.¢

The influx of this gas, which is cooler than the hydrogen-helium mixture in
the shock layer, blocks convective heat flows, and a sheet of the products
of the breakdown absorbs a part of the energy that radiates from the shock
layer in accordance with the integral spectral coefficient of absorption.
The linear rate of breakdown of the thermal protection material at this
instant is so great that the propagation of the breakdown front into the

- depth of the thermal protection surface precedes the motion of the "heating
wave," that is, a movement of the layer with the limiting admissible temper-
ature for the structure.

Flow about the vehicle during the entire basic segment of the descent tra-
jectory is hypersonic, and the aerodynamic braking force is determined by
the pressure distribution over the surfaces of the vehicle, where this force
is generated by a spherical or conical heat shield of either blunted or mod-
erately pointed shape. The aft fairing of the vehicle located in the dead-
flow zone can carry spoilers, which provide passive stabilization of the
vehicle for a misoriented entry into the atmosphere aft end first.

In choosing design parameters, one should assume that the vehicle should be
capable of moving along any trajectory within the design corridor of entry

into the atmosphere. In the present case, the upper boundary of the corri-
dor of entry is determined by the capture by the atmosphere, while the lower
boundary corresponds to maximum loading. For vehicles with different shapes
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that have different ballistic characteristics, capture by the atmosphere can
be determined by the minimum value of the specific load for a given choice
of model atmosphere.

In searching for the design parameters of the descent vehicle, it is neces-
sary to estimate the mass of structure and of thermal protection for vehicles
with different configurations. In accordance with a general formulation of
the design-search problems for descent vehicles, each such design estimate
has to be carried out through a comparison of all possible conditions of
motion with the object of eliminating those that result in the maximum values

= for the mass of structure and thermal protection material. Tt can be

- assumed, and the results of calculations for specific vehicle shapes support
such an assumption, that the maximum mass of ablated thermal protection mate-
rial will occur for a trajectory of deep immersion into the atmosphere that
differs from flight during entry along the upper boundary of the corridor.
The greatest mass of thermal insulation will be required for the longest tra-
jectory, which occurs for motion close to the upper boundary of the entry
corridor. Maximum external pressure on the lifting envelope of the heat
shield, which is the controlling case for design of the shell, will occur at
the highest dynamic pressure, that is, at the moment of maximum load factor
for the steepest allowable trajectory. Let us formulate the assumptions
made in the design calculations for the case of searching for best parameter
values that will determine the shape, design elements, and conditions of
motion of the descent vehicle. Basic among these assumptions are the fol-
lowing:

1. 1In calculating volumetric and centering characteristics, it is enough to
use the dimensions of the vehicle's outline. Geometric parameters that can
be varied during selection of the shape are the outlines of the external
thermal protection layer before entry into the atmosphere.

2. 1In calculating the aerodynamic characteristics, we can assume that the
shape of the vehicle remains constant, that is, the linear ablation and ero-
sion of the surface can be neglected in calculating vehicle drag.

3. Ballistic characteristics and, in particular, loads on the midsection
are determined along the descent trajectory with consideration for the
dimensional changes of the lifting profile due to the linear ablation.
Simultaneously, in calculating the load on the midsection, consideration is
given to the decreasing weight of the vehicle during flight due to the
decreasing mass of the thermal protection coating.

4. In estimating heat flows, it is necessary to account for the increase in
the radius of bluntness due to the varying ablation rates of the mass of the
coating at the stagnation point and along the periphery of the heat shield.
This circumstance is especially important for small initial radii of blunt~
ness for conic frontal shields. Optimum initial radius of bluntness, deter-
mined from the relationship of radiative and convective heat flows, is on
the order of 0.10 to 0.20 m for vehicles with a midsection loading of from
2,000 to 5,000 N/m? (200 to 500 kg-force/m2).

5. 1Inasmuch as the basic part of the descent trajectory (during which the
vehicle passes through maximum loading and thermal flows, and the kinetic
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energy is reduced by more than 99.8 percent) occurs at hypersonic flight
velocities (for Mach numbers above the 4-to-6 range), it is adequate to use
Newton's hypothesis for determining the aerodynamic characteristics. The
ratio of static pressure to dynamic pressure at specific points on the sur-
face is assumed to be constant along the descent trajectory under this con-
dition.

6. Ablation of the thermal protection coating has to be determined consid-
ering the emission of radiation and the blocking of convective thermal flows
by the layer of gas formed by the breakdown products of the thermal protec-
tion material.

The assumptions listed are, in our opinion, acceptable for estimating the
conditions of motion and aerodynamic and weight characteristics of the
vehicle during design calculations. Move complex models of the flow and
heat exchange are used for verification calculations during this stage of
design.

In Figure 5.1 are shown the parameters of a descent trajectory for a vehicle
with conic heat shield, which, before entry into the atmosphere, has a load

of 1,720 N/m?2 (175 kg~force/m?) on the midsection, a bluntness radius of

0.2 m at the stagnation point, and a cone half-angle of 70°. Also shown in

the figure is the variation in load on the midsection for such a vehicle due
to ablation of the thermal protection coating during flight.

The search for the best values of parameters that determine the shape of the
vehicle is broken down into a series of design calculations, during each of
which mass characteristics are determined. Each of these design calcula-
tions is iterative, because in the algorithm for computing weight or mass

it is necessary to assume the ballistic parameter, which, in turn, is deter-
mined by the weight or mass of the vehicle. Also, as shown earlier, deter-
mining the mass of the system should consider the worst case for each sys-
tem, that is, the worst of all possible descent trajectories. One should
also consider that for each new configuration of geometric parameters of the
vehicle it is necessary to search for the limiting allowable trajectories
corresponding to the upper and lower boundaries of the entry corridor. All
the material presented above establishes the need for repeated trajectory
calculations during a single pass through the design calculations. It is
possible to reduce the labor in such an operation and the time lost if one
foregoes accuracy in estimating descent trajectory characteristics and does
not integrate the equations of motion. TFor estimating the mass character-
istics, it is usually necessary to know the distribution of the loads on the
vehicle (structural mass), flight speed, and density of the atmosphere at a
given altitude (thermal flows and mass of the thermal protection layer) as
functions of time. For design estimates it is desirable to determine rap-
idly the limiting trajectories, that is, trajectories with the largest and
smallest values of maximum load factor. For such purposes, a method can be
Proposed for estimating trajectory parameters that uses the thermodynamic
relationships involving load factor and flight time.
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During ballistic descent, the load factor initially increases sharply and
then, having passed a maximum, decreases gradually. As a rule, for maximum
permissible load factors in excess of 100 g's, a single load-factor maximum
occurs, and a typical expression for it (as a function of flight time) {is
conveniently given by a formula of the type

n = at2e=CT [5.1]

where n is the load factor; 7 is the time of flight; and a and ¢ are coeffi-
cients that determine the shape of the load factor curve, which depends on

- the assumed model for the atmosphere and the conditions of entry into the
atmosphere.

If in the equations of motion we assume a load factor much greater than
unity and a flight-path angle during the main segment of braking in the
atmosphere as close to zero, integration of the equations of motion in
velocity coordinates yields the following expressions for velocity and
atmospheric density as functions of time:

, (X 2 21,
_ V=V, —9%8 [.e ( . 02-}- 03) ca], (5.2)
_
Q’\-'pxCPn(t) [V('U)]Z ) (5.3)

where

c = Z/TB; a= 7.4nmax/r§

Vgx i1s the speed of entry into the atmosphere; tp is the instant of passing
the maximum load factor; and ny,y is the maximum load factor. This load
factor is less than np,y g, the limiting one for the vehicle (for the lower
boundary of the entry corridor), and greater than Npax Bs the minimum per-
missible one for the condition of capture of the vehicle by the atmosphere
(upper boundary of the entry corridor); and Py ¢p 1s the mean value of load-
ing on the midsection for this trajectory. As tge minimum permissible load
factor, np,, g, we will assume 100 to 150 g's.
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Figure 5.2 shows the results of a precise calculation of trajectory, namely:
Maximum load factor as a function of the angle of entry into the atmosphere
for a vehicle with a midsection load of 1,720 N/m2 (175 kg-force/m?) and for
a nominal atmosphere model. Reaching an altitude of 400 km above the cloud
layer is assumed to be the instant of entry into the atmosphere. The same
figure shows the period for braking required to reduce velocity to 1 km/s
and the relative mass of the ablated thermal layer for different conditioms
of atmospheric entry for a vehicle that has a conic heat shield with a cone
half-angle of 70° and a bluntness radius of 0.2 m.

In the general case, the levels of maximum load factor are related by an
equation that, for design calculation, is assumed to be linear. The maximum
load factor within the corridor of entry is given by the expression

Opax = Opax B (1 - KpAe) (5.4)

where A8 is the increase in the angle of atmospheric entry and determines
the location of the given trajectory with respect to the upper boundary.

The coefficient En depends on the assumed atmosphere model and, for practi-
cal purposes, does not depend on the vehicle's ballistic parameters. For
design calculations, it can be assumed that fn = 0.19 + 0.03. The instant
of passing the maximum load factor is determined within the bounds of total
braking time 1., which in turn depends on the velocity impulse and maximum
load factor, as follows:

v
T,=K.T, Ty=—2 ,
r=lm A 9.8 (5-5)
where K.p is the coefficient determining the mean load factor or degree of
"fil1" of the load-factor diagram; Kep = 0.3 to 0.36. The coefficient Ky
depends on the assumed atmosphere model and lies in the range from 0.31 to
0.34,

Methods of design estimation of the mass of the ablative and heated thermal
protection layers are based on recommendations in references from home and
abroad (Refs. 1, 61, 62, 63).

The main difficulty in calculating the ablation of the thermal protection
layer is the need to account for weakened convective and radiative heat
transfer in the layer of pyrolytic gas formed by the products of the break-
down of the coating. Estimating the race of decrease in the mass of thermal
protection, under conditions when convective heat transfer is blocked by
ablation and the radiation is frequently absorbed in accordance with the
integral spectrum of absorption of the breakdown products of the thermal
protection layer, can be done by using expressions for the attenuation of
heat transfer computed for different surfaces. These expressions take into
account the feedback in the mechanism of coating breakdown and show how the
relationship between thermal-protection-mass ablation and the rate of mass
change in the incoming flow affects the relationship between heat transfer
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through the vapor barrier of the coating and heat transfer due to radiation
from the shock layer or due to transport by the gas in the boundary layer.

Figure 5.3 shows how the convective (qy) and radiative (q,) heat transfer
and mass of the ablating thermal protection layer vary as a function of time
for a trajectory with a maximum load factor of 200 g's for a vehicle of mod-
erately pointed shape with a cone half-angle of 50° and midsection loading
of 2,940 N/m2 (300 kg~force/m2).

To draw any conclusions about the advantages of one or another aerodynamic
form solely on the basis of calculations of thermal protection layer abla-

- tion (as is unfortunately done in a number of references) is premature, in
that the total mass of the vehicle depends on the thickness of the heat-sink
insulation, on the thickness of the envelope, and on the dimensions of the
structural components of the vehicle body, as well as on the dimensions of
the trim tabs of the skirt, or the ballast mass. Only by integrated
accounting for all indicated factors and by considering volume-centering
characteristics and heat-shield strength is it possible to judge competently
the advantages of one or another aerodynamic shape.

Calculations show that for substantial pointing of the nose cone the volu-
metric characteristics of the vehicle worsen as the available volume and,
*herefore, surface of the vehicle increase. At the same time, the surface
use effectiveness decreases, that is, the total surface and the heat-shield
surface are increased, which can lead to a sharp increase in the mass of the
structure and of thermal protection. However, in this case, the specific
weight or mass of one square meter of heat-shield structure is reduced due
to the increase in the curvature of the envelope, which provides resistance
to external pressure. Radiative and convective heat transfer on the side
surfaces of a slender cone are substantially smaller than in the stagnation
region, but as the shape becomes slenderer, heat transfer in the stagna-
tion region increases sharply because the vehicle, having small resistance
and cross section (that is, a greater midsection load) moves along a steeper
trajectory with higher thermal stresses at a given level of maximum permis-
sible load factor. Also, it is necessary to account for ballast mass and
means for passive stabilization (trim tabs and skirts) that increase for a
slenderer nose cone.

Apparently, if no account is taken of other circumstances (descent vehicle
layout as part of the spacecraft, presence of experimental and engineering
sections, degree of reliability in design estimates, and so forth) and
weight or mass criteria are used in choosing vehicle shape, then the optimum
shape for a vehicle with a mass of 500 to 2,000 kg is the shape with a mod-
erately slender conic heat shield having a cone half-angle of 45 to 55° and
a bluntness radius of 0.15 to 0.25 m. The choice of diameter or slenderness
ratio of the vehicle depends on the method used to provide static stability
for noncontrolled entry into the atmosphere.
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One should expect that the mass of structure and of thermal protection will
be 110 to 140 percent of the payload mass for a descent sounder vehicle
delivering measuring instruments into the Jovian atmosphere from an approach
trajectory, with the mass of thermal protection coating ablated being 20 to
30 percent of the total wvehicle mass.

Questions of reliability and precision of design estimates are quite impor-
tant for vehicles such as Jupiter sounders being designed for flights under
_ new and unknown conditions. The uncertainty of operating conditions, due to
lack of knowledge of many parameters of the atmosphere and planet as well as
to unusual, extreme conditions of entry into the atmosphere, makes caution -
necessary in using the results of such design calculations based on any
methods, no matter how complex, because all methods have to use initial data
that have substantial scatter in their values. Under such conditions, it is
necessary to supplement the traditional and known design criteria by risk
criteria, which directly or indirectly determine the possible variation in
values of design characteristics. These risk criteria also define the -
degree to which the scatter in specific parameter values influences the
scatter of design criteria values and the level of reliability of the rela-
tive estimates based on comparisons of possible values of such design cri-
teria to the standardized limits established for thenm.

- In the present case, the scatter in the values of mass or weight character-
istics is primarily due to the scatter in data that determine both the
atmosphere model and the parameters defining the conditions of atmospheric
entry. The variations in the values of the characteristics of structural
and thermal protection materials (effective enthalpy, breakdown temperature,
degree of surface blackness, and so forth) and the scatter in the aerody-
namic characteristics of the vehicle have a definite effect on the scatter
in the mass criteria.

The distribution histogram shown in Figure 5.4 was obtained from statistical
modeling of the scatter in the mass of structure and thermal protection for
one type of descent vehicle. Relative mass indicators are shown, with the
mass of the dascent gear given as a fraction of payload mass.

One criverion that can be used to estimate risk in making decisions based on
- information from design calculations is the probability of coming up with
design estimates that would lead to poor or simply impossible vehicle
designs. Let us assume that there exists a certain limit on the total
vehicls mass expressed as a fraction of the interplanetary system mass. On B
the other hand, there also exists a well-defined minimum mass for the
instruments needed for scientific exploration. The limiting boundary for
the mass of the structure with thermal protection is shown in Figure 5.4,
- and this boundary is determined by the minimum mass of the payload.

A situation can occur in which the mass of both the structure and the ther-
mal protection of the vehicle exceeds the boundary established for it by the
payload. 1In our example, the probability of such an event is quite high
(P = 0.08).
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A change in the vehicle parameters or the establishment of better substanti-

- ated and advantageous weight reserves on part of the entiie space complex
will make it possible to reduce the decision-making risks during the prelim-
inary design stage. Criteria for estimating risk when design estimates are
uncertain and examples that illustrate the means of applying such criteria
are described, for example, in Reference 23.
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Figure 5.1. Trajectory Parameters for Descent into the Atmosphere of Jupiter
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Figure 5.2, Maximm Load Factor, Time of Flight, and Relative Mass of Abla-
tive Thermal Protection Layer as Functions of the Angle of
Entry into the Atmosphere
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Figure 5.3. Heat Transfer and Mass of Ablative Thermal Protection Layer as
Functions of Time. (Solid lines for the stagnation point;
dashed lines for a point on the edge of a conic heat shield)
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Figure 5.4. Histogram of the Distribution of Design Estimates of the Mass
of Structure with Thermal Protection
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PART TWO

METHODS FOR STUDYING SOFT LANDING OF SPACE VEHICLES
ON PLANETS LACKING ATMOSPHERES

The basic questions of choice, calculation, and control along space vehicle
trajectories of approach and descent to planets lacking an atmosphere and to
the Moon have been described widely in both the specialized and the popular
science literature (Refs. 3, 16, 17).

Strangely enough, however, the literature does not treat in sufficient depth
the terminal stage of vehicle flight (starting with altitudes of 30 to 10 m

- above the planet) including ground contact, skidding along the ground, and
coming to complete rest on the surface in an attitude that is the initial
condition for subsequent vehicle operation on a given celestial body. And
this, in spite of the great significance of this stage.

The ground-based experimental development of descent vehicles for interplan-
etary stations fared even worse in this sense, which at best was mentioned
only with a hint as to its complexity and the large amount of labor
required.

In view of this situation, the second part of the book will deal basically
with a discussion of theoretical, experimental, and design aspects of
providing the landing vehicle with a safe, soft touchdown on a planet or
other celestial body to be explored.

Besides providing for "softness," the landing of the vehicle on the surface
has to satisfy the following requirements: (1) Maintaining the stability
of vehicle attitude during the entire landing process; (2) assuring that the
vehicle will not "jump" following initial contact with the ground; (3)
assuring that the attitude of the vehicle on the planet after landing will
allow normal operation of all its systems (and, if provided in the program,
al:o for the successful conditions for subsequent lift-off): (4) minimizing
the likelihood of various emergencies during landing by increasing the reli~
ability of the vehicle systems.

Analysis of the operation of landing on planets shows that the speed of
approach between vehicle and ground is in the range from a few m/s up to

ten and more m/s. From this it follows that the space vehicle has to be
equipped with a reliable landing gear incorporating a special shock-absorb-
ing device. Several designs exist for vehicle landing gear, for example,
petal-shaped and column §upports, girder structure, thin-wall envelopes, and
others.

Apparently, the design of a reliably functioning landing ge-. for an inter-

planetary space vehicle is not possible without doing many studies including
theoretical, experimental, design, and layout.
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CHAPTER 6

THEORETICAL ANALYSIS OF SOFT-LANDING DYNAMICS
AND OF SPACE LANDING VEHICLES

Mathematical Model of a Space Landing Vehicle

A space landing vehicle represents quite a complex, elastic system of inter-
acting bodies due to the presence of elastic connections between its struc—
tural elements (payload, scientific equ.pment, propulsion and instrument
sections, and supports).

The mathematical description of the dynamics of landing on a planet without
an atmosphere, on Mars, for example, or on the Moon, of such a complex sys-
tem for the general case of three~dimensional motion during the stage imme-
diately preceding touchdown of the vehicle support on the ground leads to
an extraordinarily cumbersome system of differential equations, including
unknown magnitudes of the coefficients of elastic connection between indi-
vidual elements of the space landing vehicle that can only be determined
experimentally by using the full-scale object. Therefore, calculations on
the dynamics of landing on planets by using such mathematical models of
space landing vehicles are, due to the great effort required, possible only
for checking selected critical landing cases for space vehicles already
designed.

The comprehensiveness of a study of soft-landing dynamics for space landing
vehicles during the preliminary design stage requires the application of
simpler and less labor-consuming methods of engineering research in evalu-
ating various structural designs of vehicle lending gears and in choosing
optimum parameter values.

Let us consider the general case of three-dimensional motion of a space
landing vehicle with rigid body and deformable landing gear consisting of a
system of columns forming an inverse tripod. The central column of the tri-
pod is equipped with a shock absorber and can be deformed (Figure 6.1). The
complex motion of the space landing vehicle during soft landing on a planet
can be represented as two less complex motions: (1) The three-dimensional
motion of the body of the space landing vehicle; (2) the motion of the land-
ing gear pads (having some equivalent mass m;) on the ground in any direc-
- tion but with the limitation imposed by the landing surface itself.

The three-dimensional rigid body motion of the space landing vehicle is
influenced by the disturbing forces and moments, which result from the
interaction of the landing gear with the ground. Here the angle of incli-
nation 8 of the landing surface and the coefficient of friction f of the
landing gear pads on the surface can vary widely.

In order to describe such three-dimensional motions of the space landing
vehicle during soft landing, it is necessary to formulate and solve a system
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of 6 + 2N dynamic equations, each of which is a nonlinear second-order dif-
ferential equation (N is the number of landing gears). The complexity of
solving such equations requires the use of numerical methods and computers.

In order to reduce these equations to the form of ordinary linear differen-
tial equations, the following assumption is made: All forces that work on
the system are assumed to be constant for the duration of the sufficiently
small step of integration of the differential equations. The block diagram
in Figure 6.2 shows the consecutlve stages of integration.

The dynamics of soft landing for a space landing vehicle are basically
determined by: (1) Structural features of the vehicle and properties of
its shock absorbers; (2) inclination of the planetary surface where the

- vehicle lands; (3) orientation of the space landing vehicle at the moment
that one of its landing gears touches the surface (the instant of surface
contact by the landing gear is conveniently assumed to be the beginning of
time); (4) vertical and horizontal components of the space landing vehicle
velocity vector at the instant of contact with the surface; (5) components
of the vector of the vehicle's angular velocity at the moment of contact
with the surface; and (6) external forces acting on the space vehicle during
landing.

The geometric form of the design model for the space landing vehicle for any
instant of time during the landing process (from the moment of first contact
of any space landing vehicle landing gear with the ground until the vehicle
comes to complete rest) a3 a whole can be characterized by the coordinates
of several control points for these instants of time.

Among the control points are the following: The center of mass of the space
landing vehicle (point 0) and four points on each of its landing gears 1
through 4; (Figure 6.1). The coordinates of control points 2; to 44 in the
moving system of coordinates (U, V, W) will remain constant during the land-
ing process whiie the coordinates of points 1; (i is the number of the land-
ing gear) will vary due to the changing geometry of the landing gear.

The coordinates of control points 2; through 4; are determined by the formu-

las
, U2[=r (o025 Al
Vy=—hy
ng =rsin A‘
Uy=rcos(8;+B) Uy=rcos(s,—B); (6.1)
Vy=—hs; V= —hs
Wy=rsin(8;+8); W, =rsin(8,—8),
where
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Ay = (1 -1) 2n/N+A; A=x/N; A=0 (p. 95), i =1,..., N,

Coordinates of the points 1j before ground contact by the landing-gear pads
are determined by the formulas

U = R cos A;
li i
V, =-H 6.2
li ( )
Wi. = R sin A
li sin i

Coordinate of the points 1y following the moment of contact with the ground
by the landing-gear pad i1s determined by solving the landing-gear equations
of motion considered below.

When the coordinates of all control points are known, it is possible to cal-
culate the length of the deforming elements of the structure by:

1

La=[Uy—UpP+(Vy— Vo B4 (Wy— Wy ) 2. (6.3)

The mass-inertial properties of the space landing vehicle (m = WH/gH' Jys
Jys Ty my, and others) are assumed to be given, because they are based on
the results of design analysis and weight and centering calculations.

Special energy absorbers for absorbing energy during the soft landing of a
space landing vehicle are included in the design of the landing gears.

These devices absorb the main portion of the available kinetic energy of the
space landing vehicle. A second, considerably smaller portion of energy is
absorbed by friction in the bearings and friction with the ground and
through internal friction in the structural components. Although energy
absorbers of the mathematical model of a space landing vehicle can have com-
putational force-strain characteristics of any form, in the subsequent mate-
rial we will consider only energy absorbers that have force-strain charac-
teristics in the form of a staircase function (Figure 6.3) in order to sim-
plify the exposition. During repeated loading of the energy absorber in the
landing process it is necessary to account for the magnitude of the rasid-
ual strain as a result of prior loading.

For studying the dynamics of three-dimensional motion of the space landing
vehicle, three coordinate systems are used (Figure 6.1): (1) A moving sys-

tem of coordinates (U, V, W) rigidly attached to the vehicle (the principal
inertia axes of the space landing vehicle); (2) a fixed system of
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coordinates (X, Y, 2) fixed to the surface of the planet (axes X and % lie
in the plane of the lancing surface, with the X-axis coincident with the
direction of maximum surface slope and the Y-axis along the direction of the
local normal); (3) a fixed system of coordinates (X', Y', Z') fixed to the
surface of the planet (axes X' and 2' lie in the plare of the local horizon-
tal, with the Z'-axis coincident with the Z-axis and the Y'-axis along the
direction of the local vertical).

Transformations from the coordinate system (X, Y, Z) to the system (X', Y',
Z') are written as a table of the cosines of angles between the axes of
these systems

T X Y Z

X' cosf sing O (6.4)
Y' —sin6 cos8 0

zZ' 0 0 1.

Duringz the soft landing of a space vehicle on the planet, certain forces
appear in the structure of its landing gear. Generally, the magnitudes of
these forces depend cn the characteristics of the deforming elements used in
the vehicle's landing gear. External forces applied at the instant of
touchdown of the landing-gear pads on the planet have a direction opposite
to the direction of the velocitles of the pads on the corresponrding landing
gears. The external forces are determined for each integration step At as

a function of conditions in which the dynamic system finds itself at that
instant.

We will assume that the deforming elements of the vehicle's landing gear are
made of crushable material capable of only small elastic deformation, that
is, of materials that have a staircase force-strain characteristic.

Let us represent the relationship between force and strain of deforming ele-
ments of the landing ear with a staircase characteristic as follows:

F, (a)=i (FU@=—*"[1=Up—3)]+
= (6.5)
+ 14 (3 =3+ Fio] [U G —3)— U (3—3D)]),

where U(8) is the unit step functionm:
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=]
1/13>0.

For repeated loading, the change in the force-strain relationship is deter-
mined by the conditions:

1. when [§@)] < |6] < |6;1, then ¥* = 0 and k*] = 0 for 2 < j;
2. when [65] < [8] < [64 * D], then F* = 0 and k") = 0 for 2 < j

and
Fi—Fia

. N
s N y

Parameters with the index "*" are used to determine the force in the case of
repeated loading of the landing gear.

Forces acting on each landing-gear pad of the space landing vehicle (1j)
during motion on the planet are the following: (1) The interaotion force
of the body of the space landing vehicle (through the elements of the land-
ing gear); (2) the reaction of the ground; (3) the force of friction between
landing~gear pad and ground.

The force interaction between landing gear and planet surface depends on
surface profile, structure, and mechanical properties of the soil at the
place of landing. For theoretical studies of soft-landing dynamics of a
space landing vehicle, a computational model of the surface is used. The
modeled surface has characteristics agreeing with current data on the plan-
etary soil.

For a first approximation, such a landing-surface model cun be an absolutely
rigid surface with some slope and a high equivalent coeffiicient of friction,
which permits accounting for resistance to the translation of the landing
gear along the real planetary surface.

For each time interval during integration, we find the components of exter-
nal force acting on the pad of landing gear 1i:

Fuu=?aju'-LGI FI"‘*‘qu (I — L&,

ﬂl 141

Fuy=(Vi—~Va) I:ll +Vu— Vsz) +(V11 V) I;l“;
2 1.
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Fioi , Fis.1
. 5 +(Wu—Wy)

Fuur:(w/u"w/w) liat .

F

1L L (W — W)
{2, liau .
By using the transformation formulas, it is possible to obtain the compo-
nents of the external force in any coordinate system.

Forces acting on the space landing vehicle during the soft landing can be
determined from the conditions:

Fl'#OforYl SO
i i

Fl, = 0 for Yl. >0
i i
Forces and moments referred to the center of mass of the space landing
vehicle can be determined by the formulas:

N N - N
Fy=Fuy: Fy="3Fuvi Fo="3Fuwi

i=1 i=1 {=1

N N
Mu=2M1u=2(Fquu—FUV.WU);
=1 in :
N N (6.6)
MV=ZM1V=2(FuuWu"FHWUU);
i=1 Im1 ) ‘
N N .
Mw=2 Miw=2(Fuqu—Fuuvu)~

i=1 I=1

Expressions for the forces and moments are substituted into Equations 6.7
and 6.8 to find the displacements and velocities of the center of mass of
the vehicle.

General Equations of Three-dimensional Motion of a Space Landing Vehicle
During Soft Landing

In the general case, the motions of the space landing vehicle, when treated
as a rigid body, can be described by Euler equations. We will write these
equstions in terms of components along the axes of the moving system of
coordinates U, V, W (Figure 6.1). We obtain the following system of differ-
ential equations: -

‘%’:%’:’-—-gn sin 8 cos -+ Vyug, —Vguy; .

ﬂ:.ﬁi_-gn cos 8-V, —Vyop; (6.7)
dt m

Vv Fw

2 = —Bunsindsing+ Vyop— Vyuy;
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dt J JU
doy My Iw—Jyy\. (6.8)
dt - Iy +mUmV( -IV H
do M J
v _ My —J

dt —’J*+“’u“’v( v V):

a8 .

B Z=ch°$?_mU sing:
dy R
E=my—wwsm:pctg&-mucoszpctg&; (6.9)

d .
%=mw sin g cosec 8 4w, cosec § cos ¢. l

Equations 6.7 describe the motion of the center of mass of the space landing
vehicle, Equations 6.8 describe the motion about the center of mass, and
Equations 6.9 are the kinematic Euler relationships.

Because the absolute attitude and location of the vehicle cannot be
expressed with respect to the moving system of coordinates U, V, W, the
- remaining equations will be written in the fixed system of coordinates X',

Y', 2':
I ’ dz’
G=Ve fr=ve . Ly, 6-10)

By integrating Equations 6.7, we determine the projections of the velocity
of the space landing vehicle's center of mass onto the moving coordinate
axes U, V, W. Components of the velocity of the center of mass in rhe X',
Y', Z' system are determined by using the formulas

Vxe=AVy+AVy+ AV Ve=BV,+BV,y+ BV y; (6.11)
Vo=CVy+CVy+CiVy,

where
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A;=cos { cos & coso— sin Y sin o;
Ay= —cos{sind; A;=sinycose-cosycosd sing;
By=cos¢sind; By=cosd; By;=sin¥sing; (6.12)
C,= —cospsine—sin¢cos & cosg;
Cy=sin¢ sin§; Cy=cos¢gcosy—sin g cosd sin .

By using Equation 6.10, we can now calculate the coordinates of the vehic—
le's center of mass in the fixed X', Y , Z' system.

Thus, having solved the system of equations 6.7 to 6.12, we can find all
basic parameters of motion for the space landing vehicle: (1) Components
of the velocity of the center of mass in the fixed Vy', Vy', Vz' system;

(2) the coordinates of the center of mass in the fixed X', Y', Z' system;
(3) the components of the instantaneous angular velocity with respect to

the center of mass wy, wys and Wy (4) the angular coordinates (Euler
angles 6, ¢, and y) that characterize the attitude of the body with respect
to a system that moves such that its origin always coincides with the center
of mass and its axes remain parallel to corresponding axes of the fixed sys-
tem of coordinates X', Y', 2'.

For the solution of Equations 6.7 through 6.12, it is necessary to establish
the values of the following parameters at the instant t = 0:

X ViV b=t oo
Y =Yg Vy=Vy; e=05 0y=0v;

, .
Z'=2 Vz,=V26; Y=19q ogp=op,. .

If eo = qbo =Yg = 0 when t = 0, then from Equations 6.11 and 6.12 we obtain

V.. =
40

=V

VUO; Vy.0 Vo; \' =V

\]
Z' 0

that is, we can make immediate use of the initial data in calculating the
right-hand sides of Equations 6.7.

If, however, 9o # 0, ) # 0, g # 0 when t = O (or any one of the angles is
not equal to zero), then the values of Vyy, Vy, and Vy; are found from Equa-—
tions 6.11 by using the initial values of the Euler angles 80> ¢0, and Vo~

The forces acting on the dynamic system (the body of the vehicle) during

landing depend on the character of the plamet's surface at the landing site
(slope of the ground, physical-mechanical properties of the soil, structure
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of the surface layer, and so forth), structural peculiarities of the space
landing vehicle (the number of landing gears, location of the center of
mass, characteristics of the energy absorbers, and so forth), the peculiari-
ties of the landing-gear motion during soft landing (kinematic parameters of
the compenent motions, which are the components of the vehicle's complex
motion).

As nearly all indicated factors change during the landing process, so also
do the reactions on the vehicle., This significantly complicates the problem
being considered. However, it can be solved on a computer by methods of
numerical integration with the assumption that the force reactions on the
space landing vehicle remain constant during a sufficiently short integra-
tion step.

For this it 1s necessary to represent Equations 6.7 through 6.10 in the form
of finite-difference equations

AVU Fy . X
Tat =y T Ensin8cosetViuy —Vguy;
AVy  Fy

= T En 0S¥V ey, —Vijeg,

AV _Fy . .

a5 =y &esindsine+Vye,—Vye,;
Ao M Jy—1

U U v wv).

—_—— WA,

At Ju T V"w( Jy )’
do, M Iy—1
—v_My w uy.

w =7, o) ' (6.13)
dog _ Mw+w o flu=1Ivy.

ae Iy UV Ty )

& .

5 = Ow COsg—uy sing; A

A . :
ﬁ:mv—mw sinpctgd—o,; cosgetg d;
_‘% ==uwy sin ¢ cosec 8-+, cos ¢ cosec B. J

. . ' A2
X=X +Vy, _ AM+Wy (——) ;

(n=)\ 2
. ’ Af2
Yw=Yun+Vy  M+Wy | (T) ; (6.14)
. , Ar2
Zm=Za-0+Vg, M+tWz, (T) ’
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The equations of motion for the landing-gear pads are arrived at somewhat
differently froa the equations of motion for the center of mass of the space
landing vehicle. 1In the case where the landing-gear pads do not touch the
planet's surface, their motion is completely described by the equations of
motion of the body of the space landing vehicle, because in this case the
landing gear is part of the rigid body. When the landing-gear pads are in
contact with the planet's surface, they should be considered as masses mov-
ing under the influence of the forces of friction and of the deforming ele~
ments in the vehicle's landing gear (Figure 6.4).

In this case, the motion of the space landing vehicle is composed of the
three-dimensional motion of the rigid body and the motion of the landing-
gear pads along the surface of the planet. Forces and moments that arise
during the motion of the landing-gear pads bring the space landing vehicle
to rest.

Let us consider the relative motion of the landing gears along the surface
of the ground. Summing forces parallel to the axes X and Z, we obtain

: - .. ]
Fux—Fix—mX,;=0;

.. (6.15)
= Fyz—Flz—mZ,=0.

The total force of friction acts along the velocity vector, and its compo-
nents are determined by the following equations

. . Lo L

Flix= = FFurXu (X P 4-(20)7) F;

) o ) ) 1 (6.16)
Fliz=—fF,,Z, [(XuP4-(Z,)7 2.

By substituting Equations 6.16 into the equation of motions of the landing-
gear pads (Equations 6.15), we obtain

X“-—« SFuy LX”—- F’:‘Ix =0,
) m; [()‘r},-;w(Zu)?l2 . (6.17)
Zy— 1iy —Zy— 1L =,

' ™

m [(X12 + (Z0))
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If we assume that forces and resulting velocities remain constant during
integration over a sufficiently short time interval, we can put the equa-
tions of motion of the landing-gear pads (Equations 6.17) in the form of a

system of second-order linear differential equations:

Xu—aXu—b=0;

Z“—-aZ“—c=O,

where

Q= SFuy

1
mi (X1 + (2,:)2)

F F
b=1X ;= Z
m; mg

(6.18)

(6.19)

The system of linear differential equations has sclutions of the form:

— o n— & b
X=X —— (X072 )1 e =

. e b b

= (¥4 et

Xu ( u Ta . 2
1

_ Snl ¢
Zy=2j 1—:'( [ X'T:_)(I—eaAt)fj at;

5 yr—1 ., ¢ [
Zy=[251 L) eart &
u L a

(6.20)

Quantities with the index (n - 1) refer to the Preceding integration step.
Let us note that at the instant of initial ground contact by the landing-
- gear pad of the space landing vehicle (t = 0), point 1 of the contacting

landing gear is determined in such a fashion that Xl

=Y ==
landing-gear pads slip along the surface of the grouﬁé, th%’%oll

tities hold:

Y EOand’i =0
1i li

N

since F = F 1iy*

liy

The expressions obtained vield positions and velocities

When the
owing iden-

(6.21)

in the X, Y, Z sys-

tem of the points 1; of the space landing vehicle for the case of surface
contact by the pad of the i-th landing gear. Computation of the values of
indicated parameters for the system of coordinates U, V, W is accomplished

by using the transformation formulas.
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If the pad of the i-th landing gear does not touch the surface of the
ground, then the components of its velocity are determined by formulas

Ull=U+“’VWU+“’W Vuls
V=V 4ogUy—w,W,; (6.22)
Wy=W —uy [V, |—oyU,,. ’

When the pad of the i-th landing gear of the space landing vehicle, having
once touched the ground, leaves the surface, then the coordinates of points
1; of the vehicle are determined by using the formulas

Ull = U*li; Vli = V*li; wli = W*li (6-23)

vhere i = 1,..., N and quantities with index "*" are evaluated at the
instant of separation from the surface by the i-th landing gear of the space
landing vehicle.

If the indicated calculations are made for each integration step, we com~
pletely define the relationship between process parameters and time for the
lannding of a space landing vehicle on the surface of a planet without an
atmosphere.

- Having landed on the planet, the spacecraft will be in an attitude of stable
equilibrium. However, not every attitude of stable equilibrium of the space
lannding vehicle following landing will assure normal operation of all of its
syStems nor the ability, should it have been planned, of a successful return
lift-off from the planet. Indeed, the toppling of a space landing vehicle
onto its side during landing has to be considered an unsuccessful landing
(and a catastrophe if a crew is on board).

Foxr this reason, it has come to be accepted to call "stable" only such an
attitude of the space landing vehicle following landing for which all of its
landing gears (or the majority of landing gears for N 2 4) touch the ground,
and the longitudinal axis departs from the vertical by a small angle, whichk
is determined by the conditions required for a return 1ift-off of the

= vehicle.

To evaluate the capsizing stability of the spacecraft during theoretical
studies of the soft-landing process, special capsizing criteria for the
space landing vehicle are defined, which determine the location of the cen-
ter of mass of the vehicle with respect to the lines connecting the pads of
its landing gears. The instant of coincidence of the center of mass of the
vehicle with the indicated line is the critical one and is considered to be
the limiting inclination such that, once it is exceeded; the vehicle will
not return to an attitude of stable equilibrium. At this aoment, the Euler
angle § exceeds its critical value
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!ek | = arctan B—Egifi; i=1, 2,..., N (6.24)
P |V11|

determined by the instantaneous geometry of the vehicle and by the Euler
angle ¢. The magnitude lek } serves as a criterion of capsizing for the
spacecraft during landing and is calculated at each integration step.

For the condition [6| 2 lekpl, the space vehicle becomes statically unsta-
ble, and the process of integration is terminated. For [o] < le |, the

vehicle is stable. The process of integration in this case can Eg termi-
nated, for example, at the moment the kinetic energy of the space landing
vehicle becomes less than some sufficiently small positive quantity E < n.

It is necessary to note that toc obtain solutions for the equations of motion
(Equations 6.7 through 6.12) is generally an extremely complex problem.
However, in a number of practical cases, it is enough to find the partial
solutions for this system by the method of numerical integration aided by
digital computers.

_ The Special Case of Two-dimensional Motion of the Space Landing Vehicle
During Soft Landing

As noted earlier, the solution of dynamic equations, which describe the
three-dimensional motion of a space vehicle during soft landing, is quite
cumbersome and requires a considerable expenditure in machine time to calcu-
late the regions of stability of a multilegged landing gear (N > 4) space

= landing vehicle. This is particularly so during the analysis of the dynam-
ics of landing as affected by various strdctural parameters of the vehicle
and by the wide spectrum of possible landing conditions (landing speeds and
orientations of the space landing vehicle, characteristics of the ground
profile and of the planet's soil).

For this reason, an engincering method was developed for calculating two-
dimensional landing motions of a vehicle, which is used to study the stabil-
ity of a space landing vehicle with different numbers of landing gears (3

to 6) and to make a preliminary selection of the landing-gear system by
using the principle of finding one of minimum mass for a given level of sta-
bility.

Inasmuch as all vehicle landing conditions in this case are symmetrical with
respect to the U-axis, there is no need to determine the motion specifics
for all of its landing-gear legs. If N is the number of landing-gear legs
for the space landing vehicle and N is the number of landing~-gear legs whose
motion should be analyzed, then i takes on values from 1 to N. We will
derive expressions to represent the relationship between N and N (Fig-

ure 6.5):
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When N is even, then a. N =0N/2 and A = 7/N;
b. N=N/2+1and & = 0;
(6.25)
When N is odd, then N = (N + 1)/2 and a. A= 7/N;
b. A=0

where A is the angle between the U-axis and the first landing-gear leg of
the vehicle.

A substantial simplification of the mathematical model of the space landing
vehicle can be achieved by using the fact that landing-gear pads translate
primarily in the direction of the vehicle's longitudinal axis with negligi-
ble lateral tramslation, as a result of compression of the energy absorber
(Figure 6.1).

In other words, we can represent the space vehicle by a model consisting of
three landing-gear legs (N = 3), which are attached rigidly at right angles
to a common base (Figure 6.6). Each of these landing gear legs contains
nonelastic, crushable materials for the absorption of the vehicle's kinetic
energy duriug the soft-landing process, which materials have a staircase
relationship between force and strain and unlimited compression.

Consideration of different landing gear configurations in the planar case
is made possible by an appropriate choice of linear dimensions L3, Ly, and
L3, and of forces FLl, FLZ, and FL3’ proportional to the force of compres-

sion & of the energy absorber. These parameters, expressed by R (radius of
the landing gear) and &, are shown in Table 6.1.

Table 6.1
Parameters
N
L, L, Ly FL FL2 FL,
3 IR 0.5 R 0 E 2& 0
4 |0.71 R 0.71 R o] 2¢ 2 0
5 |R 0.81 R 0.31 R £ 2g 2E
6 [ 0.87 R 0.87 R 0 2¢ 2 2&
95
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For example, three-legged landing-gear configurations in motion downward
along a slope correspond to a 1-2 scheme of landing-gear leg ground contact,
that is, the space landing vehicle touches the ground first with one leg
located higher on the slope and then simultaneously with two supports
located lower on the slope. For the planar case, the two "lower" legs can
be considered as a single leg, which during its deformation provides a
resistance twice as large as each of the three legs of the vehicle sepa-
rately. Thus, landing-gear configurations with three, four, five, and six
legs can be studied in a two-dimensional problem aided by a mathematical
model of a landing gear with three legs. The corresponding scheme for legs
to touch ground is given in Table 6.2.

Table 6.2
Landing Gear Landing Gear Leg Ground
Configuration Contact Scheme
Three-legged 1-2 or 2-1
Four-legged 2-2 or 1-2-1
Five-legged 1-2-2 or 2-2-1
Six~legged 2-2-2

Also, for such a formulatior of thé problem, it is possible to estimate the
effect of the space landing vehicle's stabilizing power plants, the so-
called clamping power plants, on landing stability. The stabilizing power
plants, which clamp or force the vehicle against the ground, create a moment
that prevents the vehicle from capsizing during landing and tends to return
it to a stable attitude.

Let us consider a simplified diagram in which the clamping propulsion system
is arranged at the base of each landing-gear leg and the thrust vector is
coincident with the longitudinal axis of the leg. All stabilizing propul-
sion systems are turned oun at the instant the landing~gear leg that is low-
est or the slope touches ground.

We will analyze the most dangerous case from the viewpoint of stability dur-
ing landing. We will assume that the surface of the planet is an absolutely
rigid surface, that is, there is absolutely no penetration of the ground by
the vehicle's landing gear. For this, the coefficient of friction between
landing gear and ground can vary within wide bounds. We obtain the follow-
ing equation for motion of the space landing vehicle:
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ax 1 s
7=7[2 Fr,~W,sin e+z T, sin (y--6) ];
. -]

3 3 *
;l,—[SF-N{—WNCQSG—ZTICOS(Y—B) ]; (6.26)
{=1

-]
. 3 3 3
. &y |
_ = 2+ Bk B,
{=]

(=] [}

I

4y
at

because y < 0 and 6 < 0, where i = 1, 2, 3;

Xy=L,cos(y—8)—(H —3,) sin (y—0);
&=H+Ltg(y—6)—Ysec(y—0);
b= —sec?(y—8) (¥ cos (y— )+ [V sin (y—8)— L] Y}; (6.27)
Y =(H —3)cos(y—8)-+L, sin(y—8).

The force acting along the strut of the i-th landing-gear leg is determined
from the conditions

FLi = 0, when 8; < 0;
FLi = 0, when 61 2 €93 di < Gipm H
FLi = Ci’ when 61 > Gipm’ di > €9.

The stabilization power plant thrust takes on the value T; = Ky for t < ty,;
and T; = 0 for t 2 tin » when 65, > 0 (1 =1, 2, 3), where t; 1is the time
of cut-off for i-th pgher plant.

The sliding speed of the i-th landing-gear leg along the surface is deter-
mined by the expression

X; =X+ Yy -8 sin (v - 8). (6.28)

Depending on the character of motion of the landing-gear pads, the component
forces FNi and FTi are determined for specific cases that frequently arise,

as follows: (1) The energy absorber collapses and the i~th landing-gear

leg slides; (2) the energy absorber collapses, but there is no sliding;
(3) the landing-gear leg slides, but there is mno collapse.
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Characteristically, ix | > €5 |<S | < ey F i > 0. 1In this case, we
obtain a system of dlfferentlal equatlons for each }.anding—gear leg; for
example, for leg 1:

MmX\y —F1,sec 3, cosp = Fy,+Fy,—W, cos 8+
+mY¥2 — (T \+T,4-T;) cos (y—6),

Jw Y+ Fr secd, (X, cosp,—¥ sinp)= (6.29)
=(Frit+Fr)Y + Fx,Xo— Fn,Xo+ T\, —Toly+Tsl,

By solving the corresponding system, we determine ¥ and FLl. If FLi > 0,
then the value calculated for Fy,. is used for the integration of the system,
i

If FL- < 0, then we should assume FL = 0. The angle u; is computed by
i i
using the formula

Xs
Ui = -Mp —— ,

Ixil

Using the found values of Wi and Fy , we evaluate Bi =y -8+ uis; Fy = F
i

1 L

i

sec Bi; FN = Fj cos uy; Fp =F4 sin uj. (4) The landing-gear leg neither
i i

collapses nor slides. This is characterized by

]Xi] <eqs IGil <€y Fy (n-1) > 0.

For each landing-gear leg, we obtain a system of equations, for example, for

leg 1:
Fr,4-mYy= —Fr,—Fr,4W, sin 8 —mX y2 —
—_ (T1 + Tg + Ta) sin ('Y e 6);
! Frn,—mX\y=—Fy,—Fy,+W,c0s—myy2+
F(T1+T2+T5) cos(v—8); (6.30)

Jw¥+Fu X\ —=FrY =(Fr,+Fr)Y +
) +FnXo—Fn X3+ T\ Ly —ToLy+Tyls.

By solving the corresponding system, we determine ;, FTi and FNi. The angle

B; is determined by using the formula uy = arc tan (FT-/FN-)' For
i Ny
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Fo > 0, we have 1) if luil < up; then the computed values for Fy and Fq
i i i
are used in integrating Equation 6.26; (2) if h‘il > ug; the solution is not
valid because the landing gear must slide (and case 3 above applies). For
FNi < 0, we should assume FNi = 0 and FT:L = 0.

In this chapter, we previously considered the question of determining the
stable attitude of the space vehicle following a soft landing on a planet.
In solving the planar problem, the criteria of capsizing of the space land-
ing vehicle will appear slightly different from the case of three-dimen-
sional vehicle motion. Indeed, the space vehicle moving in a vertical
plane loses stability during soft landing if:

ag > 0 or ag < 0 (6.31)
where
ai = arc tan (X/Y) + 0 (fori=1, 2) (6.32)

and where al(az) is the angle between the local vertical and the line pass-
ing through the center of the mass of the vehicle and the point of contact
for leg 1(2) with the surface; X; is the distance from the center of mass of
the vehicle to the line of action of the force FNi (Xi > 0 when the refer-
ence direction coincides with the X-axis).

The space vehicle will remain in a stable attitude following landing on the
surface of a planet if the following conditions are met simultaneously:

6<0; >0 E=— (mX+mPrJpi<n. - (6.33)

The integration process can be terminated at this point, because the kinet..
energy of the space landing vehicle has become less than some sufficiently
small positive quantity n, and the vehicle itself maintains a stable atti-
tude.

The analysis of the stability of space landing vehicles during soft landing
even for planar motion can be carried out only with the aid of digital com-
puters (for example, by the method of numerical integration). Several
results of studying the dynamics of soft landing of a space vehicle are
given in Chapter 10.
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Figure 6.1. Space Landing Vehicle Geometry
Key:

1. Center of gravity
2. Llanding-gear leg
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1 Figure 6.2. Block Diagram for the Integration Stages

Key:

1. Computation of parameter values at t = 0
2. Computation of forces in the system at t + nAt
3. Solution of equations of motion to determine parameter values at

= t+ (n+ 1)At
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Figure 6.3. Staircase-shaped Force-strain Characteristics

Key:
1. Compression 2. Tension
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Figure 6.4. TForces Acting on the Landing Gear Pads of a Space Landing
Vehicle. (mi 1s the equivalent mass of the pad of the i~th
landing gear)
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Figure 6.5. Determination of the Value of N
Key:

1. For even values of N
2. For odd values of N
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Figure 6.6. Diagrammatical Representation of a Space Landing Vehicle by a
Three-legged Model

Key:

1. Center of gravity
2. Horizon
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CHAPTER 7

THEORETICAL FOUNDATIONS FOR PHYSICAL MODELING
OF SOFT LANJING

Experimental verification of the efficiency and reliability of the selected
structural design of the landing gear for flight vehicles (even those to the
Moon) can, because of their high cost, be considered only as the final stage
of a long cycle of experimental studies carried out under terrestrial condi-
tions with dynamically similar models and full-scale mockups of space land-
ing vehicles (Refs. 8, 10).

This circumstance is the basic distinguishing characteristic in the experi-
mental studies of most physical phenomena associated with the invasion of
interplanetary space by technology. (In addition to soft landing, these
phenomena also include locomotion and construction work on the surfaces of
the Moon and other heavenly bodies, docking in orbit, and so forth.)

While the use of modeling based on the theory of similarity in the study of
phenomena (such as aircraft or rocket flutter, flow of fluids or gases about
bodies, heat transfer in a moving medium, mechanical vibration of ground
equipment and of flight-vehicle fuselages, with attention given to the
motion of fuel in the tanks, and so forth) provides researchers with certain
advantages before experimenting with full-scale objects (in order to choose
system dimensions, rate of process development, physical means, parameter
values, and so forth), the study under terrestrial conditions of phenomena
of soft planetary landings using scientific modeling turns out to be the
only means permitting qualitative and quantitative reproduction of the proe-
ess and extrapolation of the results to full-scale phenomena.

When making experimental studies of soft landing under terrestrial condi-
tions, similarity has to be preserved with the full-scale system in geometry
and in mass-inertial parameters of the vehicle, in gravitational accelera-
tion, in physical and mechanical properties of the planetary soil, and in
the surface profile; in testing full-scale mockups of piloted vehicles (or
of remotely controlled automata), similarity also has to be preserved for
specific illumination of the landscape, sharply contrasting shadows, and
any lack of terrestrial landmarks.

Performing such studies assumes the solution of two essentially independent
problems: The representation under terrestrial conditions of a phenomenon
similar to a full-scale one, and the carrying out of all necessary cbserva-
tions and measurements of this phenomenon.

Turning to the basic theorems of similarity and dimensional analysis, we
obtain the followirg: If among n dimensional quantities y;, Ygs+e+s¥n there
exists a functional relationship

F (Y]_b st---,Yn) =0 (7.1)
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that does not depend on the system of measurement units chosen, and if among
- the quantities yj, yp,...,Y¥, there are p quantities of independent dimen-
sionality, then the relationship of Equation 7.1 can always be written as

& (I, O,..., I,)=0, (7.2)
where )
n1=y‘f“y,fll“. y”ln;
H2=y~lsny~29n.” y‘:u;
S (7.3)
S,

S S
Hm=y1m1y2m2. o Yoma

are nondimensional combinations composed of dimensional quantities
Y1s YpreeesYpo with the number of such nondimensional combinations m equal
to

m=n-p (7.4)
In doing this, it is assumed that the nondimensional parameters Il
(1 =1, 2,...,m) are independent, that 1s, no one of these parameters can be

expressed in terms of the remaining ones.

The condition of nondimensionality of parameters

=gyl g5,

(i =1, 2,...,m) places certain constraints on the choice of elements of the

matrix S of exponents of powers of the dimensional quantities yi, Yosees¥p
S11 Sizee. Sip

S=Szt Sp... Sz . (7.5)
Sml SmZ Smn

The above concept of "quantities of independent dimensionality" is deter-
mined in the following fashion. The dimensional quantities Y1s¥gs+++s¥p
with dimensions [y;] = aj; [y;] = ag;...; [yp] = a_ are called quantities
with independent dimensionality when there are no numbers q1s 4925 «+sdp that
satisfy the equality

afa'... a)?==1, (7.6)

and among which there is at least one that is nonzero. All of the above
goes under the name of I-theorenm.
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Thus, the II-theorem makes it possible to establish a system of nondimen-
sional parameters to describe the given phenomenon. It is possible to show
that, in order to have similarity of phenomena, it is necessary to have val-
ues for these parameters which are the same. Put differently, the nrcam-
eters 1 (i = 1,3,...,m) represent criteria of similarity.

The number of controlling nondimensional parameters depends on the degree
and character of idealization of the physical phenomenon during its study.
Thus, to speak of the totality of these parameters is possible only relative
to the assumed idealized representation of the phenomenon.

Modeling of Soft Landing on Absolutely Rigid Simulated Planetary Surfaces

Let us consider the similarity laws for modeling under terrestrial condi-
tions of the soft-landing dynamics for space landing vehicles.

From the viewpoint of physics, this phenomenon is determined by the follow-
ing parameters: Characteristic linear dimension %, meters; mass density of
the structure p, kg/m3; the modulus of elasticity E of the material,
kg/m/sz; the Poisson ratio u of the material; time t, s; acceleration of
gravity j, m/sz; coefficient of friction f; thus, in our case n =7, p = 3.

In accordance with the II-theorem (Ref. 31), we can form four nondimensional
combinations (m = 4):

Ty = us My = pli/E; Iy = t23/1; T, = £. (7.7)

Equation 7.2 then takes the form

¢(p.; i ?,%):0 (7.8)

From this it follows that in order to have the modeled physical phenomenon
be similar to the full-scale one, it is necessary to have these nondimen-
sional combinations be the same, both for the full-scale one ("H") and for
the modeled one ('M").

Py =Py Qulujn/Eu=Quluju/Eu;

2., 2 . (7.9
tajulla=tui /Ly fn=fu'

Equations 7.9 determine the conditions of similarity for modeling phenomena
for soft-landing a space vehicle on the Moon and the planets. However, they
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are of universal character and are valid on Earth for modeling other dynamic
processes (translation of a planetary surface vehicle along the surface,
structural assembly work, and so forth) to be performed by space systems on
any heavenly bodies whose atmosphere is less dense than that of Earth.

We will now consider methods for modeling under terrestrial conditions of
soft-landing processes on the Moon, Mars, and Mercury, namely, modeling with _
dynamically similar models and modeling with the aid of full-scale mockups
of space landing vehicles.

The simultaneous consideration of Mars and Mercury is justified by the coin-
cidence of values of the acceleration of gravity at their surfaces (accord-
ing to current data, the difference in these values is less than 1.3 per-
cent) (Ref. 41). O0f course, due to the difference of other physical charac-
teristics (temperature and such) on these planets and the differences in the
parameters of flight trajectories to them, vehicles for soft landing on
their surfaces will not be identical. As far as the particulars of tempera-
ture conditions on Mercury's surface are concerned, because a ''day" on that
planet equals 88 Earth days and the planet is close to the Sun, the landing
of the first space landing vehicles obviously should appropriately take
place in the shadow zone of its surface (that is, after sunset), which has
nearly Earth-like temperatures.

Modeling with the Aid of Dynamically Similar Models. As initial modeling
scales we will choose the scales of the quantities with independent dimen-
sionality: Length, modulus of elasticity of the material, and acceleration
of gravity (since p = 3), and designate them Ky, Kg, and Kj.

Several of the derivative scales used in modeling the phenomenon under

- investigation are given in Table 7.1. Derivative scales of modeling are
expressed in terms of initial values using the condition of similarity
(Equation 7.9). For example,

Qaluln Quluiu . _K KIK’ . — —
= E =Ry Ke=Ke (KK (7.10)

The conditions of similarity, muy = py and fH = fy, assume that the landing
vehicle models have been manufactured of materials having the same Poisson
ratio and coefficient of friction as the full-scale vehicle.

In modeling lunar surface landing phenomena under terrestrial conditioms,

we unambiguously obtain the scale for the acceleration of gravity as Kj = 6.

To simplify the design and manufacture of the model, it is most appropriate
to have the scale of mass density equal to 1, that is, = 1. With this in
mind, we obtain from the formula for the scale Kp (Equation 7.10) the simple
relationship Kp = 6Ky .
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The following cases are of practical interest: (1) K, = 1/6; ¥, = 1. 1In
this case, the dynamically similar model has to be manufactured rom the
same materials as the full-scale structure (titanium and aluminum alloys,
steels and others; Model DPM-A, ~B, -C, Table 8-1); (2) Ky = 1/3; K = 2.

In this case, the model of the lunar vehicle has to be manufactured from
materials with a modulus of elasticity E twice as large as that of materials
in the full-scale structure (for example, if the full-scale structure mate-
rial is a titanium alloy with E = 11 x 1010 pa and the material of the model
is steel with E = 22 x 1010 Pa); (3) Ky = 1/2; Kg = 3. In this case, the
material of the model must have a modulus of elasticity E three times larger
than that of the material of the full-scale space landing vehicle (for exam-
ple, the full-scale vehicle material is an aluminum alloy with

E =7 x 1010 Pa, and the material of the model is steel with E = 21 x 1010

E = 21 x 1010 pa).

A wider range for choosing the linear scale of the dynamically similar model
of a lunar vehicle is available, if one removes the requirement that the
scale of mass densities K, has to be equal to unity (Table 7.1).

Actually, from Equation 7.10 with Ky = 6, we have
Ky, = Kg(6K,)~2 (7.11)

Let us consider the following case: (4) Let Kp = 1/6 and Kp = 1. We
obtain Ky = 1. Here we run into a contradictory requirement, namely, for
full-scale dimensions for the dynamically similar model of a lunar vehicle,
it is necessary to achieve a total mass of a model six times smaller than
the full-scale one (Table 7.1). In order to satisfy this requirement, it is
necessary to manufacture the basic portion of the lunar vehicle model,
namely its landing gear and several force elements, in full scale and from
materials that will actually be used, and the remaining portions of the
model (payload, power plant mockup, instrument section, crew cabin, and so
forth) of substantially smaller mass but in such a fashion that the total
mass of the resulting dynamically similar model of the space landing vehicle
maintains the scale Ky = 1/6 and the model has the same centering as the

- actual vehicle.

The following are the particulars of a full-scale dynamically similar model
of a lunar vehicle: Increase angular accelerations by a factor of 6;
increase the linear and angular velocities and power by a factor of /6—; use
full-scale values of energy (work), stress, stiffness, and forces acting on
the model; reduce (compared with the actual vehicle) the test-event time
scale by a factor of V6; reduce mass, mass density, and moments of inertia
in the model by a factor of 6.

A full-scale dynamically similar model, compared to a full-scale mockup of

the space landing vehicle (page 113), does mot require any mechanism for
"unloading" 5/6 of the weight, which greatly simplifies test stands and
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Table 7.1 cont'd

Key:

1. Parameter name 12. Energy

2. Symbol of scale 13. Power

3. Defining formula 14. Pressure (stress)
4., Moon 15. Elastic stiffness
5. Mars 16. Linear velocity

6. Poisson ratio 17. Angle

7. Time 18, Angular velocity

8. Mass density 19. Angular acceleration
9. Mass 20. Torsional stiffness
10. Force 21. Dynamic viscosity

11. Moment of inertia

methods for doing the experiments themselves. Such a model makes it possi-~
ble to carry out an experimental investigation of the soft-landing process
for a lunar vehicle and perfecting its full-scale landing gear by simply
dropping the model from a special test stand or helicopter onto a platform
that has the "full-scale profile" of the location. Experiments using the
full-scale model are very interesting from the point of view of determining
the probability of successful stable landing of the vehicle under conditions
simulating those on the Moon.

= For Mars and Mercury, the scale of gravitational acceleration takes on the
value

Ky = Iy/ig = 8garth/8Mars = 9.81/3.74 = 5/2

From Equation 7.10, we obtain the simple relationship

The following four cases could be of practical interest: (1) Ky = 1/5 and
Kg = 1; then Kp = 2. Such a dynamically similar model scaled down by a fac-
tor of 5 and made of full-scale-vehicle materials but with a mass density of
the structure two times that of the full-scale space landing vehicle (which
is achieved by installing ballast) is very suitable for testing in a special
stand with platforms simulating the soil of the planmet; (2) Ky = 2/5 and

= KE = 1; then K, = 1. In this case, the dynamically similar model of the
space landing vehicle is scaled down by a factor of 2.5 and should be manu-
factured of materials that are the same as the actual structure and, if pos-
sible, with the dimensions of all elements changed proportionately (Models
DPM-A, -B, -C, Table 8.1); (3) Ky = 2/5, Kg = 2/5; then K, = 2/5. In con-
trast to the preceding case, such a dynamically similar model of the space
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landing vehicle scaled down by a factor of 2.5 can be manufactured from
materials with a modulus of elasticity E that is 2.5 times smaller than that
of the materials in the full-scale structure. This has the added result

that the weight of the basic elements of the model decreases by a factor of
2.5 compared to case 2 (Models DPM-Gl and -G2, Table 8.1); (4) Ky =1,

Kg = 1; then = 2/5. 1In this case, the landing gear and several force ele-
ments of the model have to be manufactured with full-scale dimensions of the
actual materials and the weights of the remaining portions of the model (pay-
load, power plant mockups, instrument section, and so forth) have to be sig-
nificantly reduced such that the overall mass obtained for the space landing
vehicle model maintain the scale Ky = 2/5 = 0.4 and that the model have the
same center of mass as the full~scale vehicle (Model DPM~G3, Table 8.1).

This case is analogous to case 4 for soft landing on the Moon.

It is worth noting that for a scaling of Ky = 1/6 (for Mars, Ky = 2/5), the
scale of linear velocity takes on the value Ky = 1, that is, the dynamically
similar model will have the same velocities during landing as the actual
space landing vehicle making a soft landing on the Moon (or on Mars). This
simplifies the experimental investigation and recalculation of results
therefrom for the full-scale phenomenon. Let us assume that during an
experiment such a model of a space landing vehicle is dropped from 1/6 (2/5)
altitude, which it would have on the Moon (on Mars), and the experiment is
filmed from a distance of 1/6 (2/5) of the actual distance and 6 times (2.5
times) faster than normal; then in viewing the film at standard speed one
can see the process of soft landing equivalent to the actual one of a lunar
(Martian) space landing vehicle (Figure 7.1). A reduction in linear dimen-
sions of the model by a factor of 6 (2.5) compared to the actual one makes
it possible to carry out several experimental studies of soft landing in a
special altitude chamber, which simulates the lunar (Martian) vacuum.

Modeling with the Aid of Full-scale Mockups of Space Landing Vehicles. In
modeling with this method, the same conditions for similarity (Equations
7.9) have to be satisfied.

Because soft landing is studied in mockups of space landing vehicles manu-
factured from the same materials and having full-scale mass and volumetric
dimensions, the initial scales of modeling are determined directly: Ky = 1;

=1 and Kg = 1 (as before, p = 3). From the conditions of similarity
(Equations 7.9), we obtain the following relationships:

=1 Lo g?2
) Ky = 15 R KKKy 1; K

" from which

KKyl = 15 ke = 1

2

- "1, = 1/2 —1/1_ 1
Kj = KE(KOKJL) H Kt KJLKp K'E (7.12)
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Substituting the values of the initial scales into Equations 7.12, we find
that K, = 1 and K, =1, that is, similarity of phenomena while modeling soft
landing using full-scale space-landing-vehicle mockups can only be preserved
under conditions of artificially creating the planetary acceleration of
gravity on Earth (this results in a full-scale time scale). This can be
achieved in a number of ways. The only strict path of obtaining planetary
gravitational acceleration is by putting the full-sczle mockup into a flying
laboratory similar to laboratories that create weightlessness. However,
flying laboratories are most unsuitable for experimental studies of soft
landing.

Simpler ways, from the point of view of technology, although less strict,
are the various methods of "unloading," in which correspond.nce with the
actual vehicle is obtained only in terms of the total weight of the mockup,
which is influenced by terrestrial gravitation (the full-scale mockup has to
be "unloaded" by the [1 - Kj—l] portion of the total weight). 1In this case,
in order to achieve a similarity of phenomena more fully, the selected
method of unloading should be applied to a large number of the elements in
the mockup.

Methods for unloading can be implemented by a number of designs:

(1) Installing additional jet engines omboard the mockup; (2) using coun-
terbalances (it is desirable to have a system of unloading counterweights
for each element of the mockup); (3) using electrodynamic brakes; (&)
employing hydropneumatic mechanisms of unloading; (5) using inclined walls;
and so forth.

We will note that in the case of full-scale-mockup modeling of the landing
process for a piloted ship intended to provide cosmonauts with a complete
simulation of planetary conditions during training, it is necessary also to
provide for the following: (1) Manual controls with characteristics iden-
tical to the actual ones; (2) identical view from the cabins of the mockup
and the piloted ship;(3) the cosmonaut in the cabin of the full-scale mockup
in an identical attitude as in the actual piloted ship.

The first method of unloading in essence presumes creation of a flying,
full-scale, turbojet type of mockup of the space landing vehicle (Ref. 46).
In spite of the significant difficulties connected with its implementation,
this method opens broad possibilities for studying the soft-landing process
itself and permits training the cosmonauts in perfecting the concluding
flight stage of a piloted ship including checking the effectiveness of the
manual and automatic control systems, the quality of the view from the
cabin, and so forth and maneuvers for choosing the landing site.

Specific variants of unloading using jet engines might be of special inter-
est: (1) A jet engine located in the center of mass of the flying mockup

in a gimballed suspension with 2 degrees of freedom, maintained in a verti-
cal attitude by a control system during the entire flight. The engine pro-
vides thrust of 83.3 percent (for the Moon) or 60 percent (for Mars) of the
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terrestrial weight of the mockup. In this variant, it is necessary to have
a system of auxiliary power plants rigidly attached to the mockup that pro-
duce linear translations of the mockup for rotations in pitch and roll; (2)
a jet engine located at the center of mass of the flying mockup in a gim-
balled suspension with 2 degrees of freedom and connected to it by hydraulic
actuators in the longitudinal and transverse planes. By using a composite
control system, which includes a jet vane and booster as the bhasic actuating
elements, mockup aad power plant can be controlled to have such an angular
attitude in space for which the kinematic parameters of the mockup's motion
equal the kinematic parameters of the space landing vehicle's motion; (3)
the jet engine rigidly attached to the flying mockup at its center of mass.
The pilot cabin, however, is attached to the mockup with a gimballed system
with 2 degrees of freedom. The control system, using jet vanes with the jet
engine and hydraulic actuators connecting the movable pilot cabin to the
mockup, provides for such attitude of mockup and cabin in space for which
the linear kinematic parameters of mockup motion and the turn angles of the
cahin equal the corresponding parameters of motion for the manned space
vehicle.

For all other methods of unloading, the full-scale mockup is supported at
all times by cables from the unloading mechanism, as a result of which the
maneuvering capability of the mockup is limited by the dimensions of the

test stand. However, the absence of the unloading jet engine greatly sim-
plifies the design of a full-scale mockup and test equipment (Figure 7.2).

We should note the negative side of the second unloading method, namely,
that at the moment the mockup touches the surface, that is, during the
period of meeting the barrier, of energy absorption, and of deformation of
landing gear and ground, the unloading becomes ineffective due to inertia
of the counterbalance weights.

In this sense, it is better to use the third and, especially, the fourth
methods of unloading, which are distinguished by small inertias in the
unloading mechanisms used. By using a wall slightly deflected from the ver-
tical, it is possible to obtain a simulation of a reduced gravitational
force by decomposition of the weight of the space-landing-vehicle mockup
into its components. However, this method of unloading makes it more diffi-
cult to simulate the profile of the landing surface and the properties of a
loose, deformable planetary soil.

By making the scale K. = 1 during these experiments, we simultaneously
achieve the condition where the magnitudes of the remaining derived scales
also equal unity. Of course, for such tests, it is impossible to maintain
similarity in the temperature regime or space vacuum, because the perform-
ance of full-scale landing experiments is impractical in heat-altitude cham-
bers.

The experimental investigations of soft landing by using full-scale mockups
is one of the final stages in the experimental development of landing gears
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under terrestrial conditions. Such studies make it possible to draw defini-
tive conclusions on the suitability of a particular landing-gear design as
well as on that of its structures for successful planetary landing. They
also permit the crew training necessary for a manned vehicle (or for a
remotely controlled automaton) to accomplish soft landings. These studies
also improve the operatiomnal reliability of the landing~gear system and
reduce the number of expensive spacecraft tests required within the frame-
work of the test program.

Modeling of Soft Landings on a Deformable, Simulated Soil of Planetary Sur-
faces

We will now consider the question of modeling several mechanical character-
istics of planetary soils under terrestrial conditions. These characteris-
ties influence the soft-landing process for a space landing vehicle. The
following quantities are of essence: The mass density of the soil, p
(kg/m3); the coefficient of soil compressibility, a (ms“/kg); the coegfi-
cient of internal friction in the soil, y (0], and also %, t, £, and j.

It is known that for small changes in pressure, one can consider soils as
linearly deformable bodies, and assume, with an accuracy sufficient for
practical purposes, that there is a linear relationship between stress and
strain (Ref. 39). Figure 7.3 shows the relationship between total soil
deformation under a die as a function of external pressure. The curve show-
ing soil deformation has two main parts: (1) From zero to some pressure
Pg» which for all practical purposes can be approximated with sufficient
accuracy by a straight line (the dashed line in the figure), and (2) a
curved portion for pressures greater than pg- Practically all soils have a
"region of proportionality" between pressure and settlement § for low values
of external pressure (up to ~ 3 x 10° Pa) (Ref. 35). The theory of linearly
deformable semi-infinite solids gives analytical expressions for a fully
stabilized compression § of a uniform soil under the action of external
pressure p:

§ = hsap (7.13)

where hg is the equivalent thickness of the soil layer whose compression
under continuous load will be the same as the subsidence of a layer of soil
under loading action on an area of given dimensions.

Equation 7.13 is valid for all soils and accounts for the finiteness of lat-
eral expansion of the soil, dimensions, shape, rigidity of the base of the
body acting on the soil, and the effect of all components of stress on soil
settlement.

The tangent of angle &, considering Equation 7.13, is given by

tan o = hea = const when O < p < P+ Because the quantity hg is constant
for a given soil and given base of a body acting on the ground, we have

a = const for 0 < p g Pg- Equation 7.13 can be written as
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= 5/ah6 = Ala (7.14)

where A = 6/h5 and is the relative deformation of the soil under compres-
sion.

The coefficient of internal soil friction ¢, given by ¢ = tan ¢ where ¢ is
the angle of internal soil friction, characterizes the resistance of the
ground to slipping.

The internal soil friction represents the resistance to relative sliding of
particles and, within certain ranges, is directly proportional to the normal
pressure being transmitted to the solid skeleton of the soil (Coulomb's
law):

T = IJJP (7.15)
where T 1s resistance to slipping (slipping stress in the soil).

We will now, in accordance with the H—théorem, form nondimensional expres-
sions to supplement Equations 7.7 that will characterize the process of
interaction of the soil with the parts of the vehicle's landing gear:

Ts = 43 g = appi%, and also My = t2§/2; I, = £ (7.16)

In order that the behavior of the soil during experimental studies of soft
landing under terrestrial conditions be similar to the behavior of the
actual soill, it is necessary to maintain equivalency in the nondimensional
expressions for the actual and modeled phenomena:

be=bw @ Jube=0au0r Jului tlla=80 s o= S (7.17)

Characteristics of Modeling Using Dynamically Similar Models. The initial
-scales of modeling are conveniently chosen to be the scales of the following
quantities of independent dimensionality: Length, mass density of the soil,
and acceleration of gravity, Ko s Kpr, and Kj. The derived scales of model-

ing are expressed by using the initial scales and the similarity conditions
given in Equations 7.17.

The conditions of similarity,. ¢ Yy = ¥y and f = fM, assume the use of simu-
lated soils with coefficients of 1nternal and external friction identical to
those of the soil on the planet. The scale for the acceleration of gravity
is uniquely determined from the conditions of the experiment (K = 6 for the
Moon, Kj = 2.5 for Mars, and so forth).
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Considering the need to preserve the condition ¥y = Yy, and the fact that the
surface layers of the planets being considered have small density, it is
desirable when creating simulated soils to use low-density materials.
Therefore we assume that KpI‘ = 1. Substituting into the expression for the

scale K, the values of KJ. and Kp , we obtain
T
K = (K“KerJ')_l; K, = (6K))"1 (for the Moon)
-1 (7.18)
K, = (2.5K2) (for Mars)

Equations 7.18 show that, in using dynamically similar models of the space
landing vehicle with a scale Ky = K:™*, the scale K5 = 1. In other words,
in experimental studies of the soft~landing process, simulated soils having
mechanical characteristics identical to the soil of the planet should be
used. For this goal, it is necessary to use several special materials (nat-
ural and artificial) with characteristics corresponding to the latest data
on the properties of the planet's surface layers (Table 7.2). 1In the case
when (for example, for the Moon) K, > 1/6, then K, < 1, that is, the simu-
lated soil has to be less compressible (less yielding) than the actual one.
The soil has to be less porous (spongy) and of greater structural stiffness
for given values of mass density and coefficients of internal and external
friction corresponding to the planet's soil.

The final choice of the magnitude of the initial scale K, considers the
dimensions of the test stands and runways and the capabi%ity to prepare and
use corresponding simulated planetary soils.

Characteristics of Modeling by Using Full-scale Mockups of the Space Landing
Vehicle. In studying the soft landing with full-scale mockups of the space
landing vehicle, the same similarity conditions (Equations 7.17) have to be
met. Simulation of the planetary soil in this case demands particular con-
sideration. Because the full-scale mockup to be tested simulates the_ dynam-
ics of landing on the planet due to unloading by a factor of (1 - Ki7™*) x
100% of its weight, it is only natural to explore the possibility oI using
simulated soil whose properties correspond as closely as possible to the
planetary soil during this experiment. Therefore, the initial scales to be
used in the simulation take on the following values: K; =1; Kpl" = 1, and

K, = 1. With this in nind, we obtain Ky = (KK K)™' =1 from the simi-
Ir r @

larity conditions.

In other words, for a simulation with full-scale mockups and soft, deform-
able, simulated soils, full similarity of phenomena can be preserved only by
simulating the planetary gravitational forces under terrestrial conditioms.
Because it is impossible to "unload" every soil particle by a factor of
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Table 7.2 cont'd

Key:

25.
26.
27.
28.

29.
30.

32.
34.

35.
36.

Material

Parameters

8planet (m/s?)

Temperature (°K)

Pressure (Pa) [pascals]

Density (kg/m3)

Load-carrying capacity (Pa)

Angle of internal friction (degrees)

Coefficient of friction

Structure; source of analogy

Means of study

Lunar soil

Martian soil

Mercurial soil

Venusian soil

Sand plus mineral oil

Andesite~basaltic volcanic sand

Cellular foam concrete

Basalt (crushed)

Gas-silicalcite

Andesite-basaltic lava (dense/porous)

Fine~grained, loosely bound soil with admixture of gravel and
rocks. Corresponds to powdery sand (Refs. 21, 70)

Luna, Lunokhod, Surveyor, and Apollo spacecraft

Soil varies from quite friable to demse (rocky minerals); in
many ways reminiscent of the lunar surface (Ref. 25)

Mars and Viking spacecraft

Close to the rocky minerals of the Moon; in microstructure more
similar to the Moon than to Mars

Mariner-10 radiophysical observations

Reminiscent of granite minerals and massively textured terres-
trial low-porosity basalts. Denser than the Moon (Ref. 2)
Venera-9 and Venera-10

Simulated soil made of artificial materials (Ref. 26)
Simulated soil made of natural materials (Ref. 17)
Simulated soil made of artificial materials

Simulated soil made of natural materials

Simulated soil made of artificial materials (Ref. 37); also
Figure 7.4

Simulated ‘soil made of natural materials

Note: Tentative estimate based on indirect data
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(1 -K ) under terrestrial conditions, and the creation of artificial
grav1tgtion by a flying laboratory or by an electromagnetic field actiag on
the particles of a special soil 1s impractical during experiments with full-
scale mockups, the only remaining approach is to estimate the .agnitude of
the error introduced into the experiment by the peculiarities of the dynam-
ics of the simulated-soil particles in the terrestrial gravitational field.

In this case, the soil subsidence under action of the space-landing-vehicle
mockup can be determined by Equation 7.13 but will differ from that of the
actual soil due to the K:-fold increase in the weight of the soil particles.
The pressure p used in Equation 7.13 consists of two parts (Ref, 39): The
external pressure on the soil by the vehicle mockup, which pressure is the
same as the real one, namely, p,, and the internal pressure pr in the soil
due to the weight of the overlying layer of thickness h, and which is dif-
ferent from that of the actual soil:

P = Paq ¥ Pp = Pay + erhe
From this we can find the error in the magnitude p incurred during simula-
tion:
&= (py = pg)/py = [pphlgy - gy) 1/ (pay + prhey) (7.19)
where gy = 8parih = 6 BMoon = 2+5 Byars and 8y = 8Mpon (OF 8y = gMars)

Equation 7.19 can be w-ritten as follows for Mars:

A= 1.5 gyapg Pph/ (Pay + Ophgyars) = 1.5/[1 + (pag/pphgy,,s)] (7.20)

or for the Moon:

B=5 Byoon Prh/ (Par * PrhBygon) = 5 [1 + (paﬂ/prthoon)]-l (7.21)

Equation 7.19 shows that the error in the magnitude of the pressure p
increases with an increase in the depth of the soil layer. If we let h = 0
at the surface and in the near-surface layers, we have A ® 0. Let us deter-
mine the magnitude of the error in soil pressure at a depth of h=1 m.
Assuming that paE =1 x10° Pa, pp = 1,200 kg/m”, and gyyon = 1.62 n/s? s
8Mars = 3.74 m/s%, we obtain A 5 095 or 9.5% (for the Moon) and A = 6.5%
(for Mars).

Inasmuch as subsidence § and shear resistance 1 are both directly propor-
tional to normal pressure p acting on the soil, the error in their magni-

- tudes during experiments using a soft soil will be of the same order. Con-
sequently, with a degree of precision adequate for practical purposes, use
is made of the simulated soil “without unloading" during experimental stud-

- ies of the soft-landing process (and also of locomotion) when full-scale
mockups of the space landing vehicles are used.
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It is of interest to note that an analogous result is obtained when ques-
tions of simulating planetary solls are considered during soft-landing stud-
ies using dynamically similar full-scale models of the space landing vehicle.
In this case, mass 1s reduced K ~fold and the external pressure by the model
on the soil is the same as for the actual vehicle.

However, the use of a simulated soil corresponding in its properties to the
actual soil during experiments with dynamically similar models (constructed
with the scaling Kj‘l < KQ < 1) leads to a substantially distorted picture
of the interaction between the landing gear and the soil of the planet.
Thus, for a model scale (for the Moon) of Ky = 1/2, the error in the magni-
tude of pressure on the soil (and, consequently, in the magnitude of soil
subsidence) 1s about 200 percent. It is therefore necessary to create spe~
cial model soils for such tests in accordance with the magnitude of the
scale K5 (K < 1).

Experimental studies under terrestrial conditions of the soft-landing proc-
ess using a deformable soil whose properties simulate the characteristics of
the planet's surface layer make it possible to obtain a complete analogy of
the vehicle landing, to estimate the depth to which the landing gear will
sink into the soil under different conditions of motion (especially when
liftoff for the return flight is required), and to identify more precisely
the zones of stable landing, which was done earlier for solid soils.

Simulation of Surface Layer Characteristics of Planets Under Terrestrial
Conditions

In considering the simulation of planetary soils, it was emphasized that for
an experimental study of the soft-landing dynamics of space landing vehic-
les, it was important to develop a completely valid simulation of planetary
soils with properties corresponding to the current knowledge of soils on the
Moon and planets in the terrestrial group.*

In spite of the fact that observations of heavenly bodies with the aid of

terrestrial facilities have been carried out for a very long time, that the

space age has already entered its third decade, and that mankind has made

) more than 25 soft landings of automated and manned vehicles on the Moon and
the planets of the terrestrial group, our knowledge of the structure and
properties of the surface layers of the planets (Table 7.2) is far from
being complete enough to allow a correct solution of the many engineering
problems arising during the design of future planetary landing systems and
systems of locomotion on planets' surfaces.

*Although the Moon is a satellite and not a planet, nevertheless, because in
its physical characteristics it is close to the planets of the terrestrial
type, wherever the term '"planet" is used in the subsequent material it will
also imply that the Moon is included.
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However, the available results of studies of the surface-layer characteris-
tics of planets attest to the fact that in spite of their substantial dif-
ferences (related to the individual planet's geological development, atmos—
pheric conditions, forces of gravity, distance from the Sun, and so forth),
the planets have much in common, especially in regard to the physical-
mechanical soil properties. For this reason, structures and properties of
planetary soils are usually stated in comparison with either the lunar soil
or with various Earth rocks.

It thus seems useful to develop several variants of simulated soils (Table
7.3) for the simulation of planetary soils during terrestrial testing of
space landing vehicles. Such soils should encompass in their physical~-
mechanical characteristics the full spectrum of values of these properties
for planets of the terrestrial type (let us also remember that such proper-
ties of planetary soils as albedo, color, polarization angle, electrical and
thermal characteristics, and so forth are not very significant in studying
dynamic processes). By combining these simulated soils, we can.obtain
multilayer models of the planets' surfaces with the required changes of
property as a function of depth and given profile (slopes, rocks, craters,
and so forth).

Table 7.3
Simulated Soil Variants
Parameters
I I1 III

Density (0.4 to 0.8) x 103 | (0.7 to 1.4) x 103 | (1.5 to 3.0) x 103

(kg/m?) 5
Load-carrying [(0.2 to 0.6) x 10° | (0.7 to 2.0) x 105 | (2.0 to 5.0) x 10

capacity (Pa) and higher

It is necessary to note that the simulated soil variants shown in Table 7.3
represent a refinement of a preliminary three~layer model based on contempo-
rary data of the lunar surface structure proposed in the mid-1960's by V. S.
Troitskiy, a member~correspondent of the USSR Academy of Sciences, and based
on an analysis of results of radio sounding of the Moon and on measurements
of the variation in the RF radiation temperature during the course of a
lunar day (Refs. 19, 70).

For terrestrial perfection of the soft landing of a space landing vehicle,
it 1s appropriate to chonse the least favorable variant of the simulated
soil. Thus, during studies of the performance capability of the energy
absorbers, the determination of maximum stresses in the structural elements
of the landing gear and maximum loading in the vehicle modules should be
done with the densest simulated soil (variant III), made with monolithic
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materials such as concrete, asphalt, and so forth. These same (least favor-
able) materials should also be used in determining the zone of stability of
the vehicle by using models and full-scale mockups for landings on surfaces
with various slopes, projections, and coefficients of friction.

In experimenting with dynamically similar models for studying the effective-
ness of one or another landing-gear design using porous, loose soils, as well
as during tests of flying vehicle mockups for estimating the specifics of
landing and, in particular, return lift-off from such soils, it is necessary
to use variants I and II of the simulated soils. Materials belonging to
these variants can either occur naturally or be man-made.

Among the porous-foamy materials manufactured commercially are foamed con-
crete and gas-silicalcite, whose characteristics are given in Table 7.2.

The foamed concrete is a monolithic materials whose mechanical properties
are close to variant II of the simulated soils manufactured from cement
using a simple process.

The gas-silicalcite is made by a special process developed along the follow-
ing methodology (Ref. 37). For certain ratios of Ca0, 5i0,, and Al,0
(without cement) and depending on heat treatment, materials with different
mechanical characteristics are obtained. The common gas-silicalcite used
for construction has a strength of (5 to 8) x 10° Pa. By changing the proc-
ess and the composition of the mixture, it was possible to obtain gas-sili-
calcite (Figure 7.4) with a strength of ~ 109 Pa (chemical composition of
the mixture: Ca0, 31.5%; $i0y, 68.37%; A1203, 0.13%; and Hy0, 42% of the
dry weight of the mixture).

The man-made simulated soil, from a base of fine sand whose cohesion is pro-
vided by adding a quantity of mineral oil, possesses a porous, finely dis-
persed grain-aggregate cohesive structure. In its physical-mechanical prop-
erties, it can be classified under the first variant of simulated soils
(Table 7.2). The sand-oil mixture is prepared in small portions and after
thorough mixing is placed on the solid subsurface of the soil platform.

The comparison of the obtained simulated soil with the porous planetary soil
in terms of grain/particle~size distribution shows a sufficient degree of
correspondence. Data given in Table 7.2 refer to a simulated soil deposited
on a soil platform by free pouring without additional processing (the aver-
age coefficient of porosity of the simulated soil in this case is 0.81). By
compacting the simulated soil or by loosening it by different degrees, we
can change its properties by varying the density of packing (Ref. 26). The
method of preparing the soil platform for the tests also affects the rela-
tionship between density and porosity of the simulated soil as a function of
depth.
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Reference 26 glves the following relationship between pressure in the simu-
lated soil under the die as a function of subsidence:
p = 8.5 hl-01646 4 105 pa (where h is in meters).

Reliability estimates of the constants (8.5 and 1.01646) using the Student
criterion show that with a likelihood of 95 percent the relative errors
amount to 10 percent and 8.1 percent, respectively.

In creating man-made simulated planetary soils, it is necessary to keep in

mind that the basic factors that affect their physical-mechanical properties
are the specific conditions on the surface of a given planet.
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Figure 7.1. Unstable Landing of Dynamically Similar Model DPM-B in a

Crater Located on a 15° Slope with Velocities Vyory = 2.5 m/s
and Vpopr = 2.0 m/s. (The landing configuration is "2-2", the

soil rigid, depth of the crater 0.15 m, and the frame interval
~ 0.06 s)

126
FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300040031-0



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300040031-0

FOR OFFICIAL USE ONLY

Figure 7.2. Overhead Test Stand for Developing the Pretouchdown Maneuver
and Landing of a Full-scale Mockup of the Apollo Spacecraft
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0 Py (2) 2, Ml

=L

(1) am

Figure 7.3. Deformation of Soil Under a Die as a Function of External Pres-
sure (0 < p < py)

Key:

1. § (m) 2. p (Pa)

Figure 7.4. Reduced-strength Gas-silicalcite
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CHAPTER 8

EXPERIMENTAL STUDIES OF SOFT LANDINGS USING DYNAMICALLY
SIMILAR MODELS OF SPACE LANDING VEHICLES

Experimental studies of the soft-landing process for space vehicles using
dynamically similar models are carried out with the following basic goals:

1. To study the effect of the vehicle's landing stability on the following:
The vehicle's landing-gear system (number of legs in the landing gear, the
size of the landing-gear leg pad, and so forth); both mass and inertial
characteristics of the space landing vehicle (magnitudes of the moments of
inertia, location of the center of mass, tank filling, and so forth); struc-
ture of the energy-absorbing devices and their energy capacity; variation in
initial attitude of the vehicle during landing; initial angular velocities
of the vehicle; direction of the horizontal component of the landing veloc-
ity relative to the vehicle and the surface; inclination of the surface and
its uneveness ('"profile'); and load-carrying capacity of the soil surface
and the coefficient of friction.

It is necessary to conduct tests for different combinations of vertical and
horizontal components of the velocity of approach to the surface, as pro-
vided by the test stand.

2. To study the effect on the vehicle mass of various landing-gear designs

and structures, as well as the kinematics of its deployment.

3. To check out and refine the mathematical model assumed during the theo-

retical studies of the vehicle's landing gear on a digital computer (com-

parison and analysis of theoretical and experimental results).

4. To find the rapid and most effective way to develop the full-scale land-

ing gear of the vehicle experimentally.

5. To prepare recommendations on the choice of landing-gear design and its
- geometric parameters, which will provide stability of the vehicle against

toppling during landing, and recommendations on the strength of its strue-

tural elements’and on the choice of scientific equipment.

The entire range of experimental studies of the soft-landing process using
dynamically similar models is appropriately divided into two phases: (1)
The study of the effect of the conditions of landing the vehicle on the
planet's surface; (2) the study of the effects on the landing process of the
vehicle's structural parameters.

In carrying out the first phase of the studies, it is necessary to vary the
following: (1) Magnitude and direction of the landing velocity relative
to the vehicl: and to the surface; (2) surface slope angle and unevenness
(simulating the "profile" of the landing area); (3) magnitude of the coeffi-
clent of friction between the landing gear and the soil; the load-carrying
capacity and density of the upper soil layer; (4) initial orientation angles
(pitch, yaw, and roll) and the initial angular velocities of the vehicle
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during the drop. During the tests, the vertical and horizontal components
of landing velocity are usually taken at discrete points (for example, in
increments of 0.5 to 1.0 m/s).

During the phase in which the effect of structural parameters of the vehicle
on the stability of landing is studied (second phase), such parameters are
varied within ranges specified by the designers. 1In this case, in order to
reduce the number of experiments, values of a whole group of parameters that
characterize the vehicle's landing conditions are either fixed or are
reduced in range to the maximum possible extent. As a rule, the values of
parameters in this group are taken close to the critical omes so that the
effect of structural parameters on the stability of the vehicle during land-
ing will be most clearly manifested. The parameter values usually chosen
are the maximum values of load factors, forces, and strains in the landing-
gear elements.

Should excessive load factors, strains, or instability of the model be dis-
covered during such tests within the range of velocities that can be encoun-
tered with the full-scale phenomena, changes of specific structural param-
eters of the model's landing gear are made (location of the center of grav-
ity, magnitude of the support base, characteristics of energy absorptionm,

and so forth), and an attempt is made to obtain favorable characteristics
for a stable landing of the model in all required ranges of landing velocity.
The structural changes made during this process are valuable recommendations
for modification of the actual landing gear.

Dynamically Similar Models

We will briefly consider the particulars of the layout and structure of
dynamically similar models intended for studying a soft landing on the Moon
and on Mars (and Mercury). Characteristics (averaged data from various
sources) for the three models, A, B, and C, corresponding to three lunar
landing vehicles (with linear dimensions decreased by a factor of 6, and
thus K, = 1/6) are shown in Table 8.1 for masses of from 5.6 to 16 tons at
the time of landing (Refs. 8, 47, 55).

In its characteristics, the heavy vehicle (variant C) approaches the Apollo
spacecraft, which was used for the first manned flight to the Moon (Ref.
55). Vehicle variant A (with a mass of about 5 tons) belongs to a class of
automated vehicles capable of delivering large, unmanned stations and mobile
laboratories to the Moon's surface (Ref. 47).

The methods-research model B was developed for studying the physical pattern
of the soft-landing process on planets lacking atmospheres. It made pos-
sible a wide-range variation of basic structural parameters of the landing
gear (for example, the number of landing-gear legs was varied from 3 to 6,
and so forth) and was tested under different landing conditions using both
rigid and deformable simulated planetary soils. Data are given in Table 8.1
on a four-leg modification of the model. The full-scale lunar vehicle of
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Table 8.1
Key:

1. Space landing vehicle variant
2. Model A [DPM = dynamically similar model]
3. Lunar space landing vehicle (scaled for K, = 1/6)
4. Martian space landing vehicle (scaled for K; 1/5)
5. Martian space landing vehicle (scaled for K, = 2/5)
6. Model B
7. Lunar space landing vehicle (scaled for K, = 1/6)
8. Martian space landing vehicle (scaled for Ky = 1/5)
9. Martian space landing vehicle (scaled for K, = 2/5)
10. Model C
11. ZLunar space landing vehicle (scaled for Ky = 1/6)

[ |

~ 12. Martian space landing vehicle (scaled for K, = 1/5)
13. Martian space landing vehicle (scaled for K; = 2/5)
14, Model D-1
15. Martian space landing vehicle (scaled for Ky = 2/5 and Ky = 2/5)
16. Model D-2
17. Martian space landing vehicle (scaled for K, = 2/5 and Ky = 2/5)
18. Model D-3
19. Martian space landing vehicle (scaled for K, = 1 and Ky = 2/5)

20. Parameters

21. Units: kg

22. TUnits: kg—m2

23. Units: m

24, Units: number [of landing-gear legs]
25. Units: kN

26. Vyert in m/s

27. Vpor in m/s

variant B (obtained by scaling model parameters to correspond with criteria
of similarity) having a landing mass of 7.6 tons can be assigned to the
class of automated cargo vehicles intended to supply future lunar stationary
bases.

By using conditions of similarity (Chapter 7, p 108), results of experiments
(and of calculations) for model B can be generalized to the case of soft
landing of dynamically similar Martian vehicles with a landing mass of

2,200 kg and 550 kg. The table also shows results of an analogous computa-
tion of characteristics for models A and C for Martian (and for Mercurial)
conditions (for two linear scale values, Ky = 1/5 and Ky = 2/5 when Kg = 1).

U. S. scientists designed and tested dynamically similar models of the
Viking space vehicle specifically for studying the particulars of soft land-
ing on Mars by using several configurations of this vehicle's landing gear.
Three such models with scales K, = 2/5, KE = 2/5 and Ky =1, and Ky = 2/5
are also included in Table 8.1 (vehicle variant D [Refs. 50, 69]).
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Let us present a brief description of the models mentioned.

Model A consists of a lifting body, landing-gear legs with energy absorbers,
fuel tanks, suspension system, and load-centering system. Each of the four
legs has three rods (strut and bracing struts) with collapsible devices and
semispherical "shoes" to which crushable aluminum honeycombs are glued.

Model B has a rigid cylindrical body of aluminum alloy, to which from three
to six landing-gear legs can be attached, a device for suspending the model,
several variants of fuel tanks, and centering and balancing weights (Fig-
ure 8.1). The interchangeable legs consist of two lower side struts (brac-
ing struts) and a central strut (stanchion) with an energy absorber (shock
absorber). The energy absorber consists of a turned aluminum cylinder,
inside of which is a freely moving piston with a piston rod. Inside the
cylinder and under the piston is placed the aluminum honeycomb, which is
crushed when the model lands on the surface. Instead of using an energy
absorber with crushable aluminum honeycomb, the legs of the A and B models
will use friction energy-absorbing devices.

The C model also has a light, rigid, cruciform body with cantilevers of A-
shaped cross section. The four legs, consisting of a main strut (stanchion)
and two lateral bracing struts, are connected to the cruciform body. All
struts are equipped with shock absorbers for absorbing the energy of impact
using aluminum honeycomb cartridges. Each strut of the model carries a
small spike for modeling the increased coefficient of friction of the leg in
contact with the surface, in lieu of a landing-gear-leg foot. At the
model's center of gravity, a vertical strut is attached, which carries the
model suspension mechanism for attaching to the test stand. The strut at
the same time also serves for the attachment of balance weights at the
required position.

The D models simulate the basic configurations of the Viking vehicle's land-
ing gear. Two early models (D-1 and D-2) have identical truss type of bod-
ies welded of aluminum tubing and triangular in layout, rigid and light-
weight, and convenient for attaching centering and balancing weights. Mod-
els D-1 and D-2 differ from each other in the design of the landing gear,
namely: The first model has landing-gear legs shaped like an inverted tri-
pod, to whose apex a hinged foot is connected; the landing-gear legs of the
second model are of cantilever design (two side braces attach to the main
strut of the landing-gear leg somewhat below its middle, forming a bracket
in the main strut) and also have a hinged foot.

The landing-gear main strut shock absorber is a cylinder into which four
aluminum honeycomb cartridges, strung on a thin rod, are loaded. Each hon-
eycomb cartridge deforms under the action of the applied force. During
deformation of the shock absorber, the relationship between the force of
compression and the displacement of the piston rod forms a staircase func-
tion (Figure 6.3).
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Each energy absorber of the lateral struts (braces) of the landing-geax leg
carrles two aoneycomb cartridges, one of which 1s used during compression of
the brace and the other during extension.

The last model (D-3), in contrast to the two preceding ones, is a full-scale
dynamic model of the Viking space landing vehicle with a landing gear in the
form of an inverted tripod. The D~3 model has the dimensions and balance of
the actual space landing vehicle; however, its mass is about 2.5 times less
than that of the actual Martian vehicle (Table 7.1). The model has a rigid
and very strong body of aluminum sheet and tubing welded together. The body
carries balanciny weights in order to give the model the necessary mass
inertial characteristics. Honeycomb units (cartridges) are installed in the
energy absorbers of the struts on each landing-gear leg to simulate four
different values of compression force.

Operation Particulars for the Simulated Energy Absorbers

The landing gear of a space landing vehicle must have special energy absorb-
ers to provide soft landing on the planet. The following requirements are
Placed on the energy absorbers: Small mass and small stowed volume; per-
formance reserves for the case of premature shutdown of the retro power
plant; the ability to operate under conditions of deep vacuum and rapid tem-
perature drop; and strength and survivability for unanticipated landing con-
ditions (hitting a stone, landing in a crevasse, landing on only some of the
legs, and so forth).

During experimental studies under terrestrial conditions of the planetary
soft-landing process (using models or full-scale mockups of space landing
vehicles), special attention has to be given to so-called "modeled" energy
absorbers, which are to simulate the actual ones in respect to forces and
kinematics. Removing the requirement that they operate in a deep vacuum
expands the available choices (Ref. 14) of methods that can be used for
absorbing the kinetic energy in efficient model energy absorbers. Let us
note, however, that specific results of such studies can be successfully
generalized to full~scale energy absorbers (for example, honeycomb absorb-
ers, extrusion type of devices, metallic torroidal and spherical envelopes,
steel rods, and so forth).

Given below are only the basic results of the experimental studies of sev-
eral types of model energy absorbers such as those that use a heneycomb cell
structure made from different thicknesses of aluminum foil or sintered alu~-
minum powder (Figure 8.2), those using collet friction energy absorbers,
extrusion type of devices (Figure 8.6), and steel rods that deform plasti-~
cally during extension.

Honeycomb energy absorbers, which are either completely or partially crushed
during the landing of a model space landing vehicle, belong to the class of
one-shot energy absorbers. The low proper mass, convenience of use, and
nearly constant force of crushing during the process of compression-~-these
are but a few of their positive qualities (Ref. 22).
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The relationship between the force of crushing the honeycomb energy absorber
and the magnitude of its deformation can be obtained experimentally with the
aid of static (using test machines) and dynamic (using pile drivers) tests.

During such tests, the compressive force is applied along the axis cells of

the honeycomb unit.

The experimental equipment for static tests consists of a hydraulic press
and a model cylinder with a piston (model of the leg of the full-scale land-
ing gear), into whose open end the honeycomb units are inserted.

A pile-driver installation, in which the weight mp free-falls onto the cyl-
inder containing the honeycomb unit, is used for dynamic tests.

The motion of the weight following the instant of impact on the piston rod
of the cylinder is described by the expression

oy = F, - mrg (8.1)

where mp 1s the mass of the weight, y is the coordinate of 1ts center of
gravity, Fp is the crushing force of the honeycomb unit (or the force of
frictional resistance of the energy absorber), and g is the free-fall accel-
eration.

From Equation 8.1, we obtain the computational formula for

F,=mg (/g + 1) (8.2)
where the value of ¥y is determined from oscillograms, with the reading taken
incrementally from the line n = +1 (where n is the load factor).

Typical results of pile-driver tests on honeycomb energy absorbers are shown
in Figure 8.3. Let us note the presence of a characteristic '"small shelf"
in the acceleration during the plastic deformation of the honeycomb unit and
the subsequent "overshoot" of acceleration in the case when the energy of
the falling weight is greater than the energy absorption capacity of the
absorber (in this case, "elastic" collision is possible). Analysis of
results of these studies allows the following conclusions to be made: Suf-~
ficiently good agreement exists between data from dynamic and static tests
of the honeycomb energy absorbers; the resistance of the honeycomb unit to
crushing is practically invariant for the entire distance of crushing (the
scatter in force values is about 10 percent); in a number of cases, there is
a "peak" in the force function during the initial period of compression of
the honeycomb. However, this phenomenon can be eliminated by slightly pre-
stressing. the honeycomb; there occurs an occasional loss of stability in the
honeycomb unit, accompanied by a sharp reduction in the force of resistance.
The indicated loss of stability could have a number of causes: Distortion
in the shape of the honeycomb-unit cells, initial deformation of one of the
sides of the unit (due to faulty insertion of the unit into the cylinder),
errors in manufacturing the honeycomb unit (gluing of the foil, cutting of
the unit, and so forth).
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We will develop an analytical expression for estimating an approximatc value
of the mean crushing stress 0., of a hexagonal honeycomb structure when sub-
jected to a static axial load and freely supported at the end faces

(Ref. 22):

ocp = 40.5 (£2/d%) g, + 1.155 (t/d) tq.3 (8.3)

where t is the thickness of the cell wall (thickness of the foil), d is the
diameter of a circle inscribed within the cell, dg.2 is the yield point in
tension, and 1(,3 is the yield point in shear.

In deriving this equation, the material of the structure was assumed to have
elastic plasticity with equal yield points in tension and in shear, and the
effect of axial stresses on the character of the process of yielding was
neglected.

A comparison of results from calculations using Equation 8.3 with data from
the tests described above has shown that Equation 8.3 yields inflated and
rather coarse estimates of the magnitude of the mean crushing stress of hon-
eycomb structures (the overestimate reaches 50 to 70 percant). Comparison
of calculations with experiments also attests to the significant overesti-
mate in computed values (Ref. 22).

Frictional energy absorbers. Along with honeycomb energy absorbers, use is
being made of model landing-gear legs that use dry friction. The elements,
which provide absorption of kinetic energy in this landing-gear design, con-
sist of tapered inserts made of polycaprolactam and are drawn up to the pis-
ton rod by a special nut (Refs. 7, 13).

Testing of friction energy absorbers can be carried out by using the same
equipment and the same methods as for the honeycombs. Typical results of
static and dynamic tests of model space landing vehicle landing-gear legs
with such a design are shown in Figures 8.4 and 8.5.

- The following are results of testing friction energy absorbers: (1) Motion
of the piston rod during the energy-absorption process draws the insert
material into the cylinder of the absorber and causes an increase in resis-
tance (this is the '"self-tightening" phenomenon in the energy absorber).
For the same reason, resistance during 'compression" of the absorber is
larger than during its "extension" (that is, during extraction of the pis-
ton rod from the cylinder), with this increase in some cases reaching 30
percent. Absence in the oscillograms of the '"small shelf" of accelerations
also is proof of the continuous growth in the resistance force (a comparison
with honeycomb absorbers is interesting); (2) for impacts with large initial
velocity (about 4.0 m/s), movement of the absorber piston rod begins when
the value of the resistance force is somewhat smaller than the static force
of the initial tightening; (3) a damped oscillation in acceleration (and in
the force of resistance) takes place during the initial moment of piston-
rod movement, which cannot be natural oscillations of the seilsmic mass of
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the transducer (because the latter is well damped). These oscillations are
apparently connected with the elastic properties of the inserts, which are
rubbing against the piston rod and are being pulled into the cylinder (a
variety of free oscillations); (4) a substantial influence on the character
of the change in the force of resistance during the energy-absorption proc-
ess is produced by the manufacturing deviations during the manufacture of
piston rods and polycaprolactam inserts of this series of energy absorbers;
(5) model friction energy absorbers with inserts of polycaprolactam assure,
under full-scale conditions, a sufficiently high stability for the energy-
absorbing device during repeated tests (this results in a multiple-use model
energy absorber).

The shear type of energy absorbers use the "broach" principle (Ref. 42),

The moving rod of the energy absorber, which consists of a broach with cut-
ting edges (teeth), is connected to the landing-gear leg of the vehicle. At
the moment of landing, the landing-gear leg becomes loaded and is com-
pressed. The rod of the energy absorber translates inside a special bushing
and its cutting teeth sequentially cut some layer of metal (Figure 8.6).

The magnitude of resistance force F., which is developed by such an energy
absorber, depends on the bushing magerial, the number of simultaneously
engaged teeth, the length of their cutting edges, and the thickness of the
layer of metal being cut, that is:

{=N
F"=np"plzlcld‘t" (8.4)
where Prp is the pressure of the broach tooth applied to the bushing mate-
rial during compression of the energy absorber (being tested) (Ref. 42); N
is the number of simultaneously engaged teeth of the piston rod; dj is the
diameter of the cutting edge of the i~th tooth; C; is the length coefficient
of the cutting edge of the i~th tooth (C; < 1; when C4 = 1, the cutting edge
goes completely around the tooth); and ty is the thickness of the layer of
metal being cut by the i~th tooth.

Typical results of tests to determine the relationship between resistance
force Fp, developed by a shear type of energy absorber and the translation
of its rod, are shown in Figure 8.7. Interchangeable bushings of various
materials (D16T, AMg-6, D16M, AK-6, and others) were used during the tests.
Oscillograms obtained during pile-driver tests, which showed a clear "shelf-
like" acceleration, strongly resemble oscillograms from tests of honeycomb
energy absorbers.

Experimental tests have established the following basic characteristics of
the shear type of energy absorbers: (1) Small mass and small dimensions
for large energy capacity; (2) ease of obtaining the necessary resistance
force and desired characteristics for its variation (by selecting material
a and the width of the interchangeable bushing and by profiling the teeth of
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the broach); (3) adequate agreement between the resistance force for dynamic
and static compression of the energy absorber (differences can reach about
15 percent); (4) lack of sharp oscillations in acceleration (and of the
force of resistance) during the initial moments of energy absorption; (5)
insignificant effect of envirommental conditions (temperature, humidity, and
others) on the characteristics of the absorber; (6) high stability of the
absorber characteristics during repeated tests (for the same material of the
interchangeable bushings); (7) convenience (ease of reloading, "calibra-
tion," and so forth).

The features of the shear type of energy absorber suggest the possibility of
its successful use not only during terrestrial development of the soft-land-
ing process but also directly in the actual space landing vehicle.

Energy absorbers using deformable steel struts can be of different designs
whose basic elements are two telescoping, connected tubes with an internal
rod. The steel rod is connected to both tubes by special transition units.

The impact load arising during landing of the model space landing vehicle is
transmitted via the internal tube (piston rod) of the energy absorber to the
rod. When this happens, the rod is stretched, because its other end is rig-
idly connected to the outside tube. If the load stretching the rod exceeds
the yield point of its material, plastic deformation of the rod is initi-
ated, which results in the absorption of the energy of impact.

The magnitude of the force F, resisting compression in such an energy
absorber depends on the tensgon yield point of the rod material, 0g,2s and
on the rod diameter, dplast' in the segment where plastic deformatidn
occurs, that is,

_ 2
Fp = O.ZSﬂYoo’zd plast (8.5)

where vy is an empirical coefficient, which accounts for the effect of fric-
tion between the elements of the shock absorber on the magnitude of the com-
pression force (y 2 1).

By using pile-driver and static tests, it is possible to determine the char-
acteristics of energy absorption of such a shock absorber with rods made of
different steels (for example, 1Kh18N9T, Khl7G9AN4, and others) that possess
good plasticity properties. As results of the tests show, the emergy
absorber being considered is distinguished by: High energy capacity for
small dimensions and mass; high compression diagram block coefficient; good
agreement between results of dynamic and static testing; low elastic proper-
ties when external loads are removed; small effect of envirommental condi-
tions (positive and negative temperatures, humidity, and so forth) on the
characteristics of energy absorption; and simple design from the point of
view of manufacturing technology and application.
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It should be noted that energy absorbers with deformable rods (as well as
honeycomb shock absorbers) have been used successfully for the Luna-16, -17,
-20, -21, and =24 automated space vehicles (Ref. 16), all of which made soft
landings in various rejions of the lunar surface.

Model Test Stands

Test stands are used for the experimental study of the soft-~landing process
of space vehicles on the Moon, on Mars, and on other planets using free-
falling, dynamically similar models. Test stands make it possible to study,
under terrestrial conditions, the stability of a space vehicle during soft
landing, to estimate the loads acting on it, to select an optimum landing
gear in terms of structural mass, and to develop its energy-absorbing ele-
ments. An interchangeable ground simulating the surface layer of the Moon,
Mars, or other planets substantlally expands the usefulness of the stand.

Such a test stand consists of: A special turntable (platform) with the

- planetary soil simulator, a pendulum system for suspending and dropping the
space landing vehicle model, and a measuring and recording system (Fig-
ure 8.8).

The height h for lifting the model of the vehicle above the turntable is
determined by the required magnitude of the vertical component Vg of the
landing velocity and is controlled by rotating the cantilever beam of the
stand in the vertical plane. The magnitude of the horizontal component Vp
of the landing velocity depends on the angle B of the deflection of the par-
allelogram of the pendulum suspension system from its vertical position.

The magnitudes of h, B, and D are computed by the following formulas:

Vv 2 2 )
=1 _otgnr). 9 _ Lrl. — anr‘
> (1 2tg B). ; arccos[l o7 | D o (8.6)

where g = 9.81 m/s2; 2 is the length of the parallelogram of the suspension
system; and 6 is the angle of inclination of the planetary soil simulator.

Due to some friction in the suspension bearings and air resistance during
flight of the vehicle model, the components of its landing velocity will be
- somewhat smaller than those assumed in Equation 8.6.

In experimental terrestrial studies of soft landing, it is common to make
measurements and to record the following parameters (using oscillograms,
magnetic tapes, and so forth): Angles of pitch, yaw, and roll (the orien-
tation of the model); vertical and horizontal loads (at the center of mass
of the model and at all landing-gear legs); pressure of the fuel on the
walls of the model tanks; angular accelerations and velocities of the
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model; deformation of the energy absorbers; and stresses in the landing-gear
structural elements of the model.

Inductive sensors (DU-5), incorporated into compact equipment such as
- VI6-5MA, are used for measuring vertical and horizontal load factors (accel-
erations) (the DU-5 sensors can also be used with tensiometric equipment).

The pressure of the simulated fuel on the tank walls of the model vehicle
can be measured by pressure transducers DD-1 through DD-6 (which are
included in equipment assembly VI6-5MA). The DD transducers can also be
used to transform the mechanical quantities to be measured into electrical
signals.

Sensors built on the gyroscope principle are unsuitable for measuring angu-
lar accelerations and velocities of the model, due to their relatively large
dimensions, their pronounced influence on nearby senmsors, and their low
impact resistance. An angular acceleration sensor without the shortcomings
indicated and insensitive to linear accelerations was proposed in Reference
36. Such a sensor consists of a stator and a rotor comnected by elastic
springs. The spring transverse axis passes through the rotor's center of
gravity and is its axis of rotation. Responding to the angular acceleration
to be measured, the rotor rotates with respect to the stator. Due to com-
plete balancing of the rotor, this sensor is not affected by linear acceler-
ations.

To measure the magnitude and character of the deformation of the energy
absorbers of the landing-gear legs at impact, special linear potentiometer
sensors are used (Figure 8.2) consisting of 0.5-mm-diameter Constantan wire,
stretched along the anodized rod of the leg, and a sliding contact that
grasps the wire.

The stress, which shows up in the rods of the landing-gear leg during con-
tact of the model with the ground, is measured by calibrated wire strain-
gages.

Signals from all transducers in the model are transmitted via a lightweight
suspended cable to the recording equipment, which can consist of widely used
loop oscillographs, electronic oscillographs, magnetic tape with video
receivers, cine-cameras, or others.

The experimental development of the landing gear for the Viking automated
Martian vehicle was carried out at the Langley Research Center (United
States) with the pendulum type of model test stands. Several dynamically
similar models were used (Table 8.1, Models DPM-G). Different pendulum
stands were used for tests of the small-scale models G-1 and G-2 (with a
2.5-fold reduction in linear dimensions compared with the actual vehicle)
and a full-scale model G-3 (with about a 2.5~fold reduction in mass compared
- with the actual vehicle).
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Some engineering characteristics of the two model~testing stands (at the
Langley Test Center; Refs. 50, 69) are shown in Table 8.2.

Table 8.2
Test Stand for Model
Name of Parameter
G-1, G-2 G-3

Nominal height of lifting model (m) ~ 2.5 > 7
Nominal deflection angle of the sup~ ~ 40 > 30

port (deg.)
Nominal vertical touchdown velocity (m/s) ~ 7 ~ 12
Nominal horizental touchdown veloecity (m/s) ~ 2 ~ 3
Nominal weight of model (N) ~ 130 ~ 2,000
Width of landing platform (m) 1.8 ~ 4
Length of landing platform (m) 3.7 ~ 7
Nominal platform slope angles (deg.) + 20 £+ 20
Nominal model pitch angles (deg.) + 15 0 to 10
Coefficients of friction between landing- 0.4; 0.8 0.4-0.7

gear legs and platform

The landing platform of the first stand was made of solid wood and was cov-~
ered with smooth plywood (1.9 cm thick). One end of the platform was
adjustable in height in order to obtain different slope angles. The alumi-
num pads of the model had a coefficient of friction of 0.4 in slipping on
the smooth plywood. A coefficient of friction of 0.8 was obtained when the
pads of the model landing-gear legs were covered with a thin layer of rub-
ber.

The wooden landing platform of the second stand was mounted on a rigid and
more massive platform. The four-rod pendulum suspension was attached with
bearings to the girder boom of a special crane at a height of about 14 m
and deflected to the required angle using a cable connected to the crane
winch.
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Errors in Measuring the Basic Parameters During the Experiment

Such errors basically turn out to be errors in the measurement of physical
quantities, which characterize the dynamics of soft landing of the model
space landing vehicle, errors in reading oscillograms (tapes), and errors
introduced by the reaction to the impact of the massive test-stand table
supporting the simulated soil.

Let us estimate the error in the approximate determination of the components
of the model's landing velocity by using equations

Vp = {28 (hyeas, + Dpeas. Sinemeas.)]l/z;
. 1 (8.7)
Vr = 8 Dpeas, €088, Vg
From Reference 30, we have
1n VB = (1/2)1n 2g +(1/2)In (h + D sing);
d(ln Vg) = dVB/VB = [dh + D cosé d6 + sind dD][2 (h + D sine)]'1
or
AVg/Vp = (Ah + D cos6 A8 + sind AD)/[2 (h + D sin6)] x 100% (8.8)

As the maximum absolute errors in the measurement of the geometric parame-
ters Dpoag.s Dpeag.s and Opaag. do not exceed the values Ah = + 0.02 m,

AD = 4+ 0.02 m, and 46 = + 0.5°, the relative error on computing Vg is about
7 percent. The relative error in computing Vr can be found in the formula

AVF/VF = [(AD/D) + tanb A6 + (AVp/Vp)] x 100% (8.9)
Thus, we find that the error in computing Vi is approximately 10 percent.

The total error in measurement during dynamic tests of the model is conven-
iently expressed in terms of the component errors in the individual elements
of the measurement system (Ref. 28).

In our case, the total error in measurement consists of the following:
Errors in the sensing elements (transducers), o, ; errors in the amplifica-
tion equipment, 0,; errors of the oscillograph galvanometers, op; and errors
in recording and reading, 3.

Thus, for example, in measuring the linear acceleration using a system of
inductive sensors and strain-gage equipment, the indicated component errors
are as follows: (1) Errors of the DU-5 sensor for normal measuring condi-
tions in the required range of amplitudes and frequencies are 3 percent;
sensitivity to the acceleration components not being measured is 0.5 per-
cent; error due to temperature is approximately 3 percent; and the error due
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to inaccurate mounting of the sensor 1s also approximately 3 percent.
Therefore,

op = [32+0.52 + 3% + 3211/2 2 5.9

(2) The error in the amplification equipment in the system with an induc-
tive sensor includes the sensitivity of the output current to variations in
the supply voltage of + 10 percent, for which it is less than 1.5 percent;
the sensitivity of the output current to cross-talk between channels is
less than 1 percent; the error in frequency characteristics of the amplifier
in the range from O to 500 Hz is approximately 3 percent; and the nonline-
arity of the amplftude characteristics of the sensor-to-amplifier channel is
about 4 percent. Therefore,

05 = [1.52 + 12 + 32 4 4211/2 < 5,39

(3) The error of a coil galvanometer with a natural frequency f = 400 Hz
and a working frequency range of 0 to 200 Hz is less than 1 percent, that
iS, U]’v = 1%.

(4) The absolute error in recording and reading includes the inaccuracy in
locating the zero line, the deviation of the recording ordinate from the
normal to the zero line, and reading errors along the ordinate and the
abscissa, which is about + 0.4 mm. Thus, the relative error in recording
and reading a mean 20-mm deflection in the 1light beam equals

o3 = 0.4 : 20 x 100 = 2%

By assuming a normal distribution for the partial errors, we find the total
error of measuring linear accelerations to be:
_ 2 2 2 2.1/2 _ 9
oy—[op'+oa+or+o3] = 7.8%
By determining analogously the error in measuring landing-gear-leg deforma-

tions and the stresses (forces) in the structural elements of the landing
gear, we find the corresponding quantities to be 5.6 and 5.3 percent.

Let us estimate the effect of rigidity for one of the variants of the spe-
clal test-stand platforms (simulating the planet's surface) on the dynamics
of the soft-landing process. With this goal, we determine what part of the
total kinetic energy of the model is dissipated by the structure of the
platform during oscillations arising from the model's impact on landing.

The girder structure of the special platform, which has center and edge sup-
ports and carries the simulated soil of the planet, is laid out as a three-
point support beam with equal spans % and an evenly distributed mass per
unit of length (m___). At the fundamental mode of vibration, each span of
such a beam will Egrin the condition of a beam with free end supports (Ref.
34). It can be assumed with sufficient accuracy that, during the oscillation
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process, the deflected axis of the rod has the shape of the static deflec-
tion curve of a beam loaded in the middle and of constant cross section,
that is:

v(x, t) = At) Be%x ~ 4x3)e3

where A(t) is the displacement at the center of the span of the vibrating
beam with free end supports.

Let us find an expreasion for the kinetic energy of yibration of the plat-
form structure:
2 12

Ec,=%5 Mot (5, ) == 22200 Mo | @re—axpax=
0

‘ =%;_ A ® Mol

If we assume that A(t) = Ao cos pt, we get A .. = Agp, where Ay is the
amplitude of vibration at the midpoint of the span for 1/2 %, and p is the
angular frequency of the fundamental mode of vibration of the test-stand
platform. The expression for estimating the magnitude of kinetic energy
dissipated by the structure of the test-stand platform during oscillations
takes on the form

_7
E .= 5 AopPmyl. (8.10)

The parameters Ay and p are determined experimentally: p, by using the
resonance method of exciting the basic frequency of oscillation of the plat-
form; Ay, during drops of dynamically similar models of the space landing
vehicle onto the platform (oscillogram, Figure 8.9). For our case, we have

= -3 s = . = .
Aoexperim. 3.33 x 1072 m; myqp 540 kg/m; & = 5 m;
Pexperim. = 2T experim. = 21 x 4.2 = 26.4 deg/s

By substituting these values into Equation 8.10, we find that Epp = 10.1 J.
The total energy of the model at the beginning of the test was

where my = 35.2 kg is the mass of the DPM-B model, and h = 0.85 m is the
height to which the center of gravity of the model was raised for the test.

Thus, Eqp = Ecr/Epgp = 0.0342, or 3.42 percent of the total energy of the
model 1is dissipated in vibrations of the structure of the test-stand plat-

form, which attests to the suitability of using a special test-stand plat-
form for experiments in modeling soft landings on planets.
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It is necessary to note that representing the platform, which has a camber
in the cross section that decreases from the center to the edges, by a beam
with constant cross section will lead to some increase in the estimate of
ECT‘ In the case considered, the model is dropped onto the midpoint of one-
half of the platform, exciting vibrations with the greatest amplitudes. If
the model, however, "lands" in the area of the central support of the plat-
form (which occurs during the majority of the tests, especially for landings
downward along the slope), then the amplitude of vibrations of the table
will be less by an order of magnitude. We also note that in the calcula-
tion above, no account was taken {due to its small amount) of the energy
dissipated during vibration by the structure of the test-stand platform at
higher harmonic frequencies (Ref. 32).

Figure 8.1. Test Facility. On the left: The test stand; on the right:
The dynamically similar model B
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Figure 8.2. Honeycomb Energy Absorber

3!
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Typical Test Results for a Honeycomb Energy Absorber. Hexagon
side, 6 (or 2.5) mm; foil thickness, 0.05 (or 0.15) mm; mate-
rial, Al~T (SAP [sintered aluminum powder]); drop test weight,

My, 19.3 kg

Figure 8.3.
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Figure 8.4, Typical Results from Static Tests of Friction Energy Absorbers
Key:

Compression

------ Tension

1. Fp (kN)

2. & (mm)

3. ®Direction of rod travel during cgmpression
lst. Finitial —-_— 00 N, Vooq = 2 x107° m/s

2
Finitial = 100 N, Vo4 = 0.33 x 107~ n/s

5 { 10 | 20 | 30 I 40 l 50 | 60 l 70 l 80 l 90
mp (3, 0,127 | 0,135 | 0,164 | 0,208 I 0,265 | 0.5 | 0,822 I 0,3% | 0,476
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Figure 8.5. Typical Results from Dynamic Tests of Friction Energy Absorbers.

Key:

Transducer No. 2 (data points shown by circles) is located on

the energy absorber; transducer No. 5 (data points indicated by

crosses) is located on the drop weight, of mass mp = 19.3 kg.

Left figure is for test No. 105 (Finitial * 400 N and

Viod = 3.1 m/s); right figure is for test No. 104
initial -

(Finitial © 400 N and V = 3,8 m/s)

rodynitial

1. Ty (kN)
2. & (mm)

3. Direction of rod travel during compression

Figure 8.6. Shear Type of Energy Absorber (Using the Broach Principle)
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Figure 8.7. Typical Test Results for a Shear Type of Energy Absorber. (The
material of the interchangeable bushings is D16T in Figure a
and D16M in Figure b; the material of the broach is R18.)

1. Fp N)
2. & (mm)

Key for Figure a:

- With N = 2 teeth:
——- Static compression with Vy,q = 2.5 x 104 m/s

~.=- Dynamic compression with Vrodi it = 5.2 m/s
nit.

With N = 1 tooth:

— —— Dynamic compression with V. 4 . = 4.0 m/s
init. ‘

=+« «+Dynamic compression with Vrodi it = 3.0 m/s
nit.

Key for Figure b:
— Static compression with V. ., = 2.5 x 107% /s

With N = 2 ﬁeeth:

]

=~ = = Dynamic compression with V 3.3 m/s

rodinit.
—.=—- Dynamic compression with Vroq, .. = 3.0 m/s
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Figure 8.8. Schematic Diagram of Test Stand for Models
Key:

Pendulum

Winch cable

Landing-gear legs

Model

Top view of model

Instant of model separation
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Figure 8.9. Estimating the Effect of Rigidity of the Simulated Planetary
Surface. (Height of drop, 0.85 m; 6 = 0°; configuration, 2-2.)

Key:

1. Point at the platform center

2. Point on the model

3. Point at the platform edge

4, Trace from a translation transducer at point 1, with fexperim. =
4.2 Hz and A0 = 3.3 mm

5. Trace from an accelerometer at point 2

6. Trace from an accelerometer at point 3

7. Trace from an accelerometer at point 1

8. Moment of releasing vertical coupling

9. 0.1s
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CHAPTER 9

PECULIARITIES OF TERRESTRIAL EXPERIMENTAL DEVELOPMENT
OF SOFT LANDING WITH THE AID OF FULL-SCALE MOCKUPS
OF SPACE LANDING VEHICLES

In Chapter 7, it was indicated that preserving the similarity of phenomena
during the modeling of soft landing by using full-scale mockups of space
landing vehicles is possible on Earth only by creating conditions of plane-
tary gravity. Means for "unloading" a full-scale mockup of a space landing
vehicle appropriate for attaining such a goal turn out to be relatively easy
from an engineering standpoint and can be implemented by different designs.
Such designs fall into two groups: Unloading aided by special jet engines
installed in the mockup (creation of free-flight mockups of the vehicle),
and unloading aided by test-stand mechanisms consisting of a feedback device
with an unloading installation (creation of a test-stand-dependent, full-
scale mockup of a vehicle).

Because the permissible deviation in the value of unloading force from its

2 nominal value as determined from similarity conditions (Equation 7.9) is 1
to 3 percent, the limiting deviations in the direction of the mockup unload-
ing force from the vertical is limited by a cone with an apex angle of from
0.3 to 1.0 degrees.

The fundamental characteristic of experimental soft-~landing studies using
full-scale meckups of the vehicles is that they, apart from the final test
of the performance capability of the landing gear and estimating its effec-
tiveness and reliability, permit a full-scale development of the final stage
of flight and landing on the planet's surface (which is especially valuable
for piloted or remotely controlled vehicles).

Flying Mockups of Space Landing Vehicles

Flying mockups can be created in accordance with the "unloading" variants,
indicated in Chapter 7, by using jet engines (it is also possible to use
helicopters to replace these power plants).

The first unloading variant makes it possible to obtain the greatest accu-
racy in simulating the flight of an interplanetary craft. However, to use
a full-scale mockup of the interplanetary vehicle as the flying mockup, it
is necessary to install not just one unloading power plant but several in
it, with a resultant thrust vector passing through the center of mass of the
system.

For actuating elements of the control system, it is possible to use jet
vanes on the landing vehicle, or control jete using compressed air bled from
the jet engine, or jet vanes located downstream of the exhaust nozzles of

the jet engine. Considering that there are certain difficulties in creating
such a flying mockup, it 1s useful to consider the possibility of using
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helicopters equipped with special mechanisms for unloading the flying
mockup. The horizontal translations of the full-scale mockup caused by its
motions in the gimbal support can be followed by the helicopter in such a
fashion that the motions of both the helicopter and the mockup have the same
kinematic parameters. The basic difficulties, which it is necessary to sur-
mount in creating a flying mockup using this approach, include the follow-
ing: Providing for synchronism of motions of the helicopter and the mockup
suspended below it, preventing the mockup from swinging on the support
cable, estimating the effect produced by the airstream excited by the heli-
copter blades and vibration of the helicopter, and problems of pilot rescue
using an ejection installation in case of helicopter or mockup accident.

From the point of view of ease of building and using the flying mockup, two
other variants of '"unloading" that use a single unloading jet engine in the
flying mockup are more advantageous (in spite of the fact that in this case
the accuracy of simulating the flight of an interplanetary craft is less
than during the first variant).

To make preliminary experimental tests of the dynamics of motion of the
landing vehicle, to develop some of its systems, and to provide for the ini-
tial stage of crew training, a helicopter can be used as a flying mockup by
installing a gimballed cabin having two degrees of freedom (pitch and yaw)
on the helicopter.

Simulating the full-scale linear translations of the vehicle with corres-
ponding kinematic parameters is provided by a special control system for the
helicopter and by modifying its mass-inertial characteristics to correspond
to those of the actual vehicle.

Many studies of the soft-landing process were done in the United States dur-
ing the mid-1960's in connection with the Apollo program, which was planned
for landing American astronauts on the Moon and subsequently return them to
Earth. A special lunar vehicle was used to provide a soft landing of two
astronauts on the Moon's surface, support their stay on the surface, and
subsequently deliver them to a selenocentric orbit.

Four telescoping landing-gear legs of the vehicle have crushable inserts of
aluminum honeycomb, which absorb the impact loads. The disk-shaped support
pads are also of aluminum honeycomb.

The LLRV flying mockup (Figure 9.1) was created for developing the methods
for the final flight stage of the Apollo vehicle, for training astronauts
under conditions simulating the Moon landing, and for studying the control-
lability and stability of a lunar vehicle during landing (Ref. 46). The
LLRV is a vertical take-off vehicle, at whose center of mass a CF-700-2 jet
engine is suspended in a two-degree-of-freedom gimbal system. The jet
engine thrust compensates for 5/6 of the vehicle's weight in order to model
lunar gravity. During flight, the engine is maintained in a vertical atti-
tude (the first variant of '"unloading"). For changing the vertical velocity
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of the vehicle, eight rocket engines using the products of dissocilatica of
hydrogen peroxide as fuel are used, with a thrust of about 2.25 kN.

Sixteen gas jets, with a thrust of from 80 to 410 N each, are used to pro-
vide stability and maneuverability. Dimensions of the flying mockup are
height, about 3 m, and distance between landing-gear legs, about 4.0 m.

The flying characteristics of the LLRV are close to the characteristics of
the Apollo lunar vehicle. The vehicle is equipped with an autopilot. Pilot
rescue in an emergency is provided by an ejection seat and three or four
emergency liquid-rocket engines. The vehicle is also equipped with a para-
chute that has a canopy 9 m in diameter, providing a descent speed of 30 m/s.
Fuel supply for the jet engine provides for 10 to 15 minutes of operation.
The maximum values of flight velocity are 27 m/s in the vertical direction
and 21 m/s in the horizontal direction. The vehicle can ascend to 1.2 km

in altitude and land within an area with a radius of 2.4 km.

One hundred ninety-seven flights at the Edwards Air Force Base and 50
flights at the Ellington base were made with this vehicle. The manufac-~
turer, Bell Aerosystems, built two LLRV's in 1964. During 1965, this com-
pany slightly modified the flying mockup for the study of man's behavior
under complex conditions of space flight during the terminal phase of con-
trolled landing approach of the lunar vehicle. The company manufactured
three modernized LLTV vehicles (cost of each vehicle was $1.9 million). 1In
December, 1968, the vehicle lost control during a landing approach from an
altitude of about 150 m and crashed. The test pilot ejected and landed
safely using a parachute.

Test-stand Mockups of Space Landing Vehicles

Test-~stand mockups, in contrast to flying ones, are continuously connected
to unloading mechanisms by support cables, as a result of which the maneu-
vering capability is limited by the test-stand dimensions. Depending on the
complexity of the problem to be solved using test-stand mockups, the latter
can be (with a known degree of arbitrariness) assigned to one of two types:
Test-stand mockups intended for the development of landing procedures (the
process of contact by the vehicle with the ground); and test~stand mockups
intended for the development of the prelanding maneuver of the vehicle with
subsequent landing.

Test-stand mockups for the development of the landing process for a space
landing vehicle represent the most advanced, dynamically similar models.
Thus, as models, they simulate the final stage of landing on a planet,
namely, the free fall of the vehicle following the moment of engine shut-
down. For such mockups, it is characteristic to have a precise correspon-
dence with the actual vehicle, not only in the structure of the landing gear
but also in terms of the basic mass-inertial parameters of the space landing
vehicle. For this reason, all remaining elements of the vehicle structure
(iustrument section, power plants, various systems, equipment, and so forth)
are modeled only in terms of their weights.
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All this materiaily simplifies mockup design while at the same time making
it possible to carry out experimental studies of the following: Various
layouts of the full-scale landing gear; the effect of the vehicle's mass-
inertial characteristics on stability during landing; the effects of varying
the structural parameters of the landing gears and the soft-landing condi-
tions; the risks to which the payload of the space vehicle may be subjected
(in terms of toppling, overloading, and structural damage) during emergen-
cies. 1In a word, to develop fully the techniques of soft landing a vehicle,
having removed the influence of scaling effects, which are significant in
tests of dynamically similar models, from the test results. However, it is
very difficult to use simplified test-stand mockups in the training of
manned-vehicle crews.

Figure 9.2 is a schematic diagram of a typical test stand for the experimen-~
tal development of the process of landing~vehicle touchdown with simplified
full-scale mockups of the vehicle and for checking the effectiveness of the
selected landing-gear design. For this purpose, the stand simulates, under
terrestrial conditions, the forces of gravity that exist on various celes-
tial bodies and that are significantly smaller than the force of gravity on
the Earth's surface. The test stand also allows the vector of landing
velocity of the space vehicle to be varied both in magnitude and direction
and to simulate the relief and properties of the planet's surface layer by
using interchangeable simulated grounds.

The test stand usually employs bridge~girder construction. Its basic compo-
nents are a movable bridge platform carrying the unloading mechanism and the
system for suspending the full-scale mockup, a special platform supporting
the simulated planetary ground, and measuring and recording equipment.

The movable bridge platform located over the platform carrying the simulated
ground provides the force for unloading the mockup during the entire landing
process and imparts the required velocities (both horizontal and vertical
components) to the mockup.

In order to achileve the required vertical landing speed during these tests,
girder subassemblies can be used. By changing the length of the truss, it
is possible to vary the height at which the mockup is suspended.

Unloading of the vehicle mockup is achieved by using a mechanism that can
provide any force of unloading and thus simulate the effect on the mockup of
reduced free-fall acceleration.

The special platform with the simulated planetary ground simulates the
relief of the landing location (stones, craters, slopes), as well as the
physical-mechanical properties of the planet's surface layer. This ground
platform can be buillt as a concrete bowl or as a platform that can be
adjusted to simulate local slopes of the planetary surface of up to + 20

degrees and to simulate soil properties that change as a function of depth.
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Control of «11.stages of the experiment (accelerating thg platform with the
mockup, dropping the mockup, breaking the platform after ihe drop, emergency
stopping of the platform, and so forth) can be automated, while at the same
time the operator can '"interfere manually" from a central console.

The test stand has to be equipped with measuring and recording equipment
necessary for recording the following parameters: Vertical and horizontal
load factors during landing, angular velocities of the mockup, stresses in
the structural elements of the landing gear, fuel pressures in the tanks,
deformation of the landing gear's energy absorbers (as a function of time),
penetration of the ground by the mockup's landing-gear legs, and so forth.
Equipment and transducers used for measuring these parameters are, in many
respects, analogous to those considered earlier (Chapter 8).

By way of 1llustrating, let us look at the use of simplified test-stand
mockups during the terrestrial development of the space landing vehicles of
the Viking-1 and -2 stations, which made soft landings on Mars in mid-1976.
In Chapter 8, wa presented a description of a full-scale, dynamically simi=-
lar model of the Viking space landing vehic.e (Table 8.1, model DPM-G3),
which has a mass about 2.5-fold less than the mass of the actual space
vehicle. At the Langley (United States) Research Center, this same model
was transformed (by adding weight) into a full-scale test-stand mockup cor-
responding in its mass~inertial characteristics (480 kg of mass) to one of
the variants of the Viking space landing vehicle (Ref. 50). The simplified
full-scale mockup obtained in this fashion was tested during the development
of the soft-landing process on a stand with 3/5 unloading (that is, by 60
percent) of its weight to imitate the Martian acceleration of the force of
gravity (Figure 9.3).

The unloading of the mockup weight by 60 percent and imparting of the neces-
sary landing velocity for a "flight'" of the mockup down to contact with the
landing platform were provided in the stand by using a system of cables,
blocks, rollers, and weights. The cable system included dynamometers for
the control of tension in the cables during the tests. The system of sus-
pending the mockup provided five degrees of freedom (the sixth degree of
freedom, the lateral translation of the mockup, was not provided by the sus-
pension and was essentially limited). The full-scale mockup was held up by
a support cable passing over an upper roller and connected to the mockup by
an explosive bolt. The cable attach points made it possible to put the
mockup in various attitudes before drop (for example, the mockup pitch angle
was controlled within the limits of 0 to 10 degrees). Guide rails along
which the rollers moved were about 60 m above the landing platform.

Before the test, the mockup was placed on the landing platform, and the
force cables were stretched by winches and ropes to obtain the unloading,
about 60 percent, of the mockup weight. Then the mockup was raised to the
predetermined height, which provides the necessary vertical velocity for
drop of the mockup (mominal value Vg = 7 m/s), and the support cable was
fastened. The unloading force is slightly less in this location. The drop
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of the mockup followed the detonation of the explosive bolt of the support.
Depending on the distance through which the mockup drops, the unloading
force increases, reaching the necessary magnitude at the moment the landing-
gear legs touch the surface. At the instant of contact, oscillations were
set up in the unloading force due to inertia in the unloading cables. Such
oscillations occurred during the entire landing process of the mockup. Dur-
ing this process, the accuracy of determining the unloading force was about
+ 3 percent. )

Horizontal acceleration of the mockup and trolley (9.5 kg mass) was dome by
using the energy of a falling weight with the aid of two stretched tow
cables connecting the mockup through sheaves and trolley with the weight.
When the mockup is lifted to the first position for drop, the weight is also
lifted to the height necessary for obtaining the given horizontal velocity
(nominal value Vp = 1.8 m/s). The mockup-trolley-weight system is held in
the initial position by a rope. When the rope is cut, trolley and mockup
gather horizontal velocity under the action of the weight. At a predeter-
mined moment, the weight closes the contacts of a microswitch, which
explodes the connecting bolt. The now-free mockup, having attained a cer-
tain horizontal velocity, begins its fall to the platform with the simulated
ground. The towing cable, connected to the trolley, is not disconnected but,
being free of tension (because the welght has dropped to its support) and
sufficiently light, does not affect the motion of trolley and mockup.

A rigid wooden platform of large mass is used as the landing surface and was
covered by smooth plywood or by coarse gravel in order to obtain a coeffi-
clent of friction which varies between 0.4 to 0.7.

Signals carried through the cable at the time of the test from accelerome-
ters, potentiometers, tensiometers, and so forth were recorded by a tape
recorder using the frequency-modulation method.

Comparisons of tests conducted under identical conditions using free-~fall-
ing, dynamically similar models and full-scale mockups with unloading have
shown good agreement, with the majority of results (of measurements of
acceleration of the center of mass, magnitude of landing-gear-leg compres-
sion, and forces in the energy absorbers) falling within a + 10 percent con-
fidence interval.

It should be noted that there is a substantial effect due to the wind on the
magnitude of the horizontal landing velocity of the full-scale mockup .

Thus, for winds reaching 4.5 m/s, deviations in the magnitude of horizontal
velocity amount to + 0.4 m/s.

Terrestrial development of the landing vehicles for the Venera-9 and —10
stations used a full-scale dynamic mockup without unloading, with centering
and mass-inertial characteristics allowed to vary within set limits. The
full-scale mockup is a simplified, rigid structure with static landing gear.
The nominal mass of the landing vehicle ts 660 kg. The landing gear of the
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mockup consists of a thin-skinned toroidal envelope attached by a welded
truss to the remainder of the body. At the moment of landing, the envelope
deforms plastically, absorbing the energy of impact in this fashion. The
atmospheric gas, which has penetrated during the time of descent into the
inside of the envelope, is expelled through special openings, thus reducing
the rebound of the landing vehicle. The body of the full-scale mockup is a
weldment consisting of steel sheet bent into a cylinder with flanges. In
order to obtain the necessary mass-inertial characteristics, movable balanc-
ing weights are rigidly connected to the body of the mockup. Attached to
the wall of the body near the center of mass of the mockup is a beam that
provides a flexible attachment of the test stand to the 1lifting system.
Before each test (drop), the mockup is weighed, and its centering and mass
moments of inertia with respect to the three orthogonal axes are determined.

To simulate the thermal effect of the Venusian atmosphere on the vehicle
during test-stand tests, the full-scale mockup is heated to a certain tem~
perature by a special oven mounted on the test stand, according to a func-~
tion of interest to the designer. Mounted on the interior wall of the oven
are heating elements of nichrome wire wound on ceramic tubing. The space
between the double walls of the oven is filled with insulation. Testing is
done by dropping the mockup from the required height under influence of ter-
restrial gravity (the mockup moves as a freely falling body). The differ-
ence in acceleration force due to gravity on Venus and on Earth is accounted
for in calculating the kinetic energy of impact of the mockup on the landing
surface, but the difference in aerodynamic drag is not accounted for due to
its small magnitude as a result of low landing velocity (as is known, during
the soft landings of the Venera-9 and -10 stations, the speed of contact
with the surface of the planet was about 7 m/s).

To simulate the characteristics of the planet's surface layer, concrete,
foamed concrete, and sintered sand are used. The platform with the simu-
lated ground can be either horizontal or it can have various slope angles,
projections, and depressions. The necessary spatial orientation of the
full-scale mockup at the moment of ground impact is provided by an appropri-
ate attachment of the mockup (which has six degrees of freedom) during the
initial positioning with respect to the support stand.

The elevated portion of the test stand is made of steel and consists of sup-
port columns, transverse girders, and longitudinal beams. The full-scale
mockup of the vehicle is subjected to several types of tests, among them:
Tests related to landing stability at the moment of ground contact to deter-
mine limiting values of centering, moments of inmertia, angles of attitude of
the mockup, and soil slope; tests required for the determination of maximum
impact load factors for limiting values of mockup mass and zero relative
angle between the toroidal landing gear and the ground; tests connected
with estimating the strength of the elements of the mockup landing gear for
maximum mass and maximum relative angle between landing gear and ground.
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Load factors during test of the full-scale mockup are measured by a DU~7
inductive sensor using the VI6-5MA equipment and recorded by an N-115 oscil-
. lograph; the temperature of the mockup elements is measured with TKKh ther-
- mocouples made of chromel-copel and recorded by EPP-09 and KSP-4 electronic
potentiometers.

The mockup landing process and its results are recorded by still and cine-
photography (Refs. 2, 10).

In conclusion, it is necessary to emphasize that loads acting on the space
landing vehicles from the Venera-9 and -10 stations during the actual land-
ing on Venus did not exceed the loads that occurred during tests of their
full-scale dynamic mockups (Ref. 2).

Test-stand maneuvering mockups help solve the same problems as the flying
mockups of the space landing vehicle, but within the bounds determined by
the construction characteristics of the gantry test stands and the dimen-
sions for maneuvering volume. In its construction, the test-~stand maneu-
vering mockup is a full-scale copy of the vehicle being designed, and it

is equipped with the actual systems necessary for performing the prelanding
maneuver, among them the main and vernier engines. The mockup is suspended
in a gimballed system with two degrees of freedom, on cables from a special
trolley. The trolley is equipped with an unloading mechanism and is able
to follow the translations of the mockup both along and across the gantry-
truss structure of the stand (Figure 7.2). The safety of the test crew
(during the development of manned space landing vehicles) is fully assured
by using a safe and reliable cable support for the mockup in the stand.

The basic parts of a gantry stand are the same as those of a typical test
stand. A translating bridge platform of the stand is automatically driven
to follow the maneuvering mockup and provides, with a follower system, a
constant vertical orientation of the suspension cables (with an accuracy to
1/3 degree) and unloading of the vehicle mockup. Simulation of angular
motion of the space landing vehicle is accomplished by a gimbal system cen-
tered at the mockup's center of mass.

Such a test stand was constructed at the Langley Research Center in the
United States (the LLRF facility) in 1965. The cost of the facility was
$3.52 million. The facility consists of a bridge crane about 76 m high,
about 120 m long, and about 90 m wide at the base. The maneuvering mockup,
equipped with a two-man cabin, has six degrees of freedom and, thanks to
the gimbal suspension system, can simulate the angular and translational
motions of the Apollo lunar ship. The astronauts can change the "flight"
velocity by directing the thrust of 10 rocket motors, which use the products
of dissociation of hydrogen peroxide. The "flights" of the full-scale
mockup can last up to 180 s with velocities Vg s 8 m/s and Vp £ 4 n/s

(Ref. 56).
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Method of Performing Tests

The goals of the experimental development of both the vehicle's prelanding

maneuver and the soft-landing process using full-scale mockups under terres-

trial conditions are the following: (1) Final checking of the effective-

ness and reliability of landing-gear function under near-actual conditions;

assessment of the possibility of a successful landing in emergencies (land-

ing on a rock, in a crevasse, with a broken landing-gear leg, and so forth);
- (2) determining the character and magnitude of load factors, stresses, and
operation of energy absorbers under normal and emergency landing conditions;
(3) better understanding of the effect that scale factor has on measurement
characteristics and on the magnitude of parameters during soft landing (com-
parison with results of testing models); (4) evaluation of the effectiveness
of using full-scale "clamping' engines from the point of view of emergency
landings; (5) checking the kinematics of extending the landing-gear legs and
operation of the mechanism for leveling the vehicle when such is necessary
for a return lift-off from the planet; (6) development of the plan for the
terminal phase of flight and landing of automatic, remotely controlled, and
piloted space vehicles; (7) study of the stability and controllability of an
interplanetary ship using flight and landing of flying mockups; (8) develop~
ment of the detailed layout of a cabin in an interplanetary ship; (9) evalu-
ation of the physiological capability in man for rapidly reaching correct
solutions under difficult prelanding conditions (especially in the case of
failure in the automatic system); (10) integrated development of the system
of control for the vehicle during the landing phase (including simulation of
emergency conditions, development of indicators of vehicle attitude in
space, and so forth).

- Corresponding to the capabilities of full-scale test stands and the peculi-
arities of the full-scale mockups used, the experimental development of the
soft landing of space landing vehicles can be subdivided into the following
phases: (1) Development of the process of vehicle contact with the ground;
(2) development of the prelanding maneuver of the vehicle culminating in its
landing, using test-stand maneuvering mockups; (3) development of the pre-
landing maneuver and soft landing of an interplanetary ship using flying
mockups.

During the first phase, the process of landing itself is developed by using
simplified test-stand mockups of the vehicle. During this phase, the first
five of the 10 tasks indicated above can be carried out fully. A peculi-
arity of the first phase is the use of relatively simple full-scale mockups
and test stands.

During the second phase, the development not only of the landing of the
vehicle but also of its prelanding maneuver occurs. The use of a gantry
test-stand and maneuvering mockup (automated or piloted) makes possible the
solution of all enumerated tasks, that is, completing integrated terrestrial
development of soft landing. Full-scale mockups, which are equipped with
nearly all systems of the space ship as well as an elaborate test stand, are
necessary for this phase.
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The development of the prelanding maneuver and of the soft landing of an
interplanetary ship using flying mockups (third phase) should be carried out

only when it is not possible to test using the preceding phase. The avail-

ability of unlimited maneuvering space is especially favorable to the execu- -
tion of the last five of the tasks mentioned. However, the building of fly-
ing mockups with special unloading engines (in essence, the creation of a

new type of flying vehicle) i1s a task no less complex than the building of a
gantry test-stand.

Let us mention the possibility of parallel execution of the phases of deyvel-
oping the soft-landing process by several test stands and mockups using
full-scale vehicle mockups. During each phase of testing, the initial land-
ing conditlons and some structural parameters of the space landing vehicle
are varied in accordance with the established program.

Only transducers that are analogous to those used for the dynamically simi-
lar models are installed on board the test-stand mockups of space landing
vehicles, and all measuring and recording equipment is located remotely on
the ground. In flying models, in contrast to test-stand models, it is nec-
essary to install all equipment on board while maintaining mass similarity
with the interplanetary ship.
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B Figure 9.1. Flying Mockup of a Space Landing Vehicle (on the Ground and in
Flight)
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Figure 9.2.
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CHAPTER 10

SEVERAL RESULTS OF THEOL. "ICAL AND EXPERIMENTAL
STUDIES OF SOFT LANDING

Following are the basic cases for studying dynamics of the soft landing of
space landing vehicles: (1) Landing the vehicle with V and

vert ..
Vior = 0 onto a horizontal surface (8 = 0°) with a limited translation of
the landing-gear pads along the surface plane (occurrence of maximum verti-
cal load factors); (2) landing the vehicle with vhormax and small vertical

velocity ontc a horizontal surface (6 = 0°) with a limited translation of
the landing-gear pads in the plane of the surface (occurrence of maximum
horizontal load factors); (3) vehicle motion downward along the slope
(A =03 6pay) with either one or two landing-gear legs leading, and with
coefficients of friction fmax and maximum values of landing velocity compo-
- nents (occurrence of a critical situation due to potential toppling); (4)
vehicle motion upward along the slope (A = 180°; ®pax) with either one or
two landing-gear legs leading, and with a coefficient of friction fhax and

veloci;ies vvertmax and Vh°rmax (occurrence of a critical situation due to

the maximum rate of shock absorption in the leading landing-gear leg(s) of
the vehicle); (5) movement of the vehicle across the slope (A = 90°; @
with a coefficient of friction fnax and velocities A/

v (’%’ax)
or
ert ..’ hormax
evaluating the characteristics of energy absorption and stability for such
landings); A = arc tan (V'X/V' ) 1s the angle that determines the direction
of the horizontal component of the velocity vector of the vehicle's center
of mass; Vvert = V', is the vertical component of the velocity vector of the
vehicle's center of mass; and Vhor = (V !+ sz')l 2 is the horizontal com-
ponent of the velocity vector of the vehicle's center of mass.

The basic theoretical and experimental study results that are characteristic
[ of the soft-landing process for the three space landing vehicle variants,
A, B, and C, described in Chapter 8 (Table 8.1), are presented in this chap-
ter. Because these vehicle variants (in contrast to variant D) were consid-—
ered as prototypes of corresponding vehicles for landing on the Moon, all
results, both theoretical (computed on a digital computer) and experimental
(from the tests of models DPM-A, -B, and -C), are given in terms of a full-
scale lunar space landing vehicle.

By using the conditions of similarity and appropriate scales (Table 7.1), it
is possible to take data from actual lunar landings and calculate corres-
ponding model parameter values. These can, in turn, be converted to full-

scale values for other planets (for example, for landing a vehicle on Mars),
or even for another full-scale vehicle with different characteristics.
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The stability zones for soft landing of the variant B space landing vehicle
on slopes with 6 from -5 to -15° and A = 0° are shown in Figures 10.1 to
10.3, and are plotted in the coordinates Vyert and V or for the indicated
parameter values and basic landing conditions. In these graphs, the area to
the left of the stability curve represents stable landings, and the area to
the right of the curve represents conditions under which the vehicle will
topple during landing. For each value of ground slope angle, the results of
the theoretical study of stability =zones using a digital computer agree with
the results of experiments conducted with the dynamically similar DPM-B
model (Table 8.1).

The theoretical calculations involved varying the magnitude of the compres-—
sion force £ acting on the energy absorbers. As indicated in the graphs
(Figures 10.1 to 10.3), the experimental results fall between the curves
representing a compression force of 10 kN and 20 kN on the energy absorbers,
which, recalculated for the model with Ky = 1/6, equals a force of 280 and
560 N (a comparison of the test results for honeycomb energy absorbers is
in Chapter 8).

The same figures also show the resul ts of experimental studies of soft land-
ing compared with theoretical calculations carried out for the condition of
constant compression force on energy absorbers, £ = 15 kN, and a varying
coefficient of friction between landing-gear legs and ground (f = 0.7-1.3).
Inasmuch as the model's landing-gear legs were equipped with special spikes,
the legs gradually penetrated the ground during landing (that is, the effect
gradually increased). Therefore, the force of friction between landing-gear

- leg and ground was variable and was larger for higher landing speeds. This
conclusion is supported by experimenrtal results.

- Figure 10.4 shows the results of theoretical and experimental studies of the
landing stability zones for a lunar wvehicle. The results are presented in
terms of coordinates Vhor and 6, with the magnitude of V. ert &S @ parameter
(for £ = 15 kN, f = 1.0, configuration 2-2, and A = 0°). In such a graph,
the zcne of stable landings of a vehicle is represented by the area located
to the left of the corresponding curve and includes the origin of coordi-
nates. Areas beyond the curve (to the right of it) define the combinations
of parameters for a lunar landing approach that lead to toppling of the
vehicle during landing.

The graphs with axes V. and 6 more clearly present the relationship
between the magnitude of the landing stability zome for a space landing
vehicle and the slope angle of the ground, thus enhancing the graphs using
axes Vy ... and Voert- These graphs can also be used to compare results of
calculations with results of experiments more conveniently, because the
actual angles of ground slope can be different during testing from the val-
ues used in the computer program.

Figure 10.4 also demonstrates the satisfactory agreement between ra2sults of
theoretical studies and experiment. Deviations are approximately 10 percent,
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which are due to the known limitations of the range of tests, the errcrs in
measuring parameters, and assumptions made for the theoretical studies. Let
us note that the theoretical calculation yields a stability margin for the
landing of a space landing vehicle that becomes larger for small values of
the components of landing velocity (for those up to 2 to 3 m/s).

Figures 7.1 and 10.5 show film frames from the soft landing of the dynami-
cally similar DPM~B model on an inclined surface (6 = -15°; A = 0°) with
rigid simulated lunar ground (Table 7.3, third variant; Ogr 2 (2-5)
x 107 Pa). Stable landing (Figure 10.5) is achieved with velocities
Vyert = 2.7 /s and Vior = 3-7 m/s. The landing process of the model lasted
about 0.8 s with achieved maximum load factors of Dyert * 55 Dpor = 6. The
film record of the DPM-B model toppling when landing in a crater 0.15 m deep
with velocities V... = 2.5 m/s and Vhor = 2.0 m/s is shown in Figure 7.1.

Figures 10.6 and 10.7 show the results of theoretical and experimental stud-
ies of the landing stability for the variant A space landing vehicle using
the 2-2 configuration.

Theoretical studies of landing stability were carried out in accordance with
Chapter 6. The results of experimental studies shown in Figure 10.6 have
been adopted from American work (Ref. 47) for the DPM-A model (Table 8.1)
for lar/uiing on slopes with 8 = -5 to -15°, vvert =1 to 4 m/s, and Vhor = 1
to 3 w/s.

Figure 10.7 shows the experimental points corresponding to tests of a model
space landing vehicle with "clamping" engines (in recalculating for a full-
scale lunar vehicle the total engine thrust is Ty = 20 kN to 36 kN) with
slopes of -25°, -30°, and ~37° for Vyert = 3 to 4 m/s and Vpop = 1.3 to
1.75n/s. As we can see, results of tests with dynamically similar models
agree well with the calculation of zones of landing stability made on a
digital computer.

Disagreement between theoretical zones of stability and experimental results
for the variant A space landing vehicle (Ref. 47) is less than 20 percent
and is basically "conservative" (Figure 10.6).

Figure 10.8 presents a comparison of results of theoretical and experimental
deterninations of the stability zones for the landing of a heavy vehicle
(variant C). Theoretical calculations were made in accordance with Chapter
6 for three-dimensional motion of the space landing vehicle. Results of
experimental studies were taken from American work (Ref. 55) devoted to the
analysis of the landing dynamics of the Apollo lunar vehicle with a mass of
about 16,000 kg (Table 8.1). Presentation of the experimental points in the
graphs with axes Vy . and 6 makes it possible to estimate the magnitude of
the difference in results as approximately 19 percent.

Let us note that the plots representing the zones of landing stability for
a space landing vehicle using coordinates Vhor @nd 6 (Figures 10.4 and 10.8)
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that reducing the strength of an individual landing-gear leg, in spite of
increasing their total number, is not permissible because the total load is
redistributed to the remaining legs in the case of failure of one of the
landing-gear legs. At the same time, the critical conditicn for absorbing
energy (a landing upward along a slope with a single leg ieading) remains
the same, no matter what the number of legs is in a landing gear. For this
reason, the choice of the optimal number of legs with the landing-gear mass
as a criterion and for constant landing stability is made for the case of
identical legs.

For comparing different landing gears, one can arbitrarily take the param-
eter NQ/S, which represents the relationship of landing-gear mass to the
area of the landing stability zone. The following convention is used: N is
the number of legs in the landing gear of a space landing vehicle; Q is the
mass of a single landing-gear leg, in kg; and S is the area of the stability
zone bounded by the ordinate axis, by the landing stability curve, and by
two straight lines parallel to the abscissa axis and corresponding to arbi-
trarily chosen ordinates, in mm“.

The relationships obtained for the parameter NQ/S as a function of the num~-
ber of landing~gear legs for landing a vehicle on horizontal and inclined
surfaces are shown in Figure 10.11. From the curves it can be seen that a
landing gear with four legs is optimum in terms of mass (for equal stabil-
ity) among the landing gears being considered.

Results of studying the effect on the dynamics of landing of a vehicle pro-
duced by varying the relative magnitude of the landing-circle radius of a
landing gear, namely R = R/H, show directions for effectively enlarging the
landing stability zonme with the goal of assuring successful vehicle landing
within the required range of velocities and permissible slope angles for the
planetary surface. As can be seen from Figure 10.12, an increase in the
nondimensional quantity R (by increasing radius R for a landing gear or by
decreasing height H of the center of mass of the vehicle) leads to a sub-
stantial enlargement in the range of permissible landing velocities.

Another means for increasing the landing stability of a space landing vehi-
cle (especially for landings on steep slopes, up to 30 to 35 degrees),
although leading to some overdesign in the vehicle, complication of its con-
trol system, and an increase in the landing-gear mass, can be provided by

i using a "clamping" engine. Let us note in passing that right up to the
present, no need has arisen to use such engines for landing vehicles for the
Moon and planets. However, considering that space-flight technology as a
whole and space vehicles for soft landing on the surfaces of celestial bod-
ies in particular are in an early stage of their development and that the
number of soft landings amounts to only one to three landings per year (in
1972, there were four soft landings; Table 10.1), there can be no doubt that
the landing-vehicle design will improve and become more complex in the
future. The most diverse methods for assuring successful soft landings will
be developed and applied (for example, the landings on asteroids, where
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quite graphically iliustrate the dangers in landing a vehicle downward along
a slope (8 < 0) because of possible toppling.

Let us now consider in more detail the effects of initial conditions on the
soft-landing dynamics of a space landing vehicle. The term, initial landing
conditions, defines the set of environmental factors not connected with the
structure of the space vehicle. Among them we include: (1) The character-
istics of the planet's surface layer, namely, the slope angle of the surface
at the point of landing, 6; the coefficient of friction, f; protrusions,
depressions, or cracks; physical-mechanical properties of the ground, and so
forth; and (2) kinematic parameters of vehicle motion at the moment of con-
tact with the planet's surface, namely, linear and angular velocities,
accelerations, vehicle attitudes, and so forth.
The vertical and horizontal components, Vvert and Vho » respectively, of
landing velocity of the vehicle are dominant factors gefining the dynamics
_ of the landing process.

The zones of landing stability for vehicles (variants A, B, and C) are shown
in Figures 10.1 through 10.3, 10.6, and 10.8 for different slope angles on
the lunar surface, for landing configuration 2-2, and for A = 0° and 180°.

For landings of the vehicle on a horizontal surface or a surface with an
inclination up to -5°, the allowable magnitude of horizontal velocity of the
vehicle grows with an increase in its vertical landing velocity (within a
range of velocities of practical interest).

It is obvious that the case of motion upward along the slope (A = 180°,
landing configuration 2-2) is not critical in terms of vehicle stability
during landing, because the region of stability grows with an increase in
angle 6 (Figure 10.6).

Results of studies of the dynamics of landing for a vehicle with a 1-2-1
configuration (movement of a vehicle with a single landing-gear leg leading)
are shown in Figures 10.6 and 10.9. The dashed lines in Figure 10.9 (move-
ment of a vehicle downward along a slope with 8 = ~15°) correspond to lines
of equal stability of the vehicle during landing, that is, to lines whose
every point determines a combination of vertical and horizontal velocity,
which, during the vehicle-~landing process, lead to one and the same limiting
angle O (Chapter 6).

A comparison for the zones of vehicle stability for landing on slopes with
8 = -15° and using configurations 1-2-1 and 2-~2 (A = 0°) (Figure 10.6) shows
that the permissible values of horizontal landing velocity for a space land-

ing vehicle with a 1-2-1 configuration are greater by 1 m/s than the cor-
responding permissible values of Vhor for the 2~2 configuration.

The magnitude of the coefficient of friction between the vehicle's landing~
gear-leg pads and the lunar surface during vehicle landing onto an inclined
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surface (9 batween =5 and -15°; A = 0°) affects the zone of stability, as
shown in Figures 10.1 to 10.3. As can be easily seen from these diagrams,
the zone of landing stability for the vehicle tends to increase for decreas-
ing values of the coefficient of friction. This is explained by the fact
that for smaller magnitudes of the coefficient of friction (and a constant
normal force) there 1s a decrease in the component of total force (force of
friction) acting on the pad of the landing-gear leg in the direction along
the surface, which leads to a decrease of the overturning moment for the
vehicle and to a sliding of the landing gear along the surface (with dissi-
pation of a significant portion of the energy).

Along with the above-described effects of the initial conditions of landing,
the dynamics of soft landing a vehicle are, to a large extent, determined by
the structural characteristics of the vehicle and by the layout and charac-
teristics of its landing gear, that is, by the following parameters: The
number of landing-gear legs; the relative size of the radius of the circum~
scribing circle that passes through the landing-gear-leg pads before touch-
down; R = R/H; the thrust of the stabilizing engines (the "clamping"
engines); and the force of resistance during the compression of the landing~
gear legs (the energy of deformation of the landing-gear energy absorbers).

The stability zones for the vehicle (variant A) (with the number of landing~-
gear legs N varied from three to six) are shown in Figure 10.10 for both a
landing on a horizontal and one on an inclined surface. The diagrams were
determired while keeping constant all parameters other than the number of
landing-gear legs. It is obvious that the vehicle with three landing-gear
legs has the lowest stability during landing on a horizontal surface. The
stability zones for a vehicle whose landing gear has from four to six legs
are much larger but differ little from one another.

In optimizing the number of landing-gear legs of a space landing vehicle, it
is necessary to make an integrated evaluation of the stability of the vehi-
cle during landing and landing gear mass and its reliability. It is obvi-
ous that the overall reliability of successful landing significantly
increases with increases in the number of landing-gear legs up to N = 4, but
for N > 4 the increase in total reliability is not significant in view of
the fact that failure of a single support does not necessarily lead to an
emergency. Also, by increasing the number of landing-gear legs, there is an
increase in the probability of landing-gear failure due to the larger number
of components. As a result, any advantage in reliability that might have
been gained from slightly increasing the zone of stability may be lost due
to the extra landing-gear leg.

Because of this, the mass of the landing gear is the basic criterion that
controls the choice of the optimum number of a vehicle's landing-gear legs.
The mass of the landing gear can be held constant while increasing the num-
ber of legs only by lightening each leg (through a decrease in the cross
section of its load-bearing elements), which, as a rule, leads to reduced
strength in each individual landing-gear leg. However, it is commonly held
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Key:

1. Vehicle name
2. Date of soft landing (day, month, year)
3. Space landing vehicle mass (kg)
4. Landing velocity

5. Vertical (horizontal)

6. Surface slope (deg.)

7 Landing location

8. Landing-gear characteristics

9. Luna-9

10. Luna-13

11. Luna-16

12. Luna-17
13. Luna-20
14. Luna-21
15. Luna-24
16. Surveyor-l
17. Surveyor-3
18. Surveyor-5
19. Surveyor-6
20. Surveyor-7

- 21. Apollo-11

22. Apollo-12

23. Apollo-1l4

24.  Apollo-15

25. Apollo-16 \
26. Apollo-17

27. Mars-3

28. Mars-6

29. Viking-1
30. Viking-2

- 31. Venera-7
32. Venera-8
33. Venera-9
34. Venera-10

- 35. Data not determined
36. Ocean of Storms, lat. 7.1° N; long. 64.4° W
37. Ocean of Storms, lat. 18.9° N; long. 62.0° W
38. Sea of Plenty, lat. 0.7°S; long. 56.3° E
39. Sea of Rains, lat. 38.3° N; long. 35° W
40. Crater Apollonius C, lat. 3.5° N; long. 56.5° E
41. Sea of Serenity, lat. 25.8° N; long. 30.5° E
42. Sea of Crises, lat. 12° 45' N; long. 62° 12' E
43. Ocean of Storms, lat. 2.5° S; long. 43.2° W
44, Ocean of Storms, lat. 3.0° S; long. 23.3° W
45. Sea of Tranquility, lat. 1.4° N; long. 23.2° E
46. Central Gulf, lat. 0.5° N; long. 1.4° W
47. Crater Tycho, lat. 40.9° S; long. 11.5° W
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48. Lat. 0° 41' 15" N; long. 23° 26' E

49. Lat. 3.036° S; long. 23.416° W

50. Lat. 3° 40' 27" S; long. 17° 27' 58" W

51. Lat. 26.10° S; long. 3.60° E

52, Llat. 9° 0' S; long. 15® 35' W

53. Lat. 20.2° N; long. 30.7° E

54. Electris, lat. 45° S; long. 158° W

55. Erythraeum Mare, lat. 24° S; long. 19.5° W

56. Chrysc, lat. 19.5° N; long. 34° W

57. Utopia, lat. 44.3° N; long. 10° W

58. Lat. ~ 2° S (night side) and ~ 2,000 km from the morning
terminator

59. Lat. ~ 10° S (day side) and ~ 600 km from the morning terminator

60. Lat. 31° 42' N; long. 290° 50'

61. Lat. 16° 02' N; long. 291°

62. Balloons with compressed gas (spherical)

63. Four-legged, strut construction, tripod shape

64. Three-legged with hydraulic shock absorber, tripod shape

65. Four~legged (deployable) cantilevered strut construction with
honeycomb shock absorber

66. Soft-landing engine and shock-absorbing structural elements

67. Three-legged (tripod shape)

68. Shock-absorbing structural elements

69. Toroidal envelope

70. (Calculated value)

there is no sensible force of gravity would be very difficult without
"clamping" engines).

We now present some estimates of the effectiveness of stabilizing engines
for the most critical landing conditions (downward along a steep slope,
A=20; 0 30?). "Clamping" engines are installed on each of the vehi-
cle's lamﬁing-gear legs (Figure 6.6). The duration of engine operation is
limited. It is obvious (Figure 10.7) that using stabilizing engines with a
total thrust of

4
J Ty = 10,000 N
i=1

enlarges the stability zone of the space landing vehicle twofold, and using
engines with Ty = 20,000 N increases it threefold.

Calculations show that no stability zone exists for landings on surfaces
with a slope of ~30° (Figure 10.7) unless stabilizing engines are used (in
which case, the static stability of the vehicle is preserved). Using sta-

bilizing engines, a stable landing on a surface with a slope of -30° and
within the required range of velocities can be achieved.
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The change as a function of time of some parameters that characterize the
dynamics of soft landing of a vehicle with a four-legged landing gear on a
slope (& = -20°, landing configuration 2-2, A = 0°) is shown in Figure 10.13
(for landing velocities Vyert = ' =3 n/g and Vy, r = X' = 1m/s) and in
Figure 10.14 (landing velocities Vyepp = Y' = 1 m/s and Vphor = X' = 1 m/s).
In these figures, solid lines represent parameters during the landing proc-
ess when no stabilizing engines are used, while dot-dash lines show param-
cters when engines with a total thrust of 10,000 N are used. The character-
istic moments during the soft landing are shown in tte lower portion of the
figures.

The variation of parameters for unstable landing when no stabilizing engines
are used (loss of stability at the instant t = 1.65 s, with gy < 0) is
shown in Figure 10.13. A "clamping" engine assures stability of landing (at
t =1.35s; ap = 0.26 rad; E = 58 J).

The change in parameters for the case of a stable landing even in the
absence of stabilizing engines 1s shown in Figure 10.14. The use of stabi-
lizing engines leads to a faster completion of the soft-landing process.

Let us consider the main events of this process in more detail.

1. ILanding-gear leg no. 1 (the doubled leg) touches the landing surface and
is deformed (t = 0 to 0.1 s). As a consequence of deformation of landing-
gear leg no. 1 and the presence of frictlon with the surface, the kinetic
energy of the vehicle decreases (from 5,800 to 4,500 J). Deformation of
landing-gear leg no. 1 equals §1p = 0.007 m.

2. The space landing vehicle rotates about the pad of landing-gear leg

no. 1 (t = 0.1 to 0.7 s). The center of mass of the vehicle continues to
drop until the instant when deformation of landing-gear leg no. 1 ceases.
Because of this, the kinetic energy of the vehicle increases (from 4,500 to
9,210 J). :

3. Landing-gear leg no. 2 (also doubled) touches the landing surface and

is deformed (t = 0.7 to 0.8s). As a result of the deformation of landing-
gear leg no. 2 and because of the presence of friction with the surface, the
kinetic energy of the vehicle again decreases (from 9,210 to 1,400 J).
Deformation of landing-gear leg mo. 2 equals 8om = 0.17. When the pad of
landing-gear leg no. 2 touches the surfare, the pad of landing-gear leg

no. 1 1ifts off from the landing surface.

In accordance with the assumed schedule for starting the stabilizing engine,
the engine is started at the instant the surface is touched by the pad of
landing-gear leg no. 2. The change in the process parameters that results
from starting the stabilizing engine until the instant the stability crite-
ria (Equation 6.33) are satisfied is shown (by the dot-dash line) in Figure
10.14.

4. The vehicle rotates about the pad of landing-gear leg no. 2 (t = 0.8 to
1.0 s, when stabilizing engines are used; and t = 0.8 to 1.85 s, when
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stabilizing engines are not used). During such rotation, the vehicle center
of mass rises and, consequently, its kinetic energy once again decreases
(from 1,400 to 50 J).

Tn accordance with the stability criteria (Equation 6.33), when a; <0,

ay > 0, and E < n = 50 J, the process of landing the vehicle is considered
completed at the time t = 1.85 s (when no stabilizing engines are used) or
at £ = 1.0 s (wvhen such an engine is used).

The changes in stability zones for landings of variant B space landing vehi-
cle on inclined surfaces are shown in Figures 10.1 to 10.3 as a function of
the force of resistance to the compression of the landing-gear legs (£ = 10
to 30 kN). The figures show that for landings on inclined surfaces (6 -5
to -15°, A = 0), the vehicle's stability zone narrows significantly for
increases in the force of compression on the landing~gear legs (especially
for large values of landing velocity). The reason for this is the increase
in the toppling moment for the vehicle, which accompanies increases in
stiffness of the energy absorbers in the landing-gear legs.

|}

In presenting this material, we have covered quite a broad range of landing
velocities (V... = O to 8 m/s and V5. = O to 5 m/s) that is significantly
greater than the one that can be practically provided by the control systems
for normal landings of vehicles on planetary surfaces. Also, as previously
discussed (Chapter 6), the deformation of landing-gear legs was assumed to
be unlimited (in order to simplify calculatiomns).

Let us note that choosing a magnitude for the force of compression acting on
the landing-gear-leg energy absorbers is appropriate not only for determin-
ing the stability zones for vehicles during landing, but also in considering
the permissible load factors for the payload and for defining realistic mag-
nitudes of deformation in the landing-gear legs.

The relative simplicity of the theoretical method presented in Chapter 6 for
studying the dynamics of soft landing (and, consequently, the small expendi-
ture of machine time when making calculations), and the ability to account
for the effect of structural parameters of the vehicle and of initial land-
ing conditions on the dynamics of landing as well as a good agreement of
results with experimental data make the method fully acceptable for engi-
neering calculations in design offices for the purpose of refining the
detailed designs of space landing vehicles.

Let us now turn to the specifics of deformation of the landing-gear legs for
a space vehicle with different landing conditions. In reviewing the compu-
tational and experimental data on the deformation of landing-gear legs, we
note the following:

1. Deformation of all landing-gear legs of a wvehicle increases with an
increase in vertical landing velocity.
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B 2. For vehicle landings downward along a slope (A = 0°, configuration
1-2-1), the largest deformation occurs for the leading landing-gear leg

(no. 3) and the smallest for the trailing leg (no. 1). The deformation of
leg no. 3 is two- to 2.5-fold greater than the deformation of leg no. 1.

Leg nos. 2 and 4 have approximately the same deformation, which is 1.5~ to
twofold smaller than the deformation in leg no. 3. The deformation of leg
nos. 1 and 3 increases for increasing angles of the surface slope.

3. In lending a vehicle up a slope (A = 180°, configuration 1-2-1), the
largest deformation is experienced by the landingwgear leg (no. 1) uppermost
on the slope, and the least is experienced by the lowest leg (no. 3).
Deformation of landing-gear leg no. 1 is two~ to 2.5-fold greater than the
deformation of leg no. 3 and 1.2~ to 1.5-fold greater than the deformation
of leg nos. 2 and 4. For increasing surface slope angles, the deformation
of leg no. 1 increases and that of leg no. 3 decreases. This case of motion
represents the greatest danger during a vehicle landing, from the viewpoint
of the possible failure of the leading leg no. 1 caused by the large defor-
matlon of its energy absorber (Figure 10.15).

4. TFor landing a vehicle across the slope (A = 90°), the contact configura-
tion of the supports is 1-1-1-1. For this, the greatest deformation occurs
in the leading landing-gear leg, no. 4, and the smallest deformation in the
trailing leg, no. 2. This is explained by the direction of the horizontal
velocity vector in the direction of leg no. 4. The deformation of leg no. 4
is 2.5~ to threefold greater than the deformation of leg no. 2 and 1.2- to
1.5-fold greater than the deformation of leg no. 1. For increased surface
slope angles, the deformation of the leading leg (no. 4) and the leg upper-
most on the slope (no. 1) increases, while the deformation of leg nos. 2 and
3 decreases.

5. For landings of the vehicle in configuration 2-2 downward along the
slope and for different values of the component of landing velocity, the
derormations of the leading landing-gear legs (nos. 3 and 4) are 2.5- to
threefold larger than the deformations of the trailing landing-gear legs
(nos. 1 and 2).

6. The character of the landing-gear-leg deformations of various vehicles
is identical. However, the absolute magnitude of deformation of the legs
decreases with increasing stiffness in their energy absorbers.

A summary of experimental values of acceleration and deformation of landing-~
gear legs, recorded during tests of the dynamically similar DPM-B model for
N = 3 and 4 during landings on a slope of & = ~5° (A = 0°), is shown in
Table 10.2.

It is interesting to note that the total time for the landing process of the
model (including rebounds following initial contact with the ground) depends
to a large degree on the magnitude and direction of the landing velocity and
equals from 0.55 tc 0.75 s, where the upper limit applies to the four-legged
landing gear. The maximum acceleration at the model's center of mass is
achieved approximately 0.1 s (recalculated for the actual space landing
vehicle, this value is 0.6 s) after the first contact with the ground. Of
course, the indicated time spans apply to the landing of the dynamically
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Key:

1. Test number
2. Configuration and test conditions
3. Data from accelerometers and position transducers
4. Comments
5. Vhor (m/s)
6. Vyerr (m/s)
7. Model is stable
8. Model is unstable
6. At the center of mass
10. Horizontal acceleration (g's)
11. Vertical acceleration (g's)
12. On the landing-gear legs: Accelerations, G, in g's, and compres-
sions, 6, in mm
13. The landing-gear legs are equipped with honeycombs having an
energy capacilty about twice as large as those in subsequent
tests. Accelerometers III and IV show oscillations due to
Coulomb friction
14. Position transducer II indicates the characteristic 1ifting of
the piston in the trailing landing-gear leg
15. The galvanometers did not register the instant of ground contact
by the landing-gear legs due to interruptions in the galvanometer
leads between different parts of the model
16. The accelerometer II signal was "inverted" due to the transducer
‘ characteristic

similar variant B model on a surface with a slope of -5°, but the order of
magnitude of these time spans remains the same even when the slope of the
surface is changed by + 15°.

The results of the tests have shown that the largest load factors occur for
landing-gear legs that lead when landing downward along the slope; they are
two- to threefold greater than those for trailing legs. For the case of
lamiing with a single leg leading (configurations 1-2-1 und 2-1), this dif-
ference becomes even greater., However, let ve note that for a four-legged
landing gear, this effect is less pronounced than in a three-legged landing
gear, due to the larger number of legs. In other words, for a four-legged
vehicle, the choice of landing configurations is less critical. For a vehi-
cle with a three-legged landing gear, and a 2-1 landing configuration, the
condition A = 0° (one leg leading downward along the slope), which other-
wise has advantages from the point of view of stability in terms of toppling
when compared with a 1-2 configuration, is more dangerous in terms of the
larger load factors on the leading leg.

Results of landing tests downward along the slope confir~ the large compres-

sion of the energy absorbers in the leading landing-gear iegs. During such
compression, the landing-gear legs reached the maximum values of deformation
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possible with the model, namely, 0.083 to 0.085 m (which is equivalent to
about 0.5 m for the full-scale lunar vehicle). This represents a compres-—
sion of the honeycomb blocks of more than 70 percent.

Based on the material presented, in conclusion we will give one of the pos-
sible development scenarios (All-Union State Standard 2.103-68) for a land-
ing gear to be used with a future space vehicle for soft landing on a planet,
its satellites, asteroids, or other celestial bodies.

1. During the phase for developing the technical proposal (All-Union State
Standard 2.118-73):

a. Collection of data on the profile and properties of the ground at the
proposed landing site;

b. Preliminary choice of design and dimensions for the landing gear as a
function of mission, layout, and mass of the space landing vehicle and con-
trol system options;

c. Performance of theoretical studies >n the vehicle landing dynamics for
the selected configurations of its landing gear (for limiting values of
landing conditions).

2. During the phase of developing the preliminary design (All-Union State
Standard 2.119-73):

a. Collection of more-detailed information on the surface layer of the
celestial body using hard landing and fly-by sounders, artificial satellites
of the planet, and so forth;

b. Performance of a detailed theoretical analysis of the landing dynamics
for the most likely landing-~gear design for the space landing vehicle;

c. Design, manufacture, and test of dynamically similar models of the space
laading vehicle with the most likely landing-gear design.

3. During the phase of engineering development (All-~Union State Standard
2.120~73):

a. Design, manufacture, and dynamic testing of full-scale test-stand mock-
ups of space landing vehicles (both simplified and maneuvering);

b. Structural testing of the full-scale landing gear at design load factors
assoclated with landing;

c. Design, manufacture, and development of full-scale flying mockups of the
space landing vehicle; part of the development of a piloted vehicle consists
of training the cosmonauts to perform soft landings in the flying mockup and
- in the definition of the program of activities to be performed on the planet
(crew training in a mockup is also possible in a test stand with sufficient
room for maneuvering);

d. Y¥inal terrestrial work to assess the effectiveness of the vehicle's
landing gear during emergency (unstable) landing situations by using full-
scale test-stand mockups.

The landing gear, having successfully completed the cycle of terrestrial

development, is now ready for the ultimate test, flight testing as part of
the space vehicle.
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Figure 10.1. Stability Zones During Landing of the Variant B Space Landing
Vehicle (downward along the slope, A = 0°; ¢ = =5% N = 43
configuration 2-2)

Key:

1. vV (m/s)
2. VK::t(m/s)

Theoretical results:

for £ = 15 kN
- == for £ = 20 kN
—--— for £ = 25 kN
Experimental results:
o stable
e unstable
fexperim. = 0.6 to 1.2
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Figure 10.2. Stability Zones During Landing of the Variant B Space Landing
Vehicle (downward along the slope, A = 0°; 6 = ~10°; N = 4;
configuration 2-2)

Key:
1. V (m/s)
2. VKS:C (m/s)
3. £ (kN)

Theoretical results

.9
=1.0
—ee= for £ =1.1
—-—-forf=13

t

© stable
® unstable
foxperim. = 0-6 to 1.2
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Figure 10.3. Stability Zones During Landing of the Variant B Space Landing
Vehicle (downward along the slope, A = 0°; 6 = -15°; N = &3
configuration 202)

Key:

1. V (m/s)
2. Vzert(m/s)
3. £tk

Theoretical results:

——= for f = 0.9
for £ = 1.0
3 —+=—. for f = 1.1
Experimental results:
© stable . ‘ )
® unstabl- for the 2-2 configuration
a tabl
a inztazle for the 1-2-1 configuration

fexperim. = 0.6 to 1.2
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Figure 10.4. Zones of Landing Stability for the Variant B Space Landing
Vehicle (plotted in the coordinates Vhor and 6, with the
numerals 1, 2, 3, 4, and 5 next to the data points indicating
[vertical] velocities of 1, 2, 3, 4, and 5 m/s, respectively.
£=1.5x 104 N; £ =1.0; N = 4; configuration 2-2)

Key:
1o Voere = 1 m/s
2. Vyorr = 2 m/s
3. Viert = 3 m/s
4. Vvert =4 m/S
5. Vhor (m/s)

= Theoretical results
— — — Experimental results
fexperim. = 0.6 to 1.2

184

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300040031-0



APPROVED FOR RELEASE: 2007/02/08: CIA-RDP82-00850R000300040031-0

FOR OFFICIAL USE ONLY

Figure 10.5. Stable Landing of the DPM~-B Model (downward along the slope;
6 = 15°; velocities Vyepr = 2.7 m/s and Vhor = 3.7 m/s; con-
figuration 1-2-1; rigid ground; frame interval ~ 0.05 s)
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(1)
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8

Figure 10.6. Stability Zones During Landing of the Variant A Space Landing
Vehicle (£ = 3 x 10% N; £ = 0.8; N = 4)

Key:
1. Vyepr (@/s)
hor (/)

Configuration 2-2:
Theoretical results
— = — Experimental results
Configuration 1-2-1:
— «—» Theoretical results
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Figure 10.7. Stability Zones During Landing of the Variant A Space Landing
Vehicle (using "clamping" engines; & = 3 x 10% N; A = 0°;
N = 4; £ = 0.8; configuration 2-2)

Key:

1. V. (m/s)
2. V;’ls:t (m/s)

Theoretical results:

for Ty = 20 kN
——~—for Ty.= 10 kN
—e+—efor Ty = 0

Experimental results:
Stable landings:

o for Ty = 20 kN and 6 = -25°
@ for Ty = 27 kN and 6 = -30°
o for Ty = 36 kN and 6 = -30°
Unstable landing
¢ for Ty = 20 kN and 6 = -37°
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Figure 10.8. Zones of Landing Stability for the Variant C Space Landing
Vehicle (plotted in the coordinates Vioy and 6; for an expla-
nation of labeling of points see Figure 10.4; & = 42,5 x
104 N; N = 4; configuration 2-2)

Key:
1. Vyert = 1 m/s
2. Vyert = 2 m/s
3. Vyert = 3m/s
be Vyert = 4 m/s
5. Vyert = 5 m/s
6. vert = 6 m/s
7. Vyert = 71m/s
8. Vyert = 8 m/s

9. VhOI’ (m/s)
———— Theoretical results
—o— Experimental results
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Figure 10.9. Lines of Equal Landing Stabilitz for the Variant A Space Land-
ing Vehicle (A = 0°; £ = 3 x 10% N; 8 = -15°; £ = 0.8; N = 4;
configuration 1-2-1)

Key:

\ (m/s)
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Figure 10.10. Dependence of the Size of a Space Landing Vehicle's (Variant
A) Stability Zone on the Number of Landing~Gear Legs
(=3 x10*N; £=0.8; A =0°

Key:

00

~10°

vert (m/s)

hor (m/s)

= 3, configuration 1-2
4, configuration 2-2
5, configuration 1-2-2
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Figure 10.11. Optimizing of a Space Landing Vehicle's Landing Gear in
Terms of Mass (Variant A; £ = 3 x 104 N; £ =0.8; A = 0°)
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Figure 10.12. Dependence of the Size of a Space Landing Vehicle's (Variant
A) Stability Zone on the Relative Magnitude of the Landing-
Gear Radius (A = 0°; £ =3 x 104 N; N=4; f = 0.8; configu-
ration 2-2)

Key:
1. V (m/s)
vert
2. Vyor (m/s)
— 8 = -10°

—_———0=0°
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Figure 10.13. Behavior of Dynamics Parameters During an Unstable Landing of
a Variant A Space Landing Vehicle (downward alomg the slope

with 6 = 20°)

Phases of the Landing Process:

I. Crushing of landing-gear leg no. 1

II. Rotation with respect to landing-gear leg mo. 1

IIT. Crushing of landing-gear leg no. 2

IV. Rotation with respect to landing-gear leg no. 2
V. Operating period of stabilizing engines

VI. Crushing of landing-gear leg mo. 2 when the impulse from the

stabilizing engines is accounted for
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VII. Rotation with respect to landing-gear leg no. 2 when the iipulse
from the stabilizing engines is accounted for

Key:

1. ):(and Y (a/s)

2. ¢ (radians/s)

. Xand Y (m)

¢, =1, and ay (radians)
T (kJ)

t (s)

Instant of turning on stabilizing engines
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Figure 10.14. Behavior of Dynamics Parameters During a Stable Landing of a
Variant A Space Landing Vehicle (downward along the slope
with 6 = 20°)

Phases of the Landing Process:
I. Crushing of landing~gear leg mo. 1
! II. Rotation with respect to landing-gear leg no. 1
E ITI. Crushing of landing~gear leg no. 2
IV. Rotation with respect to landing-gear leg no. 2
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Figure 10.15. Typical Deformations of Landing-gear Legs for the Variants
A and C Space Landing Vehicles (landing upward along the
slope, A = 180°; Vpor = 1 m/s; configuration 1-2-1)
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