
N A S A  
S P A C E  V E H I C L E  
D E S I G N  C R I T E R I A  
(STRUCTURES) 

NASA SP-8104 

STRUCTURAL INTERACTION 
WITH TRANSPORTATION 

AND HANDLING SYSTEMS 

JANUARY 1973 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 



FOREWORD 

NASA experience has indicated a need for uniform criteria for the design of space 
vehicles. Accordingly, criteria are being developed in the following areas of technology: 

Environment 
Structures 
Guidance and Control 
Chemical Propulsion 

Individual components of this work will be issued as separate monographs as soon as 
they are completed. A list of all published monographs in this series can be found at 
the end of this document. 

These monographs are to be regarded as guides to the formulation of design 
requirements and specifications by NASA Centers and project offices. 

This monograph was prepared under the cognizance of the Langley Research Center. 
The Task Manager was G. W. Jones, Jr. The coauthors were F. L. Rish, R. Weldon, and 
L. Kovalevsky of North American Rockwell Corporation. A number of other 
individuals assisted in developing the material and reviewing the drafts. In particular, 
the significant contributions made by the following are hereby acknowledged: H. P. 
Adam, C. P. Berry, H. C. Bjornlie, and L. D. Mutchler of McDonnell Douglas 
Corporation; H. K. Blomseth of Hughes Aircraft Company; E. Y. W. Chow of Jet 
Propulsion Laboratory; J. T. Foley of Sandia Corporation; J .  F. Fowler of TRW Inc.; 
R. Kennedy of U.S. Army Transportation Engineering Agency; W. Mills of The Boeing 
Company; B. L. Newlander and R. F .  Stevenson of North American Rockwell 
Corporation; F. E. Ostrem of General American Transportation Corporation; R. A. 
Sutton of General Dynamics Corporation; and E. J .  Wolff of NASA Langley Research 
Center. 

NASA plans to update this monograph periodically as appropriate. Comments and 
recommended changes in the technical content are invited and should be forwarded to 
the attention of the Structural Systems Office, Langley Research Center, Hampton, 
Virginia 23365. 

January 1973 
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GUIDE TO THE USE OF THIS MONOGRAPH 

The purpose of this monograph is to provide a uniform basis for design of flightworthy 
structure. I t  summarizes for use in space vehicle development the significant experience 
and knowledge accumulated in research, development, and operational programs to 
date. It can be used to improve consistency in design, efficiency of the design effort, 
and confidence in the structure. All monographs in this series employ the same basic 
format - three major sections preceded by a brief INTRODUCTION, Section 1, and 
complemented by a list of REFERENCES. 

The STATE OF THE ART, Section 2, reviews and assesses current design practices and 
identifies important aspects of the present state of technology. Selected references are 
cited to supply supporting information. This section serves as a survey of the subject 
that provides background material and prepares a proper technological base for the 
CRITERIA and RECOMMENDED PRACTICES. 

The CRITERIA, Section 3, state what rules, guides, or limitations must be imposed to 
ensure flightworthiness. The criteria can serve as a checklist for guiding a design or 
assessing its adequacy. 

The RECOMMENDED PRACTICES, Section 4, state how to satisfy the criteria. 
Whenever possible, the best procedure is described; when this cannot be done, 
appropriate references are suggested. These practices, in conjunction with the criteria, 
provide guidance to the formulation of requirements for vehicle design and evaluation. 

. . .  
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STRUCTURAL INTERACTION 

HANDLING SYSTEMS 
*WITH TRANSPORTATION AND 

1. INTRODUCTION 
Space vehicles are designed primarily for flight environments; however, they must also 
withstand or be protected against the environments and loads to which they are 
subjected while being transported and handled from the fabrication site to  the final 
launch position. Sophisticated facilities and systems are often developed or special 
compromises which affect the design of the vehicle are often necessary to make 
transportation and handling of space vehicles feasible. Protection against the 
transportation and handling loads and environments may be provided by special 
features incorporated in the space vehicle or its transportation and handling systems. 

Inadequate attention to the problems and hazards of transporting and handling space 
vehicles can lead to vehicle failures. For example, lack of proper attention during 
design has led to  such failures as the following: 6 

0 Collapse of empty liquid propellant tanks due to inadequate pressure venting 
during transport 

0 Failure of fragile structure because of shock and cyclical loading during 
transp ort a t ion 

0 Excessive corrosion of metallic parts 

This monograph presents criteria and recommends practices for properly accounting, in 
space-vehicle structural design, for interactions between space vehicles and their 
transportation and handling systems. Interactions of concern are limited to those 
occurring between fabrication and launch of the vehicle. Emphasis is given to the 
protection of vehicle structures against those environments and loads encountered 
during transportation and handling (including temporary storage) which would exceed 
the levels that the space vehicle can safely withstand. Methods of verifying that 
satisfactory compatibility between a particular space vehicle and its transportation and 
handling systems has been achieved are presented, current practices are appraised, and 
some of the capabilities and limitations of transportation and handling systems are 
summarized. 
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2. STATE OF THE ART 

Since space vehicles are designed and built primarily to withstand flight conditions, the 
desired goal is that the design be governed by flight loads and mission requirements 
other than those of transportation or handling and that the transportation require- 
ments be satisfied when possible within overall vehicle weight, cost, and schedule 
constraints. Within the present state of the art, such a goal can be only partially 
achieved in most cases. Therefore, transportation and handling requirements can have 
an impact on configuration, weight, structure, cost, schedule, and fabrication of the 
space vehicle. Since space vehicles usually have rigid weight requirements, weight is 
increased to  accommodate transportation and handling provisions only as a last resort. 

During conceptual design, the basic structural configurations (particularly for large 
vehicles) must respond to limitations of feasible transportation and handling modes, 
such as cargo dimensions and weight capacity. In detail design, the loads-transmitted to 
the space vehicle by transportation and handling systems are determined and evaluated 
to ascertain whether the loads, stresses, or deflections in the vehicle exceed the 
allowable levels defined in vehicle design requirements. Although current transporta- 
tion and handling systems and operational procedures can attenuate most of the loads 
to acceptable levels, additional considerations related to the space-vehicle design 
usually are necessary to accommodate the transportation and handling loads. For 
example, the following methods are used in design to provide load paths for 
transportation and handling: 

Introduction of loads through existing major load paths of the space vehicle 
such as bulkheads, frames, longerons, and carry-through structure 

Utilization of ground support equipment to  carry critical loads during 
ground conditions 

Addition of localized structure to  the vehicle, such as fittings and back-up 
structure, where local loads are introduced to  the vehicle. This structure may 
be made removable after the transportation or handling phase is complete 

Pressurization of tanks or compartments to avoid buckling caused by 
transportation and handling loads 

The ability of the transportation and handling systems to protect the space vehicle 
against the natural environments encountered during transporting and handling is also 
examined. It is sometimes better to apply the protection directly to the vehicle (e.g., 
protective paints) rather than depend on packaging to protect it against natural 
environments. 
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2.1 Capabilities and Limitations of Transportation Vehicles 
and Handling Systems 

2.1.1 Transport Vehicles 

2.1.1.1 Highway 

- Si7e For long-dict;incc nmvcnicnt,  riiauinitini overall dinirncionc (including trans;- 
porter and profestive cqtiipnirntl norrn:illy ciirinot csccwl 4.57 111 ( I  S ft 1 in \vidtli. 
4.57 ni ( I S  f t )  i n  iiciglit, and 24.4 ni (80 f t )  in  length F o r  1;irp-r vchiclcs. t h e  cort of 
rcnioviiig o r  rclosating r o x i  ohstriic-tionc gcncrnlly btzonicq prohihit ivc. For short 
dictmccq. spnzc vcliiclcs l ip to  13.1 111 (43 f t )  in  overall Iwiglit o r  10.7 III (35 f t )  \vid t h  
(Sattirn S-11) havc b c w i  niovtd 1)s liiglitvay, w i t h  t l i c  cs;rct m:iuimtlnr dimcn<iotis 
dctcrniincd I>>* ;I sun.r.y o f  tlic specific roiitc. 

4 



Weight - The maximum transportable weight is controlled by state regulation and is 
based upon the load-bearing capacity of the highway and its structures. Normally, 
266 800 to 444 800 N (60 000 to 100 000 lbf) is the maximum weight that is 
transportable over long distances. For short distances, weights of 889 600 N 
(200 000 lbf) and more can be moved by special transporters designed to  distribute the 
load properly over the highway. 

2.1.1.2 Water 

Water transportation of space vehicles has generally been limited to those vehicles 
exceeding the weight or size limitations for land, rail, or air transport. Use of this mode 
has been limited because of such factors as the long transport time in comparison to 
other methods, the lack of immediately accessible water routes, and the lack of 
commercial water carriers to  the desired destination. In some cases naval transport 
vessels have been used because commercial carriers were not available. Size and weight 
limitations of water transport vehicles are summarized as follows: 

- Size - For short-haul ocean trips and inland waterway transport, barges are available 
with clear deck areas of up to 57.9 m (190 ft) by 13.4 m (44 ft). However, maximum 
barge and cargo size for a specific route are determined by bridge clearance, lock 
widths, and water depth. For ocean transport, the size range of available commercial 
and military ships (up to aircraft carrier size) permits transport of all present space 
vehicles. 

Weight - There is probably no limitation on the weight of current space vehicles that 
can be transported by water. The weight-carrying capacity of many ocean-going barges 
and vessels is much greater than the weight of the heaviest space vehicle. 

2.1.1.3 Air 

Air transport is generally preferred and used for long-distance transportation of space 
vehicles where practical. Primary factors favoring the use of air transport are speed 
(short transit time) and the overall favorable environmental conditions which include 
limited exposure to  the natural environment. However, present aircraft are not capable 
of carrying the largest space vehicles. The Guppy-type cargo aircraft is used to 
transport the larger transportable space vehicles. When this type of aircraft is not 
available, another transportation method must be used or the vehicle delivery schedule 
must be revised. Occasionally, space vehicle structural segments have been transported 
by helicopter by external lift (refs. 27, 3 1, and 32). Size and weight limitations of the 
largest cargo aircraft are summarized in table I. 
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2.1.1.4 Rail  

Rail transport is not frequently used for complete space vehicles and many large or 
shock-sensitive space vehicle components because of its size limitations, long transit 
times, and unfavorable induced loads (e.g., high shock loads resulting from the 
coupling of rail cars), and because of lack of rail facilities at sending and receiving 
locations. Size and weight limitations of rail transport systems are summarized in the 
following paragraphs : 

- Size - Maximum overall dimensions of the rail car and protective equipment normally 
do not exceed 4.57 m (15 ft) in height, 4.57 m (15 ft) in width, and 15.2 m (50 ft) in 
length for long-distance movement. These restrictions are due to permanent obstruc- 
tions such as tunnels, bridges, and railroad control equipment. For short distances, 
however, longer vehicles may be moved, with the exact maximum dimensions being 
determined by surveys of the specific route. 

Weight - The maximum transportable weight is based upon the load-bearing capacity 
of the road-bed and railroad structures. Normally, weights of 533 700 N (1 20 000 lbf) 
can be transported without making special arrangements with a given railroad. Weights 
of 2 668 800 N (600 000 lbf) have been transported,. but detailed planning and 
coordination were required. 

2.1.2 Handling Systems 

Handling methods for space vehicles are classified in this monograph as lifting, 
manipulation, and transfer. 

2.1.2.1 Lifting 

Lifting is accomplished with overhead hoists, portable cranes, or mobile power units, 
such as forklifts and lift-bed trucks. Interface connections for lifting are usually made 
with the space vehicle slings or adapter fittings attached either directly to hard points 
on the vehicle or to wide belts wrapped under i t  and designed to distribute the lifting 
loads to prevent excessive local distortion or damage of the vehicle structure. 
Pneumatic ring-type clamps are also used in hoisting. Although no attach points are 
needed with this method, the vehicle structure must be rigid enough to  resist the clamp 
pad loads. 

2.1.2.2 Man i pu I at ion 

Manipulation is accomplished by rotation, positioning, or erection of the space vehicle 
with structural provisions similar to  those required for lifting. Rotation about the 
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encountered during transportation and handling, such as corrosive atmosphere or 
precipitation. 

2.2.1 Induced Loads 

The induced loads of concern are those induced on the vehicle by the transportation 
and handling systems. 

2.2.1.1 Load Sources and Inputs 

Sources of induced loads are primarily shock and vibration encountered during 
transportation; differential pressures in unvented structures such as tanks, caused 
primarily by changes in altitude during transportation; loads resulting from attachment 
of handling devices and subsequent handling operations; and loads due to  attachment 
of transport restraint devices (tiedowns) and transport dollies or fixtures and the 
subsequent acceleration and/or distortion (e.g., racking) of the transport vehicles. 

Reference 1 deals with the prediction and verification of transportation and handling 
loads for space vehicle structure. These loads must, together with tie-down loads and 
any differential-pressure or other loads, be utilized as inputs in an analysis to 
determine the vehicle response to  these inputs in the form of stresses, internal loads, 
and deflections. 

2.2.1.2 Vehicle Response Analysis 

Response analyses for the space vehicle and supporting system are performed with 
conventional analytical methods. The static-load analysis and stress-analysis techniques 
employed are widely documented in many references (e.g., ref. 33). Dynamic response 
analyses generally require mathematical modeling of the stiffness and inertial 
properties of the combined space vehicle, support, and transportation systems. Some 
mathematical modeling techniques are discussed in references 3, 34, and 35. 

A frequently used analytical method for obtaining dynamic response is to (1) deter- 
mine the natural frequencies and mode shapes of the space vehicle structure as 
functions of nondimensional deflections (ref. 36), (2) use empirical data to  determine 
amplification factors as functions of natural frequencies, and then (3) determine the 
maximum dynamic deflections. These deflections are converted to  equivalent static 
loadings for individual-member stress analysis. As part of the stress analysis, the 
structure of the space vehicle is analyzed for failure or excessive deflection due to 
applied loads during transportation and handling. 
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2.2.1.3 Fatigue Analysis 

2.2.1.4 Design for Transportation and Handling Loads 
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0 Providing damping to  minimize vibration amplification at resonant 
frequencies 

0 Removing concentrated masses and shipping separately 

0 “Tuning” natural-frequency, shock-and-vibration-attenuation systems to 
avoid discrete frequencies 

0 “De-tuning” or reinforcing a critical element by adding temporary devices 
during handling or transport 

Attenuation methods and materials are discussed in reference 38. 

2.2.2 Natural  Environments 

Exposure to  the natural environments during transportation and handling, including 
temporary storage, can cause a number of potentially detrimental effects on space 
vehicle structure; the structure must be protected from these effects either by the 
transportation and handling system or by the vehicle structural design. One means of 
identifying the significant environments for the space vehicle during transportation and 
handling is with the use of a logistics flow chart. The chart is used to  specify in detail 
the various phases of the transportation and handling process and leads to the 
identification of the applicable natural environments. The severity, statistical 
frequency, and combinations of the environments are subsequently determined. 
Guideline data on natural environments are given in reference 39. 

2.2.2.1 Environmenta I Effects 

The natural environments to  which space vehicles are most often exposed during 
transportation and their principal damaging effects are shown in table 11. Environ- 
mental extremes which may be encountered during air, surface, and shipboard 
transport are presented in reference 40. 

Other natural environments, including solar radiation, ozone, sand/dust, electro- 
magnetic and particle radiation, lightning, >nd electrostatic discharge, do not represent 
major liazards for space vehicle structures during transportation and handling. These 
environments, however, may be hazardous to specific systems within the vehicle or 
may affect the characteristics of the transportation and ioad-attenuation system. 

2.2.2.2 Protection from Natural Environments 

Protective measures such as the following are often incorporated in vehicle structural 
design to minimize the detrimental effects of natural environments: 
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0 Desiccating the compartments or tanks with dry gas such as N, and sealing 
the compartments 

- When temperature control is critical, shipment is usually made 
in a temperature-controlled transport vehicle or container. Temperature may be 
controlled by heating and cooling equipment or by passive means such as a heat sink 
with suitable control over the time of exposure to extreme temperatures. Shipment 
may also be made by special routes or by specific transport modes to  avoid exposure to 
extreme temperatures. 

Wind Protection - Space vehicles are shipped in closed transport vehicles or containers 
whenever possible to  avoid exposure to  the wind environment. The container or 
transport fixture is designed to resist overturning by wind loads. 

Control of Pressure Changes - It is necessary to  protect vehicle structure from 
differential pressures which may occur in sealed or inadequately vented tanks and 
compartments because of changes in altitude during transport, particularly in 
unpressurized aircraft. Reference 2 provides design practices and criteria for compart- 
ment venting. 

Control of Other Environments - Protection of the space vehicle structure is not 
usually required for other environments such as solar radiation, ozone, sand/dust, 
electromagnetic and particle radiation, lightning, and eIectrostatic discharge. However, 
protective covers are often provided to  shield specific systems from sand or dust and 
electrostatic discharge; these covers are generally the same ones used for moisture and 
humidity control. Protection from lightning or electrostatic discharge to  prevent 
ignition of solid propellants or explosive devices is accomplished by grounded 
conductive covers or containers and transport shields that prevent buildup of static 
charges . 

2.3 Transporting and Handling Various Types 
of  Space Vehicles 

2.3.1 Liquid -P rope llan t Launch Vehicles 

Liquid-propellant vehicles have thin skins because they are designed primarily to 
withstand low internal pressures. These large structures may be difficult to  transport, 
when empty, because of their size and the sensitivity of their thin skins to external 
loads and pressures. Individual vehicle segments or stages have been transported on 
cradles supporting the lower one-third of their circumference in an area of adequate 
stiffness, such as a bulkhead or stiffening ring. Since this arrangement does not support 
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2.3.2 Sol id-Propel lant  Launch Vehicles 
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large solid-rocket motors is given in reference 44. The walls of solid-propellant rocket 
vehicles or motor segments are quite thick because their operating pressures are 
significantly higher than those of liquid-propellant vehicles. The buckling strength of 
the solid-rocket motor case is also higher because of the thicker wall and some 
additional support from the contained solid propellant. This combination of increased 
wall thickness and buckling strength therefore often allows the much heavier 
solid-propellant vehicles and motor segments to  be handled like the empty liquid- 
propellant vehicles, namely by using cradles or ring-shaped fixtures attached to 
segment or motor attach points. 

The solid-propellant motors are normally transported in temperature-controlled 
containers or transport vehicles to prevent differential-strain cracking in the propellant, 
separation of the bond between the propellant and motor wall structure, or excessive 
deformation of the propellant. To prevent inadvertent ignition, the propellant is 
protected from electric sparks and high-temperature sources, and grounding cables are 
mandatory for all handling operations. 

Solid-propellant rocket motors are frequently transported by rail. To provide 
protection against loads induced in transit; however, the container or transport vehicle 
usually has shock-attenuation devices. In one program, the carrier vehicle was a 
889 600 N (200 000 lbf) capacity hydraulically cushioned railroad flatcar capable of 
mitigating 18-g longitudinal shocks at the coupler to 1.8 g on the motor (ref. 45). 
Another suspension carriage was equipped with torsion-bar springs and hydraulic shock 
absorbers, and with running gear compatible with tracks installed in the shipping 
containers and transport vehicle (ref. 46). 

2.3.3 Spacecraft  and Scientific Payloads 

Many spacecraft and scientific payloads are small enough to be transported by means 
of any transport mode. When feasible, they are transported in an attitude (usually 
vertical) that will allow the major transportation loads to be applied in the same 
direction as the axial flight loads. Distribution and/or reduction of loads is often 
provided by special handling fixtures, or by internal pressurization if the spacecraft has 
a pressure-stabilized structure. 

Transport fix tures or containers for these structures generally have an integral system 
for attenuating shock and vibration. Temperature and humidity control is provided, as 
required, for protection against the natural environment. In some cases, spacecraft are 
shipped with explosive-actuating devices installed, and grounded conductive covers are 
used to dissipate static electricity; where possible, however, the explosive devices are 
removed for separate shipment and later installed at the launch site. 
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2.4 Verification of Structural Compatibility 
With Transportation and Handling Systems 
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3. CRITERIA 

The space vehicle and its separable components, either individually or when combined, 
shall be capable of being handled and transported from the fabrication site to the final 
launch position without degradation of vehicle flightworthiness. The vehicle design 
shall be compatible with the transportation and handling system to the extent that 
(1) the size and weight of the vehicle or its transportable stages and segments shall not 
exceed the limitations of feasible transportation and handling systems; (2) no loads are 
induced on the vehicle during transportation and handling which will produce excessive 
stresses, internal loads, or deflections; and (3) the vehicle is adequately protected 
against the natural environment during transportation and handling. Verification of the 
compatibility of the space vehicle and its transportation and handling systems shall be 
demonstrated by suitable analysis and, as required, by experimental monitoring of 
actual transportation and handling loads, responses, and environments. 

3.1 Compatibility of Structural Design 
With Transportation and Handling Systems 

The space vehicle shall be designed to  be transported and handled without degradation 
of flightworthiness from its manufacturing site to  the final launch position by means of 
state-of-the-art transportation and handling systems. At least the following vehicle 
characteristics shall be analyzed during design for compatibility with the candidate 
transportation and handling systems: 

0 Size and configuration 

0 Weight 

0 Attitude 

0 Potentially hazardous components (e.g., radioactive or explosive compo- 
nents 

0 Sensitivity to shock and vibration 

0 Tolerance to the natural environment 

0 Strength and rigidity 

3.1.1 Accounting for Induced Loads 

The stresses, internal loads, and deflections of the space vehicle’s structure in response 
to  the load inputs from transportation and handling shall be determined analytically. 

I 
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3.1.2 Accounting for Natural Envionments 

3.2 Verification of Structural Compatibility 
With Transportation and Handling Systems 
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from transportation and handling shall be verified by experimental measurements on 
test or production vehicles. 

Input loads and potentially critical stresses, internal loads, deflections, accelerations, 
and frequencies shall be experimentally monitored at selected locations on production 
vehicles as necessary to  determine whether predicted levels are exceeded during 
transportation and handling. 

Potentially harmful environments shall be experimentally monitored during transporta- 
tion and handling, including temporary storage, of production vehicles, as necessary to 
insure that allowable levels have not been exceeded. 
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4. RECOMMENDED PRACTICES 

The interactions between space vehicle structure and its transportation and handling 
systems should be properly accounted for throughout the structural design process. 
Verification of their satisfactory compatibility should be demonstrated for the 
completed designs. Close coordination should be established and maintained througli- 
out vehicle development between the project structural designers, transportation and 
handling-system designers, logistics engineers, and packaging designers in order to 
achieve these goals. 

The characteristics of the candidate transportation and handling system should be 
evaluated in relation to  the characteristics of a projected vehicle design. This evaluation 
includes determination of the natural environments and the levels of shock, vibration, 
and other induced loads which may be encountered. The effects of the anticipated 
induced loads and natural environments on the vehicle are analyzed to determine the 
structure’s adaptability to the candidate modes of transportation and handling. If the 
vehicle cannot withstand these effects, suitable means of attenuation or protection 
should be provided by the transportation or handling systems. When this is not 
feasible, modification of the space vehicle structure should be considered. The 
foregoing design procedure should then be iterated as the design progresses until, for 
the final design, satisfactory compatibility between the space vehicle structure and its 
transportation and handling systems has been demonstrated by a suitable combination 
of analyses and tests. 

4.1 Compatibility of Structural Design 
With Transportation and Handling Systems 

Throughout its development, space vehicle design should be coordinated with the 
transportation and handling systems to ensure safe transportability of the vehicle. 
During the conceptual design phase, the basic structural configuration should be 
adapted to the characteristics and limitations of feasible transportation modes (e.g., 
cargo compartment size and weight capacity). Space vehicle transportation and 
handling problems require preliminary resolution during the conceptual-design phase 
because they may have far-reaching impact on the program. If the proposed vehicle 
configuration exceeds the size or weight capacity of available standard transportation 
and handling modes, the following solutions should be evaluated: 

1. Revisions of transportation and handling system 

Modify existing system 
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4.1.1 Accounting for Induced Loads 
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4.1.1.1 Determination o f  Load Sources and Inputs 

The dynamic loads from the selected transportation and handling system should be 
determined at the interface of the space vehicle with its transportation and handling 
system, using one or more of the following methods (ref. 1): 

0 Analysis using limit load factors 

0 Analysis of partial system with composite load-bed inputs 

0 Scaling and extrapolation from similar system experience 

Analysis of full system with transportation medium inputs 

Additional loads such as static tie-down loads should be estimated by analytical 
methods such as those in reference 33. 

4.1.1.2 Space-Vehicle Response Analysis 

The induced-load inputs to the space vehicle should be used in static and dynamic 
analyses to determine the vehicle responses to these input loads in the form of stresses, 
internal loads, and deflections. 

The natural vibration frequencies and mode shapes in nondimensional form should be 
calculated for the space vehicle with the methods recommended in reference 36. The 
nondimensional modal data should be combined with the input dynamic loads in a 
dynamic response analysis using the practices described in reference 3 to determine the 
amplification factors and arrive at the maximum response deflections. A mathematical 
model for these analyses should be formulated with the techniques described in 
references 3, 30, and 36. The calculated response values should be converted into 
equivalent static loadings, which should then be combined with static load inputs. A 
stress analysis using accepted methods such as those of reference 33 should be 
performed to determine the internal stresses and verify the structural integrity. The 
dynamic response analysis should also compute the cumulative number of cycles of the 
dynamic load inputs and should formulate load spectra for the fatigue analysis. 

If changes in atmospheric pressure are expected during transportation and handling, a 
structural analysis should be performed to  determine the critical collapsing pressure of 
the space vehicle tanks or compartments. If the tanks or compartments cannot safely 
withstand the applied collapsing pressure during transportation and handling, the tank 
or compartment should be vented to  ambient atmospheric pressure, or a positive 
internal pressurization system should be provided to  prevent collapse. 
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i 4.1.1.3 Fatigue Analys is  

4.1.1.4 Design for  Induced Loads 
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I 
0 Control of transport speed 

0 Removal of concentrated masses for separate shipment 

0 Reinforcement of critical elements with temporarily installed structure 

When modifications such as these are made, the mathematical model or the input loads 
should be changed, as appropriate, and the responses should be re-analyzed. When 
modifications to  the transportation and handling systems do not attenuate the stresses, 
internal loads, or deflections in the vehicle below allowable levels as specified in design 
requirements, the space vehicle structure should be modified to withstand the input 
loads. 

4.1.2 Accounting for Natural Environments 

The natural environments which will be encountered during transportation and 
handling, including temporary storage, should be identified and quantitatively 
described. These quantitative levels should then be compared with the capability of the 
space vehicle to resist those environments, and the need to control or completely 
eliminate the effects of the natural environments on the vehicle structure should be 
determined. The natural environments and methods for their control should be 
considered singly or in combination, as appropriate to the particular application. 

The natural environfients which generally require consideration and the recommended 
methods of protection against such environments are listed in table 111. These 
environments are described for U.S. launch sites and some connecting waterways in 
reference 39. 

4.2 Verification of Structural Compatibility 
With Transportation and Handling Systems 

To verify the compatibility of the space vehicle structure with the transportation and 
handling systems, it is recommended that the final vehicle design and its transportation 
and handling systems comply with the following requirements: 

0 The results of the vehicle response analysis (Section 4.1.1.2) should show the 
stresses, the internal loads, and deflections to be less than the allowable 
levels specified in the design requirements 

0 A fatigue analysis of the space vehicle structure which includes the fatigue 
load spectra from transportation and handling (Section 4.1.1.3) should show 
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TABLE 111. - RECOMMENDED METHODS OF PROTECTION 
AGAINST NATURAL ENVIRONMENTS (Continued) 

Natural environment 

Temperature 

Wind 

Differential pressure 

Sand and dust 

Radiation 
~~~ ~~ 

Static electricity 

Recommended protective methods 

Auxiliary temperature-control equipment accom- 
panying or mounted on the vehicle or vehicle 
container 

Temperature-controlled transport conveyance 

Special transport routing or restriction to specific 
modes of shipment 

Container insulation together with suitable control 
over the time of exposure to extreme temperature 

Reflective coatings 

Closed transport vehicle 

Closed container 

Protective covers 

Supports to resist overturning moment 
~~~ ~ 

Adequate venting 

Positive internal pressurization system 

Closed transport vehicle 

Closed container 

Protective covers 

Grounded conductive covers 
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SP-800 1 

SP-8002 

SP-8003 
SP-8004 
SP-8005 

SP-8006 

SP-8007 

SP-8008 
SP-8009 
SP-80 10 
SP-80 1 1 

SP-80 12 
SP-80 13 

SP-80 14 
SP-80 15 

SP-80 16 

SP-80 17 

SP-80 18 

SP-80 19 

SP-8020 
SP-802 1 

SP-8022 
SP-8023 
SP-8024 

NASA SPACE VEHICLE DESIGN CRITERIA 
MONOGRAPHS ISSUED TO DATE 

(Structures) 

(Structures) 

(Structures) 
(Structures) 
(Environment) 

(5 truc tures) 

(Structures) 

(Structures) 
(Structures) 
(Environment) 
(Environment) 

(Structures) 
(Environment) 

(Structures) 
(Guidance 
and Control) 
(Guidance 
and Control) 
(Environment) 

(Guidance 
and Control) 
(Structures) 

(Environment) 
(Environment) 

(S t ru c tu res) 
(Environment) 
(Guidance 
and Control) 

Buffeting During Atmospheric Ascent, May 1964- 

Flight-Loads Measurements During Launch and 

Flutter, Buzz, and Divergence, July 1964 
Panel Flutter, July 1964-Revised June 1972 
Solar Electromagnetic Radiation, June 1965-Re- 

Local Steady Aerodynamic Loads During Launch 

Buckling of Thin-Walled Circular Cylinders, Sep- 

Prelaunch Ground Wind Loads, November 1965 
Propellant Slosh Loads, August 1968 
Models of Mars Atmosphere (1 967), May 1968 
Models of Venus Atmosphere (1968), December 

Natural Vibration Modal Analysis, September 1968 
Meteoroid Environment Model- 1969 (Near Earth 

Entry Thermal Protection, August 1968 
Guidance and Navigation for Entry Vehicles, No- 

Effects of Structural Flexibility on Spacecraft Con- 

Magnetic Fields-Earth and Extraterrestrial, March 

Spacecraft Magnetic Torques, March 1969 

Revised November 1970 

Exit, December 1964 

vised May 197 1 

and Exit, May 1965 

tember 1965-Revised August 1968 

1968 

to Lunar Surface), March 1969 

vember 1968 

trol Systems, April 1969 

1969 

Buckling of Thin-Walled Truncated Cones, Septem- 

Mars Surface Models (1968), May 1969 
Models of Earth’s Atmosphere (120 to  1000 km), 

Staging Loads, February 1969 
Lunar Surface Models, May 1969 
Spacecraft Gravitational Torques, May 1969 

ber 1968 

May 1969 
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SP-8052 

SP-8053 

SP-8054 
SP-8 05 5 

SP-805 6 
SP-8057 

SP-8058 

SP-8059 

SP-8060 
SP-806 1 

SP-8062 
SP-8063 
SP-8064 

SP-8065 

SP-8066 

SP-8067 
SP-8068 
SP-8069 
SP-8070 

SP-807 1 

SP-8072 

SP-8074 

SP-8 07 7 

SP-8078 

SP-8079 
SP-8082 
SP-8083 

SP-80 8 4 

(Chemical 
Propulsion) 
(Structures) 

(Structures) 
(Structures) 

( S t ru c t ure s) 
(Structures) 

(Guidance 
and Control) 
(Guidance 
and Control) 
(Structures) 
(structures) 

(S tmctures) 
(Structures) 
(Chemical 
Propulsion) 
(Guidance 
and Control) 
(Structures) 

(Environment) 
(Structures) 
(Environment ) 
(Guidance 
and Control) 
(Guidance 
and Control) 
(Structures) 

(Guidance 
and Control) 
(Structures) 

(Guidance 
and Control) 
(Structures) 
(Structures) 
(Structures) 

(Environment ) 

Liquid Rocket Engine Turbopump Inducers, May 

Nuclear and Space Radiation Effects on Materials, 

Space Radiation Protection, June 1970 
Prevention of Coupled Structure-Propulsion Insta- 

Flight Separation Mechanisms, October 1970 
Structural Design Criteria Applicable to a Space 

Shuttle, January 197 1 -Revised March 1972 
Spacecraft Aerodynamic Torques, January 197 1 

1971 

June 1970 

bility (Pogo), October 1970 

Spacecraft Attitude Control During Thrusting Ma- 

Compartment Venting, November 1970 
Interaction With Umbilicals and Launch Stand, 

Entry Gasdynamic Heating, January 197 1 
Lubrication, Friction, and Wear, June 197 1 
Solid Propellant Selection and Characteristics, June 

Tubular Spacecraft Booms (Extendible, Reel 

Deployable Aerodynamic Deceleration Systems, 

Earth Albedo and Emitted Radiation, July 1971 
Buckling Strength of Structural Plates, June 197 1 
The Planet Jupiter (1970), December 1971 
Spaceborne Digital Computer Systems, March 197 1 

neuvers, February 197 l 

August 1970 

1971 

Stored), February 197 1 

June 1971 

Passive Gravity-Gradient Libration Dampers, Feb- 

Acoustic Loads Generated by the Propulsion Sys- 

Spacecraft Solar Cell Arrays, May 197 1 

ruary 1971 

tem, June 1971 

Transportation and Handling Loads, September 

Spaceborne Electronic Imaging System, June 197 1 
1971 

Structural Interaction with Control Systems 
Stress-Corrosion Cracking in Metals, August 197 1 
Discontinuity Stresses in Metallic Pressure Vessels, 

Surface Atmosphere Extremes (Launch and Trans- 
November 197 1 

portation Areas), May 1972 

35 



SI’-s 10.1 

36 


	STATE OF THE ART
	Handling Systems
	2.1.1 Transport Vehicles
	2.1.1.1 Highway
	2.1.1.2 Water
	2.1.1.3 Air
	2.1.1.4 Rail

	2.1.2 Handling Systems
	2.1.2.1 Lifting
	2.1.2.2 Manipulation
	2.1.2.3 Transfer


	Transportation and Handling
	2.2.1.1 Load Sources and Inputs
	2.2.1.2 Vehicle Response Analysis
	2.2.1.3 Fatigue Analysis
	2.2.1.4 Design for Transportation and Handling Loads
	2.2.2 Natural Environments
	2.2.2.1 Environmental Effects
	2.2.2.2 Protection from Natural Environments


	2.3 Transporting and Handling Various Types of Space Vehicles
	2.3.1 Liquid-Propellant Launch Vehicles
	2.3.2 Solid-Propellant Launch Vehicles
	2.3.3 Spacecraft and Scientific Payloads

	Handling Systems

	vised May
	I™
	SI™ - S CJ


