’
{
J
,‘
{
;
;
4
3
1
4
i
{
i
:

............

REPORT NO. NADC-82025-60

: ™
N 00
1, ©
N
R IE <
L
% 0
- <C
M ! JESIGN AND DEVELOPMENT OF AN AUTOMATICALLY
'_f CONTROLLED VARIABLE-LOAD ENERGY ABSORBER
, James C. Warrick and Joseph W. Coltman
e SIMULA INC.
e 2223 S. 48th Street
-;. Tempe, AZ 85282
;-;:1_':: MARCH 1984
'ﬁj >
ok FINAL REPORT
RO P.E. 62241N
_, 2 AIRTASK NO. WF41-451-403
%5 - DTIC.
| , 8 Approved For Public Release, Distribution Unlimited ELE CTE
- L-___l:l__l JUL 0 6 1984
@ 1 e Prepared For
I NAVAL AIR SYSTEMs COMMAND
o ‘_’-.'?. Department of the Navy
ia ;E Washington, DC 20361
% REPRODUCED FROM |
0] BEST AVAILABLE COPY 84 07 05 082
........ e e e




N

.........
-------

.....

NOTICES

REPORT NUKBERING SYSTEM — The numbering of technical project reports tssued by the Mavel
Air Development Center is arranged for specific identification purpases. Each number consists of
the Center acronym, the calendar year in which the number was assigned, the sequence numbr of
the roport within the specific calendar year, and the official 2-digit correspondence code of tne
Command Office or the Functional Directorate responsible for the report. Far example: Report
No. NADC-78015-20 indicates the fiftzenth Center report for the year 1978, and prepared by the
Systems Dircctorate. The numerical codes are as follows:

CODE OFFICE OR CIRECTORATE
00 Commander, Naval Air Development Center
01 Technical Director, Naval Air Development Center
02 Comptroller
10 Directorate Command Projects
20 Systems Directorate
30 Sensors & Avionics Technology Directorate
40 Communication & Navigation Technology Directorate
50 Software Computer Directorate
60 Aircraft & Crew Systems Technology Directorate
70 Planning Assessment Resources
e0 Engineering Support Group

PRODUCT ENDORSEMENT - The discussion or instructions concerning commercial products
harein do not constitute an endorsement by the Government nor do they convey or imply the

license or right to use such products.

TECHNICAL MONITOR - The technical monitor for this program was Mr. L. Domzalskt
of the Seating and Escape Branch, Life Support Engineering Division,; Aircraft
and Crew Systems Technology Directorate.

-

APPROVER

DATE: /6/ %M /?‘F%

REPRODUCED FROM
BEST AVAILABLE COPY

W e T e e e Tt s e e e e e e e e e e e
. LS s e e e e L e T, ., Lo

o s et Te e e e -, LA AL
R B Raw TP TN . St

T




T
S v A R AR AL

UNCLASSIFIED

fECU.‘.lYY CLASSIFICATION OF TwIS PAGE ‘When Data Entered)

REPORT DOCUMENTATION PAGE : BEF OBE COMPLETING FORM 1

1. REPORT NUMBER 2. GOVT ACCESSION KO 3. -;CIvms CATALOG NUMBER . N

NADC-82025-60 In. /v ex ]

4 T TLE /and Subtitle) S, TYPE OF REPOARY & PERIOD COVERED @

DESIGN AND DEVELOPMENT OF AN AUTOMATICALLY FINAL REPORT ]

CONTROLLED VARIABLE-LOAD ENERGY ABSORBER T oL T3 T Y LATTTTE) -

‘ TR-83473 ‘ ‘ -

T AGTWOR’S) T CONTRACT GR GRANT NUMBER o) :

N62269-82-C-0254 'y

James C. warrick
Joseph W. Coltman

9 PERFORMING ORGANIZATION NAME AND ADCRESS 10. PROGRAM ELEMENT PROJECT TASK
Simula Inc. AREA & WONK UNIT NUMBERS
2223 S. 48th Street’ P.E. 62241N
Tempe, AZ 85282 AIRTASK WF41-451-403
12. REPORT DATE

11. CONTROLLING OFFICE NAME AND ADDRESS
March 1684

Naval Air Development Center
Aircraft & Crew Systems Technology Directorate 13 NUMBER OF PAGES
67

Uarminster, PA 18974
14 MONITORING AGENCY NAME & ADODRESS(if different from Controliing Otfice) 15, SECUMTY CLASS. (of thie report)
Naval Air Systems Command (Air-310H) UNCLASSIFIED
Hashington, 0.C. 20361 TSa BECL ASSIFICATION DOWNGRADING -
SCHEDULE

16. DISTRIBUTICN STATEMENT rof this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abetract entered in Block 20, {f different (rom Report)

18. SUPPLEMENTARY NOTES

19. KEY WORODS (Continue on reverse side i{ necessary and identily by block number)

Variable-Load Energy Absorber Computer Models Human Tolerance
Load-Limiting Device Energy Absorbers Spinal Injury
Aircraft Crashworthiness Dynamic Testing

Aircraft Seats MAVLEA

Hydraulic Valve ASAVLFA

20. ABSTRACT (Continus on reverse side if neceseary snd identity by block number)
The feasibility of an automatically controlled variable-load “ydranlic energy
absorber for use 10 creshucrthy seating systems was iavestigated. In con-
t-ast to other systems, this model contzinad an acceleration-sensing daevice
cacable of autcmatic cecntrol te compensate for differences in accupert
weight. A series of dynamic crash tests were r2rformed in which the herdware
successfully decelerated weights representing tnese ¢f the 5th- throuch
35th-percentile occurarts tc a predetermined constant ecceieration. The

FORM
DD , 1473 E£01TiON OF 1 NOV 6318 CBSOLETE UHCLASSIFIED

JAN 73
Sk ATAA L~ AYa et
T em e avimu AF THIS PAGE (When Data Entered)




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Dais Entered)

~system was also compared to a previously developed variable-load energy
absaorber system in terms of size, weight, cost, reliability, and accuracy.
The program concluded that the automatically controlled variable-load energy
- absorber is capable of providing a predetermined constant deceleration,
but recommends further testing with human surrogates to verify the capability
of properly protecting human occupants from spinal injury. .

Accession For

NTIS GRA&L J--
a
a

DTIC TAB
Unanncunced
Justificatio

By
'_Ejstribution/_
Availability Codes

T Avail and/or
Special

UNCLASSIFIED

SECURITY CLASSIFICATION OF“Thit BanF aL. . = =




:-‘- N I A STAT T T N T e Veo. v, < vy - LWL e v, W e T T . v e TR T w ay vy e et o
'.:: ................ I R AP DT N P e IR TR I N YT R TR Y
~.

@

h NADC-82025-60

RN

n TABLE OF CONTENTS

LOR

:‘- Page
a0

R INTRODUCTION © v v v v v v v e e e e e v o e e e e e i
] DEFTNITION OF TERMS. . . . . o v v o o o . . e 2
P

N REQUIREMENTS . . . v v v v v v vt ot o e e Ce 3
AP .

% CONCEPT DESCRIPTION. . . . . . . . . . . . . e e e e 5
‘ Relief Valve Operation. . . . . . . .. e e e e e e e e e e e 5
e Reliability Features. . . . . « . © « v v v v v v v v v v v 0 9
S

e DEVELOPMENT. v v v v v v v v v v e e v o e . 9
S ASAVLEA Computer Model. . .+ « v v v v v v v e e e e e e e e 10
g Discussion of Relief Valve Development. . . . + . v « « + « .+ . . 14
e Response Speed. . . . ¢ « v ¢ v v v v b e e e e e e e e e 14
AN Pressure-Compensated Orifice. . . . . . . e e e e e e e e e 14
N Impulse Error . . . . . o o . L o0 oo 15
_\:;.\23 Other Influences on ACCUracy. . . « « « « v « o « . e e e e e 15
K DESCRIPTION OF TEST ARTICLE. . . . . . . . . e Y
...\_-

R Overall Appearance and Size . . . . . . . . . . .« . .. e e e 18
R Details of Automatic Relief Valve . . . . . . . . . . . .. ... 18
" DYNAMIC TESTING. . . . . . . . . s e e e e e e e e e e e e e e e 13
X Test APParatusS. . .+ v v v v v v v e e e e e e e e e e e e e e 19
A TSt Procedure. . o & « v v v o v e e e e e e e e e e e e . 21
AL Test Conditions and Results . . . . . . . .. .. e e 21
e Interpretation of Results . . . . . . . . . .. .. .. ... . 22
LNy

oY) ALTERNATE CONFIGURATION. & o v v v v v v o e e e e e e e e e 30
f'~:-:\:

P Compact Hydraulic Energy Absorber Size and Shapz. . . . . . . . . 30
N Position/Relief Valve . . . . . . . . . . .. ... ... 30
RS Temperature Expansion Compensation. . . . . . . . . . . . . . .. 31
'::‘j v COMPARISON OF ASAVLEA TO MAVLEA. . . . . & v v v v v v v v v e v e 32
)

W] Dynamic Performance . . . . . « v .ot v e e e e 32
N Lumped Mass Case. . . . . . . . ... ... 33
'Qj-».j Distributed Mass Case . . . . . . . . . . . . ... e e e e 35
Y Size and Weight Comparison. . . . . . . « v v v v v v v v v v v 36
o« Reliability Comparison. . . . . . . . .. C e e e e e Coe 36
.\,.::-3 Accuracy Comparison . . . . . . . . . .. e e e e e e coe 45
Nt Cost Effectiveness. . . . . . . . . . . . . e e e e e 45
A Maintenance . . . . . .« . v . v 000 ... e e e e 45
:\."':j

I‘\J..‘J

-,—u-‘

U A i

PO

A
*




4 Pa&g
CONCLUSIONS AND RECOMMENDATIONS. . ...

_______________________
------

NADC-22025-580

TABLE OF CONTILTS 1comrn)

T e 45
REFERENCES . . . |, .

APPE

----------------------

e 46
NDIX A - SAMPLE COMPUTER QUTPUT

.................. : A-1
APPENDIX B

- REDUCED ENGINEERING DRAWI 'S,

1
e e e e e . 8-1




.......
..........

S B s I RS 2% 2 B T 2Rl SRl A S S SR S S AR SO LSl S L el SAS L oe Shiind Wi ou b aeCNE AL IEM AR SR AN o ‘ﬁ
BRI AR iz SO AR NI N N X TR ITATETE T . R .

ﬁ NADC-82025-60
X,

LIST OF ILLUSTRATIONS

IR R
. ' ‘| ‘1’- ’
.‘l 4 ’ 3
-

Figure Page

h L]
s:b: 1 Position of ASAVLEA between airframe and protected mass. . . 5
“ate
e 2 Relief valve schematic . . . . . v v v v v v v v v v v v 7
SN

-

3 Seat/occupant system models utilizing the ASAVLEA
D computer model . . . . . . . . e e e e e e e 10
N
e 4 Schematic diagram of ASAVLEA computer model. . . . . . . . . 12
g
~?&\ 5 Computer simulation of lumped mass representing the
! Sth-percentile occupant decelerated by a hydraulic
o energy absorber. . . . . . e e e e e e e e e e e e e e e 16
Y
j§§: 6 Acceleration-sensing automatic variable-~load
N energy absorber. . . . . . . Lo 000w o 0w e 18
..T\ .
7 Test apparatus . . . . . . . « . . e e e e e e e e e e 20

N
e 8 Test 1 with Sth-percentile test mass . . . . . . . . . . .. 23
s
E:;; 9 Test 2 with 95th-percentile test massS. . « « « v v o & & « & 23
N

- 10 7est 3 with 95th-percentile test mass. . . . . . . . ... .. 24
LA

O 11 Test 4 with 5th-percentile test mass . . . . . . . . .. 24
ASKY

>N 12 Test 5 with 5th-percentill test mass . . . . . . . . .. .. 25
. 13 Test 6 with 5th-percentile test wass . . . . . . .« . . . . 26
> 14 Test 7 with 95th-percentile test mass. . . . . . . . . . . . . 27
:2: 15 Test 8 with 95th-percentile test mass. . . . . . . . . . . .. 28

1] s &
i
—
()]

Compact hydraulic energy absorber configuration. . . . . . . . 31

fzi 17 Automatic relief valve packaged within piston. . . . . . . 33

Cif 18 Computer simulation of Jumped mass representing the

A 95th-percentile occupant decelerated by a hydraulic

ggg energy absorber. . . . . . . . . . .0 00 e e e e e e 34

i{? 19 Case S3F simulation of lumbar loads. Conditions: constant

ﬁ;; force energy absorbers acting on SH-60B Seahawk bucket with

o heavy occupant . . . . . . . . o o e e e e e e e e 37
al

w

g 20 Case S3F simulation of seat bucket acceleration. . . . . . . 38

iij 21 Case S3f simulation of lumbar loads. Conditions:

nT constant acceleration of SH-60B Seahawk seat bucket

e with heavy occupant) . . . . . . +« v v v v v v e e e e . 39

.‘.':'Q

Q2 i1

Y
)

L o S o T T P S T TP I S
C T S e e P T S L T R R S ST ST i
‘s P A P T T AT e P I T S R ] - .
Y a®p 4Tttt 2T A e e . D P Y T e " o’ - -

"~
>
s
(g
5
)
LS
i
[4
1,
'

a
P
—~
A
d‘\
/
v
L4
-
o s
o
-
l‘ll
3
s




............ ..

e B

NADC-82025-60

LIST OF JLLUSTRATIONS (CONTD)

AN - SOOI

Figure Page
22 Case S3A simulation of seat bucket acceleration. . . . . . . 40
o 23 Computer simulation of distributed mass system composed of
' Sth-percentile occupant and in a 23-1b bucket. . . . . . . . 41
::: 24 Computer simulation of distributed mass system composed of
::3 95th-percentile occupant and in a 23-1b bucket . . . . . . . 42
g
N 25 Computer simulation of distributed mass system composed
. of 50th-percentile occupant in a 110-1b bucket . . . . . . . 43
N
\l

RV RPPIT R

PR TRrS

AT

PN




.

A - AAARAY  JREY

.

® SRASAIRSL

-s'-s.u{ .. :“. ’?‘

v
(]

N .‘l . [ '
2t "'

.

-

QO HRR

v
(]

R4

v
87
wx
-
- -
..:..

Table

o

NADC-82025-60

LIST OF TABLES

Effective weight of crewmembers and seat bucket.
Test instrumentation . . . . . . . . . . . . .,
Summary of dynamic test results. . . . .

Weight summary, compact hydraulic energy absorber.

Comparison of occupant response to constant lnad versus
constant acceleration. . .

Size and weight comparisor . . . . . . .

29
32

36
44




NADC-82025-60 r

INTRODUCTION
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The low tolerance of the human spine to compressive loading is recognized
as a major factor in severe injuries suffered during helicopter crashes. Con-
sequently, the seats of most new U.S. military helicopters are required to use
vertical energy absorbers (load-limiters) to limit spinal load to a tolerable
level,

Because spinal load cannot be measured conveniently, and seat bucket ac- ~
celeration can, the criteria for energy-absorbing seats have evolved using seat ‘
bucket acceleration as the primary indicator. To maintain some predetermined
optimum seat bucket acceleration, a seat's load limiters should be adjustable
in order to compensate for differences in occupant weight. Such load limiters
are called variable-load energy absorbers, and can be designed in many differ-
ent ways to achieve adjustability. Previous development has emphasized methods
whereby the occupant must manually select an appropriate energy absorber load
by adjusting a dial. The potential for error or neglect makes such methods
less than ideal.

The research reported herein investigated the feasibility of an automatic-
ally controlled variable-load energy absorber, which would require no attention 3
whatsoever from the seat occupant. Specifically, the investigated device con- .
sists of a nydraulic cylinder equipped with an acceleration-sensing pressure '
relief valve. In operation, the load required to elongate the hydraulic cylinder
is proportional to the fluid pressure, which is requlated by the relief valve,
which in turn is governed by the acceleration sensor,

RSSO, )AL R S SA S .

The following sections of this report describe the development, fabrica- _
tion, and testing of the autamatically controlled variable-load energy absorber, .
and evaluate it relative to existing manually adjustable variable-load energy .
! absorbers:

:i o Definition of terms ¥
< ] :
N ® Requirements

i o Concept Description

e Developinent

P

| J

o Description of Test Article ]
Dynamic Testing

e Alternate Configuration

e Comparison of ASAVLEA to MAVLEA

Conclusions and Recommendations.
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CEFINITION OF TERMS

The following text defines key words that might not be familiar to the
reader.

Acceleration or Deceleration

Synonymous termms denoting rate of change of velocity.
ASAVLEA
Acceleration-sensing automatic variable-load energy absorber.

Companion Energy Absorber

In a variable-load energy-absorbing system, the total limit load mayv be
the sum of the loads from two sources, one source being a fixed-load primary
energy absorber, the other being a variable-load energy absorber. In such a
case, the fixed-load energy absorber is said to be the companion of the variable-
load energy absorber.

Energy Absorber (E/A), Load Limiter, Load-Limiting Device, Attenuator

These are interchangeable names of devices used to 1imit the load in a
structure to a preselected value. These devices absorb energy without signifi-
cant elastic rebound by providing a resistive force applied over a deformation
distance.

FLEA

Fixed-load energy absorber.
rt/sec

Feet per second.
cal/min

Gallons per minute.

Limit Load
Limit load refers to the load a structure will carry before yielding.

Similarly, in an energy-absorbing device, it represents the load at which thc
device deforms in performing its function.

Manually adjustable variable-load energy absorber.

A millisecond equals 0.001 second.
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Occupant Vertical Effective Weight

This is the portion of occupant weight sipported by the seat with the occu-
pant seated in a normal flight position. The verticz! efrective weight is cun
sidered to be 80 percent of the occupant weight, plus equipment ana clothes
carried above the knees. The weight of the feet, boots, lower legs, and part
of the thighs is carried directly by the floor through the feet.

- Variable-Load Energy Absorber

An energy absorber with the capability of varying the limit load 2t wiich
it deforms.

REQUIREMENTS

Foremost, Simula was to analyze, design, fabricate, and test a breadboard
model of the acceleration-sensing automatic variable-load energy atsorber
(ASAVLEA) to demenstrate its feasibility for limiting crash accelerations to
numan tolerance levels. Dynamic performance of the device during the crash
conditions was therefore of primary importance.

Other constraints applied to the design were simplicity, reliability, and
cost effectiveness. The breadboard model was rot required to have the compact-
ness of a production dasign; it was ruggedly made to enaure repeated testing,
with easily accessible parts for replacement or adjustment.

Of all the design criteria, the most obvious ic that the ASAVLEA must pro-
vide the correct predetermined deceleratiorn fur any occupant weight from the
5th- to the 95th-percentile. The weight of equipment sometimes carried by the
crewnember is also a significant variable. Therefore, Simula chose tg make the
energy absorbers operate between the range of the lightly clad Sth- tc the
heavily equipped 95th-percentile occupant

The movable weight of the seat (including not only the seat bucket, but
also cushions, restraints, adjustment mechanisms, bearings, headrest, etc.} is
another factor affecting the load requirements of the energy-absorbing system.
The weignt of these items is fixed, and therefore the lcuad decelerating the
bucket car be provided by the fixed~load energy absorber. The effect cof bucket
weight on the total system is still very important. A lightweight bucket allcws
occupant weight variations to have large effects on the total movable weig I,
and thus causes the highest percentige of total load to be provided by the
ASARVLEA. Therefore, this development emphasized the conditions occurring in a
lightweight seat suct as the Navy's SH-60B Seahawk, the bucket of which (with
accessories) weighs 23 1b. Other, heavier, buckets were also evaluzted: a
60-1b bucket and a 110-1b bucket similar to UH-6JA Black Hawk and AH-64A Apache
buckets, respectively. Table 1 summarizes the seat bucket and occupant effec-
tive weights for which the automatically controlled energy-absorbing test hard-
ware was designed to accommodate.

To enhance reliability by proviuing redundancy, the ASAVLFA was planned

to operate in parallel with a fixed-load energy absorber, one of each per seat.
The fixed-load energy absorber was sized to provide as much load as possible,
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TABLE 1. EFFECTIVE WEIGHT OF CREWMEMBERS AND SEAT BUCKET

Lightly Equipped Heavily Equipped
Sth-percentile 95th-percentile
Item {1b) (1b)

Occupant 136.5 212.0
80 Percent of Occupant 109.2 '169.6

Clothing 3.5 9.75
80 Percent of Clothing 2.8 7.8
Helmet and Equipment V.0 22.6
Crewnember Effective Weight 112.0 200.0
Lightweight Seat Bucket _ 23.0 23.0
Total Movable Weight 135.0 223.0

without exceeding that required by the Sth-percentile occupant. Additional
load for heavier occupants would be provided by the ASAVLEA. As discussed in
the "Development" section, the ASAVLEA must discharge a maximum of 75 gal/min
through its relief valve. For a reasonably compact relief valve, approximately
400 psi of pressure drop was expected to occur, even with the relief valve wide
open. Therefore, the fixed-load energy absorber was downsized accordingly to
compensate for the inability of the hydraulic energy absorber to achieve zero
load at high rates of elongation.

The ASAVLEA was sized for crash conditions equal to the 95th-percentile
survivable crash, i.e., Dynamic Test Number 1 of MIL-S-81771A (Reference 1}.
In this test the energy absorber is expected to stroke 10 to 12 in. and reach
an elongation rate ot 25 ft/sec. The ASAVLEA was to respond to a crash acceler-
ation onset rate of up to 2,100 G/sec without overshooting the attenuated ac-
celeration set-point by an intolerable amount.

Rather than the 11.5 G recommended by TR-79-22D (Reference 2), the attenu-
ated acceleration set point was chosen to be 14.5 G, identical to the earlier
recommended set point of TR-71-22 (Reference 3). The Army, without benefit of
more definitive data, decided that 14.5 G was too high, and reduced the criteriu
for TR-79-22D to 11.5 G for the 50th-percentile occupant. Since th= Army re-
duced the set point, several crashes have occurred of UH-60A Black Hawk eli-
copters equipped with Simula seats with the fixed-load energy absorbers set to
14.5 G for the 50th-percentile occupant. The occupants' spines were protected
by the energy absorbers 1n each case where there was no exceptional event, such
as one incident where the protrusion of a tree limb into the cockpit damaged the
seat. Thus, field experience indicates that limit loads set for the effective
weight of the 50th-percentile occupant decelerated at 14.5 G is an appropriate
target value for energy absorbers used in these military applications.
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Candidate hydraulic fluids were also sought. Specifications of fluid prop-
erties were demanding, and included the following:

o Useful temperature range of -60 to + 160°F

en s L

Z% o Ten-year life in a sealed system
o Nonflammability

¢

Ej o Low viscosity

4

LI
"

o High viscosity index, i.e., viscosity relatively unaffected by temp-
erature,

»
[ S

The hydraulic energy absorber was required to be reliable and to incorpor-
ate as many faii-safe and redundant features as was consistent with cost con-
straints. Among the features evaluated were filters and redundant pressure-
relief valves.

LI
a“_r -
[

AN
a s

o~ WK

Cost was to be minimized by avoiding complexity and by using standard
materials and conventional procesces. If the hydraulic energy absorber were
to be consistent with fixed-load inversion tube energy absorbers, no mainte-
nance would be required, and no deleterious effects could be expected from temp-
erature extremes, vibration, or exposure to contaminants.

»

WA

--s- .

Simula chose a target accuracy for the ASAVLEA of #2 G, including all ef-
fects with the exception of temporary overshoot.

The contract Statement of Work required that the breadboard ASAVLEA model
be buflt and dynamically tested with rigid masses representing the weights of
the 5th- through 95th-percentile occupants. Another condition, called the dis-
tributed mass condition, was also tc be evaluated using a computer model simu-
lating the flexibilities c¢f an occupant and seat to provide a comparative an-
alysis of occupant resporse to a constant acceleration function versus a con-
stant force function.

y R AL

-

CONCEPT DESCRIPTION

The ASAVLEA 1s essentially a hydraulic shock absorber, and elongation is
resisted by pressure generated from fluid passing through a relief valve. The
~ relief valve must automatically restrict the flow to whatever degree is neces-
g sary to provide 14.5-G deceleration. The overall concept is shown schematically
in Figure 1, and the operation of the relief valve 1s illustrated in Figure 2

{: and described in the following paragraphs.
v Relief Valve Operation
i

P The relief valve may be described as a two-stage servo valve. In the lst
. stage, acceleration is detected by the forces acting on a small mass, called

: the G-sensing mass. The tiny forces and motions of the G-scensing riass are then
amplified and used to control the 2nd stage valve. I[f it were not for the am-
plification in the two-stage concept, the G-sensing mass would need to be pro-
hibitively heavy.
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High upward acceleration

83 10004 03

Airframe or
seat frame

'///////////

Relief
. . 1
High pressure flu:Ld-_\\\\\\\J valve
Hydraulic
Low pressure fluid-x\\\\\\
e

Mass of seat bucket

L/
and occupant -\\\_ uﬁ’ \\ M
\\\\ jObject to be
protected
NN

Figure 1. Position of ASAVLEA between airframe
and protected mass.

|

The power for the amplification comes from fluid bypassed around the 2nd
stage valve to the Ist stage chamber. It can be seen in Figure 2 that the 2nd
stage valve spool position is dependent upon the amount of fluid in the 1st
stage chamber. To change the amount of fluid in the 1st stage chamber (thus,
the position of the 2nd stage valve) incoming metered fluid can be selectively
discharged. The functions of the various components may be best understood by
comparing the cause and effect relationships at two conditions: equilibrium
and disequilibrium.

At equilibrium the following conditions exist:

o The pressure in the high-pressure end of the cylinder is correct to
deliver 14.5-G deceleration to the mass to which the cylinder is
. connected,

~~~~~~~~~~~~~
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. Orifice 1
Filter

2nd stage — lst stage fluid
K;valve spool \\Chamber

2nd stage valve
preload spring 2

Flow from
high pressure
end of cylinder

2nd stage
valve port

’{////—-lst stage

valve ports

Orifice 2 — ,//~—-G~sensing mass

—~-Damper 1
[ ¥

Camper 2 —V ./ //

Auxiliary —

™S—orifice 3

lst stage
spring 1/a) \__Overtravel
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Figure 2. Relief valve schematic.
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¢ The downward inertial load of the G-sensing mass is exactly balanced
by the net upload from preload springs l(ag and 1(b). This occurs
at one unique condition precalibrated by the G-level adjustment screw.

e The 1st stage valve, (connected to the G-sensing mass), is open to
the degree necessary to discharge fluid at the exact rate fluid is
entering through orifice 1.

o Therefore, no net change of fluid volume in the lst stage chamber
occurs, and no movement of the 2nd stage valve spool results.

Now consider the case of disequilibrium, when, due to some external con-
dition, the acceleration temporarily falls to a value less than 14.5 G. The
following sequence occurs to restore equilibrium:

¢ The G-sensing mass, no longer pressed downward by the full 14.5-G
inertial load, is displaced slightly upward by the load from the pre-
load spring.

e This closes the lst stage valve to a degree less than its equilibrium
condition, and therefore reduces the rate of fluid discharged from
the 1st stage.

o Fluid begins to accumulate in the first stage chamber and therefore
displaces the 2nd stage valve spool to the left,

o As the movement of the 2nd stage spool continues, the 2nd stage valve
gradually closes, progressively restricting the fluid flow, and there-
fore increasing the pressure in the high pressure side of the hydraulic
cylinder.

o When the cylinder pressure reaches the magnitude such that 14.5-G
deceleration is restored, the G-sensing mass returns to its equilib-
rium position, causing the 2nd stage valve to halt its movement.

o Equilibrium is thus restored at the new position of the 2nd stage
valve.

Notice that the 2nd stage spool 1s held in a somewhat tenuous balance be-
tween the pressure forces on its ends. The areas on its ends were chosen to
cause the pressure on its right side to be about one half of that on the left
side, This enables the pressure drops across orifice 1 and the 1st stage valve
to be equal, resulting in symmetrical restoration action either above or below
14,5 G. Actually, a concession was made to the availability of standard com-
ponents, which resulted in the lst stage equilibrium pressure being 44 percent
of the cylinder pressure, with 1ittle degradation of symmetry.

A feature which helps maintain stability of the 2nd stage valve is labeled
"Damper 2" (Figure 2). Fluid surging through orifice 2 dampens the motion of
the 2nd stage valve. Similarly, the motion of the G-sensing mass is dampened
by fluid surging through orifice 3 into and out of damper chamber 1.

The 2nd stage valve preload spring (spring 2) serves only to hold the 2nd
stage valve closed prior to the crash pulse. For proper function, the 2nd stage

>
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valve must start closed, then progressively open as the fluid discharge rate
increases.

Springs 1(a) and 1(b) hold the 1st stage valve closed prior to the crash
pulse. If it were not for the overtravel stop screw, the springs wou]d_push
the valve far past the closed position. The overtravel stop screw permits the
motion of the Ist stage valve to be halted just beyond (approximately 0.001
in.) the fully closed position. This feature reduces the time lag of the ini-
tial G-sensing mass response.

Due to the preload of spring 1{(a) and the presence of the overtravel stop
screw, the first stage valve does not begin to open until approximately 11 G
is experienced. Then, if the acceleration continues to rise, the valve only
has to move approximately 0.003 in. to reach its equilibrium condition at 14.5 G.
This motion must be small, in order to preserve a sufficiently high frequency
response of the 1st stage. The 2nd stage valve, on the other hand, does not
require such rapid response, but may open as much as 0.10 in. to discharge large
quantities of fluid.

Also note that the forces acting upon the G-sensing mass are measured in
ounces, while those acting upon the 2nd stage valve are measured in hundreds
of pounds. This is perhaps the most important reason that the two-stage ap-
proach was adopted.

Reliability Features

Safety features include the filter upstream from orifice 1 and the safety
relief valve. The filter prevents contaminants from clogging the tiny passages
of orifice 1 or the 1lst stage valve.

The safety relief valve is located where it is on Figure 2 because the
flow through the 1st stage is only about 0.5 gal/min, while that through the
2nd stage may be as high as 75 gal/min. The safety relief valve can therefore
be very small and compact, in comparison to the 2nd stage valve. The pressure
in the 1st stage chamber is always about 44 percent of that in the cylinder,
thus. the safety valve can have the desired ultimate effect upon the cylinder
pressure. - :

Another reliability feature results from the use of the ASAVLEA in parallel
with a fixed-load energy absorber. This causes an improvement in the fajl-safe
conditions during both operational and crash loading. Further explanation of
the fail-safe conditions may be found in the "Reliability Comparison" section.

DEVELOPMENT

The acceleration-sensing automatic variable-load energy absorber (ASAVLEA)
was developed by an iterative process, beginning with rough hand calculation
and followed by progressive refinement through the use of a computer model. :
The computer model contained representations of the detailed components of the
hydraulic pressure relief valve in order to simulate the transient dynamic re-
sponse of the system. This enabled prediction of performance and optimization
of parameters affecting dynamic performance.

------
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In addition to dynamic performance, other requirements iisted in the "Re-
quirements" section of this report were also considered. The following text

describes the methods used to develop the concept into successful hardware,
and discusses some choices and alternatives.
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ASAVLEA Computer Model

A computer model was developed to simulate the response of the ASAVLEA

o~ under dynamic conditions. The modular model was used in conjunction with two
{ types of occupant models: the lumped mass model, and five degree-of-freeaom
S distributed mass model (Figure 3). In each case the provision was made to
‘-

-

incorporate a fixed-load energy absorber (FLEA) in parallel with the ASAVLEA.

The dynamic rate sensitivity of the FLEA is simulated by the damper accompany-
ing the fixed-load energy absarber,

, B -
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Figure 3. Seat/occupant system models utilizing the e
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The ASAVLEA computer model utilizes fifteen nonlinear fluid flow equations
which govern the flow and pressures throughout the device. Each equation is
based on incompressible fluid mechanics theory, although the compressibility 3
of the main chamber fluid column was modeled as an additional degree-of-freedon -
for the computer simulation (i.e. spring in series with the ASAVLEA). Figure 4 !
shows features within the automatic relief valve which were included in the com- :
puter model. The moving segments within the relief valve of the ASAVLEA were
treated as rigid bodies acting under the influence of the inertial, pressure,
and spring forces.

The flow coefficients used in the flow equations are nonlinear functions
of the local Reynold's Number. However, within the fluid velocity range seen
in the dynamic simulations, it was found that the coefficients were essentially
constant.

Fluidic impulsive forces due to change of direction of the fluid at the
valve/valve port interface were treated in the force balance of the lst stage
valve. Continuity equations ensure that the displaced volume due to the moving
valve segments is consistent with the fluid flow. The equations governing fluid
mechanics within the energy absorber consider losses due to expansion, contrac-
tion, and orifice flow.

The equations of motion for the masses and the occupant segments are solved
using an Adams-Moulton predictor corrector technique. Since this technique is
not self-starting, a Runge-Kutta method was incorporated into the algorithm.

The algorithm had the capability of integrating with variable step sizes to
increase the speed of integration while maintaining the specified error bounds
between the predictor and corrector steps. However, the solution of the pres-
sure and flow rate equations in conjunction with the equations of motion ne-
cessitated fixed-time step integration.

The integration algorithm for the equations of motion requires that first
and second derivatives of the displacement parameters be evaluated at inter-
mediate points. The second derivatives, or accelerations, were derived from a
balance of the following forces acting on the masses: fluid pressure, momentum
change, spring, and damper. Therefore, at each intermediate step the integra-
tion subroutine called another subroutine which solved simultaneously the pres-
sure and flow rate equations to obtain the instantaneous second derivatives.

As noted above, the fluid flow equations were nonlinear, with the difference
in pressure, AP, being proportional to the square of the local fluid velocity.
These equations were linearized using a technique derived for this program.
There are general methods for linearizing this type of equation; however, the
cost and time required for their implementation would have been prohibitive
under this contract.

The linearization technique utilized past values of local fluid pressure
differences, since it was expected that these pressure differences would chiange
relatively slowly. As an example, consider the equation governing flow through
a sharp-edged orifice:
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3 Py local fluid pressure
: Q;: fluid flow rate

! Mi: segment mass

; Ki: spring rate

:i Ci: orifice coefficient

Figure 4. Schematic diagram of ASAVLEA computer model,
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This equation could be rewritten for solution as:
Py - Py~ 8Qp° =0

where B = p/2C 2A\2 was assumed to be a constant. In order to linearize this
type of equatign &o make it amenable to simple solution techniques, the square
root of the pressure drop from the previous time step was used. This equation
could then be written in the following form:

P

1.~ P2,
j i ‘ﬁ;.QO =0
{911 - P2

i-1 i-1

Where Pn is the pressure for the current time step and Pn is the pressure
i i-1

from the previous time step. Each of the equations was linearized in this

fashion and solved simultaneously when called by the integration subroutine.

This recursive technique required the use of a relatively small, fixed inte-

gration time step to ensure convergence.

Input to the ASAVLEA computer model consists of: physical dimeasions of
the valve components (mass, spring rate, and damper values), hydraulic fluid
properties, occupant lumped parameters, and a digitized acceleration-time his-
tory to use as a driving function. The output from the computer model was in-
tended to aid in interpreting the dynamic performance. At each integration
step (or multiple of the time step), all pressures, flow rates, displacements,
velocities, and accelerations were printed. Also, a printer-plotting subroutine
was incorporated to obtain a pictorial display of the time history of key pa-
rameters. These parameters included 1st and 2nd stage pressure, input and occu-
pant acceleration, and displacement of the valve spools relative to the ASAVLEA
hous ing.

The computer model served three functions. It was compared to hand cal-
culations of performance under specific, 1imited conditions (such as steady
state and maximum flow). Then it was used to evaluate dynamic performance under
realistic crash conditions. This led to modification of several design pa-
rameters in order to optimize dynamic performance. Also, the computer model
was used to investigate the sensitivity of performance to various design par-
ameters.

A comparison of the predicted and experimental ASAVLCA performance is dis-
cussed in the "Dynamic Testing" section. Appendix A presents a complete print-
out from one of the simulations.
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Discussion of Relief VYalve Development

In the evolution from concept to hardware, many decisions had to be made to
select the correct combination of masses, springs, and passage sizes. Although
many of the decisions used routine control theory and fluid flow principles, a
few deserve further explanation. For instance, the orifice identified as ori-
fice 1 in Figure 2 needed to be replaced by the pressure-compensated orifice.
This need was related to response speed and unwanted fluid impulse forces which
are explained more fully in the following sections.

Response Speed

In the 95th-percentile crash represented by MIL-S-81771 Dynamic Test No.
1 (Reference 1), the seat's energy-absorbing system needs tu stroke approxi-
mately 10 in, in about 0.110 sec. During this stroke the rate of elongation
reaches a peak of about 25 ft/sec. In the hydraulic energy absorber, flow rises
from 0 to 75 gal/min and back to 0 gal/min during this period. As the flow
rate changes, the 2nd stage valve must be constantly repositioned to provide
the correct pressure drop necessary for 14.5 G.

A further complication arises from charnges of occupant weight. A very
great range of load (approximately 400 to 1900 1b) must be covered by the hy-
draulic energy absorber. For the low loads required by light occupants, the
2nd stage valve (starting from a closed position) must be moved to a relatively
wide-open position to handle peak flow, and then returned to the closed posi-
tion as the stroke ends. The low operating pressure requires orifice 1 to be
fairly large in order to supply enough fluid to the first stage chamber for
sufficient speed of rasponse.

For high loads required to decelerate a heavy occupant, the 2nd stage valve
should not move very far; it must remain near the closed position to generate
high pressures. The high pressures require orifice 1 to be very small to pre-
vent excessive flow into the 1st stage chamber.

Excessive flow into the lst stage chamber has two consequences: (1) un-
necessarily rapid response of the 2nd stage valve, leading to instability, and
(2) high impulse forces upon the 1lst stage valve as fluid leaves the lst stage
chamber, which causes errors in detecting acceleration,

According to the computer predictfons, a suitable compromise using a simple,
fixed orifice could not be achieved for both light and heavy occupants. There-
fore, a more complex orifice was necessary.

Pressure-Compensated Orifice

One alternative to the simple orifice 1 of Figure 2 was a pressure-
compensated orifice, so called because it allows the same amount of fluid to
pass, regardless of the pressure differential acting across the orifice. Such
devices are readily available as off-the-chelf items from specialty hydraulic
equipment suppliers. A second alterrnative woula have been to design a custom
orifice which would decrease flow as pressure increased, an optimum condition
for the most consistent response and stability over the entire range of occu-
pant weights,
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The first alternative, the pressure-compensated orifice, was selected
because of its availability and its adequate psrfonnance as predicted by the
computer model. A constant flow rate of 2 in.”/sec was predicted by the com-
puter model to avoid both sluggish response at low pressures and unstable re-
sponse at high pressures.

A pressure-compensated orifice providing this flow for the 50 centistoke
silicone fluid was purchased from LEE Corporation of Westbrook, Connecticut,
for use on the test hardware.

Impulse Error

The 2 in.3/sec flow through the 1lst stage chamber exits through the tiny
ports of the lst stage valve at very high velocity, especially when the pres-
sure is high. The forces acting upon the fluid as it converges and accelerates
toward the valve ports is felt by the G-sensing mass. The force has been la-
beled "impulse error" and has been calculated to vary from 0.25 to 0.55 1b (for
steady state conditions) depending upon the pressure. This impulse error acts
upon the G~sensing mass in a direction opposite to the inertial force of the
G-sensing mass. (Recall that the inertial force of the G-sensing mass is pro-
portional to the acceleration to be detected).

If the impulse error were constant, it could be corrected by a readjust-
ment of the first stage preload spring. Only the non-constant portion, 0.3 1b
(the difference between 0.55 and (.25 1b), contributes uncertainty to the de-
tection of acceleration. If the uncertainty is to be limited to 10 percent of
tne inertial force of the G-sensing mass, then the G-sensing mass wmust supply
3.0 1b of inertial force at 14.5 G. Therefore, the 1-G weight of the G-sensing

mass must be %ﬁgg = 0.2 1b. The size of the G-sensing mass was determined by
this method and verified by the computer simulation.

Other Influences on Accuracy

If impulse error were the only error affecting the system, the accelera-
tion of the 95th-percentile occupant would be expected to be 10 percent higher
than that of the Sth-percentile occupant. Fortunately, another influence of
approximately equal magnitude acts in the opposite direction. This influence
is a result of the different equilibrium positions required of the lst stage
valve for different sized occupants. The equilibrium positions, expressed as
distance from the fully closed position, are 0.003 in. and 0.0015 in. for the
5th and 95th percentiles, respectively. Because the spring rate of the 1st
stage valve is 216 1b/in. the deflection between the two pcsitions requires a
force of 0.32 1b. This force acts in the opposite direction of the impulse
errcr and is nearly the same magnitude Therefore the accelerations of the
5th and 95th percer > converge to the same value., It is fortunate that this
occurs, because the spring rate cannot be adjusted freely over a very wide range
to achieve this condition. The choice of the 1st stage spring rate is based
primarily upon frequency response requirements revealed by the computer nmodel.

Another factor influencing accuracy is related to disequilibrium, and is
best illustrated by Figure 5. The average lumped mass acceleration can be seen
to be higher than 14.5 G during the first 0.050 sec and lower during the remain-
ing time. In explanation, fluid flow through the 2nd staye valve is proportional
to rate of energy absorber elongation and as the flow increases during the first
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Computer simulation of lumped mass representing the
Conditions

Sth-percentile occupant decelerated by a hydraulic

energy absorber.

Figure 5.

o Occupant effective weight of 112 1b combined

with 23-1b bucket.
o Fixed-load energy absorber of 1350 1b used ir

conjunction with hydraulic energy absorber.
16

e Spring rates of energy absorbers are represen-

tative of actual hardware.
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0.050 sec, the 2nd stage valve must gradually open. To cause the Znd stage
valve to open, the 1st stage valve needs to be opened beyond its equilibrium
position (i.e., reach disequilibrium), to dump more fluid from the 1lst stage
than is entering through orifice 1. To hold the 1st stage valve open beyond
its equilibrium position requires greater than 14.5 G, which is the disequili-
brium error.

After 0.050 sec the 2nd stage valve needs to begin closing as the fluid
flow rate decreases, and the reverse of the previous description applies.

If the input acceleration is very brief, such as in the tests described
in the "Dynamic Testing" section, the peak flow rate is reached almost immedi-
ately. In this case the initial positive disequilibrium error may be very large
and brief, or it may be obscured by other transients; the subsequent negative
disequilibrium error may be prolonged and small.

Another influence seen in Figure 5 is an oscillation of about 120 Hz in
the lumped mass response which damps out slowly. These oscillations result
from the underdamped condition of the lst stage. The underdamped condition
was chosen because it provides the quickest response to step inputs, and because
the high frequency does not have any detrimental effect upon the human spine.
The human body's natural frequencies are much lower, and have the effect of
filtering out (averaging) high frequency oscillations. Therefore, the oscilla-
tions are not treated as a degradation of accuracy.

Still another influence on accuracy is friction between the G-sensing mass
and the tube upon which it slides. Test accelerations in this program were
not applied in directions which would have contributed to friction between these
parts. In more representative crash conditions, forward and lateral accelera-
tion could be expected to press the G-sensing mass against the tube. Even so,
friction forces may be avoided by the hydrodynamic lubrication of fluid leaking
between the parts. Alternatively, friction may be overcome by the vibration
caused by fluid turbulence. These speculations regarding friction were not
investigated by the tests conducted in this program. If future tests indicate
that friction is a problem, the G-sensing mass could be supported on a friction-
free flexible metal diaphragm.

DESCRIPTION OF TEST ARTICLE

The test hardware incorporates the basic features previously described in
sections “Concept Description"” and "Development", but packaged in a manner ap-
propriate for repeated testing, readjustment, and maintenance. An extremely
rugged design was chosen to endure not only repeated testing, but also extra-
ordinarily high loads which might result from a malfunction.

The ruggedness and special adjustment features resulted in the test hard-
ware being heavier and larger than the alternate configuration described in
section "Compact Hydraulic Energy Absorber Size and Shape." That section illus-
. trats that the relief valve can be repackaged inside the piston to produce a
’ compact envelope. Even though the test hardware relief valve is contained in
a large housing bolted to the outside of the cylinder, the components within
that housing are sized appropriately to be packaged within a piston 1.25 in.

. in diameter by 3.5 in, long. The results from the hardware test can therefore
: be applied with confidence to the performance of a production-sized system.
. 17
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The description of the test hardware is presented in the following tabu-
lations and text, and in the reduced engineering drawings of Appendix B.

Overall Appearance and Size

M w0 e

The outward appearance of the test hardware is shown in Figure 6, with
all parts analogous to those previously shown in Figure 1. Overall dimensions
and weight are shown on Drawing No. SX 10640 of Appendix B.

L

Relief
valve

4

S~ AL ATRREINN
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" Figure 6. Acceleration-sensing automatic
variable-load eneryy absorber.
! The hydraulic cylinder used for the energy absorber was a commercial high

pressure cylinder manufactured by Norcap, with a 1.5-in. diameter piston,
1.00-in. diameter rod, and 23-in. stroke. Fluid passages in its ends were bored
out to avoid restriction, and features were provided for the attachment of the
automatic relief valve, P/N 100630.

Details of Automatic Relief Valve

v mmea m 2 m 8.

The relationship between the components of the automatic relief valve are
shown in assembly Drawing No. SK 10630, and the unique machined components are
detailed in Drawings No. SK 10631 through SK 10635. Dimensions, weights, Spring
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rates, materials, and other pertinent data necessary to reproduce the test hard-
ware may be found on the drawings.

Comparing SK 10630 to Figure 2, most components can be identified by
their names and the positions they occupy. The exception is that the filter
and crifice which meters fluid to the first stage (items 20 and 19) are shon
on SK 10630 located within the second stage spool (item 2) to save space. In
this position they serve the same exact function as that shown in Figure 2. In
other words, no functional relationship is to be inferred from the concentric
relationship between 1tem5 2, 19, and 20. Item No. 19 is a pressure-compensated
orifice which flows 2 in.”/sec regardless of the pressure differential acting

on it.

: The fluid used to fill the hydraulic energy absorber was Dow Corning type
' 51C, 50 centistoke, silicone fluid. To avoid trapped air, the hydraulic enerqy
absorber was degassed with a vacuum pump prior to almost every test. (The ef-
fect on performance resulting from trapped air is further treated in sections

"Development" and "Dynamic Testing.")

* e .-

The acceleration at which the hydraulic energy absorber will extend is
determined by adjusting the acceleration selector screw (item 22 on Drawing
No. SK 10630). Prior to the dynamic tests this screw was preadjusted to ap-
proximately the correct degree calculated from static tests. The accessibility
of the screw permitted convenient readjustment during the test sequence, if
such action was found to be necessary.

A, LN .

DYNAMIC TESTING

3

. The primary objective of the testing was to determine if the ASAVLEA couid

o indeed provide constant deceleration for different masses. The test nmasses

¢ were 135 and 223 1b, which represented the total effective weights of the 5th-

< and 95th-percentile occupants in a seat bucket weighing 23 1b. The followiny

g is a description of the test apparatus, instrumentation, test conditions and
results.,

5 Test Apparatus

;Z The test apparatus can best be understood by comparing the pretest and

- posttest photographs of Figure 7 and studying the following description. The

:: test apparatus consists of the major components listed below:

~ N

o ¢ Test mass assembly

-

ﬁ: ¢ Hydraulic energy absorber

2; o Fixed-load energy absorber

-

1; o Orop cage

Eﬂ o Tower

v

A

3

N

L 19
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NADC-82025-60

o Gravel pile impact barrier
o Accelerometers and instrumentation.

The test mass was guided in the intended direction of its motion by linear
bearings and guides between it and the drop cage. The total weight of the test
mass included the test mass frame, weight plates bolted to it, guiding linear
bearings, and attached energy absorbers. The weight of the test mass was ad-
Justed by changing the quantity of weight plates.

The test mass was supported in the direction of the inertial loads by the
hydraulic energy absorber (Drawing No. SK 10640} and by a fixed-load inversion
tube energy absorber (Simula P/N 100566). The inversion tube provided a dynamic
load of approximately 1350 1b, and the hydraulic energy absorber was required
to provide whatever additional load was required to decelerate the test mass

at 14.5 G.

i Test Procedure

To prepare for a test, the drop cage was raised on the tower and the gravel
pile beneath it was stacked to a predetermined height and shape. Then, to per-
form a test, the cage was driven downward to impact the gravel pile. A nitrogen
charged accumulator, valve, and cylinder mounted on the back of the tower (not

i shown in Figure 7) were used to accelerate the cage downward. The impact of

. the cage with the gravel pile was sensed by an accelerometer and fdentified as
.- the "{input crash pulse.” Acceleration of the test mass assembly was sensed by
K a second accelerometer and recorded as the "test mass acceleration."

9

K The accelerometer outputs were amplified and filtered at 300 Hz with signa)

conditioners and immediately fed to and captured by a digita) waveform analysis
system (Norland 3001). Timing for the Norland's data sampling was set at 1 msec
per data point, and the capture perfod was initiated by triggering the analysis
system via a micro switch located at the accumulator control valve. The cap-
tured data were then stored on computer disks for analysis and plotting.

Ry

LY e T

Prior to transfer to the x-y plotter, the data were further conditioned
using the Norland's "10 N point average" capability, which uses a weighted,
moving average of 10 points in the data array, thus providing a slight smooth-

ﬁi fng effect,
I
% The instrumentation used for these tests are presented in Table 2.

Test Conditions and Results

At first, the magnitude and duration of the input crash pulse was built
up gradually to selectively investigate the performance of the ASAVLEA and the
test apparatus. When the crash energy was rafsed to a sufficient magnitude,

"
a s
',

i T

<
. o
La

;ﬁ; the energy absorbers were required to stroke, but the stroking distance was
e very short (between 2 and 6 in.). Results of these low-energy tests are pre-
o, 7/

‘o sented in Figures 8 through 11.

K

ﬁ%ﬁ As the input pulse was further increased, a limitation of the test fix-
lj{; ture was discovered which prevented simultaneous control of the onset rate and
Yo 3 peak acceleration of the fnput crash pulse. Fortunately, the hydraulic energy
>y
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...................

-------------------

TABLE 2. TEST INSTRUMENTATION .
Accuracy i
fulledcaie :
Ltem Instrument Type Manufacturer Model Range Response (percent: ;
1 Accelerometer Unbonded 8ell & Howell — 4-202 100 & 1250 Hz 0.7% ;
Strain Gaye i
2 Sigral Bridge Bell & Howell  1-183 = 1V 0C to 30 KHz  C.1 ?
Conditioner Offset 1
i
3 Digital Digital valhalla 4440 2V N/A ¢.05 i
voltneter
4 Wavefom Digital Horland 300i : 10J nv Flat within G.7¢
Analyzer System to 100 v 0.5 percent
DC to 6C KHz
5 X-Y Plotter Potenti-metric Plotamatic 715 1 nv/in. N/A 0.2
to 1C v/in.

absorber appeared to be tolerant to onset rates higher than the 2,100 G/sec
expected in realistic crash situations. Therefore, testing was continued even
though the severity of the input crash pulse exceeded the target values. Fig-
ures 12 through 15 reveal the performance of the hydraulic energy absorbers
when subjected to the most severe input pulses that the test fixture could de-
liver, Table 3 summarizes the conditions and results, including measured dis-
placements and velocities calculated from the acceleration data.

&t DA Bl st o

The only times during the test series that the acceleration selector screw
of the hydraulic energy absorber was adjusted, was after Tests 3 and 5, as shown
in Table 3. This 1s important when tests such as 6 and 7 are compared to each
other: these test masses were different, and the constant value of the acceler-
ation plateau can be attributed solely to the automatic action of the hydraulic
energy absorber.

< a

Interpretation of Results

ARy VIS

mance by 1imiting the test mass acceleration to a predetermined value regard- ]
less of the size of the mass. Tests 1 through 4 illustrate the hydraulic energy -
absorber's ability to respond without overshoot to a realfstic crash accelera- .
tion onset rate for test masses of the 5th- through the 95th-percentile. Tests 6, *
7, and 8 11lustrate that the hydraulic energy absorber can maintain the correct :
acceleration of the Sth- through 95th-percentile test masses through a sustained
stroke during which the elongation velocity reaches 18 ft/sec. Measured accu-
racy and frequency response also confirm the computer predictions, giving valid-
ity to the analytical model.

In general, the hydraulic energy absorber demonstrates the desired perfor- 1%
&

Two departures from desired performance which require explanation can be
seen 1n Tests 2 and 6. Conditions were nearly identical in Tests 2 and 3 ex-
cept that the hydraulic energy absorber was vacuum degassed prior to Test 2,
but not prior to Test 2. It is believed that air was present in the 1st stage
chamber during Test 2, which would result fn premature opening of the 2nd stage
valve as pressure built, collapsing the air pocket.
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TABLE 3. SUMMARY OF DYNAMIC TEST RESULTS

Input Crash Pulse Hydraulic £/A Performance
Maximur
Unset Velocity Average Measured Elongation

Test Test Mass Rate Peak Change Plateau Stroxe Rate
No. {percentile) (G/sec) (G} {ft/sec) _(G) ~(4n.) (ft/sec) Remarks!1;
1 5th 3,100 3 32.0 14.5 ¢.0 6.7

2 95th 3,100 29 30.0 14.5 6.2 10.5 2)

3 §5th 3,200 30 32.4 N/A 3.0 6.5 (3)

4 5th 3,100 31 33.0 16.5 2.0 5.7

S 5th 8,000 66 35.0 15.0 9.0 18.0 (2 (4]
6 5th 8,800 78 35.0 14.0 8.1 18.0

7 95th 7,400 67 35.0 13.5 9.9 18.¢C

8 95th 7,100 66 35.0 N/A 9.2 h/A

Notes:
1 The hydraulic energy absorber was vacuum degassed prior to each Lest except 3s noted.
2. Hydraulic energy absorbers not degassed prior to test. Air bubbles suspected to be present in 1st stage.

3. After thic test, the acceleration selector screw was turned 9 degrees clockwise in an attempt to
increase the average by 1 G.

4, After this test, the acceleration selector screw was turned 9 degrees counterclockwise in an
attempt to decrease the average by 1 G.

At 20 msec into Test 2, the obtserved acceleration value of 6.5 G was con-
sistent with that which would occur if the fixed-load energy absorber acted
alone (l%%% = 6). The hydraulic energy absorber was not yet contributing any
significant load. By 55 msec, the air apparently was purged or compressed to
a small enough volume to be negligible, at which time the hydraulic energy ab-
sorber began to function correctly.

In Test 6, the test mass acceleration overshot the plateau value for 20
msec because the extremely high crash pulse onset rate very abruptly caused a
high elongation rate of the hydraulic energy absorber. The high elongation
rate caused high fluid flow which requires a large opening of the 2nd stage
valve to keep the force down to that required by the 5th-percentile test mass.
The second stage valve, which always starts closed, was simply unable to open
fast enough.

Compare the conditions of Test € to those of Test 5. In both cases input
acceleration onset rate is excessive, approximately 8,000 G/sec. The hydraulic
energy absorber was not degassed prior to Test 5 and the probable presence of
air in the first stage chamber may have permitted the 2nd stage valve to open
more rapidly. Although the test mass acceleration of Test 5 has the desired
shape, 1t is probably the result of two offsetting undesired conditions: ex-
cessive crash input onset rate combined with a small amount of trapped air.

In Test 7, the 95th-percentile tast mass requires very high loads from
the hydraulic energy absorber. This, in turn, means that the 2nd stage valve
does not have to open 2s far, It appears that, even in spite of the excessive

29
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NADC-82025~60

onset rate of the input crash pulse, the hydraulic energy absorber was 2able to
keep. pace.

Test 8 was a rerun of Test 7 to examine the repeatability of the ASAVLEA.
In both Tests 7 and 8, the hydraulic energy absorber was degassed and subjected
to the same crash conditions. The similarity of results in Tests 7 und 8 over
the first 20 msec indicate no significant difference in the amount of gas pre-
sent. It is unlikely that gas existed after the degassing procedure, especially
in repeated tests having the same results. In Test 8 at 40 msec, data was lost
when an accelerometer cable was broken by the stroking test fixture. Neverthe-
less, the performance after 40 msec in Test 8 can be inferred to be similar to

that of Test 7 due to the similar total measured stroke, thus demonstrating
repeatability.

Vacuum degassing of tnhe hydraulic energy absorber was performed prior to
every test except 2 and 5; only in Tests 2 and 5 did results indicate the pres-
ence of gas. The entry of gas into the hydraulic energy absorber between tests
was inevitable due to inability of the cun seal on the cylinder rod to stop
the entry of air. The cup seal is oriented to block internal pressure, not
vacuum. This is a shortcoming of the test hardware 'which could be eliminated
on future revisions of the hydraulic energy absorS:r if an Q-ring were substi-
tuted for the cup seal. The 0-ring would block leak:ge in both directions.

ALTERNATE CONFIGURATION

The test hardware described in the section "Description of Test Article"
was made especially rugged and heavy for repeated testing. Although its dy-
namic performance can be compared directly to other energy-absorbing systems,
its weight and size cannot. Therefore, the following text and illustrations
are presented to describe a more compact, lightweight version of the hydraulic
energy absorber. Also introduced in the following discussion is a feature nec-
essary to compensate for temperature expansion of the fluid.

Compact Hydraulic Energy Absorber Size and Shape

The length ¢ ' diameter of the hydraulic energy absorber depends upon the
stroke and force required. As in previous examples within this report, the re-
quirements of the SH-60B Seahawk seat were chosen, allowing direct comparison to
be made to the mechanical, manually adjustable system described in Reference 4.

The overall size and weight of the alternate lightwaight hydraulic energy
absorber are shown in Figure 16 and Table 4. The piston/relief valve and the

temperature comnensating bladder are discussed more fully in the following sec-
tions,

Piston/Relief Yalve

As mentioned in "Description of Test Article," the components of the re-
iief valve were sized with the intention of packaging them within a piston
1.25 in. in diameter, even though they were packaged in the sizable externa’
housing for testing. The recommended repackaging of those components witnin
the piston is shown in Figure 17.
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| Upper end cap
/ attaches to

seat frame
Gas bladder

83 10004 15

Piston/relief
valve

Rod
25 in.’

-Fluid

16 in.

1.25-in. inside
diameter

Lower end cap

‘ 7 .
1 ‘\\\\M-Rod end attaches

to seat bucket

Figure 16. Compact hydraulic energy absorber configuration.

Temperature Expansion Compensation

Over the required operating range of -60°F to +160°F, the volume of the
silicone oil (or of most other hydraulic fluids) can be expected to change by
almost 10 percent, The gas-filled bladder above the piston can permit this to
occur safely. The gas must be kept out of the relief valve by containment in
the bladder, and the bladder must be located on the low pressure (top) side of
the piston to prevent "sponginess" in the high pressure side of the piston.
Although the bladder is on the opposite side of the piston cortaining most of
the fluid, the fluid will be able to slowly leak through the 1st and 2nd stage
valves even though the valves are normally closed. Because of such fluid
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TABLE 4. WEIGHT SUMMARY, COMPACT HYDRAULIC
ENERGY ABSORBER

Weight

Component Material _(1b)
Cylinder Aluminum tube 5
Rod Steel tube 5
End Cap, Upper Aluminum 1
End Cap, iLower Aluminum 1
Piston/Relief Valve Stainless Steel .8
Fluid Silicone _.6
Total 2.6

leakage in either direction through the 1lst stage chamber, a filter on the cut-
let, as well as on the inlet, of the 1st stage chamber is required.

COMPARISON OF ASAVLEA TO MAVLEA

The acceleration-sensing automatic variable-load energy absorber (ASAVLEA]
has been shown in the section "Dynamic Testing" to perform well when required
to provide constant deceleration to different lumped masses, and to require no
need for adjustment. This is a definite advantage over a manually adjusted
variable-load energy absorber (MAVLEA), which requires adjustment, and there-
fure is subject to possible maladjustment. It has an even greater advantage
over fixed-load energy absorbers which cannot be optimized to the mass.

In addition to ease of use and performance when decelerating a lumped mass,
other factors need to be considered to complece the comparison: performance
when decelerating a distributed mass system, size and weight, reliability, accu-
racy, maintainability, and cost. The following discussion compares the ASAVLEA
to the MAVLEA on all the above factors. Performance with lumped masses is based
upon the actual tests described in "Dynamic Testing," and performance with dis-
tributed masses is based upon computer predictions using occupant and bucket
stiffness and mass distributions according to the best available information,
Other factors are evaluated using the compact alternate configuration shown in
the section "Alternate Configurations."

Dynamic Perfomance

Dynamic performance of the ASAVLEA has been predicted for the deceleration
of both lumped and distributed masses, and actually measured for the lumped
mass case.

»
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Figure 17. Automatic relief valve packaged within piston.

Lumped Mass Case

Agreement between the predicted and measured performance with the lumped
mass was good, with the measured acceleration response close to 14.5 G and show-
ing less instability than predicted. Figure 13 is a typical prediction for
the lTumped mass case, and shows a sustained and growing instability not present
in Test 7 (Figure 14).
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Distributed Mass Case

For the distributed mass case, two different computer representations of
the seat/occupant energy absorber were used: one employed Program SOM-LA (Seat
Occupant Model - Light Aircraft) and the other, Program SEAT. The two repre-
sentations predict different results, but this is not surprising because not
only do the SOM-LA and SEAT occupant models vary from one another, but the
energy absorber conditions are also different,

The cases with Program SOM-LA were run early in the development series,
before the computer model of the relief valve was complete. The acceleration-
sensing energy absorber was omitted and 1ts action was simulated by a constant
acceleration input to the seat bucket. In contrast, the cases presented in
this report which feature Program SEAT use the computer model of the ASAVLEA
and a more flexible model of tne seat bucket.

Predictions of the computer representation using SOM-LA are summarized in
Table 5, and examples of the computer output from which Table 5 was obtained
are shown in Figures 19 through 22. Predicted response displayed no instabil-
ity. Predictions using Program SEAT, shown in Figures 23 through 25, suggest
instability within the spring mass system being controlled by the ASAVLEA.

Tentative conclusions can be drawn from these predictions, but first it
1s important to recognize the following conditions:

1) Neither SOM-LA nor SEAT {is entirely accurate in representing response
of the seat-occupant system, and neither has been validated under
the peculiar conditions for which they were used.

2) Under lumped mass conditions the ASAVLEA was predicted to be more
unstable than actual testing confimed.

3) Other than the weight and overall spring rate, properties of the seat
buckets were not precisely known; damping coefficients and mass-spring
distributions were estimated using simplifying assumptions and meager
data.

Keeping the above limftations in mind, the ASAVLEA's control of a distributed
mass system can be expected to experience some instability. Support for this
statement comes from interpretatfons of the data which suggest that the acceler-
ation sensed by the ASAVLEA is predominantly that of a small portion of the

seat bucket, Fluctuating forces feeding into this small (mass) portion of the
bucket from the larger mass-spring occupant system and from the hydraulic energy
absorber itself can cause abrupt acceleration changes which the ASAVLEA cannot
correct promptly. If the attempted ASAVLEA correction occurs out-of-phase with
the fluctuations of the seat bucket, then the fluctuations will be built higher
rather than diminished by the ASAVLEA.

The resonance just described may or may not occur in a real test., Even
if it does occur, the frequency 1s high enough to have 1ittle effect on the
Dynamic Response Index (DRI). However, as suggested by Figure 24, the reso-
nance amplitude may become so great that the ASAVLEA will fail to converge to
14.5-G average acceleration,
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TABLE 5. CUMPAR[SON OF OCCUPANT RESPONSE TO CONSTANT LOAD VERSUS CONSTANT ACCELERATICH

Type of Results Predicted by S(M-LA
Tota] Weight fnergy Absorber Peak Lumbar Maximum May imym
Occupant (2) Autcmatic  Compression Seat Bucket Energy
Case Seat Bucket Plus Equipment  Constant Set to Load Peak QDispiacement Absorber
Code and Spring Rate (1) _{1b) Load MAVLEA 14.6 6 {1b) DRI {ir.}) (3) toad {1b} Re-arks
S5F  23-1b bucket with 136.5 X 1628 18.0 32.2 1937
S5A 4308 1b/1in. spring  (1ightweight) X 1627 22.9 32.2 3¢37
rate similar to
S3F  SH-60B Seahawk 250.0 X 3224 18.2 349 2973
S3A (heavywe ight) X 3231 217 32.9 5728
SIF 110-1b bucket with 136.5 X 1844 21.1 32.6 3169
STA 4308-1b/1n, spring ()ightweight) X 1827 22.7 32.3 SC37
rate similar to
$6F crewseat of AH-64A  250.0 X mn 21.9 33.3 4196
S6A  Apache (heavyweight) X 3201 21.2 33.3 7766
SIF  60-1b bucket 164.0 X 1937 19.5 3C.8 2749 15,000 b/,
SIA  with spring {meafum) X 2005 - 31.8 - Rigid seat
rate as noted
S2F X 2067 20.2 32.0 2732 4306 1b. 0,
S2A X 1896 23.4 32.5 4578 4308 1bsin,
Hotes:

1, A1l cushion properties are the same as those of the UH-60A Black Hawk unless otherwise noted.
2. Constant load which could be provided by a correctly adjusted manually adjustable variable-load energy absorber (MAVLEA).
3. Displacement of bucket relative to the ground; includes deformation of airframe, energy absorber, ard bucket,

Dynamic testing of the ASAVLEA with a real seat bucket and anthropomorphic
dummy will be needed to answer gquestions posed by the distributed mass condition.
Such activity was outside the scope of this program and beyond the capabilities
of the test fixture.

Size and Weight Comparison

Compared to a manually adjustable system, the hydraulic energy-absorbing
system is at a disadvantage relative to size and weight, as is indicated in
Table 6. The length of the hydraulic energy absorber is a particular disad-
vantage in retrofit situations. However, for future seat designs, the length
could be accommodated, as it is less than the total height of the seat bucket.

Reliability Comparison

Reliability of an energy-absorbing system may be defined in terms of two
characteristics: 1) ability to perform without failure, and 2) ability to limit
the severity of failures, should failures occur. Both characteristics must be
evaluated in both operational and crash conditions.

The reliability of ASAVLEA and MAVLEA systems cannot accurately be com-
pared due to lack of data. However, general features of the hydraulic energy
absorber can be treated on an absolute basis; with normal precautions, no great
distrust of its relfability is warranted.

In the ASAVLEA system, the hydraulic energy absorber is teamed with a com-
panion fixed-load energy absorber, and the combination impioves reliability in
both operational and crash conditions. In operational use (normal flight) the
1-G weight of the occupied seat bucket and any downward or upward flight loads
up to about 6 G, would be supported not by the hydraulic energy absorber, but by
the fixed-load companion energy absorber, the reliability of which is very high.
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TABLE 6. SIZE AND WEIGHT COMPARISON

System Type

Factor ASAVLEA MAVLEA _
Size (in.)
o Overali length for 16-in. stroke 25.0 11.0
o Maximum diameter 1.5* 1.86
o Typical diameter 1.35* 1.5
Weight (1b
Hydraulic energy absorber 2.6 -~
Companion fixed-load 0.8 -
energy absorber
e Variable~load energy absorber - 2.0
(two at 1.0 1b each
e Remote control hardware - 1.0
Total Weight 2.4 3.0

*Companion fixed-load energy absorber is 1.5-in., diameter.

In crash conditions, which would require the hydraulic energy absorber to
contribute load, the reliability of the hydraulic energy absorber must be con-
sidered. Freedom from failure depends mostly upon the proper functioning of
the automatic relief valve. The simplicity of the valve is one factor contri-
buting to its reliability. Another factor is the filters which prevent con-
taminants from entering the tiny passages in the first stage. Filters on the
outlet as well as the inlet to the first stage are necessary because during

operational use or storage, temperature changes would cause fluid to enter
the outlet.

Gas within the hydraulic energy absorber can temporarily delay application
of the required load unless that gas is confined to the low pressure side of
the piston. The gas which is required to accommodate the themmal expansion of
the hydraulic fluid must thereforz be enclosed in a bladder. For high system
reliability, the integrity of the bladder and other seals between the fluid
and the atmosphere must also be high.

If, during crash conditions, a failure of the hydraulic energy al sorber
were to occur, the degree of failure is limited by the low anrd high limits on
the load., The low limit of the combined hydraulic encrgy absorber and compan-
ion fixed-load energy absorber would be the load of the total {ixed-load energy
absorber, and that which is approximately correct for the 5th-percentile oczu-
pant. At the other extreme, failure of the hydraulic energy absorber toward
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an abnormally high load would be limited by the redundani. safety relief valve,
set.for the load required for the 95th-percentile occupant. The potential
limits of a failure of the ASAVLEA system are therefore approximately equiva-
lent to those of a MAVLEA system,

Accuracy Comparison

Compared to the MAVLEA system, the ASAVLEA system offers the potential
for greater accuracy by avoiding adjustment errors and by automatically compen-
sating for unusual factors affecting seat bucket acceleration. One such factor
might be the impact of a stroking seat bucket with a console or other obstruc-
tion. Another factor might be friction in the seat bucket guidance mechanisms.
The ASAVLEA would automatically compensate for variations in friction as well
as variations in occupant weight., Test results with lumped masses presented
in "Test Conditions and Results" demonstrate the hydraulic energy absorber to
be sufficiently accurate. When distributed mass systems are considered, the
hydraulic energy absorber's performance is predicted by the computer simula-
tions to be less accurate, but final conclusions must await the results of fur-
ther testing.

Regardless of how accurately an energy-absorbing system controls the ac-
celeration of a porticn of a distributed mass system, the ultimate measure of
performance is prevention of spinal injury. The positive correlation of seat
bucket acceleration and spinal injury is unquestioned, but many other recog-
nized factors also affect injury. Among these factors are: occupant age, bone
structure and health, seated posture, weight ratio of occupant to seat bucket,
seat elasticity, cushion rigidity, restraint system effectiveness, and the
acceleration-time history of the crash input. All these factors interact with
the energy absorber load tc determine whether compressive and bending loads in
the spine reach the fracture limit. Ideal energy absorber accuracy is an elu-
sive goal, requiring consideration of the overall system as well as the accu-
racy of seat bucket acceleration.

Cost Effectiveness

For purpose of comparison, the total price per seat of the ASAVLEA i, es-
timated to be 40 percent greater than the MAVLEA. Estimates are based upon a
200-seat production lot, and tooling is not included in the piece price. The
ASAVLEA system includes a fixed-load inversion tube energy absorber as well as
the hydraulic energy absorber. The MAVLEA includes two variable-load energy
absorbers with associated control dial and control cables.

Maintenance

With the automatic relief valve built into the piston, the hydraulic energy
absorber would require no maintenance. Furthermore, there would be no oppor-
tunity for tampering or readjustment without disassembly. Shelf and operaticnal
1i€2 would be limited only by the life of seals retaining fluid, and visual
inspection for external leakage would be the only reauired periodic inspection.

The MAVLEA of Reference 4 would require the same amount of maintenance
(none) but would require periodic inspection of the control dial and cables.
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l' CONCLUSIONS AND RECOMMENDATIONS

The acceleration-sensing automatic variable-load energy absorber (ASAVLEA)
demonstrated its ability to provide a predetermined constant deceleration to
any lumped mass ranging from 135 to 223 1b and to account for other variables
such as seat interference with consoles during stroking, a feature not possible
with fixed load or manually adjustable variable-load energy absorber (MAVLEA)
systems. Other analyses of the ASAVLEA suggest that its reliability, maintain-

. ability, size, weight, and cost effectiveness are competitive with MAVLEA sys-
tems, '

A question remains as to whether the ASAVLEA will be effective in prevent-
ing injurious spinal loads in a distributed mass system such as that represented
by an anthropomorphic dummy. Testing of the response of such a distributed mass
system must be performed before final conclusions can be made concerninrg fea-
sibility of the ASAVLEA,
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