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15. Abstract 3

3 This volume contains the text, discussion and technical evaluation of papers presented at the AGARD ®
] Aerospace Medical Panel Specialists Meeting which was held at Toronto, Canada, 6 May 1975. -

Tne specific protlem of windblast wes considered as it affects human tolerance to high-speed ejection.

Injury mechanisms were discussed in several papers and it was shown that most injuries are caused by
excessive motion of the limbs, rather than by the direct effect of wind pressure. Ejection injury
mechanisms were also considered in relation to windblast from conventional and nuclear explosions.

Protection was considered along two lings. The prevention of limb motion by means of restraints was 3
shaown to be as practical for tie 2rms as for the legs, and could be extended to provide the arm retraction ]
necded in safe command ejection. It was also shown that the provision of a stahle ejiction seat wouid g
greatly ameliorate the windblast problem. '

The probiems of head restraint and helmet loss were also considered. Loss was attributed to the aero-
dynamic lifting moment which had been measured in wind-tunnel tests, and could be ‘educed by
appropriate aerodynamic design.
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SUMARY

The specific problem of windblast was considered as it affects humsn tolerance to high-
speed ejection. Statistical Jata from 5 nations proved the prevalence of windblast injury,
particularly in the combat situation vhere ejection upeeds are higher. Thus, an oversll
5 = 10 percent injury rate rose to 40 percent or more.

Injury mechanisms were discusged in seversl papery and it was shown that most injuries
are cause’ by excessive motion of the limbs, rathur than by the direct effect of wind pressure.

Ejection injury mechanisms were also considerrd in relation to windblast from conventional and
nuclsar explosions.

Protection was cotisidared along two lines, The prevention of limb motion by means of
restraints wvas shown to be as practical for the arms as for the legs, and could be extended
to provida the arm retraction needed in saf: command ejection. It was also shown that the
provision of a stable ejection seat would greatly ameliorate the windblast problem.
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The problems of heaad restraint and helmet loss were also considered. Loss was attributed
to the gerodynavmic lifting moment which hed been measured in wind-tunnel tests, and could be
reduced by appropriate serodynamic design.
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PREFACE

In June of 1971, the Aerospace Medical Panel held its specialiuts' meeting in Oporto,
Portugal, on the subject of Linear Acceleration of Impact Type, a Lopic selected by the Bio-
dynamics Comrittee of AMP sume two years earlier. Whilst most presentations relevant to
ejection from aircraft related to injuries caused by catapult and rocket accelerations, two
were concerned with windblast. The first reviewed the biodynamics of windblast, and serves as
2 uscful introduction to the current conference proceedings, and the second concerned the vlast
testing of aircrew escape equipment (see AGARD Conference Proceedings No.8C on Linear Accelera-
tion of Impact Type, papers 14 and A4). Among the recommendations which followed this meeting
was the sugiestion that further studies should be made of the mechanisms of injuries which
result from accelerations acting along the *Gx axes. la high-speed ejecticn, windblast leads
initially to high levels of ~Gx acceleration.

At a meeting held in Soesterberg in Seotember 1973, the Biodynamics Committee of ASMP dis-
cussed possible topics for future aeetings and noted that windblast still produced a relatively
large number of injuries at ejections nade over 200 kt, and considered tbat seat stability,
harness configuration and personal equipment all contributed to this overall situation. They,
therefore, proposed a specialist meetiug to deal specifically with the biodynamic responge to
the windblast environment, and requested that their Deputy Cha.rman, Wing Commander David
Glaister, RAF, act as organiser and chairman.

To this vad a number of potential authors were contacted, with encouraging results, ard a
call for papers was circulated. Eventually, 19 papers were sciected for presentation in a one
day session of the 1975 Spring Specialists meeting of ASMP, to be hosted by the Deience and
Civil lnstitute of Environmental Medicine in Toronto, Canada. These papers were arranged in
three groups «overing statistics and mechanics (papers Bl, B2, B4 and B10), pathology (papers
B5 and B6), and protection (papers B9, B7, B8 and Bll). However, for convenience, chey are
presented herc in numerical order and as there was a considerable amouat of overlap in subject
material, the division was indeed more theoretical than useful.
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TECHNICAL EVALUATION REPORT

The AGARD-NATO Aerospace Medical Panel Specialist Meeting on 'Biodynamic Response to Wind-
bLlast' was held at the Defence and Civil lnstitute of Environmental Medicine, Toronto, Canada on
May 6th 1975. The meeting lasted all day, but included a short tour of DCIEM at the end of the
L, morming session, arranged by the Host Coordinator, Colonel A.C. Yelland. The ten papers which

were presented were arranged, on the basis of their abstracts, into three groups tu cover
Statintics and Mechanics, Pathology, and Protection. In this way the subject matter introduced
izaelf, after the chairman had briefly mentioned the disparity between the amount of research
that had been carried out on the ¢Gz acceleration of the cjection gun and rocket, compared with
the littie work done on the —Gx of windblast deceleration.

Incidence

Statistical data on the incidence of windblast was presented from five countries, Canads,
the US, Italy, Fraance and Sweden, and some earlier UK data wae also discussed (paper B9).
Pertinent features are summarised in the table vith additional RAF data from Fryer (FPRC No.

TP - M W I T

[

. 1166 of 1961) and from Reader (personal communication).

: Incidence of Ratio, upper
s : o ’
t'b ::;E;::ion Reference :?;cgfons zt‘:':gtzgn major flail to lover limb
L 1 N J injury injnry

4§
b
-i USAY' Non~combat .
v g 1948-1973 Bl 631 240 kt 3.42 1.2:1
oy ® +
a LAF B2 100 NS 212 0.5:1

: 19541974

x)
CAF B4 90 302 > 400 kt 1.12 -
1966-~1974
;- &
s ¢ YAF 86 256 9% > 400 kt 12,52 0.8:1
; 1960-1970
| ) USAF B9 162 388 kt ® 24.62 NS
3 POWs
3 USN B9 94 438 kt £ 33.82 NS
t' POwWs
Lt SAF Bll 74 117 > 540 kt € 5.42 NS
g 19671974
b
3 RAF Fryer 294 224 kt 2.32 0.4:1
1949-~19€0
3
RAF Reader 355 198 kt 5.92 0.6:1
3 1960-1973

* Indicates that the relevant data was not stated.

+ High incidence due to selection of cases for study.

Several points of interes’ may be noted in the table. In peace time operations, ejection
speeds tend to be lcw, arvirnd 200 to 250 kt and the incidence of major flail injury is also
low, arourd 5%2. The (AF cises were a selected series and the average speed of ejection for the
21 windblast injuries wag 364 kt. In combat, on the other hand, ejectio. speeds are consider-
ably higher and one third or more of ejectees may suffer major windblast injury. An ejection
speed of 700 kt leads to the virtual certainty of a major flail injury (paper B9). Generally
speaking, the lower limbs suffer more than upper limbs, though with more effective leg restraint
in the larer series, injuries are becoming more evenly distributed. These data, based upon
2,056 ejections, provide a sound basis for the statement that windblast injuries are a wajor
~omponent of overall ejection morbidity, and that this component increases greatly with air-
craft speed at ejection. The lack of windblast injuries in the Canadian series was attributed
to low e)ectisn spceds, though their 27 ejections made at nver 400 kt would have been expected
to have provided several cases by comparison with the other data. Equations relating injury
rates with ejection soeed are given in papers A1 and BY.
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Mechanisn

Th: common injury mechanism was ccnsidered to be windblast forces taking the limbs beyond
their range ol normal movemsnt (joint injuries, dislocations), or csusing limbs to strike
against par-s of the sjection seat (fractures, fracture dislocations). Details of observed
injuries vere given in paper BS. The direct action of ‘winddblast (petachial, or subconjunctival
haemorrhage) was considered less important, and in an appendix to paper B9 it is showm that in
high divers, peak dynamic pressures of 2,000 t2 4,000 1b/fts (15 - 30 psi, 100 - 200 kiNn=2) my
voluntarily be experienced without injury. This level is some two timss the presently accepted
. tolerance lismit.

- The forces which tend to displace limbs exposed to windblast were described in paper B10,

and tie findings confirm the earlier underwator studies of Fryer (FPRC Report No. 1167 of
1967). A film showing some of there pionsering experiments was shown to the delsgates &t the
start of the afternoon session. Also measured and reported in paper Bl0O were helme: 1lift
forcas - some 460 1b (210 kg) at 600 kt. Whilst these forces could be rediced by turbulence
within the cockpit, it was considered that they would represent the resl-life situation upon
leaving the aircraft, and thus account for the frequant loss of protective helmets. A simple
¥ aevodynamic solution was offered.

S0~ 2t ol anitie JRdn

Also included in the proceadings, but not presented in Toronto, is a paper (BS) which pro-
vides a useful comparison between windblust injury mechanisms relevant to high-speed ejection,
and those vhich result from conventional wad nuclear explosions. In the latter case, the lung
is the critical organ. Lwu.g damage is relatively rare in ejectées. Thus, there is no instance

in the 21 cases of windblast injury discussed in paper B2, though two cases, one of them fatal,
are referred to in paper B6.
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Protection

Several possible techniques for restraining the limbs were discussed, attention being
directed more towards the arms,since leg restraint has been used successfully for many years.
Paper B8 described tests carried out on an arm retraction and restraint system using cords and
povered by seat movemeat. A similar system, but extendad to embrace legs and head, was also
described (paper Bll), but had not been introduced into service. Effective restraiant is move
readily obtained if the arms are initially on a between-the-legs D-ring (paper B8). If the
seat is stable, simple entrapment of the limbs with nets would prevent injury (paper B9). When
ejection is initiated by the other crevw member (command ejecticn), arm retraction may be
required in addition to restraint. This problem was raised by several cpeakers and the prof-

! fered solutions included the cord systems already mentioned, as well as airbags ‘nflated on the
cockpit walls (paper Bll).

9 The importance of seat stabilisation was also stressed by gseveral speakers - for example
paper B10 shows how wind tunnel measurements of drag forces can lead to an understanding of

! seat instability (ejection seats are inherently uns~able) and paper B9 refers briefly to methods

' for the aerodynamic stabilisation of seats in the critical period prior to deployment of a

drogue parachute. An example of a seat stabilised in pitch was seen in action on film during

the presentation of paper Bl1,

! The problem of head restraint was discussed, but most ejection seats rely, at the best,

upon energy absorbing padding on the headrest (paper Bll). However, a self erecting fabric
hood, the efficacy of which was sz2en in films taken during 750 kt windblast exposures (paper B7),
could be used to give head restraint as well as ro prevent inadvertent loss of headgear.

CONCLUSIONS AND RECOMMENDATIONS

The average low speed of current aircraft ejections is a feature of non~combat operations -
ejection speeds increase markedly in the combat situation, and high speed usage must be allowed
for in the development of ejection systems.

The potential for windblast injury increases as the square of windspeed. Thus, windblast
becomes a major source of morbidity and mortality in high-apeed ejection.

Man's ultimate tolerance to windblast could be considerably higher tha. presently accepted,
and does not theoretically limit current ejection performance. Precise figures ar: required for
human tolerance to windblast, but it is considered that these will only comc, ar at present,
from accurate reporting of high-speed ejection experience.

Current ejection seats are inherently unstable and impose omidirectiona) windblast forces
necessitating the most complex restraint systems. The development of stable ejection seats is
considered essential for safe high-speed ejection. The aerodynamic performance of current seats
should be evaluated with 8 view to achieving stability over a wide speed range.

s g Sk e v Py ik

Restraint systems currently in service, or in development, should reduce the "ncidence of
leg and arm injuries, but only at the cost of greater complexity of aircrew equipm nt assemblies.
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Whilst improved seat stabi ity should simplify the solution of limb injury, head
restraint and helmet loss are arvas which will increase in relative importance, and these
cequire further study.

- A

Tne present high level of sophiotication in ejection sevat design should not be allowed
to inhibit the search for other means for abandoning aitcraft ac high speed.
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D. H. CLAISTER

Wing Coumander

RAF Institute cof Aviation Medicine
Farnborough, Hampshire, U.K.

Deputy Chairman, Biodvnamics
Cozmittee, ASMP.

| ek A i S = A p D W PSR N N S H s TR 7 Y U Y WD A TS U TN N A PRI

e e et T T S TR T R T W ST LT - f i
'
!
i
:
i
!
i
1
1
i
'
'
f
t
!
H
i
}
)
H
i
.
.
i
'
‘
H
4
H
‘
3
4
i
3
?

aos | ERoh sdhl C ot e

M -
§ - y
: ¢
. i
= ‘:
b 3
'
1 ; :
! \
L E
= ;
= '
:‘ ]
- :
L ¢ 8
} .

Caaaalc g
an

!

¢
‘B
)
£
1
8

-

ey " A OO Nve ey AR RTIC o P ALES

] e a e eh ¢ ALt o ot e L An s



7 — ——— T — .
iy v = T ———_ VAT T Y 7 =
LAk s ) o adhia i s S . " -
B D, o o s | Ralide s = Maabs ft o 9.5 dnn bt Annies At o T T T Y T e
IR 00 i L A

USAF NCN-COMBAT EJECTION EXPERTENCE 1968-1973
INCIDENCE, DISTRIBUTION, STGNIFICANCE AND
MECHANISM OF FLAIL INJURY

By
Capt. W. Steves Ring, USAF, MC

James Y, 8rinkley
Maj. Frank R. Noyes, USAF, MC

Aerosoace Medical Rascarch Laboratory
Aerospace Medical Division
Air Forcse Systems Command
Weight-Catterson Alr Fovce Base. Ukfe 45433

SUMMARY

T,

The USAF non-combat ejectiun experience during the period
1968-1973 has been reviewed attempting to characterize the
incidence, distribution, significance and mechanism of
flai) dnjuries. From a total of 784 ejections, 631 have
been selected based on several criteriz outlined in the
paper. The overall iacidence of flail injury is 7% (44
cases) in which 4% (25 zases) involved fnjuries of a
iajor type. The incidence rose dramatically above 300
KIAS suggesting that fiail injury is a significant prob-
lem dat higher airspeeds. The distribution of injuries

is characterized b» (1) an absence of major head and

neck fl1ail injury, (2) a predominance of proximal over
distal injury and (3) fn marked contrast to earlier data,
a slight predominance of upper over lower extremity fla:l
injury. The importance of analyzing the forces actiry
upon the limbs as well as having a clear understanding

of the mechanisms of failure is discussed and the reed
for improved 1imb restraints is emphasized.

-2 Jac

-
2

A

..

INTRODUCT ION

e v s i " i . Sl 2 S I S B | P L s B RS~

A Since the earliest days of the ejection seat following World War Il it has been apparent that high

F' : velocity ejections are associated with a characteristic injury pattern quite different from that found in
! Tow velocity ejections (Ref 16). These injuries are related to the aerodynamic forces experienced

) immediately upon entering the airstream, Stapp (Ref 14,15,17), Fryer (Ref 6) and Brinkley (Ref 1) have

s conducted research attempting to characterize the magnitude and effects of these forces. The magnitude
: of this force is expressed as:

t

172 0 V2 Eq (1)
where: dynamic air pressure in Newtons/M2
air density in Kg/M3

velocity in M/sec

< v O O

This relat’ nship {s expressad in Figure 1.

10 x 104

4

Dynamic 8 x 10
Air

Pressure 6 x 104
Q

(Newtons/Mz) 4 x 10

2 x 104

KIAS

FIGURE 1. Dynamic Air Pressure vs. Airspeed
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Two distinctive injury patterns have been attributed to the "Q“ forces experienced in high velocity
ejections. The first, generally referred to as "windblast", is characterized by soft tissue injury
resulting from localized dynamic air pressure and turbulence. These forces produce surface burns,
ecchymosis, edema and petechial hemorrhages -- usually minor injuries. Although it has been suggested
that a pulmonary blast-type injury may also be produced, convincing evidence for this is lacking. The
second and more significant fnjury pattern associated with "Q" forces 1s generally referred to as "flail
injury". Whereas windblast injusies result from relatively small locally applied forces, flail injuries
result from the summation uf force over larger areas producing differential decelerations of the head and
extramnities relative to the torso. According to Payne (Ref 10) the differential decelerations result
from drag forces according to the following relationship:

g . o Drag Force
: . Deceleration W%TQ'FE- Eq (2)

where:

AL A e s Al e

) Drag Force _ {Dynamic Pressure)x(Urag Coefficient)x(Frontal Area) £q (3)
' Weight Weiaht q

It may be seen from these relationships that a greater frontal area/weight ratic for the extremities
relative to the torso will result in a more rapid deceleration of the extremities. If the area/wt ratio
for the torso is further reduced by the ad¢ition of an ejectior seat, as it is in operational practice,
the relative deceleration of the extremities will be even greater. Flail injury appears to occur when
the decelerating head or extremity impacts the ejection seat or when the appendaae exceeds the 1imits of
motion of a particular joint. The resulting extent of injury may rang> from soft tissue contusion or
taceration t> major debilitating fracture gy 1ligamentous injury.

Recent reports have expressed a yrowing concern with tne incidence of windblast and flail injuries
associated with (1) the increasing operational performance envelope of USAF afrcraft (Ref 2,13) and
(2) the higher airspeed of combat ejections (Ref 3,4,7,8,9,12). However, there is as yet incomplete
information on the spectrum of injury produced by windblast or flailing. By reviewing the seven year
USAF ejection experience from January 1968 through December 1973, the present study attempts to define
the incidence, mechanism, significance, and character of windblast/flail injury.

METHODS

Since 1957 the Air Force has maintained a data bank at tne Directorate of Aerospace Safety, Air Force
Inspection and Safety Center, Norton AFB, California. This data bank contains information about all air-
: craft accidents involving USAF aircraft. Pertinent data derived from afrcraft accident repurts have been
encoded and are stored in computer memory for rapid access and retrieval of information. The original
reports are maintained for several years before being reduced to microfiche for permanent storage. In
addition, the Aerospace Medical Research Laboratory maintains an abbreviated version of the computer: zed
Norton Data Bank containing pertinent injury and personal equipment data (AMRL Life Sciences Data Bank).

The present report represents an update and extension of the original study by Buschman and Rittgers
(Ref 2). A1l ejections from USAF aircraft during the period from 1 January 1968 through 31 December 1973
have been selected from the AMRL Life Sciences Data Bank based on the following criteria:

(1) Only open ejections are included (i.e., no capsules, no bail-outs).
(2) Only non combat ejections are included.
(3) Cases where the crew member is missing are excluded.

(4) Fatalities which resulted from ejection below the lower bourdary of the ejection envelope
have been excluded because of the difficulty in separating flail from finpact injury.

From this data base, all injuries which occurred during the ejection, parachute deployment or descent
phases were reviewed as potential windblast or flail injuries. Review entailed searching for further
details within the computerized record or narrative summary and in many cases returning to the original
accident report for further clarification. Injuries were attributed to windblast/rlail only if it cou'd
be determined with reasonable certainty that thz injury was not caused by other factors such as striking
the aircraft, parachute deployment or landing impact. Therefore, “probable” windblast/flaii injuries are
included whereas those which can anly be classified as “possible" have been excluded. The result of these
strict criteria for inclusion as a winddblast/flatl injury mean:. the overall incidence is probably consid-
erably underestimated.

Stapp (Ref 14,15,377) and Fryer (Ref 6) have demonstrated that with proper helmet protection and
adequate 1imb restraints serious "Q" force injury can be prevented. The soft-tissue injuries ascribed to
“windblast" are usually minor injuries. Review of the 1968-1973 operational experience supports this.

[n vact, true windblast injuries are only infrequently noted in the accident data file. Rather than
infrequent occurrence, this probably represents failure to note these relatively minor injuries espectally
since they would frequently be associated with the more major fiail injuries. As such, the incidence of
windblast injury is probably greatly underestimated and, therefore, only iiafl srj.-fes will te included
in the subsequent analysis.
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RESULTS

Utilizing the selection criterta described, from a total of 784 ejections during the period 1968-1973, !
631 nhave been selected for further evaluation. Table 1 charz.terizes ti€se eiections in terms of airspeed ;
and the overall severity of {ajury. As shown by Buschman and Rittgers (Ref 2) the probability of flai
injury becomes si?nificant only above 300 XIAS. However, in the non-combat operational axperience
reviewed here, only 20% of the ejections occurred at greater than 300 KIAS. From this finding the
overall incidence of flail injury would be expected to be quite low fn the operational (non-combat)series

E l‘
3
; :
;o
P
;-,'.

l

B of ejections. For this series, 44 cases of yrobable flail injury were found for an overall iIncidence of :

74 (see Table 2). This corresponds clasely witn the incidence of 6.6% found by Buschman for the USAF ]

; experience (Ref 2) and the incidence of 6.8% found by Fryer for tha RAF experience (Ref 5). Figure 2 i

. reveals that the probabil<ty of flail injury for the current series closely approximates that predicted 1

i by Payne (Ref 10) based on Buschman's data. ) i

i TABLE 1. USAF Non-Comhat Ejections 1968-1973:Severity of Injury vs. Airspeed !

I} { KIAS ::n;g:: M e Ma jor Fatal* E;]Igg;ns Pe;cj::hl’g:ﬂ '

Vo - - _—= ’ ’ I— : — i

by 0-49 N I 3 2 1" 3.0 i
, 50-99 13 1 6 0 20 3.5
b 100-149 46 12 7 2 67 1.8
E _ ! 150-199 69 12 kK 3 121 21.3
; . 200-249 81 26 39 7 152 26.8
F i 250-299 37 17 19 2 75 13.2
| 300-349 23 10 14 3 50 8.8

350-399 6 2 8 1 18 3.2 3

y

{ 400-449 4 6 n 6 a7 4.8 ;

‘ 450-499 4 1 4 3 1¢ 2.1 !

; ' 500-549 1 0 5 0 6 1.0 ‘

$50-599 0 0 0 1 1 0.2 {

: >600 0 0 1 0 1 0.2 ;

3 TOTAL 295 88 154 30 567 100% t

' UNKNOWN 34 8 1 1 64 %

f ToTAL 329 % 165 ! 631 -'

: PERCENT 52% 15% 26% 7% 100%

*Fatalities from ejections outside lower boundary of the ejectfon envelope have been excluded.
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FIGURE 2. Probability of Flatl Injury vs. Airspeed
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TABLE 2. USAF Non-Combat Ejections 1968-1973:Incidence of Flail Injury

xaas gections Mo, Incigence M. Inctdesce M | Inctdeice
0-49 17 0 0.000 0 0.00V 0 0.000
50-99 20 0 0.000 0 0.000 0 0.000
100-149 §7 0 0.000 1 0.015 1 0.0i5
150-139 12 1 0.008 0 0.000 1 0.008
200-249 152 § 0.032 2 0.013 7 0.046
250-299 78 1 0.013 1 0.3 2 0.027
300-349 53 Z 0.040 4 0.080 6 0.120
350-399 18 0 0.00C 4 0.222 4 0.222
400-449 27 3 o.M 6 0.222 9 0.333
450-499 12 0 6.000 3 n.250 3 0.250
500-549 6 2 0.333 2 0.333 4 0.067
§50-599 1 0 0.000 1 1.000 1 1.000
2600 1 0 0.000 ] 1.000 1 1.000
TOTAL 567 14 0.02% 25 0.044 39 0.069
UNKNOWN 64 5 0.078 0 0.0 5 0.078
TOTAL 63N 19 0.030 25 0.040 L] 0.070

From Table 1 it should be noted that the fatality rate is only 7% due to the exclusion of fatalities
resulting from ejection below the lower 1imit of the ejection envelope. In addition, although 52X
received minimal or no injury, 33% received major or fatal injuries in what should have been survivable
situatians. This represents the area of greatest concern to the Air Force. Although the overall inci-
dence of major or fatal flail injuries is only 4%, the significance of these iniuries becomes apparent
when ejections over 300 KIAS resulting in major injury or fatality are considered separately. Of these
cases, 37% received major flai{ injuries.

Ac mentioned previously, one purpose of this paper is to characterize flail {injuries. Table 3 pre-
sents the rature and distribution of flail injuries found in the present series of ejections. Several
observations should be noted. First, there were no major head or neck injuries attributed to flailing
this series. In addition, most minor injuries of the head and neck were attributed to flailing of the
head during helmet loss. Second, as would be expected, proximal 1imb injuries tended to predominate over
distal injuries. Third, major joint irjuries (22) occurred almost as frequently as long bone fractures
(27). Fourth, upper extremity injuries (34) were more frequent than lower extremity injuries (28). This
latter finding ts in contrast to the findings of Buschman for 1964-1970. Table 4 reveals that this
difference represents a reduction in lower 1imb injuries rather than ar increase in upper 1imb injuries.

A more complete characterization of the flail injuries from the earlier period (1964-1970) is not
available, However, a review of unpublisicd Buschman data reveals that while all types of lower extremi.y
injuries were more frequent during the earlier period, the major discrepancy lies in the number and extent
of knee injuries. Where the present series contains no dislocations or fracture dislocations, Buschman's
series contafned at least ten. Although the two serfes are not strictly comparable because of rlight
differences in the method and criteria for selection, this discrepancy couid resuit from severai €actors.
First, the method of injury classification has changed. Second, the system of 1imb restraints has been
altered ir several afrcraft. Third, the usage of restraints by tre aircrew members may be different.
Finally, there has been a shift in the USAF aircraft inventory producing an alteration of the aircraft/
ejection seat combinations represented among the flail injuries.

DISCUSSION

The importance of flafl injury should not be underestimated. Although the overall incidence of
major flail fnjury 1s only 4%, the incidence rises to 22% in those ejections over 300 KIAS. The signifi-
cance of this figure becomes apparent when the Southeast Asia combat and POW experience is considered.
Shannon (Ref 12), Ti11 (Ref 13), Kittinger (Ref 8) and Lewis (Ref 9) have attempted tc review the USAF
combat and POW experience. Table 5 summarizes the USAF data and the Navy experience as reported by
Every (Ref 3,4) and Kinneman (Ref 7). The combat ejections occur at much higher airspeeds with a
corresponding rise in the incidence of flail injury. However, tne fncidence of major flail injury over
300 KIAS appears to be decreased. This may be explained by the fact that the POW's represent & very
select population - those who were able to survive ejection as well as withstand the rigots of captivity.
It 1s quite concefvable that a significant number of flail injuries resulted in ejection fatalities or
deaths while in captivity. If this were the case, the need for improved 1imb restraints to prevent
flailing becomes even more imperative.
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TABLE 4. Comparison with Buschman Data
USAF USAF
Ring) © {paschman)

Data Base 631 940

Total Frail Cases “ 62
Flail Injuries

Head and Neck ‘6 2]

Upper Limb M 64

Lower Limb 28 115

TABLE 5. Comparison of Combat and Non-Combat Ejections

Dl > it dag

USAF USAF NAVY

1968-1973 POW POW

Noa;Combat (Lewis) {Every)
Dats Base 567 162 97
Ejections > 300 KIA3 20% 72% 83%
Ejections > 500 KIAS 1% kk}1 29%
Flaf) InJury 7% 12% 30%
Major Flaii 4 9% 25%
Major Flail >300 KIAS 22% 13%

The lack ¢f major head or neck flail {njury is in agreement with the findings of Kittinger (Ref 8)
and Lewis (Ref 9). In addition, most minor head and neck injuries appear to be caused by torsion of the
nead and neck resulting from aerodynamic forces acting on the helmet. Although the series under study is
fairly small, this finding does suggest that the current system of head restraint by the ejection seat
headrest may be sufficient to minimize the possibility of major head and neck fiail injury.

The predominance of preximal versus distal extremity injuries and the distribution of bone and joint
injuries requires an understarding of the mechanisms of bone and joint faflure. As a result of the
external forces which are applied to the 1imb in the form of Q-fcrces, the tissues (bone, 1igament, tendon,
etc.) develop internal forces and displacements. Displacement of the 1imb occurs unti) motion is limited
by either anatomical constraints (e.q., muscle resistance or joint capsule limitations) or eaternal con-
straints (e.g., contact with the seat or 1imb restraints). Depending on the anatomical, structural and
mechanical properties of the tissues 1rvolved, faflure occurs when a critical stress or strain (or both
1s reached. Classical engineering corizepts Invalving equilibrium considerations and free body analysis
can be used to define the forces operative on the extremity and those which lead to failure, This labora-

tory {s presently conducting failure tests on bone and joint structures to define these critical failure
limits at the structura) and tissue level.

From a knawledge of the snatomical, struciural and mechanical properties it is frequently possible
to retrospoectively determine the forces and displacements from analyzing the injury itself. For example,
an anterfor dislocation of the shoulder is usually produred by forced abduction and external rotation of
the humerus. Similarly, a spiral fracture ¢f the femur {s produced by torsion forces as might be seen
with flailing ot the lower leg wheress a transverse fracture is usually produced by directly applied
bending forces as might be seen with impacting the seat (without torque).

In summary, an understanding of the mechanisms of failure is 2ssential in the design of protective
equipment and restraint systems. In addition, analysis of the mechanisms of failure of the musculoskeletal
system fnvolves (1) knowledge of the resultant forces and displacenents of 1imbs from externally applied
forces, (2) definition of consiraining factors (both externa)l and internal) which resist these applied
forces and (2) analysis of the anatomical, structural and material properties at the tissue level which
define the ultimate failure limits of the anatomica' part.
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CONCLUSIONS

1. Flailing results from differential deceleration of the 1imbs relative to the torso. Injury occurs
when the internal forces and displacements produced by the applied "Q" forces reach critical levels and
result in tissue failure,

2. Althcugh the overall {ncidence of flail injury in USAF non-combat ejections appears low, it remains
a significant operationa) problem in open-seat high-speed ejections. This is suppsrted by the combat and
PON experience in Southeast Asfa.

3. Although there appesrs to be a decrease in lower extremity flail injuries Juring more recent ejections,
the cause of this is uncertain and probably results from a miltiplicity of factors. A contiruing effort
mist be made to improve the methods of 1imb restraint,

4., Analvsis and understandirg of the mechanisms of failure is 2s<ential to the desigy of protective
equipment and restraint systems. This requires a knowledge of (1. the forces and displacements {nrvolved,
(2) the constraining factors which resist these forces and (3) tne structural and material properties of
the tissues which determine the ultimate failure 1imits.
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DISCUSSION

In reaply to questions from Limbury (U.K.), Ring agreed that the 25 or soc cases of major
flail injury occurred in ejections using a mulcitude of ejection seat typea, chough they were
predouinantly frow F4 and BS2 aircraiz. He did nnt at present have data wiich would relate
the incidence of lep flailing to :ha pressnce or abaenca of leg restraint, nor the iucidence
of arm flailing to tue system of ejection initiation employed (cver~the-head, between the legs,
or outboard D-rings, or command ejection)., He stated that some recent work had indicated that

use £ the over-the-head D-rirg was, however, associated with a higher incidence of arm und
shoulder injuries.
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SURVBY ON BIODYNAMIC RESPONSEK TO WINDBLAST IN EJECTIONS
PATHOGEWRTIC MBCHANISM, ANALYSIS AND PREVENTION OF INJURIES,

Col.Prof .Gastano ROTONDO, IoA-P., M.C.
Italian Air Yorce - Military School of Aviation ledicine
Via P.Gobetti 2/4 -~ 00185 ROME - ITALY

SIMMARY.,

In order to give a clinical contribution to the study of injuries caused by windblast
during escape by e6jection seat from high speed jJet-alrcraft, the author comparatively anes
lysed the results of ejentions, observed by himself during 20 years, whare Italian pilots [
suffered injuries particularly due %o windtlast. 5

Of the total number of 100 cases of oscapes aiaiyssd, 47 pilots successfully ejected F
without injury and 19 ejsctions proved fccal, The remaining 42 plilots suffered trasumatic
injuries after ejection, and of these 21 suastained injuriem exclusively due to windblast,
and precisely : these injuries were due tos direct asrodynamic pressure on the body in 9
cases, t0 violent dislocation of head in 1 case, and to flalling of limbs in 11 cases. In
no case the suthor could find in uries certainly aid exclusively due to some other factors
also connected tu windblast, as wind drag deceleration or spinning and tumbling of the bo=
dy duping froe fall.
¥ i Analogoun analysis is carried oul ebout 7 cases of traumatic injuries suifersd by air
: crews witlin ths cockplt of aircrafts folloving accidental loss or sudden opening of the
canopy or acve: its explosion in-flight.

k. Then the author analysed the psthogenetic mechanisms of the injuries caused by wind-
b blast, the relative limits of tolerance of humen body and the systems which could be ems=
ployed an' ulteriorly improcved in order to increase the human resistance to serodynamic
pregsure of the wind, for the prevention and the reduction of letnality of these injuries,
tyrical in Aviation accident psthology.

INTRODUCTION, |

Injuries after ejection from high speed Jjet-ailrcrafts are of great importance in Avig !
tior pathology.

In addition to the spinal fractures, cuused by initial considerable acceleration-
eJection jclt applied to the pdlot's body in the direction from buttocks to head by the §
explozion af the ballistic or rocket devices, the ejected subject may sustain other injy
ries ceused by different remarkadbie forces acting on his body during the subsequent phases
of ejecition, as t the decaleration cheat to dack, due to the air impact and the wind dreag
encountered on entering the slipstream when he is ejected ocut of the cockpdt ; the asrox
dynamic pressure usually referred to as windblast or ram preasure, and the conssquent blunt
action of relative wind, the spsed of which is about the same of abandoned aireraft ; the f
possible further acceleration forces, sometimes complex ones, duc to particular and abnormal
attitudes of aircraft in the ejection phase, caused by the critical emergency conditions ug 3
der which escape from aircraft usually ocecurs ; and so on.

STUDX OF INJURIES CAUGED DY WINDBLAST,

The purposze of the presant survey is fundamentally to contribute to the study of injus
ries due t¢ windblast in the phase of escape lamediately following the seat's and pllot's
ejection, and of their relative frequency, through a couparative analysis of the results of
escapes from aircraft by ejection geat, carried out in emergency conditions by some Italian
military and civil jet-pdlots over a fairly long period of time.

Por the same purpose analvogous analysis is made about the injuries suffersd by aircrews
within the cockpit of airecrafts following accidental loss of the canopy or after its explox
sion in-flight.

1.- Injurdes sustained dwing edection.-

For the purpose described above 100 ejections, personally observed in a period of 20
years, vere taken into consideration in the present survey.

Of this total number 11 ejections proved fatal ¢ 4n these cases the pilot's death was
generally brought about by the violent impact of his body on the ground becsuse of fullure
or delay in the opening of the parachute due to the low or very lov height at which ejection
vas carried out or other causes.

Of the remaining group 47 milots su:cessfully ejected from aircraft without injury, and ; -_;;
42 pllots sustained traumatic injuries during the varisus phases of ejection t of these, | 3
15 sustuined single or multiple vertebral fractures (due to initial acceleration-e jection :
jolt), associated or not vith other non-vertebral lesions, and 27 sustained other tresumatic . ‘
injuries different from spinal fractures. :

However, in this total number of 42 subjects injured during ejection, traumatic injuries
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oxclusively due to windblast (and associeted or not with othor injuries due to different
phases of escape) were sustained on the whole by 21 subjects, as shown by the folloving

Table I :
IABLE I

- Total Nunber of RBjections s 100
« Number of Dead Pilots t 11
- Nuaber of Unhurt Filots 2 L7
- Totsl Numher of Injured Pilots : %2

(of whom 15 vith spinal fractures,

associated or not vith other non-

vertabral injuries), and of these
= Number of Pilots with injuries exclusi

voly due to windvlust (essocistvd or

not wvith other irjuries due to diffe=

rent phases of eaca™e) t 21

The details of these laszt 21 cases, with the ducript:lon of the respective trmuuc
injuries sustaired by exh plot, are show: in the following Tsdle II

JADLE 11

Type of Altitude 8peed of Injurties exclusively dug to vindblast (associeted or

¥o. alrcraft of escape aircraft not wvith other injuries due to different factors)
4] kia
(]

1 P.1040 1,500 430 fracture of T.12,; fracture of right tibiz and fidula

2 P.104 3.000 L60 fracture of T.12 § fracture of lgft humerus

3 FIAT G.91 3.N00 350 fractures cf 7.7, T.8, T.12, L.4 : fractue of right
tibis and fibulg

L R0 15,000 380 fracture of L.1 ; fractures of both ankles

5 T.33 6,000 350 contusion of chest, fractures of 10th and 11th left rib

6 T.33 10,000 not known fracture of left elbow

7 P8P 2,000 380 ccntusion with Lasmatoma of the back, wounds of elbows

8 r.oP 3.000 370 contusione of right shoulder and both tonporo-mndibu:
lar regions,sudbjunctival hasmorrhages

9 P.B6K 5.000 280 contusion of left mastoid region and left ear

10 PF.8F 17,000 360 distorsion of left knee

11 P.OWF L ,000 340 contusion of chest, wound of chin, subjunctival haswors
rhages

12 P8P 9.000 370 fracture of left tibia and fibula

13 P.86B 3.500 not known fracturs of nasai 29pt, contusion of chest, petechial
haemorrhages of face

W F.84P 2.000 320 contusion of left leg, wound of right mastold region

1§ P.86E 3.000 290 contusions of chest and left mastoid region

16 .86K 15.000 30 distorsion of right anklej burns of both hands®®

17  P.86K 6,000 360 distorsion of right shoulder, contusion of left foos

18 F.84F not known 350 distorsion of left ankle

19  PF.104G 8.000 450 contusion of head with commotio cerebri, large wound of
scalp, subjunctival haemorrhages

20 P.104C 35,000 400 wultiple ecchymotic contusions on the face ; congela=
tion of both lLands®®

21 F.1046 18,000 380 distorsions of left knee and right ankle

Notes :

© The vertebral fractures, sustained during the first phase of escape, were due to
acceleration-e jection jolt.

°© The associated injuries (durns, congelation) were obviously due to other causes,
different from windblast (fire sboard before escapes, exposure to very lov fecperas
ture of escape altitude).

In the Table described above, after excluding the first 4 cases (in which the subjects
2l8Q sustained single or wultiple vertebral fraotures, diie to the initial acceleration -
ejsction jolt buttocks to head), only the pilots whe sustained traumstic injuries exclusi=
vely due to windblast after ejection are listed.

In fact, according to the purposes of the present survey, the Table II does not include
all the cases (especially bone fractures of the lower limbs, strong contusions of various
parts of the body, as face, chest, limbs ; burns, and so on, besides the vertebral fractures
by ejection) of single injuries which were likely sustained during the various phases of
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ejection with mechanisms different from serodynamic pressure of wind, as for example :
impect of various parts of the body against the structures of aircraft during escape ‘rom
cockpdt ; violent action of retsining atraps of protective helmet and oxygen mask, somes
timec violently pulled avay by the wiri ; abrupt traction of parachute harness on nnders
lying parts of body at the acment of considerable deceleration following the opening shack
of parachute canopy ; violent or incorrect ground impact at the moment of landing ; bdburp
ing effants of flanes or heat of fires breaking out on board befo'c escape, and sa on.
The present case survey has been therefcre intentionslly limited to the atudy of the

blodynamic response to windulast in vjections dby sest.

BRIES

2.- Induries gustained after accidentel loss or explosion in-fiight of canopy,

The present su-vey has Yeén completed with an analogous analysis carried out about the
injuries suffered by aircrews within the cockpit of military sircrafts folloving sccidentul
loss or ruddsn opsning of the canopy or after its explosion in-flight.

For this purrose the Table III lists seven cases, personally observed bLy the author,

with the respectivs circumstances of esach flight accident and the description of the injuries
particularly due to windblest (1.

IABLE 111 .
. Type of Altitude Speed of Circumstances Injuries _.ue to wvindblast Injuries due to s
No aireraft ft = aireraft of flight rapid decompres= ME
. TP kts accident sion or other H
r Lactors
;" 1 F.B4F 18,000 450 opening of  aultiple contusions and |
i - caropy abrasions on the face !
bos 2 PG 2,000 320 loss of zultiple contusions and !
E, ; canopy arrasions on the face, pal :
SO pebral ecchymosis
E 3 P.BG 20,000 w20 bresch of  multiple ecchymotic contuz bilateral aero- ‘
; -k c&nopy sions on the face otitis g
: " L FP.E4G 33.000 380 opening of subjunctival and facial pg bilateral aero-
i 4 canopy techial heemorrhages, nose- otitis, slight
y bleeding left bradyacusia
B é s P,86K 15,000 400 loss of sub junctival heemorrhages, slight bilateral
b ; canopy wound of lower lip, facial asero-otitis
< ? congestion
by 6 D.H,100 30,000 320 explosion nasal and subjunctival
k : in-flight haemorrhages
¢ § of canopy
% { 7 F.B6E 30,000 430 explosion sub junctival haemorrhages, bilateral aero-
ol in-flight faciel congestion - otitis, congelg
E : of canopy tion of hands
r E Note :
i
-}

() This Table doesn't include all the other cases, also observed by the author, in
which the pilots did not suffer any important injuries due to windblast, after
opening or explosion in-flight of the canopy.

P I E o TP e 2= L

The Table described above shows therefore that, besides the frequent barotraumatic inju=
ries due to sudden decompressicn of pressurized cockpits, almost all the subjects of the ca=
ses examined hers had sustained some congestive and/or haemorrhagic distresses at level of
the conjunctival and nasal mucous membranes and of the face skin, associated or not to trau=
matic facial injuries (as contusions, abrasions, wounds), the last ones generally being due
to violent compression of oxygen mask and protective helmet exerted on the subject!s face

by strong external slipstream or to direct blast of “he lateral airscireum violently entered
within the cockpdv.

PATHOGENETIC MECHANISM OF THE WINUBLAST INJURIES,- ;

As the geat separates from the aircraft after ejection, both the ejection seat and its
occupant are immediately subjected to continually changing combinations of wind drag decele
ration, windblast, tumbling and spinning of the human body during the following free fall,
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A= ged dz:u d.w.;';!smo.

Cu leaviug tho gcircraft the seat, which is still travelling forward at the speed of
the airoraft, sacera etationary air and is sudjected to & rapid deceleration due to wind
irag. The extent of this deceleration depends upon the equivaient airspeed, the combined
D889 c¢f the seat and man, and the effective cross-sectional ares exposed. 1Ia particular,
P the higher the indicated airspead, the grester is the decelerstion effect. JFor s given
; indicated air speed, the maximum lincar decolorstions are vot affecied by altitude dut as
i the ¢jootion altitude ie increased, the deceliration time im more prolonged : this ie
I dae to tas faot that for o given indicated air speed, incressed altitude csuses s greater

hinetic e yrgy which zust be dissipated ae s fuaction of time in an staouphere of lower
) douwity.
: 3jestion evuts sre ususlly provided with ccae form of stahilisation eysten so that
E : thie deceleration takec plasce in a relatively “straigbt™ line ; an urstadbls seat systen
? produces & coaplex veriety of forces on the asat occupunt. There are uzany fectors which
v affect the drsg charsoteristice of the man/seat coaplex and it is not possidle to lay
t ; dowz a maximum indicated air aspeed for safs sjeotion. Assuaing ¢ saxioum safe peak linear
i ' deceleration of 35 G, it has bewn caloulated that this might be experienced at an indicas
S ted air epeed between 600 and 700 knots (DOBIB, 1972, $%).
A SPAYP (1957, 28) has lefined tasse tolerance limite as : o magnitude of 50 G atta=
§ ined at 500 G/sec. with a maxiauam durstion of 0,2 sec.; a rate of change of 1500 G/sec.
up to 40 G with & maxisum duratioo ¢f 0.16 sec.; and a duration for forces greater than
! 25 G of not more than 1 sac. at a rate of onset of 500 G/sec.
'} However, the upper liait of humen tolerance probably lies in the regiou of an indi=
] cated airspeed of 600 kvote. The deceleration might be made zore tolerable, and this
! ‘iait raieed, if the area of the seat presented to the airstrean were rsduced by aerodys
X namic shaping, or if a forward thrust were applied to counter the deceleration. ln either
; case, to give the sams overall velocity chenge, the lower peak decelerstiun would havs to
be applied for a longer time and the advantage ottained would be very saall.
A regards the preseat survey:. Lo case 0f traumatic injuries seems to be certainly
and exclusively due to wind drag deceleration, this depending upon the circumstances of
the ejectione examined here : airapesds not exceeding 460 knots, acceleration-ejection

Jolt of 14 to 18 G for s duration of 0.5 to 0.15 sec., acceleraiion gradient not exceeds
ing 350 G/sec.

B.~- ¥Windblgst.

The airstrean encountered by the ejected man exerts on him an aerodynaaic pressure
usually referred to as "windblast", “raz pressure” or "q". The exteant of this pressure
varies with the density of the airetreaa and, therefors, for the same true spesd it is
roducod a8 altitude increases. It ie thus related vo the indicated ajirspeed rather than
the true airepesd (being the force measured by the pitdt-airspeed indicator systea) and
varies with the square of the volooity (for exaaple, the force at 400 knote ia approximp
tively 16 times greater than that at 100 knots). 7The asrodynamioc pressure is therefore
greater at high spesds and low altitudes. Por instance, the speed of sound at sea level,
660 knotse (Incb = 1), is aseociated with & "Q* value 0of 13 1b/in? (the aneasuresd "q" beirg
about 5-4 1b/1n2 at 450 knote).

The effects of thiu asrodynamic pressure or force *q" can be divided in those pros
duced by ¢irect pressure on the dbody, such ae petechial and subjunctival haemorrhages and
various contusive injuries, and those produced by fleiling of the head and thrcliticc.
such as articular distortions or dislocations and bone fractures.

At apeeds up to 400 knots the direct pressurse of wind is unlikely to causs injury to
the face, particularly if the face is covered ; the oxygen mask prevents the entry of
air into the lungs and siomach. The unprotected face begins to suffer from the effects
of blast at about 100 knote of indicated airaspeed ; at this speed the soft tissues of ihe
face begin to flutter and dietort, the distress so caused increasing progreseively, un¢il
at about 300 knots traumatioc lesions begin to occur. The risk of laceration is consiile=
rably increased if the mouth or eyes are open at the time the blast is experienced. lfore
over, although the Zace is normally protected by flying olothing, coanventional head genr,
whioch includes oxygen aask, helmet and goggles, is liable to be stripped off at speeds
above 150 to 200 knots, exposing the subject to the possidility of anoxia, in addition
to facisal injury.

The flailing of the head and extrumities is prodbably a much more serious prodvlea.
Head's viclent flailing may cause unconsoiousness, or even fatal brain or cervical cord
damage, while flailing of the arms and lege onn lead to frasotures or joint dislocations.
¥ith the body unsupported, & "g" of 4-5 1b/in2 or more lesds to flailing of a force which :
cennot be controlled by auscular effort (STAPP, 1957, 28). The onset of flailing can be )
80 rapid that muscular reflex action is ineffectual even at raa pressure bdelow 4-5 1b/in2, !
At 450 knots full sbduction of the hip joints can take place in 0.1 sec. and at greater :
spesds the load on unsupported limbe may exceed the strength of the major joints.
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The asrodynaaic forces scting on the crewman during ejection cap dislodge the liabe,
and because of the differences hetween the ballistic characteristics of the lisbs aid the
torsu-sest coabination, the liobs will decelerate more rapidly and aay be injured wlen
*he rearward aotion ie stopped. Either the limite of the liab jointe are exceeded or the
liave ars injured by iampacting the eeat, which ie decelerated lees rapidly.

The equation governing the deceleration of each body or seat segment is expressed by
the following drsg/wcight ratio ; if the ratio (drag/weight) were therefore the same for
liabs a8 well as the torso and seat, all eegaente would slow down at the saze rate end
the injuries would be less serious and less frequent :

DRAG PORCE QCp 8
DECELERATION = -

WEIGHT v

where
DECELBRATION - G units
@ = DYNAMIC PRESSURR - Lb/f¢2
Cp = DRAG COBPPICIENT
S = FRONTAL AREA - Pt°
W = WEIGH? - Lbs

Bzperiusutal data of various suthors (BUSCHMAN, 1972, 3 ; BRINKLEY, PAYNE, 1973, 2),
whe socomplished detailed analysis of asny accident reporte and coaprehensive analysis
of flailing injuries experienced during the period of 1964 to 1972 in USAPF, showed that
the incidence of flail injury increases axpoasuntially with alrspeed as aight be expected ;
but, while previously the threshold of flail injury wag taought to de placed at sirspecd
of 400 to %00 knots, they have ascertained that tus¢ incidence of these injuries is eigni=
ficant in the 300 to 400 knot range, and in the 400 to 200 knot range the flail injury
rats oan oxcead 30 percert, and approximstely 60 vercent of the injuories i3antifield were
either sajor injuries requiring exteasive his .tulisation 9. wire fat... Hesides, many
of the aajor injuriae, such as leg fraciures, are life threatening during puarachute
o landing and reduce the probvability «f survival during the period prior to rescus.

L This anslysie has therefore clearly shown that the flail injury is & serious probleam
ia the interasdiate spced ranges as weéll as the high speed ranges, and that the threshold
of injury occurs at a lower airspeed than originally estinated, as woll ae at 600 knota,

the currently accepted limit of the open ejection weat, there is a 100 percent incidence
of fiail injury.
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If we now coaparatively analyae the data resulting froa the present survey, in which
the biodyasaic response to windblust has been studied in 100 cases of escape bty open
ejection seut carried out by Italian pilots, on the whole 21 subjects (= 21 percent) sus
) stained trausatic iajuries excluoively due to windblast. The equivalent airspeeds of

escape, ot which asjor injuriea (especiully bone fracturees) were sustained, are included
between 350 ané 450 knote ; these resulte give e further evidence and confira that the
threohold of the windblaat injuries ocours appruximately at 350 knots of equivalent air-
speed and thair incidence increasss as eirspeed increases.

A8 regards the inlluence exerted by single biodynamio factors which are efficient
causes of these injuries, ameng 21 oraes described above no injury seeme to be certainly
due oanly to rapid wind drag decslieration, while all the traumatic lesionus on the contrary i
sre prevalently tco oe ascrited to the ef%escts of aerodynami: pressure or force “g" :
theess effecte can be divided, ae said befors, in those produced by direct aerodynamic
pressure ou the body (in the present survey 9 cases, precisely the caees no. 5,7,8,9, 11,
13,14, 1%,20) ead those produced by flailing of the head (1 case : cuse no.19) and by
flailing of liabs and/or their lmpact sgainst the weat (1) cases, precisely the cases
00. 1,2, j)‘.ﬁ. 10;12, 16. 17, 18921).

Of these last 11 cases, related to injuriee due to flailing of limbs, it zay be
interesting to eralyse the location of injuries which, in the present survay, prevalently
conesisted of bone fractures (6 cases) and joint distortions (5 cases). Such leeions were !
aost frequently looalized in the lower limba, particularly in the lege and ankles (4 frac
tures of tibia and fidbula, 4 eingle or multiple diatortions of which 2 only localized in
@ koee, 3 only in an ankle, and 1 at the saze tiue in a knee and in an ankle), and less
frequentliy in the upper limbe (1 Zracture of humerus, 1 fracture of elbow, 1 distortion
of shoulder).

These results lead to tne conclusion that two areses of vulnerability appear to exist,
both loct'lized in the lower liabe. In fact, whilst the upper part of the feaur, including
the acetabular joint, aay also bz fractured or dislocated when the thighe are raised and
abducted, more Srequently the bones of the leg and the jointse of knee and ankle appear to
be more vulnerable, perhaps bscauee the thighs are in some way restrained (a8 by thigh
guards if tpe seat is in a nose-down attitude). On the contrary the legs and the feet
are mors easily subjected tc movemente of violent lateral dislocation, because in genera.l

ot et SRR T A NS W s WL La LG S £ i £

1

W 7,257 e AL L e am I

. A S e
SNPIUSIPEI P

p
i
*

i s acalieal b e

. . o PR L R T RTINS TN RIS ooy Caieh 2o M aiabaled? e bt e £ ot Lot a0
e PRI PRIy P & 8 Loend




[
1
v
N

SReT TN o s e

Bl Y s AL

T T e

- v Iy Y — o ATy s -y

PRRTOIRRESTE BT SIS wRaatin. "t Sesride M sabiibuiiter )

TR DR COPIPTEER SR ST IS IR PR didan i Aecacamat

Bl-6

the forces that tend to amove the liabs laterally are larger than anticipated and are des
pendent upon a nuaber of factors inoluding the proximity of other segments of the body
and proxiaity of the ejection seat structure.

Particularly in case of lateral flailing of lege the amedial cvollateral ligament,
Joint capsule, aynovia and cruciate ligaments of knee may be torn, and che medial menie=
scus completely detached froa the ligament. The same distortioual lesions may occur with
the same mechanisa at level of the joint of ankle in case of lateral diselocation of feet.

L8 regards the less frequent injuries localized in the upper limbs, it seeas that
soae difficulty ie experienced in maintaining a grip cn the handle of & face-blind or &
seat trigger at indicated airepeeds in excess of about 450 knote. When an ara is allowed
to flail laterally, dielocation of the scapulo-humeral joint or fracture of the upper
third of the humerus auy result. This type of injury clearly jeopardiees survival if the
person escaping ie required to perfora any manual action, such as the release of a para=
chute harnese or aanual geparation froa the seat.

Afterwards in the firet 9 cases of 21 analysed in the present survey, that is the ca
ses of injuriea due to direct aserodynamic pressure on the body, theee injuries consisted
of face ccntueions with petechial facial and subjunctival haemorrhages sometines also with
nasal fractures, amultiple countusions in various parts of body.

These injuries, therefore of prevalently contusive type (that is by impact with rela
tive wind), for frequency and magnitude proved to be directly rolated to the indicated
airspeed of ejection (the merodynamic preesure, or ram pressure, or force "q" varies with
the square of the velocity) and inversely related to the aititude (the aerodynamic press
sure increases proportionally to the increase of density ratio, that is it ie increasing
as the altitude of escape decreases).

C.- Spinning and tusbling.

Following eje~tion, rotation of th2 seat or occurant car tage Jace during two phases
of the escape seq..#ace. On leaving the aircraft, the aeat together with ite occupant nsy
undergo a head-over~heels motion at rates of up to 180 rev/min. Tumbling can also occur
during free fall, ususlly taking trhe form of a flat spin. This is initiated iy any slight
asyasetry in distribution of the merolynamic lrnede and can then build up rapidly to very
high rates. Por a given indicated airspeed tuuwiiing ratee increase with altitude, and are
inversely proportional to the equare root of the density ratio.

The effecte produced depend upon where the centre of rotation lies in the body, varys
ing coabinatione of positive and negative G thus resulting. Poocling of blood in the head,
in the feet or, if the centre of rotation pasees througa the heart, in both the head and
trhe feet at the same time are all potential results. Rates of tumnbling between 180 and
240 rev/ain way result in forces in excess of = 30 G at head level (EIELBERG et al., 1954,
6). Human tolerance is dictated by nausea and, at higher ratees of apin, by the centris
fugal fluid ehiftes and by lose of consciousness. With the heart at the centre of rotation,
a human sutject lying on his side is rendered unconscious after between 10 zud 12 sec. at
160 rev/min. (WEISS et al., 1954, 30), Under the same conditions, 200 rev/min. has proved
fatal to anizmal subjects in 2 min. (EDELBERG et al., 1954. &),

Stabilisation can te ensured by the use of =2 zsall drogue to orientete gither the aan
or the seat, reduce the gpeed and lower tie rate of spin, in order to reduce the riek of
rotation which wmay cccur around tnree bodily axes particularly if an initial rotating
force is applied, anl :n order to reduce vhe relative effects which ccnoist in petechial
subcutanen::z and sutjunctival haemorrhages, diffuecd oedeaa, mechanical cerebral damage
with loes of ccneciousness, and further violasnt dielocation of the liambe not restrained.

The time at which this stabilieation system ie deployed is critical ; 4f too early
the opening shock zay exceud huaan tolerance, if too late the spinning may already be too
firaly estatlished. It is aleo iamportant that spinning shou.d be controlled bvefore de=
ployaent of the main parachute in order that the body should be in the best attitude to
roceive the parachute opening shock. If the body in uretable at this time, it is powsible
for a sudder snatch to occur and for very high angular acceleratione to be imposed on the
man, with consequent possible injuries also at epine level.

In fact, vesides the considerable acceleration-ejection jolt buttocke-head, the succes
8ive cheet-back deceleration due tc the air impact and the wind drag, and at last the aero-
dynasic pressure of windblast, the body of ejected pilot may be subjected to further acces
leration forces, soaetiues also very coaplex onee, due to the particular - often sbnormal-
attitudes of aircraft before escape, which act in variable directions. The reesvltant of
the various effects of these aultiple vectors, cozbined with the first more important
vector dul to acceleretion-ejection jolt, can repreeent - at very high speedas of aircraft-
an acceleration factor whioch aay even be considerably superior to 20-22 G and, therefore,
to the average vertebral break load.

This resuitiug force, especially if the body's attitude is not correct, could act on
the epine with an inclination angle of even more than 45° ; thie angle would then become
@ore and wore acute as the seat tuables during fall so that a peak of coampression on vers
tebrae and, therefore, the posaibility of vertebral fractureas may occur alao in the phase
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iamvdiately following the actual ejection.

In the present survey, however, we could find no case of injuries certainly and
exclusively due to epinning and tumbling during free fall following ejection.

Sone cases of contusive injuriea (patechisl facial and subjunctival haemorrasges,
chest contusions with costal fracturea, and 80 on) were found and described, but for the
reasons previoualy ¢xplained these injuries are likely tn be ascribed to the directi dya
nagic pressure on the body, that ies the impact with relative wind ; whilst in the fivret
4 cases lieted in Table I, in which the subjects sustained eingle or muliiple vertebral

fractures, these traumatic injuries were certainly causeed by initial ecceleration -
ejection jolt.

PREVENTION FROM WINDBLAST INJURIES.

Besides by means of careful and preventive training of jet-fighter pilote to assunme
and aaintain the most suitable and correct positions of body and spine during the critical
phagee of escape, aleo in the field of the designing and use of the aircrafte and the res
lative flying equipment measures can be taken to prevent and reduce the injuries due to
ejection.

Before all, the initial hazard in the sequence of escape froa an aircraft is incurred
when the canopy is jettisoned, since even at moderate speede aerodynaamic forces can thrust
a released canopy violently into the cockpit. A well designed canopy should therefore
have g rodynamlc characteriatice which ensure its being lifted well away from the cabin
and aircraft structure when Jjottisoned in flight.

The structural and functional featurese of ejection seates, which are ..ecessary to
prevent the vertebral fractures due to scceleration-ejection jolt, are slready wall known:
to thea, and particularly to the type of propulsion eaployed for ejsction, that is blast
charge and/or rocket, amny factors (nuuber of G, duratisn of exposure to acceleration -
jolt, amccelsration gradient, and 80 on) are related especially for the incidence of verte
bral fractures due to ejection. But thie incidence may be affected aleo by other factors,
often voluntarily variable or adjustable, as :

a) functionsl factors of use (right reguletion of the height of sent back according to
individual eize, particularly the height of torso and the torso,/limbe ratio ; iampro-
veaont of restraining straps, foot-rest and head-rest ; suitab..e location of emners
gency handle of the ejection device, and so on) ;

b) occasional factore, namely speed, altitude and attitude of aircraft at tane time of
ejection ;

¢) individual tactors, namely body height and toreo/liambe ratioc of eubject, body weight/
ejection jolt ratio, position and attitude of heed and torso du:rring ejection, and so
on.

A® regards particularly the reductioir of lethality and the prevsention of injuries
due to windblast and to various factors connected with it (rapid deceleration for wind
drag ; direct aerodynaamic pressure on the body, and flailing of heal and limbs ; tuabling
and spinning of the body during the following free fell), the means which could be ulte=
riorly studied and improved are the following ones :

1) a simple and effective ayetem of automatic retaining, restraining and blocking of
limbs at the moment of ejection in order to avoid their flailing, with automatic re=
leaeing at the moment of sepuration ;

2) an effective systea of stabilisation of the man/eeat complex, deploying after ejection
and before separation, in order to reduce the airspeed, the rotations and the tumbling;

3) an autousatic separation system man/seat, scting in u subsequent phase of ejection, in
order to reduce tiie incidence of the consequences of unsuccessful separation (iapact
of body p?rtn agalnst the siructures of eseat. entangleasnt of parachute into seat,
and @0 on) ;

4) a zaro-lanyard and an automatic timer, whicii automatic releasing of harness and opena
ing of parachute after deceleration and wtabilisaticn of eeat ;

5) a syetem of sure opening and rapid deploywment of parachute canopy.

3y aeans of the coabined use and further improveaent of these smysteams, and of the cg
reful clinicul and medico-legal study of injuries due to ejection and the dyneamics of
their production, 1t will be possible to achieve rapid and considerable further reasults
in the field of flight eafety foi the purpose of preventing theee typicul occupational
injuries and reduciug their harafulness, which 18 still quite high in Aviation accident
patnology.
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ACCIDENT STATISTICS RELEVANT TO WINDBLAST )
CAPTAIN R,E. NOBLE and LIEUTENANT S.W, OLSEN 3
Defence and Civil Institute of Environmental Medicine g
1133 Sheppard Avenue West
P.0. Box 2000, Downsview, Ontario, CANADA i
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-
: { SUMMARY
- ]
3 During the period 1966-1974 injuries were siqnificant problems in e’~ctions }
l N from Canadian Forces (CF) aircraft. There were ninety non-fatal ejections. !
$ Of these, eight crew-members escaped free from injuries, sixty-three received !
! minor injuries, and nineteen received serious injuries. An analysis of the {
: injury patterns indicates that they occurred at both low and high speeds, ;
i Specific problems are addressed and recommendations are made to enhance aircrew ‘
H safety during ejection. i
14 i
Lo |
]
d : INTRODUCTION |
f ; The purpose of this paper i> to report on the injuries experienced by CF aircrew relevant to wind- E
s 3 blast during ejection, and to make recommendations aimed at the prevention of injuries in future ejections. ;
1 3 N
S :
1 ; Many analyses (1, 2, 3 & 4) have been conducted over the years in an attempt to identify conditions j
that cause or contribute to injury in ejecticn from jet aircraft. These analyses have been instrumental :
! in identifying escapa-system modifications that would enhance aircrew safety when crewmen are forced to
‘ use the last means available to them for survival. |
;L . . o '
J { The CF has recorded ninety non-fatal ejections from 1966 through 1974. Of these, eight crew-members :
o ; escaped free from injuries, sixty-three received minor injuries and nincteen received serious injuries. .
1 ; There were ten fatalities, but these dare not relevant to this paper, g
N
ko, TABLE 1 i
1 | NON-FATAL EJECTION STATISTICS 1966-1974 - TOTAL = 90 ;
: ; —. : ‘
! VERAGE INJURIES !
) NO. OF EJECTIONS - :
: Q FORCE (PSI) NIL HINOR _ SERIOUS X
¢ .56 23 3 15 5 '
; 1.3 26 3 17 6 :
! 2.4 14 12 2 H
: 4.5 6 4 2 i
: 7. 4 2 2 !
1 ' Unknown ll 2 lz 2 i
1 TOTALS 90 8 63 19 {
o , i
E : DEFINITION OF SERIQUS AND MINOR INJURIES (5) z
!
" For the purposes of this paper, a serious injury is defined as any injury which: i
? . requires hospitalization for more than 48 hours within seven days of the accident;

1

2. results in a fracture (except simple fracture of fingers, nose or toes);

3. involves severe hemorrhages due to lacerations, and/or severe nerve, muscle, or tendon damage;
4, 1irjuries to an internal oreun; or
5
A

o Al an

. produces second or third degree burns over more than 5% of the boay.

minor injury is defined as any injury which does not meet the criteria for serious injury.

TABLE I1 \
MINOR INJURIES - TOTAL = 63 ;

i;
i

AVERAGE |
Q FORCE (PSI) NO. OF EJECTIONS TYPE OF INJURY ‘
.56 15 Facial ]
1.3 17 Facial N
2.4 12 Facial
4.5 4 Facial/Muscular Aches
7.5 2 Facial/Muscular Aches
Unknown 13 Facial
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From Table II our data disclose that:
a. minor injuries are experienced through all recorded rangas of Q Forces; and

b. the predominant minor injuries were facial, i.e., cut noses, lips, foreheads and muscular aches
including non-specific pain with soreness behind the legs.

Detailed investigation of each ejection has revealed that the following six factors could contribute
to minor injury and that windblast was not the sole factor causing minor injury:

.,ﬂ.-‘,u‘.,,. m':w'—“‘f‘:"’w—r’.‘q
1
i
4
1

2. Certain equipment was not used or fastened properly, i.e., loose restraint systems and/or loose
parachute harness, For example, and I quote: "When my parachute opened, the Quick Release Box
(QRB) moved up over my chest and struck me a severe blow on the chin”, An investigation
revealed that his parachute did not fit him properly.

b. The failure to use visors, For example, another quote: "My visor was up at the moment when the
birds smashed through the canopy". The pilot had facial [.,uries from the bird and canopy
debris.

¢. The absence of a negative "G" strap. Quote: "I was in a negative "G" situation and was being
torced upwards with the result 1 had difficulty reaching down for the D-ring".

A Yess than satisfactory oxygen-mask suspension system which contributed to facial injuries.
Quote: "The windblast seemed quite severe; my helmet came off and the next thing | felt was
the chute opening and blood running down my face". Medical examination revealed that the
pilot's face was cut by the oxygen-mask suspension system,

TR B T S Ty YT T T m YT
[=9
.

e. The design of our ejection seats requires that the user reach {and look) down and grasp
ejection seat handles or D-rings. This posture enhances the chances of injury by placing the
body, particularly the head and neck in an awkward position.

f. The ejectees had insufficient time to position themselves properly prior to ejection, Their
immediate concern was to get out of the aircraft.

In addition, it must be recognized that some causes of minor injuries remain obscure because the
investigating medical officers may have had a problem in determining in what phase of the ejection sequence
the injury occurred, i.e., during egress/windblast, tumbling, parachute opening shock or landing.

TABLE III
SERIOUS INJURY - TOTAL = 19

Xl AR

e

AVERAGE

Q FORCE (PSI) NO. OF EJECTIONS TYPE OF INJURY

.56 5 Contusion to kidnev
Compression fracture T-10, T-12
Compression fracture T-4, T-6
Fractured ribs/torn bladder
Burns

A 1.3 6 Fractured skull
Compression fracture T-1 2
Compression fracture T-1
Compression fracture T-1 1 ]
Compression fracture T-8

Compression fracture D-9, 10, 11, 12

, T
, L1
VT

2.4 2 Compression fracture T-8
Burns
4.5 2 Compression fracture T-12, L-2,
fracture upper arm, broken ribs
Compression fracture L-1
7.5 2 Burns
Burns
Unknown 2 Compression fracture T-11

Compression fracture 7-10, T-11

From Table .1l our data disclose that:

a. serious injuries, Tike minor injuries, are experienced through all recorded ranges of Q Forces
and surprisingly, there is little difference in type of injury in the higher Q Forces; and

b. thirteen of che nineteen (68%) serious injuries occurred at a Q Force less than 4.5 psi.
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In addition, detailed invectigation of each accident indicates that except for the burn injuries,
the ejectees were poorly positioned at the time of ejection or interrupted the rian/seat separation process
by holding onto the ejection seat handles, or flailing as a iesult of windblast. For example:

e

a. “Q Forces .56 psi®. QGuote: “l1 saw the houses ahead and pulled back on the stick as I pulled
the alternate handle, There was a second delay and I thought the seat hadn't fired, 1
reachec¢ for the control column and the next thing I was conscious of was falling toward the

: ground”, He suffered compression damage to T-10, T-12,

v e a—

' b. “§ Forces 2.4 psi". Quote: “l told the Major 1 was quing to eject. [ leaned slightly for-

ward to grasp the D-ring with both hands and sat uprignt as I pulled. In retrospect, !
dbelieve I never made it all the way back to the upright position". He suffered compression ;
fracture T-7 and 1-8.

c. “Q Forces 4.5 psi“. Quote of the medical member's statement. "“The pilot was uncertain of
his position at the time of ejection. He believes he may have heen Jooking over his left
shoulder and down when he pulled the D-ring with his left hand. His poor position in the
ejection seat combined with windblast results in the ejectee receiving a fractured right arm, ;
two broken ribs and compression fractuyre T-12, L-2". i

OISCUSSION

Our data analysis indicate that the effects of windblast are primarily minor facial injuries.
There s little evidence of flatl injury, however, in our opinion, this is related to peacetime flying
when aircrew manage to lower the speed of the aircraft prior to ejection., (onversely, it is postulated
F that there would be an increase in injuries from windblast in time of hostility due to higher speeds and
uncontrollable situations., This postulate is based on the ejection experience of the United States Navy
in Southeast Asia (6). !

- ———

1t is perplexing to those involved with the design of escape equipment to learn that one pilot
may eject at a speed in excess of 300 knots and escape reldtively free from injuries, whereas ancther
may eject under similar circumstances and suffer serious injuries. Fifty-five percent of CF eject.ons
studied occurred at less than 300 knots and seventy percent at less than 400 knots.

i —

and the time available to prepare for ejection, the ejectee decreased his chances of serious injuries,
b Furthermore, the types of serious injuries illustrated in Table III indicate that the position of the
aircrew prior to ejection is much more significant than windblast. While there may be cause for concern
over the potential injuries as a result »f wincblast at high Q Fcrces, our experience has been that these
injuries have been minor in nature and were similar at all Q Forces. Thus, although windblast has major
injury potential, our evidence points to the inadequacy ot helmets, restraint systems or lack of position- {
ing devices as major factors resulting in serious injuries during ejection, ]

S

f This study of each ejection indicated that where maximum use was made of the restraint system
t :

4

- -

The ni?h incidence of facial injuries is in our opinion unacceptable. There are helmets avail-
able that will provide facial protection. However, except in special applications, the expense and
trade-offs, such as visual restrictions and weight of these helmets, exclude them as an item in the
afrcrew personal clothing invertory.

0

———

S The number of aircrew receiving serious injuries 15 equally disturbing. True, the design and

y | production of ejection seats is complex and expensive. Nevertheless, to protect our aircrew the ejection
: seats should have better leg restraints, and especially, arm and head restraints. The additional cost
would be trivial,

) Because we have very few ejections, it is possible that our aircrew become compldacent about their
: escape equipment. Aircrew should be (and in most instances are) kept inforned of the merits of their

] escape equipment, particularly the action they can take to enhance their chances of an fnjury-free

1 ejection. But in addition to this there should be a qreater emphasis or. the periodic use of the ejection
i seat trainer,

)

T TR L it chie

Our data indicate that the present ejection seat equipment will perform reasonably well though
with some risk of injuries. The threat of injuries is compounded in times of hostility when a crew-
member may be concerned with escape and evasion following a parachute landing. The ultimate prevention
of injuries during ejection is the elimination of the need for ejection. Until this is achieved, however,
we must be concerned with the protection of the man tc the very best of our ability.

CONCLUSION

The problem of wircrew receiving injuries from windblast during ejection may never be fully re-
solved. However, the provicion of imprrved helmet equipment and restraint systems combined with an

educa%ion prog-am on all aspects of ejeciion, can greatly enhgnce the possihility of escaping injury on
ejection,

RECCMMENDA T IONS

P T 5

Based on the CF Accident Statistics Relevant to Windblast, it is recommended that:

%
%
i
?
|

a. helimet designers and manufacturers produce a helmet that will provide facial protection but
not at the expense of otner requirements; ,

b. ejection seats have not only leqg but arm and head restraints; and
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c. responsible authorities ensure that aircrew are kept fully informe: on all aspects of ejection

with emphasis on the use of the ejection seat trainer,
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PATHO- QLOAICAL RFFECTS OF WIND BLAST FROM CONVENTIONAL s ¢
Burgecn Gommodore J 8 P Bawlins, OBE, NA, MECP, MFCH, FRAeB, M.

; smeust

4

¢ The patho-physialogical effects of wind blast resultisg fro: crmventional and nuclear explosicus are
; analysed sad related to the effects of wind blast encountered in high-speed aircraft ejecticme and ia air-
s barne aircratt break-up, and to same instances of ground impact. It is cuggested that dats derived fros
atudiec of exploaive blast effects may coautridute to the analysis of aircraft sccidents, asd to the
developrent of protective equipeent for the crewse of high performasmce aircraft.

INTRODUCTION

It may seen at first aighc that a pressantation of the patho-physiclogical effects of blast froce
oxplosion has no plece in an exchange of ianforsatioan cascerned with the probles of escape from wiroraft.
On refiection, hovever, it will be appreciated that the wiad velocities which may be encauntervd by air-
crew who are forced to eject from current high speed aircraft sy be as great or greater than thoos which
are knowm to cause lethal or sub-lethal iujuriee in explosive blast. Alsu that the varicus subeidiary
affects of explosive blast can be identified with similar effects ocourring in airborne high speed escape
ar duriag airtane break-up of high perforsence aircraft.

Sy
V- Tb—

An understanding of the patho-physiclogy resilting from explogicns in alr auy therefore samiribute
to the analysin of injury sustained in certain aircraft accidents, and hence to the developmeat of
protective mseasurses.

In passing it is vorthy of note that the effects of wvicd blast can be effectively sdmulated dy the
! use of shock tubes or vere by exposure to water drag at appropriately lower velocities (Fryer 1961),

‘ in the same way that underwater blast effects can be accurately reproduced in unimals by exposing then

| tc water 'sluge’ of brief aurstion frow high-povered vater cannon. Hence the field for experiseatation
G { in blast elfocts remains open and -offers & ~ather wide variety of techniques.

g e OE———T N 4T

E; DEFINITIONS

3 Hlast is u generel tors used to convey the effect produced when an explosive is detonated in any

- sedius, HRast-produced in implies thoee detrimental changes occurring in an organiem whilat it ie

: being subjec’ed tc the prwesure fiold produced by an explosion, whether such changee are produced directly

it or indirectly by the explogive phencaena.

v,

L' This article examines briefly the physical and prtho-physiclogical sffects of blast resulting froe
detonations in air. Air blest is Nurther sub-divided iato blast from conventional and from uuclear

3 explosica.

3 PHYSICAL FACTORS

Detonation produces a high-speed chemical decomposition of a soiid ar liquid explosive into gas.

Alsost instuntaneously the space previously accupied by the explosive is filled with ges and there is

Y releass of large amounts of thersal ensrgy. The hot gisscus products develop a very high pressure which

i is transmitted to the surrounding wedium and propagated in all dicvectioms as s shoock wave, travelling at

) sbout the speed of ecund. Typically thim i3 a steep-fronted svave riciag in a fev microseccads snt

1 decaying over a period of milliesconds, Jependirg upon the natice of the explosive sand the medium which

r ! surrounds it. Thess also dntersine the character of the shock pulse and the sbeequent phsacwesa.
!

r

EXPLOSIONS IN AIR - 8ee Table 1

These result in:

1. A pressure pulss which emanates radially from an oxplowive scurce at the epsed of somad in eir.
2. A negative pressure componint iwmediately follow'ng the pressure rise.

3. High traazient winde whick accospany the preseure vaviations and vhoss direction usy bde either ’
N puaitive or negative wvith reapect to the explosive source. I

Other effects such am fire and ground shock which are major camtributions to the explosive damage.

A preasure gauge sideways-on to a conventiomal or nucloar explosion will record pressures that rise J
slmost instantaneonaly to & saximus and then decay expauentially vith time to reach a sinisum which ie
less than the previcus ashieat pressure. The time canstant is a function of the type of explosian and
the range from the podat £ detomatian. For conventiomal explosives en overpreasure of 100 pel may bde
associated with duration of 2 » sec. and 10 w sec. for oharges of 50 and 4,000 pounds respectively. In
cmtrast for yields of 1 kiloton the pulse duration 18 of the order of 100 meed., and for 1 megatom of
the order of 1 sec. This fs highly significant wvhen cousidering blast effects for viereas a ocaventional
sxplosive pulse travelling at 1000 ft./mec. vill pase a given padat in 1 meec., so that the pressure pulae
is 1 ft. 1in length, that fras « kilo-ton explosion might take 100 meec. to pass the same paint, repressuting

& pulee 100 ft. in length. 8o that an object in the path of the shock wave would be subjected to a high
pressure squeese over a cansiderable period of time.

The duration characteristice also govern the displacewmsnt ('translatiomn’') of cbjects by blaust winds.
Bhort duration overpressures are accospanied by winds of shart duration and the period that the dlast
vinds bave to accelerate an object is much shorter thar is the case for long duretiom preagures and viands.
In the latter case much higher displacement velocitiss .re likely to be atiained.

R, PP TW b . AL T, e

* This paper was not presented at the Specialist Meeting, but is included in the Prcceedings for reference.
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Table 1 relates wind velocities to the dynamic pressures wvhich they exert upan an cbject in their
path. It vill be uoted that an over-pressure of over 16 pai may be exsrted am aircrew farved to eject
at Mach 1 at low level, and it is canceiveble that oven grenter wind velocities cowld be eacomtered
during ejection from curreant high verformsnoe aircrafi at scme altitudes. The lower wind veloc.ties
say not sees very alarming but it .s instructive to realise that a hurricamsof 120 mph exerts a dyasaio
pressure of anly 0.25 pel, vhich esphasises the destructiviness of comparatively low wind over-pressures.

e RTen T T, T Y T

BLAST PRODUCED [NJURIES

The biolagical effects of blust are custamarily divided into:

1. Prisary - tue to sudden variatios in local pressure.

2. Sscondary - sssociated vith the impact of debris ensrgised by blast, chock, over-pressure,
btlast vindec and often gravity.

3. Tertiary - comprising injuries resulting from gross body displaceseat ('translatiom').

4, Miscellanesus or indirect, eg thermal injuries vemulting from fires imitiated by %ot gases o
damage to structures and saterial. )

e v e

All these aspscts are of equal importance to medical organisaticas but this shurt artiole will deal
only vith the direct effects. It vill examine:

(a) the nature of alast-produced injuries.
(b) development of criteria for predicting different levels of bialogical respmses.
(c) application of these criteria to nuclesr explosians.

It will also indicate how these factors may be related to aircraft wind blast effects.

S TP R TR T e e R

PRINARY EXFECTS

Primary effects have been defined above as those due to sudden variation in local pressure, and are
wuscribed to 'the proesure pulse which enasates radially from an explosive source at the speed of souad
in air'. Ve have already noted that the wvind velocity cucountered in a high-speed air ejecticm may well
be that of tae wpeed of socund in air and hence the effects of the sudden over-pressuire may be expected
8 to resesble those produced by the shock wave from an explosiom. I cannot claim, however, to posesss
Y evidouce to canfire this posaibility. There may, however, be sime present vith ware receat aad
: ' detailed experience of high speed ejectian who are able to evaluate thie point.

¥ - Typically damsge resulting from a sudden variation in enviransental presaure due to explosions

L produces lesions at or near the interface between tissues of different densities. Alir comtatning
argeas are especially affected and the mechaniam of injury may be that scastimes referred to as

"Spalling”, an effect produced when a shock wave travelling through one sedius reaches an interface with

. snother in whick the speed of sound is substantislly lower. In undervater explomicns the shock wave

} travelling through the water at approximately 1450 m/sec traverses unimpeded through the tissmes, but

there 18 a negative reflecticn at the interface with an air-cantaining cavity across which the shock

: vave velocity will be substantially lover (about 1/5th), resulting in turbulence and disruptiom of the

1 tissue medius. Since roughly similar effects are found in air explosicas it would appear that the

airborne shock wave accelerates vhen traveraing the tissues but undergoes a esimilar negative reflection

vhen it encounters an air-comtaining body cavity.

L In the lunge there may be masaive huemorrhage, especially sub-pleural, rupture of alveali and the
format{ion of sub-pleural bullse. Air escapes into the circulation and travele to the mediastinum,
thence to the heart and asygos eystes and results in esmbaliem in various organs of thy body. It ie

1 likely that the central nervous systes sywptoss of videapread brain hassmorrhages observed in VYoarld var II

{ blast victime who had no external injury remilted from air embaliss. Air esbalism within the corcmary

- arterial system leads to myocardial ischaemia and perhaps vardiac failure, a cause of emrly demise in

sany ceoes of explosure to blast.

§ lats deaths say result from pulecnary insuffictiency due partly to the direct effects of the over-
pressure and interstitial harmorrhage, partly to sultiple small eubolic foci within the lumge leading to

pul:ma vedema. Comparisom of these injuries with thowe of lethal high speed ejections would be most
instructive.

BECOMDARY EFFICTS

Bacondary nissiles produce a variety of injury inciuding lacersticns, comtusioms, penstrating
wounds and fraclures, depending upon the mass, profile, velocity and angle of impact of the missiles and
the area of the body invalved. These have been the subject of extemuive studies in vound ballistics
labaratories. Natural sequelas include death of tissue consequent upam vasculer damsge and' serious
infection, particularly where sorous cuvities are penetrated. Such typicel secondary effects have been
observed in aircrev wheu struck bv pieces of acrylic trom ruptured canopies. or by pieces of structure
in air-to-air ccllisems. They have also been nnted in victime of high epeed uircraft breakup.

TERTIARY KYYaCT8

Displucement or traaslation of the body may result in injury, often gross, either direotly due *o ths
accelerations imparted by blast winds or indirectly due to the doceleratiams resulting from impect with
other fixed ar goving objects. The degree of injury, of course, depends upen the magnitude of the
accelerative or decelerative farces, the time and distances over which they aot, shape, area aad resistance
of impact, and 80 m. There is u good deal of informatiom in the litsrature relating to quamtifioatiom of
these tertiary effects, mainly emanating from the Lovelase Foumdation, which may well be of 7alue in
attempting to deterxine aircraft velocities where airorev lave oome into callision with the capeanage or
other structure, or with fixed cbjects in the event of ground impacta.
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BICLOGICAL CRITERIA

- Malogleal oriteria for blast demege relsce levels of blalogical respamse to levels of variatioca

§ in the imssdiate euvircnment and are established by obeervaticn at the scens of actual disssters, by

L aninal and bumen experimentatiom, and by derivatiocn amd extrapalatica from experience of related

{ oircumstances such as a‘reraft ssat ejection. In this way a good deal of inforwation has beem adassed
' wbich peruiis reasomably valid predictione to be sade. :

; PROUEY BLAST KIYSOTS - Lee Table 2

A Primary blast damage is largely a fmotiam of the character, sagnitudes and rate of pressure rise
' and fall, and the duration of the pressure pulse. Far classical wave forme, that is to eay a steep-
franted vave rising in a few microseconds and decaying expamentially with time in the course of 1 -
1,000 millissconds, very amall overpressures are hasardous, provided that the pulse duration exceed
scme minimus which is speciee dependent. VWith very large over-pressures the duration becomss pro-
greasively less oritical, and 50% lethality (x.n,o) plots indicate that for pressures exceediag 100 pai
a duratian of 10 ssec. will exceed the LD5° for"most species whioh have besn examined.

{ STCONDARY 1) AST EFFEC?S -
(a) Ponetrating Misgiles -~ See Table 3

8tucies of the penetratics of a 10 gun. glass fragwent at ispact velocities of up to 300
u./vec. have been camducied at the Lovelace Foundation. JFros these observatiocns predictime
have besn made for glass fragwents ranging frow 0.5 ga. to 2 gu. mass, with impact velocities
of 30 - 300 a./8ec. A8 would be expected, penetration is directly related to both velocity
and sase, and is expresssd ia the equatian.

log v = 2.5172 - log (log m + 2.3054)
+ 0.48h2p
viere v = inpact velocity in f£t./sec.
s « mags of fragsent in gm.
p = probebility of penetration.
Here again there may be a lesson to be learnt in aircraft sccideat analyais.
(b) Nop-pepetrating Missilee - See Table b
Although bluat impacts over the heart, liver and epleen may prove fatal the sost oritical area

for lethality is the head and a good deal of information relating to akull frscturing loads

::ld.:lpnt velooities has been asassed from studies directed at the developwent of protective
te.

In general these can be susmariesed as indicating that fracture of the unprotected adult humen akull
will result from impact velocities cxceeding 518 cm./sec., average decelerations exceeding 500 g.. or
1 peak decelerations exceeding 750 g. If the hoad is regarded as having an average wame of 10 lbs. it
1 follows that ispact with a 10 1b, blunt objeot involving these velocities or asceleratious will result

- in skull fracture. In other varda skull fracture will result from a load (foazce) of 5,000 1bs. (mase x
: acceleration).

TERTIARY BLAST EY7ECTS - See Table 5

Studies of impacts with a hard flat surface to determine velocities in several memmalisn
spacies have been extrapolated to give an LD, welocity for a . nommal of 800 ca./800., OF, 8y,
an LD1 of b” OI./M. and LD” of 915 e.o/ .

These extrapalations, although crude, are of the order of thoee applicable to head imjury, and
since the latter is the most frequent determinant of translational lethality it has been suggewted
that these figures may be tukan as biological criteria for tertiary blust effects. However, they amly
apply to direct iwpact with a rigid, flat surface, and do not take into acoount the tumbling which is
characterietic of bodies displaced by blast wvinds. For thie reascn it 19 now generally ccuceded that
the LD, threshold for tertiary blast effects should be raised by at least 50%. The latter figure is
probabl¥ sore realistic for siailar effects in airoraft accideats.

bracoasta

It 19 uy impression that comparative little of the foregoing material has been used either in the
interpretation of aircraft agcidents, or in the logical development of protective equipment designed
to cope with very high speed ejections, (with the exception of the design of crash helmets). It seems
likely that the comocept of jettisonable cabins will became more and more the escape vehiole of the
future, but iz the pressut financial climate there are likely to be many nations which will kave to
oconsider the least expensive crew protective devices compatible with un effective air defence force
end a vost-effective approach to airorev lose and airorew training.
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I believe there are useful lessmns to be learned from the foregoing and if thie brief MuamaTy
mucceeds in stimulating some thought in this directiom my purpose will have been accomplished.
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This presentation is derived from my article in the Journal of the Rayal Naval Soientific
Service, Valuse 29, No ¥, 197 which was based largely upom the work of the Lovelsce Foundation
and particularly upon the air-blast data borrowed from papers by C 8 Whits. Other information
has been derived from my own wurk on the desiga of protective helmets end cm aircraft escape,
and also from a variety of papers ssny of vhich are classified and heace cannot be referensced here.

However I asm confident that sayoms wishing to follov-up the work will bave 1ittle diffioulty in
locating further inforsatica.

TAKE 1. ' TANLE 2.

APPROXTMATE RELATIOMSHIP BEIVERN DYMAXIU PRESSURE? TENTATIVE CRITERIA FOR PRIMARY BLAST EFYECTd
AND VIND VELOCITIES C:JOULATED FOR SRA LEVEL

COMDITIONS (adapted from C 8 Whits) (Adspted fros White)

A 353

JMax overpressure ia psi | Wiad velocity in wph Critical organs Related
or event sax-pressure (pai)
0.02 &0
0.1 70 lung damage threshold 1%
(2).6 g lethality: threshold 30 - &2
8 470 50% L2 - %7
f,g 3.7,3 95 - 100% 58 - 80
125 1500 Bardrus failure
TARLE 3.

TRNTATIVE CRITERIA FOR SKCONDARY ELAST KFYECTS®
{Adapted from White et al)

Related velooity for
c‘iz"ﬁ .::m 10-gn glrvlwtro:put
&in laceration:
Threahald 50
Serious wounds:®
Threshold 100
SO percent 180
Hear 100 percent 300
TANLE &,
THE RAMGES OF INPACT VELOCITIES ASSOCIATED WITH
RIPERINRNTAL FRACTURR (O THE HUMAN SKULL
(Adapted frow White)
rox. Qe
mt T e :"‘{;:L Sumber Practures
x ::du ph in. subjects perceat
13, 5-14.9 9.3 » 9 19
15-16.9 10.9 &8 10 22
17-18.9 12,2 61 12 6
19-20.9 13.6 75 1 2h
21-22.9 15.0 91 Y 9
Total b6 100

Minisus velocity with fracture - 13.5 ft/sec (9.2 aph)
Mavirus veluwity wash fracture - 22.8 ft/sec (15.5 mph)
Haxisus velocity without frasctare - unstated.
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TABLE 5.

TINTATIVE CRITERIA FOR TERTIARY BLAST EFTECTS

(Adapted from White et al)

Criticel nrgan
or eveat

Related impact
velocity
ft/sec*

Total dody:

Nostly “aife”

Lethality threshald
Lethality 50 percent
lethality near-100 percent

Scull fraoture:

Hostly “safe"
Threshald

50 percent

Near 100 percent
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LESIONS OBSERVEES APRES EJECTION A GRANDE VITESSE
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] RESUME

L'étude présentés porte sur 256 éjections dans les Forces Aériemnnes Frangaises,
riparties entre 1960 et 1974 et reulisées i des vitesses comprises entre O at 750 nosuds.

Les résultats statistiques globaux donnent :
e 47 ejections mortelles (18 %),

S EID OY

-~ 209 " réussies (82 %), {le pilote arrivant vivant su sol sans teair
compte des blessures éventuelles qu'il présente).

« 130 casques (51 %) et 1O masques (15 %) perdus & 1l'éjection.

Ltunalysn plus ditaillée des @jections effectuées au-dessus de 400 noeuds
(23 cas) montre que les effets du souffle apportent une accentuation importante des déglte
causés aux personnels et aux équipements de tlte. Le pourcentage des morts reste de 18 ¥%,
muis celuil des blessés est de 78 % contre 35 % dans la statistique générale et celui de la
perte des equipements de 78 % pour les casques et de 40 % pour les masques. Dans un seul

cas, le pilote est urrivé indemne au sol. Les lésions rencontrées vont de la simple ecchy=-
] mose Aux arrachement:s de membrus.

r Ces données correspondent approximativement & celles des statistiques des
i Armées de 1'Air Etrungéres,

. Dans beaucoup d'accidents, il n'est pas toujours possible de faire la part

entre les lisions duce au souffle proprement dit et colles qui ont des causes associées,
voire indetermimées.

Trois cas particuliers spicialement démonstratifs des effets du souffle se-
ront analysés en dotail,

) i INTRODUCTION

L'évacuation d'uan avion en détresse au moyen d'un siéye &jectable offre en-
core de nombreux dangers et engendre un taux non négligeable de blessures de toutes sor-
tes. Il est clairement dimontré que la phase allant de 1'éjection proprement dite au
déploiement du parachute est de loin la plus délicate, source de prés de 70 % des la-
sionss. La vitesse au moment de 1'abandon de bord est une cause importante des lésions.
En effet dds sa sortis de 1l'aéronef l'ensemble sidge~pilote va se trouver placé brus-
quement dans un milieu qui se déplace par rapport & lul & la vitesse relative de l'avion
au moment de l'évacuation. L'ensemble siéye-pilote est ainsi soumis & une force qui va
dépendre du ss forme, de sa surface d'exposition, de la vitesse et de la maasse spécifi-
que de l'air, La force exercee par cette pression dynamique est donnee par la relation :

.o e — —

P ———

. 1 2
Fow .595 Ve Cx

s aurface du mobilou.

P = magse spocifique de 1l'air,
5
v

= vitesse corrigée,

e sSSP

! Cy = coetficient de trainée (variable selon la forme de liobjet).
!
]

JlLes effets sur lu corys humain au cours des évacuations d (rande vitesse est
. essentiellemant dus au vent relatif. kEn d'autres termaos, seule compte la vitesse corri-
' g#e du mobile.
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Ainsi une force considérable peut s'exercer pendant un temps relativement
court sur l'ensemble sidge-pilote et occasionner sur liorganisme humain soil directe-
ment soit indirectement des lésicns graves voire mortelles. Si l'on admet que la sur-
face du coaple sidége-nilote est voisine de 1 w2 ot que le coefficient de trainée est
voisin de 1, & une vitesse corriiio de 500 neojsuds un hopme sur son aidge est soumis
4 une force d'environ 4.500 kg/u®. Ura telle force de tialnée conduit 3 une décéléra-~
tion extrlmement rapide et si pour une raisvm ou une autre un membre est projeté sur
le c8té du sidge le simple calcul nous permet de rondre onspte de l’amplitude des
charges de flexion appliquée & ce membre et d'expliquer les lésions survenant.

Nous avons effectué i cet effel une étude portant sur 2356 éjections réali.
sées dans les Forces Aérierines Fran caises au -nurs de ces quinse derniires snnées
(1960-1974) pour des vitesses comprises ontre 0 et 750 nosuds.

I ~ STATISTIQUE GENSRALE -

Les résultats statistiques globasux donnant

¢ 47 $jections mortelles (environ 18 %)
¢ 209 éjections réussies (environ 82 %)

On entend par éjection réussie le fait que ie pilote airrive vivant au sol
sans tenir cowpte des blessures éventuelles qutil présente. Dans notre cas cesblessu-
res, de nature plus ou moins grave, apparaiscent dans 35X des éjections.

Les déghts causés aux équipements sont importants surtout en ce qui concerne
1'ensembly de tdte, c'est ainwi que 130 fois (54 %) le casque s été perdu et 39 fois
(15 %) le serre~t8te et le masque ont &té arrachés.

Afin de déterminer les effets du souffle nous avons repris et analysé plus en
détail 23 doesiers d'éjections effectudes 4 des vitesses égales o. supérisures a 400
nosuds, Les résultats statistiques globaux indiquent une nette accentuation des dégats
causés aux personnels et aux équipsments de t8te. Sur 33 éjections il y a & tubs, 18
blessés et une seule fois le pilote est arrivé indemne au sol. La perte des équipe-
menta de t8te est importante, en effet le casque a $té perdu 18 foi~, le serre-téte
ot marque 10 fola bien qu'il ne soit absolument pas possible de relier directement
cette perte & l'importance de ls vitessw.

De telles données correspondent approxiuativement a& celles des statistiques
étrangéres. Le pourcontage des éjections au-dessus de 400 noeuds (9 X dans notre sta-
tistique) est cependaont légérement supérivur i celul rencontré dans 1'U,S. Navy et
U.S. Air-Force en temps de paix (6 X des éjections),

Il - LESIONS UBSERVEES -

L'étude analytique montre des lésions trés différentes entre les abandons de
bord effectués & basse vitesse et ceux effectués & trés grande vitesse. Les lésions
observées lors des éjections i grande vitesse sont souvent causées scus l'effet de la
force exerrée par le vent relatif.

Dans beaucoup dfaccidents 1l ntest pas toujours possible de faire la part
qui revient aux lésions dues au souffle proprement dit et celles dues & des causes
associées voire indéterminées. Cependant certaines blessures plus spécifiques, a loca~
lisation précise, peuvent 8tre attribubes & L'effet de la force aérodynamique du vent
relatif dés la surtie de l'ensemble sidge-pilote Jde l'avion. Ellas vont de la simple

ecchymose faciale & l'arrachement d'un membre avec mort,

-Perte de connajssance,

La perte de connaissance est un symptome que 1l'on renrontrs souvent lors des
@ jections a grande vitesse (& cas sur 2)) dans notre étude. Elle dure quelques secon-
des,parfois plus, le pilote ne reprenant sos esprits qufune fois suspendu au bout de
son parachute, Au cours d'une enquéte un pilote raconte les faits suivants : "ddés 1la
sortie de l'avion je ressens un coup de vent extrlmement violent contre le visage, j'ai
senti que je mourrais en tournoyant ... ensuite j'ai vu mus pieds, la tache d'écume
laiwsée par mon aviou et mon masque & oxygéne qui pendait ; jc n'ai jamais vu le sidge
et je n'avais pas le rideau a la wmain".

«Les lémsions cutanses et muaculaires,

Dans plus de 70 % des cas les sujets présentent des lésions cutanées de type
ecchymotique sur les différentes régions du corps imprimant au niveau du thorax e\ des
membres supérieurs des traces de pression et de friction importante du harnais ou des
bandes plus ou moins étendues légirement ecchymotiques avec de petites suffusions hémor-
ragiques et des pétéchies (10 cas dans notre statistique). Les lésions sont parfaite-
ment nottes au niveau de la face et sont accumpagnées dev plaies (16 cas), de petites
hémorragies sous-conjonctivaleas (10 cas) avec parfois un oedéwe palpébral plus ou moins
accentud (3 cas).

~Les myalries musculuaires diffuses avec des hématomes plus ou moins étendus,
les courbatures g‘neraliv ev sont la régle et persistent pendant plusieurs jours
(18 caw).
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-~ Les lésions pulmonaires .

On a pu observer 2 cas de blast pulmonaire 1l'un relaiivement bénin avec
signes cliniques (sensation d'étouffement, halétement, géne respiratoire) et signes
radiologiques (images siégeant aux bases pulmonaires) l'autre mortel avec signes ana-

1 tomo-pathologiques classiques (suffusions alvéolaires, hémorragies et oedéme & 1l'au-
i 1 topsie). _ Les lésions traumatiques -
Yy Les membres supérieurs et inférieurs sont inégalement touchaos, les lésions

vont de la simple contusion A l'arrachement d'un membre, La luxation du newbre supé-
rieur s'observe de temps en temps. En efiet sous l'influence du souffle un des bras
tenant le rideau est projeté vers l'grriére et le haut. La combinaison de ce mouve-
ment réalise un point de friction et“pression sur 1'aisselle et la face interne du
biceps et enuitraine uno violente douieur de l'épaule et du bras qui pend i arie le
long du corps. Tout essai de mobilisation déclenche alors une vive douleur cependant
les radingraphies ne montrent aucune lésion osseuse, la douleur cesse assex rspide-
ment et la mobilité est récupéree en quelques jours.

..t1n6o“&s.ooo 4 10,000 pieds les deux rescapés ont présenté entre autre des lésions
des membres inferieurs ! luxation des deux genoux pour le pilote et luxation du genou
gauche et fracture du fémur droit pour le navigateur. Dans les deux cas il y a eu rup-
ture du ligament latéral interne et des ligaments croisée. En outre chex le naviga-
teur 1l s'agissait d'une luxation ouverte par rupture de la face istérale interne dJdes
tissus du genou. Ces lésions sont consécutives au phénomene du souffle. Les genoux ont
travaille en rotation externe et se sont luxés ! ceci explique la déchirure des liga-
ments latéraux internes. La ruisee droite du navigateur fracturée dans un premier tems

}
L
{
% A la suite d'une duuble éjection & une vitesse voisine du son & une altitude
i

a protégé les mouvementas du genou et expligue la non luxation du genou droit, ;
Catte djection est ancisnns et le type de siége utilisé ne possédait pas de ]
systéeme de retenus des jamboes.

Les fractures nombreuses affectant un ou plusieurs segments de membre sont
parfois neottes parfois réalisent un véritable fracas osseux. Nous avons pu également
observe dans 2 cas un écartilement de membie irférieur par disjonction de la symphyse i
pubienne,

STATISTIQUL GLOBALE
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111 - OBSERVATIONS PARTILULIERES -

A l'aide de ) cas particuliers trés damonstratifs nous allons reconstituer
les mécanismes physio-pathologiques des lésions, grice aux témoignages, aux études
théoriques, aux calculs de trajectoire, & l'examen des équipements (siége, vitements de
vol, parachute, canot), aux clichés radiologiques et nux données de l'autopsise,

' OBSERVATION 1 |

a) circonstances de l'accident,

Au cours d'une mission dlentrainement A ltinterception, une collision avec
un autre avion se produit 4 une altitude de 20,000 pieds et & mach 0,9, Le pilote res-
sent un choc trés violent, pensant & une explosion il décide de s'ejecter, Il eamsais
d'attraper le rideau du sidge Martin Paker mais ne peut lever la wain gauche en raison
des mouvements dé-oidonnéa de 1'avion, il réussit cependant A& saisiy la poignée haute de
la main droite et & @irer, 1'éjaction re produit. Immédiatement il ressent une doulsur
au niveau de la colonne vertébrale, un asouffle trés violent et une sansation de gine,

d' $touffement, de respiration saccadées, d'haldtement. L'équipement de tlte est arraché,
Aprés quelques sensations bréves dn rotations la descente stabilisée a lisu et les sé-
quences attomatiques e'effectuent normaloment. Le parachute pilote se déploie & une al-
titude d'environ 6.000 pieds, le choc & liouverture réveille la douleur vertébrale. La
descente ae termine sur us terrain trés avcidenté et le pilote ressent de nouveau une
violente douleur vertébrale.

b) Examen des léeions,

Le pilote trés choqué, souffrant énormément, respirant difficilement, pré-
sente & l'examen externe dee plaies multiplus de la face avec scchymoves et pétéchien,

Les clichés radicvlogiques indiguent :

- au niveau pulmonaire, des images typiques de blast pulmonalire miégeant aux deux bases
affectant un aspect emphysémateux,

~ une fracture taswement importants de D; avec lésions probables de 05 ot D7.
o) Examen des équipements,

l.e sidge n'u pu 8tre retrouvé, l'avcident ayant eu lieu au-dessus d'une ré-
gion trus montagneuse et isolée.

Auchin renseignement complumentaire n'a pu également &teé apporté par l'examen
dea vitements de vol et du gilet de sauvetage, car ils ont &té découpés lors de l'hospi-
talisation du blessé,

d) Reconatitution de 1'accident et mécanisme pathologique des lésions,

A la suite du témoignage du pilote, de différents calouls, il est possible
de reconstituer les événements.

La décision d'éjection par le pilote a @té priss aux environs de 20.000, 11
atéjecte & 15,000 pieds & la vitesse de 0,9 wach = vitesse corrigés 470 noeuds. Du fait
ubme de la configuration désordonnée de 1'avion, de la position "en ocatamtrophe" du pi-
lote au moment de 1'éjection | la lésion traumatique vertébrale survient au départ du
sisge, Cleost d'ailleurs a4 ce mwomont 1d que le pilote ressent sa douleur. Dis la sortie de
le t3te du sidse la protection feciale par le rideau masque étant insuffisante du fait
de la traction dyssymétrique du ridesu, l'équipement de t8te est arrachii svus lleffet
du souffle : perte de la coquille, du serre-tdte vt du masque qui est msectionné au niveas
supérieur de la chenille. En effet Ja partie supérieurre du corps du pilote a été soumis
a4 une pression dynamique d'environ 450 millibers.

Caci permet dlexpliquer d'une part la survenus d'un blast pulmonaire et
d'autre part les piaies Taciales qui peuvent 8tre duss soit & ll'arrachemnnt du casque
ot du masque soit 4 la foroe aarodynamique,

: !
1 OBSERVATION 2 1
t t

a) Circonstances de l'accident,

Lors d'un exercice de poursulte effectué par une patrouille au-dessus de la
mor, le leader pord contact uvec son dquipier, les élaments de vol sont les suivants !
altlitude 15,000 pieds, vitesse 390 noeuds. Qualques instants aprés le leader en virage
4 gauche apercoit presqu'en-dessvus de lui une gerbe en cours de dissipation qui laisse
place 4 une toche verte parfajitement ronde d'environ 50 m, de diamétre, il descend et

voit le canot pneumatique & une dixzaine de métres a Llextérieur de ach
Les plongeurs anoyég sur place dzcouvront e canot inc}fnz 2 36'. au 3/4

immergo. Lo sangle de Jisison desceand vers le pilote qui est retrouve déckdd, attaché
par son harnals tete dirigie vers la surface, sans équipement de tdte, biras et jambes
enmbléen dans les suspemtes Mae West mow gonflbe, ocmbinaison st pantalon anti-G dé-
ohires et sans Ghaussures
b) Examen des lasionws.
Le sujet presente de nombreuses ¢cchymusem avec petéchivs au niveau de la

tace ot du thorax avec predominsucs.a gsuche. II'I a luxation du rouddA gouelie et die-
Jonction de la symphyse pubienne libe & un ecartelement avec plais profondo et large
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du périnée et hémorragie importante.

c) Examen des équipements.

La voilure du parachute présente des dichirures et des brulures légires
dans l'ensenble, le harnais est en bon état mais sanglé d'une fagon dyssymétrique.

Les effets de vol sont endommagés : dachirures des jambes droite ot gauche

de la combinaison étroite, absence de la jambe droite du pantalon anti G et déchirure
de la Jambe gauche. '

Il en est d¢ mime du gilet de sauvetage qui laisse apparaitre la vessie
4 droite et 4 gauche.

d) Reconstitution de l'accident.

* Bien que prive d'informations précieuses telles que la vitesse, et 1'alti.
tude dféjection, les témoignages du leader, l'examen des lésions et du matériel ont
permis d'émettre des hypothéses sur les circonstances de cet accident.

Lt'avion a percuté la surface de 1l'eau sous une incidence proche de 90° :
tache parfaitement ronde. L'éjection s'est faite pris de la surface de 1l'eau, environ

1800 pileds & vitesse $lavie, impossible & préciser, mais treés supérieure a 400 Kt, vu
ltattitude en pioud de l'avion.

Les ecchywoses multiple . de la fuce et du thorax montrent que 1l'éjection
a d0 se faire sans la protection du rideau, leur gravité liée . & l'arrachement de l'en-
semble de l'équipement de tdte monutie que l'éjection a dd a. faire & grande vitesss,

Ltécartilement ast la conséquence d'un mouvement des jambes vers llexté-
rieur ot vers l'arridre et indique la non efficience pour une raison indéterminée du
systime de rappel des jambes au moment de l'éjeccion.

Ltabsence d'autres lésions tend i montrer que l'impact & l'arrivée sur
l'sau s'est fait parachute ouvert normalement,

Enfin les détériorations de la voilure étant winimes, l'ouverture a donc
du se produire dans le domaine d'utilisstion du parachute,

Parmi les hypothéees échaffaudées sur le dérculewent de l*'éjection nous re-
tiendrons celle-ci !

le pilote décide de s'éjecter et actionne la comsande Laute, le sidge part, les
rappela de jambe ne jouent pas leur rlle. Dés la sortie de l'ensemble siége-pilote sous
1'effet de la force aéradynamiqus le pilote est écartelé, le ridesu et l'équipsment de

tdte sont arrachés, RBnsuite l'ensemble des séquences automatiques de 1'é6jection semble
8'$tre norsalement déroulé.

L' importance des lésions su sortir de l'avion guffisent & expliquer 1la

mort du pilote. L'autopsie qul n'a malheursusement pas été pratiquée aurait permis de
le confirmer.

t t
1 OBSIRVATION ] ¢
t !

») Circonstances de 1l'mccident.

Au cours d'un retourncment de combat & partir de 30,000 pieds, l'avion se
wet en piqué & 70° pour une raison indéterminée. Vers une altitude de 13,000 piuds
jugeant, cowpte tenu de sa vitesse (mach 1,2 - ()0 noeuds), qu'il n'avait plus la pos-
#ibilité d'effectuer une ressource, le piiote a pris la décision de s'éjecter. Mima

feu au moven de la poignée haute le widge s'est séparé de l'avion a 1'altitude estimée
de 9000 pieds 4t une vitesse corrigée de 690 noeuds.

Les séquences automatiques de 1'éjection s'étant sffectuées normalement, lae
parachute-pilote s'est diployé & une altitude approximative de 33500 pieds. La descente
se terwine dens un petit Stang 4 500 wmétres de l'impact avion. Le pilote a Até retrouvé

d‘:‘d&. flottant A la surface. La Jembe gasuche arrachée est retrouvée a JV0 métres de
Alétang.,

b) Descripcion des lérions.

L'examen externs montre :
- des lésions de la
rales),
- des fractures des deux humérus,
un abdomen ouvert avec éviscération partielle du bsssin,

un arrachement du membre inférieur gauche au nivesu de l'articulation :
sscro-iliaque,

= des fractures des deux fémurs dont uue ouverte i droite.

L'examen radiologique post-mortem a wmis en évidence les lésiuns suivantes :

- une fracture multifragmentaire du tisrs moyen d: 1'humerus droit, ! i

une fracture du col chirurgical de l'uumerus gauche avec luxation de la tlte
humérale,

= une fracture transversals sans déplacement du corps des 2 omoplates,

face (fracture du nasz, ecchymomses périorbitairves bilate-
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- une luxation sterno-claviculaire gsauche,

une fracture de Dg tassement latéral gauche,

une fracture-luxation 4du sacrum avec disionction dea deux articulations
sacro-iliaques (rotation de 90° du sacrum) et disjonction de la symphyse
pubienne,

- une fracture symétrique du tiers moyen des deux fémurs,

= une fructure de la stylolde du V* métatarsien gaucha.

La radiographie pulmcnaire montre des opacités arrondies ou ovalaires i con-
tours flous et estompés, prédominant essentiellement au niveau des bases,

Lt'autopsie nous a révéié on particulier au niveau des poumons des marbrures
importantes avec hémorragies en surface, un aspect emphysémateux, osdémstsux. A la
coupe les lobes sont crépitants, rosés, spumeux et cedémateux,

Nous avons noté un infarcissement des lobes supérieur et inférieur de chaque
poumon. L'examen histologique a conclu & des lésions d'oedéms pulmonaire sur un fond
dtalvéolites catarrhales st hémorragiques au stade aigu.

L'examen du péritoine, de l'épiploon, des intestins, du mésentére, de la rate,

de la vessie, de la prostats et du pénis n'a pu 8tre pratiqué, car ces organes ont
disparu & l'éviscération,

Les oxamens histologiques du carveau et de la moelle épiniére ne mettent pas en
évidence das lésions pathologiques.

¢) Examens des équipenents.

Les déformations trés importantes constatées lors de )'examen du siége sont
dues aux effets de l'impact sur un sol dur, La structure du siége avait &té soumiae au-
paravant aux contraintes sévéres de 1'éjection a grande vitessov. Il est toutefois fonda-

mental de souligner qu'slles ntont en rien affecté le déroulement normal des séquences
automatiques de l'éjection,

Le fait essentiel A retenis dans 1l'examen des équipements-sidgae est la perte en
cours d'éjection des deux jarretisres des wserro-jambes dont une seule a #té rctrouvée

plusieurs jours sprés l'accident, rompue au niveau de la boucle de serrage, & 7 cms de
l'extrémité du bout mort.

Les vitements de vol sont tres endoamagés : couture du bloveon de cuir éclatde,
pantalon anti-G, combinaison de vol st sous-vltements déchirés et en partie arrachés,

d) Reconstitution de 1'accident et mécanisme physin-pathologiques des lésions,.

A la suite des témouignages, des études sur simulateur Mirage "7 _ et des cal-

culs de trajectoire il est possible de fixer les paramétres & l'instant od la décision

d'éjection a 4té prise par le pilote : altitude 15,000 pieds, nombre de Mack 1,2 - vi-
tesse corrigés 630 noeuds.

Las mise &4 feu du siege a &té réslisdée par traction sur la poignée haute., L'é-~
jection automatique de lu verriére a été normale., L'enqulite a établi que le serrage
des'sangles du harnais est insuffisant. Le caractdére dyssymétrique de la fracture est dfi
a uie mauvaise position du pilote at 1a lésion trsumatigue survient au dépari du siége.

Toutes les autres lésions surviennent quasi-simultanément et sont dues au souf-
fle. Dés la sortie de 1la t8te du siege, le rideau et la partic supérieure du corps du
pilote est soumis & une pression dynamigue légérement supérieure 4 1,000 millibara. De oe
fait le rideau a #té projetd en arrisre ainsi que les bras du pilote. Ainsi apparaigsent
les fractures de l'humérus druit, la fracture luxation de 1l'huméirus gauche, les fractu-
res des omoplates et la désinsertioa sterno-claviculaire geuche, Simultanément l'ensem-~

ble de t8te a été arracha, ce qui a permis d'observer des lisions de blast rencontrées
au niveau des deux poumons,

Pour les léuions des membres inférieurs et l'arrachement du membre inférieur
gauche, 1l semble qu'lil en soit de méme. En effet, a 1'éjection du sisge, il 3e produit
un wouvement symétrique des jambes vers l'exterieur, cetts hypothgi' est verifiée par

]

les empreintes retrouvées dans les logements des embouts coniques ux sangles de rap-
pel des jarretiéres.

La jarretiere¢ gauche ntaurait pas accompli son office de maintion de la jambe
tres probablement & cause de sa rupture (en effet une jarrotiére ¢ été retrouvée rompue
au~dela de la position de serrage, mais il n'a pu dtre daterminé ui celle retrouvée était
la gauche ou la droite). La jambe gauche est alors projetée verr ltarriére et vers le
haut & hauteur du “connector" et heurte au niveau du fémur le montant latéral gauche du
dossier du siége. En effet on retrouve la chenille d'oxygéne écrasée et en partis sec-
tionnee par le montant gauche et la plaquette de fixation du "connector", Les radiogra-

phies montrent l'aspect particulier de 'a fracture avec rotation en dedans du fragment
intérieur.

Ltamplitude de ce mouvement de la jambe vers ll'extérieur a été rendu possible
par la dislocation lombo-sacro-iliaque et la jambe gauche qui n'est plus retenue gque
par les tissus musculaires est arrachée par l'effet du souffle qui est alors suffisant,

o
‘ﬁ
;
3
a
f




La similitude de fracture du fémur droiti implique un processus identique et
fait penser que si la jarretiére droite a rempli son office de rappcl de 1la jambe en
début d'éjection (empreintes dans les logements des embouts coniques) sa temus ulté-

rieure reste indéterminée, maiv laisss supposer une rupture des deux jerrstidres seus
i'effet du souffles.

I1 est intéreasant d'évaluer les sfforts subis par le wembre iaférieur du pi-
lote su moment de la sortie du sidge de la cabine.

Le calcul théorique a permis de préciser que dans ces conditiens les meabre
inférieur du pilote avait été soumis 3 une force de 835% kg, ce qui permet d'expliquer

les déformations subies par le systime de retenue des jambes, les fractures et arrache-
ment des; membreas.

%
!

CONCLUSION -

B e

Les effets du souffle au cours dss djec.ions & grande vitesse provoquent des
déghts importants aussi bien aux personnels qu'au matériel. Les blessures rencontrées
an dehors des lésions classiques sont plus spéoifiques et proviennent soit de lleffet
direct woit de l'effet indirect de la force aérodynamique ¢xercée sur le¢ corps humain.
Au-dela de 400 noeuds elle peut etteindre plusieurs tonnes ot permet ainsi d'expliquer
1'arrachesent de 1'équipement de t8te, les lésions de la face, les traumatisses graves
des membres supérieurs et inférieurs (luxatioas-fractures), les disjonctions articulai-
res ot ulme parfois 1l'arrachement d'un usmbre.

La mise & fou du sidge éjoctable par la poignée haute assure dans la majorité
des cas non seulement une protection efficace du visage par le ridesu-masque meis égale~
ment une position correcte qui offre une moindre prise au vent relatif, L'utilisation

d'un systéme efficace de rappel et de maintien des jambes contre le baquet du sidge
s'avére indispensabdle.

L i i e e

Cependant comsme nous le montre l'ebservation N° 3 au-deld de 600 noesuds, ls
domaine d'utilisation du sidge est dépassé et les systimes de protection devienment
t inefficaces. Ainsi re trouve posé le preblime de la conception et de la fabrication

A de: systémes efficaces de maintien de la t8te, du busts, des bras e€ des jambes de

1'utilisateur. L'amélioration des performances du siége assurant une stabilisation sgur
1 trajectoire évitant les busculements et les rotations intempestives, teileoique 1¢ réali-
. se le siége & fusée sat indispunsable,
3
F Enfin la corrélation dus données des témoignages, des études et calculs théori-
3 ques, des examens cliniques das lécions, des radiographies, et de 1l'examen des équipe-
L mants psrmet de reconstituer les circonstances de l'accident et d'en expliquer les méca-
- nismes pethogéniques des lésions observées.
: Nous ne serione suffisamment insister non seviement sur 1'intérét de 1'emploi
; systematique de l'autopeie mais encore de la radiographie post-moriec. qui ne se contente
: pas de visualiger les lésions mais qui jous un r8le non négligeabls dans l'explication
h de leur mécanisme pathogénique,
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WIND BLAST: PROTRCTION POR THF HFAD BY
MEANS OF A FABRIC HOOD

by
J M Rayne
Prooureaent Rxecutive, Ministry of Defencs
Enpineering Physios Departaent )
kayal Adiroraft Establishamt . '
Farnborough, Hants
England
L SUMMARY
It arpears that in mrtise operations there 1is & high
’ probability of sirurew having to ejeot at low level and
3

-~

at trensonic speed and there may be 1little chance of
; oreating more favoursble oonditions for escape by
. exchanging forward spead for altitude,

H ¥ind tunnel experiments and opontioml' experience show
“ : that current helaets are uasually lost on axposure to
airspeeds froa 350 to 500 kt.
: This paper gives an acoount of experiments that have been

done to prove thi fessibility of nrotecting the hesld fros
sxposure to blast by means of an automatically erected
1 fabrio hood.

These experinents show that such a hood placed over the
face of & dumay test subjeot drapes the hesal effectively
on exposure to blast, and prevents thi loss of even simple
helast asseablies at least up to maoh 1,

[

e

INTRODUCTION

Thare are a number of mays of protaoting aircrew froa the ¢ffects of exposure to blast during escape
at air speeds up to Mach 1. One of these attenpts full protection for aircrew, and in its developed foru
i8 tc be found as an ejectsble nose or crew compartasnt in the USAF P11 strikewaircreft, The device i3
extremsly complex and expensive so one is naturslly drawn towards the develonment of simcler consents.
Tyoical of such ideas is the rigid helmet with sn autos~tically olosing and secling visor as in the ¥k &

; kelmet now under development for the Royal Alr Porce, However, it is sugeested thnt the use of a strong

[ fabric face-soreen or hgod might well provide a yet siepler (n4 cheaper solution to the nrotlem. The idea
of using a fabric cover® to protect the face from exposure to blast is nit new, and & version has been

encorporated in Martin Baker sents for many years, Unfortunatoly at very high air speeds the Martin BRaker

: face=blind i{s unusable bacause the hands are likely to be torn from the firing handle and the arms

subjestad to serious flailing, It is now the practice to use the seat pan hanile rether than the blind for
: ejection,

ke Ak duel

It sppears that the effectivensss of tha face-blind depends on its being held domn. Unfortunately

' failure to keep a grip on the firing hanile allows the wind to strip the blind exposing the face to blast
S and sllowing the loss of the protective helmet,

This papor discutses the development of a fabric hood designed to overcome these difficulties in that

it is sutonntically ervctad into nosition and fimly rastened at 4ts lower end, so that on exposure to the
airstream it drapes the head,

DISCU:STON:
EARLY HISTCRY>

Some years ago & full pressure suit for high altitude operations was developed at the RAZ, The head
enclosure wus quite unauthodox (see Pigure 1) in that it «as made from rubberised silk, terylene oloth and
melinex and was operable sfter the fashion of a clam shell or handbag, The helmet was given shape by =
pair of hinged metal hoops which carried a gas pressure seal and mechanical locking device, In the open
condition the fabric hood folded up and the hoops rested on the back and chest of the wearer., The claa

shell helmet could be erected and closed automatically within <€ 160 ms by means of a pair of inflatsble
tubes attached to the hinges.

.-

The form of this helmet suggested that it might an principle mske the basis of a device for protecting {
the head from exposure to blest. Clearly, in thase circumstances only the frant half of the olam shell :
would be needed, but the metal hoop would be an unacceptable hazard during ejection, so it would have to be
renlaced by a stiff non rigid device such as s shaped tuhular pneumatic freme.

STOYAGF AND FRECTION

Stowaps anl arection of the proposed anti blast hnod are secondary to its protective function, but
bacsuse of interasticn with other aspects of man/equipment assesblies a great deal of the available effort
was devated to the development of the pneusatic system., However, because the development of & rigid anti-
blast helmet had already started, wori on the fabric- hood could only be carried out on a low priority
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basis spread over seversl years,

After soveral unsuccessful experiments with inflated tubes in various different configurations, it was
decided to toy the effect of a straight rubber tube construined to the shape of the hood frame by a
tarylene fabric envelope of somewhat ssraller diameter, Although an improvement on earlier confispurations,
the resulting structure was not immediately stiff enough, but by triangulating the limbs of the frame with
pnhousatic struts a satisfactory errangenent was schieved as showm in Figure 2,

A sketoh of the inner rubber tube dipping with its bifurcated struts is shown in Pigure 3, The
terylene cover wus cut and made up in such & way that it controllel the shape of the whole system, and a
very promising structure was achisved with an inflation pressure of about 3} ate.

Having achieved an acceptsbly stiff pneumatic framw for the fabric hond a means of stowing the device

on the cremuan's body garment was sought, Eventually s satisfactory method of packing the hood was found
and put into operation as follows:e

a. The inflation tube is Jogrle folded as shown in Pigure 4.
b, The loose fubric of the face hood is folied concertine fashion on top of this.

6, The last of the hocd fadric with attached veloro patches is rolled over and pressed down on to &
velcro U shaned basy forming a neat horse collar which is finally dutch laced to the body garment.
See Pigure 5, The hood can be released from the body garment during desgoant by pulling s toggle

. ' which allows the dutoh lacing to run.

It was found th=t the sanner in which the high pressure gas was adajtted to the erection tubes was
important in that the forve available for correst positioning was adequate in the esrly stages of the
operstion but not torards the end of the oyele,

“In practice it was found necessary to ensure that the frant of the hood burst out of its package first
and was thrown forward so that the maximus effori was svailable tor clsnring the head-gear. See Pigure 6,
This was achieved by porting the high nressure gas into each rear strut above the pacidng kink so that
the limbs of the hoor were inflatad imsediately as far forward as the Joggle folds.

In o nusber of successful e~ections made in still air, the leverage anplied by the pnoumatio systes
at 3 ata was found to be ennugh to overcome fouling of the hesd-gear with the head in any natural position
and wearing current RAY orotective helmets., It was found however, that the hoops tended to narrow at the
base at highar residual pressures, apparently due to stretching of the terylene oloth in the struts., This
aould cause fouling with wider head-gear assemblies,

Two hlast exposures were made (facing into wind) at 350 kt, In one of these a completely successful
erection was made, but in the othar the hood fouled the side of & Mk 2 RAP helmet but did free itself,
It should be noted, however, that in prastice the hood will ba erected before ex:osure to air blast.

SOEED 0P E=rCTION

As already indicated the i'sbric hnod must be erected before exposure to the blast and it {s desiradle
to achieve as high a speed as possible in order to anticipets the Jettisoning of the canopy by a useful
sargin, Por instance, in modern sircrsft the time available may be as short as 0,06 seconds.

A bread-board gas sunnly system (nitrogzen) was made up to test the speed of erection. It consisted
essentislly of a swall pressure vesssl of about 18 oo water capacity oconnected to the erection tubes vis
a quiock release cock and 3 ms bore high pressure rubber tubing. The initial s pressure in the pressure
vessel was about 136 atm and the residual pressurs in the erection tubes was about 3 atm after operstion.

An electronic clock was used to meusure the time of erection both from the inastant of break out and from
the aperation of the quick acting cock,

Pipure 6 shows the time history of a typicel erection from the break out of the stowage, the ereoting
time was G.11 seconds while fram the sas trip it was 0,28 seoonis. The increased time was apparently due
tn the resistance of the gas delivery nipe, It was fnund however that the speed of tha gas dslivery had
apparently reached its nptimum value for this hood design since any increasse in the rate of flow tended
to upsat the sequence of the bresk oit oycle mrking fouling the head-gear more likely.

FXPGURE T0 BLAST

Prelimin~ry blast tests ware made on the anti-blust hood in & blower tunnel where the muximum attainable
air speed was 50 kt and wherw the duration of exposure could not be closely controlled. The head-gear worn
was the RAF Mk 1 prctective helmet, G type cloth flying helmet and P type oxygen mesk,

Soms 15 exposures were made with the dummy man set up at various angles to the air stresm and the
rreults of the terts are summerised in Table 1, In view of the dsmage done to the fabric structure it is
cleer thrt neither the seail cloth used in the hood nor the etitcohing were strong enocugh for the very
sovere cunditicns exnected at trrnsonic air speeds., The fabric used in the tests was a terylene material
weirhing abnut 136 5/12 and heving a stircrgth of 262 N per om run. Later models of the anti-blast hood

were made up in o heavier seilcloth (M26} whieh has a weight of about 190 ¢/nZ and s strength of LLS to
462 N per om run,

It was cbserved during the tests, thet the face hcod seemed to be less stable in some oircumstances
when the ersction tubes were pum:od hard than when they were not. This is believed to have becn caussd by
stretching of the sailoloth when under pressure and indeed the use of neavier material in later models
secmod to overcome the difficulty.
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Two ejections from a Canberra aircreft at sneeds between 400 and 450 kt were disappointing. In one
case, in gpite of very turbulent air oconditions in ‘he open rear cockpit, the hood was ereoted sucoessfully,
but for reasons unconnected with the test, the seat was not fired, In a second case the turbulente caused
I %0 anti-blast hood to deplay wrongly and so the hood ani the head-gear were lost Guring ejection. Rjeotion

tests frow the Canberre had to be disomtinued oring to the withirewal of the airoraft dut hood erection
tosts ware continued in a 7 a wind tunnel at low air speeds, These ahow the aaxiaus air apeed frva various
directions at whiob successful deployment can by axpected. Thay are as follows:

TR

e e —— ——————— e o s e i ol

t Angle to S1ight Deployment PFault Satisfactory Erection

! Ady Streas at x a/s at x a/s

: o° AMr Spesd Air Speed

1

, 0 - 36 (70 kt) :

; &5 21 (41 kt) Below 24 !
¥

90 2 (50 kt) 2 ;

I
i

B Ar. o eat

EJECTION FR(M A ROCKIT PROPZLLED SLFD

Pollowing the 1088 of the Canberra as a test facility, other possibilitiss had to be considered.
Portunately the Mendine high speed rocket track became availsble at this time and two experiments were set
up to test the behaviour of the anti~blast hood on exposure to transcnic air speeds,

The vehicle offored wss an expendible sled and the other conditions of test were as follows:-

|
|
!' i Dusey': RAZ type with stiff neck, padded hips and wssriny a normal
L oversll,
% 14 Speoial Clothing: Torso garent with anti-blast hood stteshed (ses Pigure 5).
3 ! 111  Headwgear: G type oloth flying helmst, Mk 1 protective halaet and P typs
i t oxygen mask with chain suspension harness,
!P ‘ iv  Head Restraint: Nons - stiff neck dummy.
1 ‘
o v Leg Restraint: Garters and legs tied at knes.
o
3 3 v Ara Restraint Aras held to body under parachute harnsss.
; f vil Blast Protection: Anti-blast hood erected prior to test. Inflation tubes
] blown up to about 3 ata and sesled.
- viii Seat: : Wk 3 seat, 2 harnesses, typs 2 parachute, 1.25 seconds time
H d.lv.
p .

i The first experiment failed for reasons unconnected with the test, but it did show that the heavy
’ torylene salloloth used in the fabrication of the hood was strong esough for exposure st sonic air speed,

The test was repeated using a new anti-blast hood. The speed of the vehiole at the moment of

- ejeotion was about 650 kt and Pigure 7 shows an extract from the film record of the flight of the seet;

. : the frease intervals being 4O ns each except for the last one which is 80 ms, The fils shows the white

! anti-blast hood firmly dreping the dummy head throughcut this period and on retrieving the test specimen

- it wss olesr that the oxygen mssk and proteotive helmet had remained in place. They were found olose to

i ‘ the dummy head whioh had separsted from the body on impsot with the ground. The anti-blast hood suffered
: 11ttle dasage (Pigure 8) in spite of the severe blest to which it had been exposed, Clesrly then, the

p k26 terylene sailoloth gave ressonsble protection frow exposurs to sair blast at about 650 kt.

Two further tests were made using this tise the blast test faoility b st RAE Bedford. The dummy man
was dressed in & norsal overall, a Mk 14 life preserver, & Mk 2 protective helmet and a P type oxygen mask
with a chain suspension harness; the anti-blast hood baing pre-ereoted,

At 650 kt air speed with the dusmy seated facing into wind, the oxygen mask and protective helmet
Showed no sisn cf disturbance, although the erection tubes and their sttachsent to the periphery of the .
hood were badly torn. In spite of this damage the dusmy face was effectively covered throughout sxposure,

After essential repairs, the same hood was used in & further test at 750 kt. While adequate covar
for the face ws glven, the visor bar md visor trensparency were forced up over the cromn of the helmet.
The cxygm mask came off the face shen one of the suspension chains and the breathing tube broke. Both
were trepped inside the hood which wms still covering the face and the helmet itself remained on the hgad,
Figure 9 shows the axtent of the damage suffered by the fabrio face hood.

CONCLUSIULNS

Differcnt ways of protecting aircrew f{rom expcture to blast during ejection have been under considergtion
bty various suthorities for many years. In the United Kingdom the chosen device is a rigid helmet with an
sutomatically closing and sesling visor., However, we sgre encouraging workers to seek other solutions to the
problem, arnd the experirents described in this psper set ont to prove the feasibility of one suca concept :
8 fabric hcod which is used to protect the head from exposure to blust in ejections from asircraft up to
transonic sir speed,
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Work ou this conoept has proceeded &t low priority over a period of abaut 10 years, but the
accusulated rvsults of our expsriments are certainly ewcoureging, Por instance, ajection from the high
spesd rooket sled and tests in the Bedford blast tumnel show that even the simple yuoteotive helmet
assemblica oan be kept on the head during exposurs to blast up to soni¢ air speeds,

The Canberra erperiments, in spite of their lsck of suscess, show the importance of erecting the
hood berore jJettisoning the canopy. The 4dsvelopmsnt of msans of stowing and erecting the anti-blast hood
has been succeisful in principle, although the speed of ereotion (100 ms) 1s too lov for modernm require-
sents and work 1s still required to out this time by at lesat 50K, This of courss is bDowsd up with the

; development of & man momted siniature gas supply wnit. Up to the present time only woriking bresd-board
t scdels have been aads. :

Clearly, the experimental work on this projeot has not gone far enough btut the results so far
obtained show that rigid totally enospsulating helmets as s protection against exposure to blast, could
probably be repleced by the mush simpler and cheaper fabric hood and stendard typs of proteotive helmet,
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- In roply to questions from Glaister, Thorne stated that the dumxy huad geen in the high

] speed filme (RAE Badford blast testing) had been as free to move as would be expacted from s
normally articulated dummy when restrained by a 5-point harness., They had not attsmpted to

1

4 simulate human head and nack response. Thorne also stated that helmet 1ift forces had not

\ been determined and would probably provwe impossible to measure within the short time avail~

g able - espocially with a decaying turbulent velocity profile. Payne (U.S.) considered that

s the jet size would have been inadequate for accurate veasurement, and asked whether the heimst

3 vas woakenad {n any way, und vhat was the strength of the chin strap. He mentionsd that two

‘7 kinds of helmet atrap were in use in the U.S., with bresk strengths of soms 400 ~ 500 1bs and

3 4 -~ 5 lbs respectiveiy, and wondered in which category the test helmeat caua., Thorne replied

] ) that it vas the standard RAF Mk 2 helme' with conventional strap. (This was originally fitted
with shear pins designed to break at 130 = 150 lb, but four years ago the strength of thesa
pins was doubled to reduce the frequant occurrence of helmst loss, and they have sincs been
eliminated. The current neck strap breaks at shout 350 - 400 1b ~ Ed.)
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TABLE 1

Teost
No

Alr
Xts

Angle of
Inolination
to

S311p Strean

Angle of
Twist to
S14p
Strean

Conditions
of

Erection
Tubes

Remarks

10

1"

12

19

15

350

0

3
+80

£ ¢

&

o5

5

5

o

&

&S

Hediun

Nodium

Hodium

Nediwm

Nedium

P E

Hard

8lack

3laok

Pedrio toran sal frayed over oxygem
aatk < caused by mic switeh - 2
inahes long. Very small tear in
brov {* long = cause not known,

Threads broken and gussst seam lifted
on L.R, side of tyovw,

Soreen flepping a lot. Initially
11fted off fuse for very short time -
no demage.

No anti=blast ecrevn = sun visor tors
off, Proteotive helmet blown amy.
0, sask toggled down tight - mot
disturded.

Patches and seans suwm over with
sig=sag stitehing ~ wo damage.

Pateh ovur L.H. bros gusses 1ifted,
Otherwise no damage.

Wind got into Mok of suresn, Veloro
pusled off overall and torm fros
Yotton of sereem,

Rather long exposure - 15 see above
100 aph = down stream flutter caused
L.H, brow gusses % break and sose
stéitohing attashirg ersotion tudbe ¢o
soreen brokes = abiout 3° loag.

New soreen with transparent WC goggles
sewn into fase~piecs - ao danage.

014 aoreen agein, L.H. brow pateh
broksn and frayed, Zigesag stitehing
slong top of mask reinforoing pat-h
broken « velero and press studs stripped
domts strvan round %0 ssntre,

Veloro and press studs stripped reund
to R,H, shoulder. Sun visor «n protes~
tive “elmet Blown awey, MNask harmess
left 10080 = not disturbed.

No damage = & 1ot ,f down stream flutter,
New soreen used,

Velero and press studs stripped half
way.

Large gap ot nape of dummy head blosked
Up « no damage fastenings intaot,

Gap ot nape of neok blooksd ~ no damage.

[+ ¢ B

+ Indioates iuclinstion of dusmy)
avay froma 814p
= Indicates inclimation of duemy)Stress
4towards

bl B

Only in the case of teat 7 was the fuse
exposed to the blast, In the other
tests the damage was relatively slight
and would nut have ocourved if 44 had
been posaible tuv liait the sure to
3 or & seconds total. In tests 10 40 13
air uas deflected rowmnd he back of the
bead crusing the soreem to pareshuts,
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tig.! Fabric head enclosure for Fig.2 Erected hood showing
full pressure sult triangulating struts

'°"“ | \ Maid FRAME TUBE 122"'"‘

1226mm

MATL: BLACK RKUBBFR LATEX DIPAING 075 mm THIGK,

Fig.3 Anti-blast hoodiinner tube for pneumatic srection frame
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Fig.4 Diagrom showing joygle fold stowage, four
stages In erection of tubvlar frame

Fig.5. Horse collar hood stowage within life preserver
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Fig.9 Damaged onti-blast hood after exposure at 750kt
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AN ARN RESTRAINT SYSTEM FOR EJECTION SEATS IN HIGH PERFORMANCE AIRCRAFT

By

Squadroa Leader P.H.R, Gill
Royal Air Force Institute of Aviation Medicine
Farnborough, Hampshire, UK,

SUMMARY

Current high performance aircraft, such as the Multi-Rola Combat Aircraft (MRCA) from which ejection
at high speads (up to 650 «nots) is likely, require sn arm restraint system. This paper describes the
restraint system that has been dasigned by the Martin Baker Aircraft Co for the MRCA. The system
eavolved comprisos s sest portion conslsting of two fixed length tapes, and a man portion incorporated
into & sleeved life preserver, LEach seat tape is enclosed in g tabric tube which allows automatic dias-
connection of the two portione during emergency ground egress. The system functions on ejection by
retracting the urme in a similar manoer to MBA ieg rentraint systems. The development, testing und pec-
formance of the systam iv described. Limited studies to date have Jemonstratad that the proposed rate
of aru retraction is physiologically acceptable both with the hands on the firing handle und under simy~-
lated commsnded e¢jection. The arm restraint tapes can be routud unobtrusively to prevent [nteraction

upon rouciue cuckpit movemant during norwa! flight. The performance of the orm rustralint system during
ejection tests using Juzmliew {s also described. .

INTRODUCTLON

On ejuction from an aircraft, aircrew are immedlately exposed to the air blast which results in
forcus acting on the body strappad In the ejoction seut, Deceleration ol tho mgn-seat combination will
dopend on the drug forces pruduced Ly aerodynamic pressure and the body welght, As the ratios of drag
furce to welght for the torso and the limba are digsimilar, and because the torso {s better restrained,
there will be rvelative mution between the torvo and the limby which may result in flail injury, The
na.ure snd severity of the injury are obviously depondent on the amount of cuergy to be diwcipated,

Thus at relatively high indicated alr speads, an arm for Inetunce may either strike the seat structuru
producing long bone fractures, or the extreme 1im{t.of movemsnt of the arm mauy bu exceeded resulting in
dislocation or fracture dislocation of the shoulder joint.

Analynis of uver 1000 nou-combat ejections in the USAF (Keferencee 1 and 2) has shown that dircrew
ejucting ot 600 KIAS or atuve will have 4 100% probability of sustalining flail injury., With ejection in
the region of 450-475 KIAS the probability of injury is 50Z, whilet it §s less than 101 at epeeds of
300 KIAS or lesv. Pravious experiunce has shown that most aircrew ejecting at apeeds up to 450 KIAS can
rutain a grip on the firing handle sufficient to rewtrain the arms and prevent flail Jnjury. During
efections at spasds In excess of 450 KIAS however, the forces involved may pull the arms away from the
fiving handle su the: they sre free to flail with subsequunt high prabability of Injury.

As long agu aw the early 1950's, the risk of flail injury wae recognised by the Martin Buker Afrcraft
Co und {n March 1953 the flrat Britieh ¢jection seat uppesrvd fitted with a saystem to revtrain tne lower
limbs. Although an srw vestraint system was provided on the Martin Bakce type 8 ejection seut (designed
for the TSR 2 sircraft) no seat correatly used in the RAF or RN is fitted with arm restraint,

THE ARM RESTHRAINT SYSTEM FOR THE TYPE 10A EJECTION SEAT

With the advent of current high performance aircraft such aw the MRCA, the gpecification requires
that slrcrew shull be able 1, eject safely at alrspeeds up to 625 KIAS at ground level., At that ulrspeed
the forces acting on the arms would exceed that which aircrew could counter by retaining a grip on the
firing hendle and the probability ot arm flail injury would be very high.

The development of an arm restraint syetem tor this aircratt has been undertaken by the Martin Baker

Alrcraft Co in conjuaction with RAF 1AM, The original design requirements included the following
polnre:=

@, That when the crew member ejects with his hands on the seat pan firing handle between his legs,
his arms should be restrained in that pomition.

b. That after ejuction of the seat {rem the alrcraft therc shall only be jusv sufficient slack in
the uystem to enable him to move his ripght hund over the right thigh to resch the Manual Over=~
ride Handle which engbles the cruw member to separate from the seat {f the normal seat automatic
system should fail.

¢. That in the case ot 4 command c¢jectinon, where one crew mamber initlates the ejection of both
seats from the alrcraft, the commanded crew member might have his arms at any position in the
cockpit. The restralnt system is required in this instance to retract and restrain the
subject's arms towards and against the side of the seat and prevent suhsequent flafling.

d. 1t is also required in the MRCA that in the event of a ground emergency the alrcrew member must
have no more than three actions to perform to fiee himself from the seat and harness in order to
exit the aircraft rapidly, The addition of any connections between the scat and the man for
the arm restraint system must not increuse this number of emcrgency actions.
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¢. The arm restraint system must bc unobtrusive and nst interfere with normal operation of the
aircraft and must, of course, integrate satisfactorily with the other items of flying clothing.

The current design, now being evaluated in the escape system test firing programme of the MRCA, is
in two main portions, oae mounted on the ma': and the other mounted on the sjection seat., The essential
principles and features of the system are i{.lustrated in Figure 1,

The crew member wears & life preserver incorporating thin meshed sleaves. Each sleeve carries a
restraint tape held to the sleeve by Velcro. Each sleeve restraint tape is continued up around the
shouldere and across the back of the life preserver walstcoat to provide counter-restraint when arm
retraction occurs, The tape is looped around two fixed webbing rings, one around the lowver forearm and
the other around the upper arm. Each arw tape carries 'the ring (male) portion of a bLarrel comnector
which is normally held io position st the upper end of the taspe by a thin tie-thread,

The seat portion consiets of two restraint tapes, one end of which is attached to the underside of
the ¢eat. Euch tape passes down to a pulley (attached to the aircraft floor by a sheer rivet which
breaks at 900 1bf) and then up through a ‘saubber unit' on the frout of the ejection seat. This con-
figuration allows a 2:1 rativ of seat restraint tgpe 're¢l-in' movement compared to seat movement, The
snubber units allow the tapes to travel in one direction ~uly, ie downwarde. Each seat tape passes up-
wards to the man, stowed for convenience undar the lap and shoulder straps of the seat harness. Fach
tape terminstes in the feiale portion of the barrel connector, the union of the connector being effectad
on the upper arm. LEach tape is enclosed in a low friction fabric sleeve. independent of the seat tape.
tach tube terminates in a metal collar at its lower end, resting on top of the snubber unit and tie-
threaded to the veat tape. At its upper end each tube is iastened to the retracting barrel of the
connector. 1t is this tube which effects the aucomatic disconnection of the man and seat portions of
the gystem in the ground emerguacy situation, and is described iater. The length of the enclosed seat
tape system is the same for all seats and all subjects,

The wystem works in the following manner; as the seat starts to move upwards ot the commencement
of the ejection sequence, the seat tapes (still anchored to the aircraft floor at the pulley) are pulled
through the snubbar units, breaking the tie-threads to the outer tubes, When tensisn is transferred to
tte barrel connectors, the tie-threads on the ring portion are broken, each ring is pulled down the arm,
separating the sleeve tapes from thair Velcro fastening. At & point determined by the inclusion of a
wetal Lall 'stop’ in each seat tape, the lines cannot be pulled through the snubber units any further,
the load is transferred to the sheer rivets on the aircraft floor; these break, separating the seat
entirely from the aircraft. Thus &8 the seat leaves the aircraft, the ejectee's arms are restrained
towsrds either the firing handle or the gides of the seat. The fabric sleeve encloging each geat tape
werely crumples down on itself gnd plays no part in the restraint system during ejection, \

Figure 1 also illustrates the configuration of the retracted arm restraint system as it wuuld be
shortly after the initiation of ejection; the outer tube is concertinerad down and the arm is being
restrained towsrds the seat firing handle. When the crew member separates frou the seat later in the

ejection sequence, the geat tapes are automatically cut through, just above the snubber units, thus
releasing the man's arms.

As stated varlier, the function of the outer tubes is to effect automatic release of the seat
portion from the man portion on rapid egress from the seat on the ground, The outer tube is slightly
shorter than the enclosed tape so that as the crew member, having released the cther connections between
hi-self and the seat (ic disengage the harness Quick Release Fitting, disconnect the Personal Survival
Pack lanyard, manually disconnect the man portion Personal Equipment Connector from the seat portion
PEC), stands up in the cockpit the tube becomeer taut and retracts the barrel of the connector. The
latter releases the male portion on the sleeve of the 1ife preserver,

PERFORMANCE OF THE SYSTEM

Following the initial development of the system and a tviai to evolve a practical strapping in drill
for the gircrew, several laboratory exercises have been carried cut as part of the general evaluation of
the evjection weat for the MRCA. One trial involved severgl hundred simulated emergency ground egresses
from a mock-up cockpit to investigate the behaviour of the automatic disconnect system. On every
occasion the seat arm restraint tapes separated cleanly from the sleeve portions of the system, thus
enguring very rapid eyress from the cockpit (egress times were in the order of 3-4 seconds). A further
exurcise showed that for any one aircrewman, the quality of restraint wes satisfactory irrespective of
the bulk of his flying clothing., Following on from that, and using subjects spanring the anthropo-
metric range of aircrew size, the length of the tube yystem on the seat was defined, and similarly the
position of the ball 'stop' in the seat tape. More recently a sizing trial has been performed to
determine the number of sizes of sleeved life preservers required to cover the full sire range of air-
crew, taking into account the different bulks of the various clothing assemblies to be worn. It was
concluded that only two sizes of the basic garment will be required,

The optimal length of the restraint :ape on each sleeve of the 1if= preservir has yet to be deter-
mined. The object of any future work would be to define how many sizes are neeled and secondly, to
analyge the quality of restraint when only two sizes of sleeve tapes (one for esch slize of life
presyrver) are used. Any compronise on the sizing of the man mounted portior. of the arm restraint
syatem will have to be weighed against ideal restraint.

Simulating ejection in the laboratory, extensive studies have been carried out to evalusate the
problems of arm retraction and then restraint during self-initiasted, and commanded ejection. In this
latter instance the arms will be positioned outside the thighs due to inertial forces, and then held
ayaingt the side of the seat by the restraint system. The arm restraiuc system was operated st
realistically high speeds (ie 80-110 milliseconds) to determine the possibility of injury to a subject
whose hands were ecither on the extracted firing handle or outside the seat pan. Only minimal injury to
the hands occurred and was of little gignificance. It was concluded that the rapid application of arm
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SCHEMATIC REPRESENTATION SHOWING TYPE 10A
EJECTION SEAT ARM RESTRAINT SYSTEM

FIGURE 1
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retraction and restraint withia 100 milliseconds is unlikely t: inconvenience aircrew in an ejection
situation. During this work, the degree of flexion of the spine and sngular rotation of the head that
occurred as 8 result of high speed arm retraction was assessed as satisfactory.

Dynamic operation of the arm rvestraint system has shown that the shape of any ancillary pockets
(eg Personal Locator Beacon) on the life preserver waistcoat is ifmportant to snsure suag fres reel~in of
the seat ara restraint tapes. Square edged pockets cause snigging of the seat tapes which becomes pro-
gressively more severa the larger the aircrew size, and the further back the arms are pre-positioned
outside the seat pan. Snagging is prevented by adding a wedge shaped fillet to the top edge of any
pockets on the front and side of the life preserver waistcoat.

The early prototype seat snd sleeve arm restraint tapes were associated with poor quality of
restraint vhich waz shown to be due, in part, to excessive stretch (up to 36% in length at 1000 1bf)
under losd of the material of vhich the tapes were constructed, The current arm restraint system is
constructed from tapes which have been pre-stretched and hest set during manufacture, and which exhibit
only & smell amount (less than 7% at 1000 1lbf) of stretch under load.

The Martin Baker Aircraft Co and the airframe manufacturera are currently carrying out a complete
test programme of the escape system for the MRCA., To summarise, the -esults to date have shown that
the arm restraint system has functioned adequately in principle, but the degree of arm restraint has
proved to be less than was anticipated, Various theories have been put forward to explain this
apparent anowaly. It Las been suggested that the load required to retract the arms against the wind-
blast forces as the seat emerges from the cockpit is greater than the strength of the sheer rivet on the
aircraft floor, and thus premature separation of this rivet is occurring with subgequent reduction in
the quality of arm retraction and vestraint, Evidence exizts to support another suggestion that, full
arm retraction sud restraint having been applied early in the ejection sequcnce, the windblast forces
later in the ejection sequence pull the seat arm restraint tapes back through the snubber units with
resultant reduction in the quality of ara restraint, 7This latter obaervation is being overcome by the
Martin Baker Aircraft Co redesigning the mechanism of the snubber unit. These problems could possibly
be overcome in the future by devising a powered 'inertia reel' system to retract the arms prior to seat

aovement. The upper limbs would then be fully retracted and more easily restrained before the ran-seat
complex entered the windblast.

However, the test programme to date has demonstrated chat safe ejection at high air cpeeds is
possible, and that the current arm restraint system for the ejection seat in the MRCA will prevent a
large proportion of those major flall injuries that would otherwise occur during high speed ejection
without any restraint system whatsoever.

The various studies undertaken by RAF IAM duriug the evaluation of the arm restraint system for the
Type 10A ejection seat for the MRCA are detailed at References 3-6.
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The Chairman commented upon the rebound of the retracted arms which was apparent in the
high-speed films. Gill replied that this was an experirental artefact and would not occur in
a real life ejection. It was occasioned by the need to make a single set of arm restraint
tapes last for some 160 tests. The snubber units had been unlocked and the actuating force
(a falling weight) was discontinued just before the ball stop reached the snubber w.it.
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ON PUSHING BACK THE VRONTIERS OF FLAIL INNURY

by

Peter R. Payne
Pavuu, Inc.,1910 Forest Drive, Annapolis, Maryiand 21401

Summany
===t

Usder combat cunditions, limb flai) injury in U.S. open ejection
sests has proven to be a severe problem. Very roughly, about half of all
comabat ejectoes suffer flail injury or desth, according to the estimates
in this papes.

The peoblem can be avolded by providing (and using) active limb
retention cuffs and garters, or passive limb entrapment devives,
although the lacter require that the seat fly stably afier icaving its rails.

Adequate passive entrapmuni devices have been demanstrated in the
wind tunnel, usiag volunteer subjects. More than adequate sest
stabilizing devices have also been demonsirated ic iull-scale wind
tunnel testing, and by air drops, as part of an unconnccted but
apalagous U.S. Army program. Both limb entrspment and seat
stabilization systems can be readily and inexpensively retrofitied to
most existing escape systems. Thus, there is no technical reason, it is
suggested. for accepting 8 high incidence of flail injury in the future.

The paper concludes with a description of & new kind of “extraction
escape system” which offers b p.. not only of avoiding the high speed
problems of existing tractor rocket escape systems, but ulso of
substantially reducing system volume, cost and weight, as well as
simplifying the flail injury problem.

Frair Iauny IncipEnce As A Func:i/.N oy SPEED

Although ejection sests have been in service for over thirty years, it
has only recently been possible to audit the performance of some U.S.
escape systems under the combat conditions for which they were
conceived. It is the thesis of this paper that many U.S. escape systems
have performed rather poorly under these conditions. Necessarily, the
evidence on which this thesis is based, is act as simple and dowaright
as one would like to see.

Until recently it was fashionable to aver that fiail injury was not a
problem. “because its overall incidence was only a few percent”.
Miraculous injury free escapes at 600 knus were widely quoted as
evidence that speed was not 2 factor.

In early 1971, James W. Brinkley® asked us to quantify the
relationship between flail injury and escape speed in probablistic terms.
After a considerable struggle ( reported in Reference 1) we found that
there was not only a strong dependence, but a unique devendence on
speed. for flail injury in USAF non-combat experience. and that this
was confirmed by USN® and early RAF® cxperience. The result. slightly
modified by more recent data. is plotted in Figure 1. Experimental
measurements® of grip retention force, and a simple mathematical
model of arm flail dynamics® provided an adequate explanation of the
observed phenomenon for arm flail. and by inference, for leg flail as
well. The equation for Figure | is

v! .yl 2!
Pof f = —1 / M LT o
-—-

oV2n
Where u = 245,000 {knots’)
a = 103,000 (knots*)

A= 276,000 (knots’)
0 = 103,000 (knots’)

Flail injury occurs because. after the arm(s) or leg(s) have brokern
away from their “stowed" or i; itial position, they build up a substantial
velocity reiative to the torso and scat, before reaching a “stop”. This
“stop’’ may be part ot the seat structure, the limit of travel of a ‘oint,
or a combination of both. At high specds the “stap” is encountered
with such force that bone or ioint fracture results.

For all Flail Injury

For Major Flail Injury

Figure } is necessarily a rather gross relationship for “‘all seats™.
Because of differences in system d- sign, leg support, stabilizat.on. and
s0 on, we should cxpect different curves for different seat designs.
Unfortunately. if we limit the analysis to a particular seat, the number
of data points is sc much reduced that the probability of Rail (P of F)
estimate is very inaccurate. For the time being, therefore, it would seem
that “better’’ and “worse” seats must be judged on the basis of
engineering common sense, rather than statistical performance
aualysis.

¢Chirf. Impact Branch. Biodynsmics and Bionics Division, 6570th Aerospace
Medical Rescurch Laboratosy. Aerospace Medical Division, Air Force Systems
Command, Wrght-Patterson Air Force Bease. Ohio 45433,

A WEED & TNOTS WS

Figure 1 — Ptobabiiity of flail injury as a function of escape speed.
The curves are given by equation (1).

Tue Escape SreeD PRODABILITY DISTRIBUTION AND IT5 UsE IN
PRED' CTING FirajL Inumy

Knowing the P of F variation with speed, we can determine the
overall magnitude of the flail problem if we know the speeds at which
pilots eject. This should be another probability curve, of course. In
fact, it turns out that, under non-combat conditions, the escape speed
distribution, with astooishing accuracy, is a “‘gamma distribution”,
given by

i /v a . ~v/f}
p v@e dv Q)
gt ra+n J,

CPof E =

Wherc a = 470~}

fi=0/y

[(a+ 1) is the gamma function of argument (a + 1)
For non-combat USAF vscapes'

B = 240.1 knots

o = 95.1 knots

‘The astonishing thing about this function — at least to an engineer
who is not 3 wholchearted believer in statistical theory — is that one
merely computes 4 and 0 from the raw data, and equation (2) then
describes a curve which comes very close to all the data points; as
Figure 2 shows. In non-dimensional form. equation (2) becomes’

0? '(xd’l ¥
cpuw;r-‘-m—)/.x e PLax (&7

Where @ = (H/0)% as index of precision
X - v/u, the normalized speed
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Mathemsticians will recognize that equation (3) is explicitly
integratable for integer values of X; another surprising attribute of the
gamma distribution!
the differential of (2), gives the distribution function

vlev'B

PofE='t St — -
A%+ ra+ 1)

4

Which is the probability of cjecting, per knot of speed. Its integral
is unity. if we multiply equations (1) and (4), and integrate the product
we get <he total flail incidence (T.F.1.)

ie.. T.FL = / “(Pof F.) x (P of E) dv )
[ ]

For the data in Figures | and 2 the result of such a cakulation is as
fallows
USAF
Nos-Combat Experience

Payne & Ring, Bcinkiley
Hawker' & Noyes’

Equation (S)

o BB 400 AEOTE
o LUANS DTS
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figute 3 — Cumulative picbability of ejection as a function of
normahzed ejeclion speed tor recovered Navy pilots?

Tota! Flail Incidence 5.14% $.20% 6.88%
Total Major Flail Incidence 3.43% - 4.41%

(1t should be noted that the Figure 2 speed distribution is not based
on the same population as the Figure | data, and that this probabllity
explains the discrepancics between predicted and calculated flail
incidence. Payne and Hawker', using consistent populations, obtained
5.61% the. ceticsl. sgainst 5.70% observed.)

If we know the escape speed distribution, therefore, it would seem
that we can deduce the flail incidence from this rather simple
calculation. This is useful, because in combat situations the ejection
speed may be the most precisely known dats available.

For one reason and another, the direct assessment of flail injury
incidence in combat escapes iy noi very precise. If the crew member is
recovered, the examining Medical Officer is not necessarily looking for
injury cause. and muay rot cortectly identify the cause. P.O.W. data is
even less precise, requiring. s it does. a3 certain degree of sclf-diagnosis
by essentially uaqualified personnel. Also, we are asking the P.O.W. to
recall events of several years ago, as part of 4 very traumatic situation,
and upon which other painful and’/or injurious experiences may have
been directly imposed. There is no M.I.A. data ar all. Thus estimates
based on equation (S} must be given substantial weight, in the absence
of better data.

Compat Escarc SPEED DISTRIBUTIONS

Escape speed distributions for USN recovered and P.O.W. aviators
are given by Every ", und USAF P.O.W. escape speeds by Kittenger®.
USAF iecovered crew member data are unfurtunately not yet in the
open literature.

The corresponding distributions are shown (nun-dimensionally) in
Figures 3-5. The USAF P.O.W. data is a poor fit: this may be real, or
it may represent crrors in the data p.ocessing, a possible fruittul
question for someone (o investigate.

When all the distributions are plotted together, as in Figure 6. it is
otvious that they are all rather similar in non-dimensional form. That
is 10 say, their variances are very similar, and only the absolute means
differ.

These mear- speeds are as follows
USAF Non-Combat' 240 Knots
USN Non-Combat® 211 Knots (1967-71)
USN Recovered Crew Members™ 321 Knots
USN P.O.W. Crew Members® 438 Knots
USAF P.O.W. Crew Members® 3588 Knots
Average of all P.O.W.'s 413 Knots

Theste numbers are clearly very significant. On the average.
recovered pilots punched out at speeds 110 knots faster thaa in 4
peacetime; P.O.W. pilots at n.uch higher speeds still. Is there vet a
fourth and still higher mean speed for M.I.A. pilots? It w0, pethaps
major (lail injury is a major cause of M.I.A. Or perhaps. for the same
reason, the M.I.A. piluts are the upper end of a more comprehensive
speed distribution, the P.O.W.'s representing the lower end. It might
be possible to test such hypotheses by compiling a speed distribution
for M.I.A. escapees. based on observations of theic companions in the
air at the time they escaped.

®Approzimately; from Naval Safety Center data analyzed in Reference 5
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Figure 4 -— Cumulative ptobability of ejection as a function ot
natmahized ejection speed for Navy POW pilols5.
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The dimensionsl speed distributions are given in Figures 7 and 8.
Using equation (5) in conjunction with Figures 1 and 8 we obtain the
following estimates

% AU Flail % Major Flall

lajory Injury
USAF Non-Combat S.14% 4%
USN Recovered Crew Members 15.78% 12.06%
USN P.O.W.'s 40.30% 3. 79%
USAF P.O.W.'s 29.51% 24.60%

Now these figures are based on the cvidence of those who came back
to tell us sbout it, 50 they represent the lower bound (FIp) of our
estimate. An upper bound (Fly) is obtained by assuming that all dead
and M.LA. crew members suffered flail injury. Then if m is the
number missing (M.L.A. plus known killed) and p is the number of
P.O.W.’s, the upper bound flail incidence is
_(Flplp+m
= ptm

= 72.60% for Navy dats (p/m x 0.85, FIf = .40))

Fly )

The refinement of these estimates. and filling in the many blanks
will have to be left to others, since the writer does not have access to all
the relevant data. But we might tentatively conclude that safety systems
which kill, maim. or injure about half the people who use tiiem cannot
be regarded as fully developed.
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Figure 7 Summary of cumylative probability of gjection
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Figure 8 Summary of escape speed distnibubion

Why Are CoMpaT Escare Sreeps SO HIGH?

This is a large subject with many ramifications. and there is not
space to attempt a detailed analvsis here. The writer would merely like
to suggest that combat speeds are the ““real” speeds for which seats
should have been designed. In peacetime. after il injury was first
tentatively recognized, we urged pilots to slow down before ejecting.
and the "slow down’ indoctrinizations worked pretty well — in
peacetime®. What we shuuld have done was to fix the scats.

*With & mean escape speed of 24) knots, it is arguatle whether non-combat,
non-cartier pilots need ejection seats. The speeds are quite low by World War
11 standards.
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Appendix A is & little exercise in elementary hydrodynamics which
suggests that therc is nothing inherently dangerous about the ram air
pressures associated with 600 knots 1.A.S.. or indeed with twice that
speed. Several other examples could be cited. In s rather birerre
incident'® the writer's wife inverted an experimental boat at 41.6 mph,
in such a way that both she and the writer were '‘ejected dowaward™
from rather narrow cockpits. at dynamic pressures in excess of 3.000
Ib/ft’ without injury. Fryer'* subjected himself to 1,000 (b/ft? for nearly
halt a minute. without serious injury. And the list could be continued.
This admittedly indirect evidence would seem to indicate that the only
serious impediment (o the use of open cjection seats at high speed is
flail injury.

Flail injury can be avolded in two ways:
* By active restraint with garters and cuffs
¢ By passive "'limb entrapment” devices

Garters and cuffs may be the best solution, so long as crew
members are willing to wear them, and they can safely support against
limb side loads which may be as high as haif 8 ton*: *'. The alternative
of passive entrapment'’, such as the nets shown in Figure 9 requires
that the seat also fly stubly, pointing in the direction in which it is
going. But is this wholly dad? Excessive spin rate is another cause of
injury at high speed, albeit not as woll documented as Nail.
Reterences 12 and 13 report on so-called “in-plane stabilizer plates™
which can (1.C2bly stabllize any new or existing open ejection seat sad
climinate the need for a drogue chute. Such in-plsnc stabilizers are
illustrated conceptuaily in Figure 10, and reduced to practice, for o
difTerent application, in Figure 11,

Figute 9 — Passive restraint nets originally proposed by Brinkiey,
undef wing tunnel evauation2.
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Figure 10 — “In-piane stabiizer” plates'? have been shown 10
slabilize a sea! salislactonly in tull-scale wind tunnel tests

Figure 11 — “in.plane stabilizer” platas have proven very
succossful in stabihzing these anr  dropped containers The
photograph is of a haif-scale modg) under wind tunnal lest for U.5.
Army Nalick.

AN ALTERNATIVE APPROACH

Perhaps the time has come to consider alternatives to ejecting the
srew member in a seat. If we luok st the basic prablem of getting a
man away from his aircraft, we sec that it is necessary to sccelerate him
in a direction roughly normal to the sircraft teajectory; up, down or
sideways. We can accomplish this acceleration by pushing or pulling,
and a little calculstion shows that we nced between 10g and 20g. if the
man is to be sure of clearing the sircraft structure.

In practice, ali current escape systems eject upwards. despite the fact
that this usually means a fin must be cleared. Sidewsys ejection would
present severe wing clearance problems with many aircraft (aithough it
is feasible from hclicopters), and downwards ejection is unfeasiblc at
the low altitudes ot which many escapes occur. An additional
advantage to upwards cjection is that it cnables the so-called
“zero-zero’’ capability to be achieved.

Having established the direction. the next question is whether to
push or pull the man out. Because of his jointed deformablc structure,
man is not well adapted for pushing unless an auxiliary supporting
structure — a bucket — is provided. Fortunately, the chair which man
invented to ease the structural rigors of the earth's one g acceleration

g PENAN H s I VU P S U—

still works well at the higher accelerations needed for alrcraft escape, s
long as the torso and back muscles are supplemented by a shoulder
harness and seat back to prevent the spine from buckling over. The
accelerstion force is divectly applied to the sest pan, which directly
sccelerates the upper legs and lower torso. The supported splue
“pushes™ the upper torso and head. and the lower lags are “'pulled’” by
the knee joints.

It is unfortu.ate that the scceleration needed to clear the aircraft
induces loads in the spine which are high enough to cause s significant
probabllity of vertebral fracture. We may be forced to “live with”
vertebra! fracture eate of $% or so because the alternative is s Ligher
deaxh rate due to fin impact. (Vertebral injury rstes as high as 40%
have been cxperienced with new or modified escape systems. but this
has usually been traced to cngineeting mistakes in configuration,
cushion dynamics and so on. Subsequent modificstions have usually
brought these “high™ rates down tu “scceptable’” levels.)

The alternative to pushing s seat out is pulling out cither the man
alone, or the scat/man combination, as in the tractor rocket system.
The reader may object that this is playing with semantks, so far as
physiological problems are concerned, because most of the force s still
applied in the region of the pelvic girdle. But a properly designed
harness can alvo support the ma~ under the arms sw that the
~ompressive force in the spine is reduced. It seems possible that with s
pruner balance of harness resillency. spinal loads could be reduced to
an apparent DRI® design value of say, Sg. with the expectaiion that
operationally. the figure would vary from O to 10 g because of varigtions
in fit, body dynamics and materials.

Even [f this balance of forces is unteasible, extraction by means of a
harness (perhaps with susiliary torso support) Is 8 visble alternative to
s¢at ejection: as the many sucvessful low speed cscapes with the Stanley
YANKEE system attest. Robert M. Stanley and his team have clearly
achieved. in the YANKEE Tractor Rocket Extraction System, &
nutably different and innovative solution to the escepe problem, snd
one which appears to be very cffective st low and medium air speeds.
At high escape alr speeds, present indications are that, in its present
form, the tractor rocket is fikely to be less successful, for detailed
engincering teasns, some of which are discussed In Reference 14. In
particular, Nall injury is likely to be severe. But this is not Inherent in
the concept of extraction ltself; rather the reverse is true. as the divers
at Acapulce qopendix A) are trying to tell us. The high speed flail
potentia! of present extraction systems is due to the fact that they do
not ¢xtract the man In the proper way, 30 that he can more or less dive
headfint into the relative airflow.

The development of @ ttactor rocket suitable for high speed escape
is clearly a comsideruble undertaking, and has yet to be achieved.
Existing (apin stablliced) tractor rockets seem to have the following
deteets at high speeds:

(a) They are not acrodynamically stebllized. so that the pltchup
acrodynamic moments cause them to precess in roll,

(b) Because of high dray and/or insutflclent forward inclination of
their teajectory. they do not fly in the right position to pull the
crew member vut “head fint into the flow' (Figure 12), even if
the pendant linels) had zevo aerodynamic dray. (As shown in
Reference 14, the crew member hay an inherent tendency to
“back-somersault’” vut ol the cockplt and end up feet finst.
This is highly undesirable from a fluil injury point of view, gnd
must be countered by a powertul “torward and up” pull on the
pendantis) it the crew member is to successtully ““dive” into the
flow, as in Figure 12.)

(c) Since rocket development is inherently expenslve, rectilication
ol defects (a) and (b) is likely to be expensive.

(d) The crew member acceleration does not start until line streteh,
which may be as lung a 0.16 seconds after the rocket has lebt its
nortar. '

These considerations led us to the conception of an “inertial escape
system” which employs 3 simple high velocity mass instead of @ rocket. A
pendant. connected to this mass. extracts the crew member. The high
velocity kinetiv energy of the mortared mass or ball iv "tramsformed ™ to
u physiologically tolerable acceleration on the man, either oy pendant
resilicncy or by a slipping clutch. These two alternative versions are
illustrated in Figures 1) and 14.

Coneeptually,  the resilient lanyard system is the casiest (o
understand. 3t sutters from the disadvantage that it can only be used
cffectively at lower speeds (less thun 350 knots say) and in situations
where the airctalt rol) rate iv less than about 50-100 degrees/second
during the escape; figures which can be improved to some extent by

*DRI - Dynanic Response Index as defined in Reference 1S,
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Figure 13 — Inertial
escape system using a
resitient lanyard.
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giving the crow membet lagaral tupport (smooth seat side panels, for
axampls) or by arrenging for the seat (0 move part way with him,
moving upwards o ralls; or by runaing the pondant through & fairiead
above the cockpit, but beaced to the fuselage sructurs.

In contrait, the slipplag cluich system transmits the full upward
accelseation to the crew member simost imstantly (about one
millisecond) and removes hime so rapidly that roll rates of over 300
degress/mcond may be tolersbis without special latersl support
provision. Present ladications’* are that it may by used safely (up to at
losst 600 koots EAS) without danger o} serious limb flall (njary,
because the man “dives’” into the sirflow, and Secauss the ballistle
cosfficlents of his various sagmants are slmilar, in the ab.encs of a seat
mass attached & hia torso.

Elther system could repeesent s substantial cust and weight savings,
telutive to 8 rocket satraction iystem. Development costs should be
much lower becsuse gun devslopnient i inherently low cost, compared
with rockei development. In the clutch system, the adverse lanyard
aserodynsmic effects are eapected to be minlinized becsuse the lanyard
will aiways be in tenslon. Additionslly, the lanyard diameier may be an
arder of magnitude less than the 1 1mm used on the ealsting systems, if
& material such as Keviar ur $-glass is employed.

Reference 14 indicates that, in addition to being potentlslly low
cost, the ballistlc escape system may be very lightweight as well. For
8 hellcopier eacape system, o total welght pensity of oaly IS pounds s
suggosted.

This tefereme also includes calculations of system perlormance
whea escaping from s fixed wing slrctaft o1 600 knots.

CoFCLURIONS

it is suggestod that, under combat condithne, roughly half of ail
open ejection seat sscapees suffer flall injury or death, and that this
should be regarded as unacceptable for the future. Such Injuries inay
be slmuost entirely svolded by properly designied active timb restraint, or
by pessive limb entrapment. But posltive seat stsbllity is desirable I
the first case, and mendstory whan panive eatrapment ls used.
“Inplanc stablilzar’ plates are une way of nercdynambcally stahilleing o
seat trom the moment it leaves thie 1alls, and have been thoroughly
proven in full scal: wind tunnel testing. They can be retroflited to most
axlsting escape systems,

As & longer range, alteimative solution tu the problens. a state of the
sst exteaction system may svold ealsting flail problems, extend the safe
«ascape envelope, be cheaer 10 develop and buy, and lrapuse smaller
weight and volumse penaliles. A candldate system hisy been dev-ribed in
the paper.
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ArrrNuix A
SoMi HYDRULYNAMIC OBSKRVATIONS ON THE Sront 0r DiviNg

A study and understanding of ths wind blast and Hmb flalling
Injury problemi must vecessarily be approached indlrectly, using
anthropometilc analogs of the human body, theoretical calculstions.
«nd sny other wurces of dats shich may be avallable. An intereating
example of the Istter is to be found in the sport of diving, where
athletes repeatedly subject themsaives to dynamic presaures hitherto
regarded as lethal in escape system technology.

Perhaps the best known venue (or such high diving is ot Ls
Quebrads near Acspulco where contestants dive from & clity 100 feet
above ses level. Target diving s also growing In popularity, however,
and it is falrly norms} for contestants to dive from un 80 fi. tower, the
object belng to execute mansuvers in mid-air snd then to lmpact in the
center of & *'target” roughly 6 ft. by 6 A. square.

In diving from 100 ft., the diver impacts the surface of the water at

about 80 11, a second. which correspoiids (o un initisl dynsmic pressure
ol about 6,440 1bs. per square foor. Becsuse the “added mass' or
“vir.ual mass” sasociated with longliudina! motion through the water is
only sbout flve percent of the diver's mass. we may neglect it in
caleulating his modon when fully immersed, together with gravity
forces, which are cancelled vut by bouyancy terms. The equation of
motion sfter full Immersion is then very siniple, namely

du/dt - ~CopS¥igyu!/m = -Kyu'
where
Kw L CnSQw/2m
CpS = “‘drag aread” of the diver
Qw ™ muss density of water
m = mass of the diver
u = veloclty
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Upon integration betwesn the lnitlal entry velocity u, and u. we
obtain
wu, = /(] + Kyu,t)
A wevond integration gives the vistance travelled in time 1 as
y = (1/Kyllog (3 + Kut) & (1/Kyw) log u,/u

Tha initial impact and penetrstinn oi the water may be treated oy
folluws. Let m’ be the virtual water mass assuclated with a crossacciion
of the diver, and u his veloclty. Then

Impact Force = F == dimvu)-di
Impact Impulse - | = [Fdt = [dim'v) = m'u,

where m', Is the virtual mass coreespanding to his greatest crms-sectivh
passing through the water plane, and u, the coreesponding selocity.

But
du'dt s F/m .
where o1 b the mass of the divee, [0, b the inital selovily, thetelore

ug-4, fFhrm tm o mu,m

Thu

U0 s L e e Ll LSS 078, say. dram round
numbers.

Impacuing ot B tosee, theeelore, imphies o selocity change of 80 x
(=08 + 176 bt -weq, In passing through the water sutlace feel
fiest, thiv taker about (M2 secands, correspunding to o miean
deseleration ol 100D g tor a toet st entiy. When the dbher enters head
Hest, the maximune fmpact loree by eeached much sooner - oughly
when his shoulders enter — and the seloclty change ol 170 H s s
cunshderably barger than we had presiously thought 1o be toletable tot
Impact e =Gy weecleration.

Varatioin ol the slgniticant paramicters slicr mpact from a 10 i,
dive are plotted in Flgutes Al and A-2 Note partloulaels trom Figuee
A- ) thet @ velowtty vhange of G0 18- sev. 18 achieved i o distasise o 70,

[}
[ ) [\\\ ]
L. \v___—HUMCT MPULSEL PHABE
™
§ (14} \
u a)
~
L
v e \
: - \ L
w \
‘ 20 \
I L i 5 1
° 2 . . . 0
OISTANCE BELOW UNDISTURBEL WATEN LEVEL IN PEUT
Ligurg A1 —- Vanglign ol velooity with dupth altet g

heag- tugt tnpact trom o 160 1 dive

OECELERAT.CX 1M §°S

Ligitg A

B9-7

teet, desplte the fuct that the avcelerstion is -G, After the first 20
f./sec. or a0, of course, the forces upplied 1o the diver's body are
distributed to some extent, and atter 40 fi./sec. () ft. immerslon) they
appear mure av 4 suction distribution pulling him back (tending to
eatend the spine) rather than as pressure forces on his head and
shouldens, which woald *=nd 02 1000 wp the splie in cumpression.

In the calealation of Impact selodty for Figures A<l and A-2, the
seluclly ) and distance tallen ty) weee taken

u = \/gjz tanh (\/u_K t)

) - Al K) log conh (\/"\' n

K = (S 2m

Cud  dragarea
o L2100 bor g clean diving pasltion
o L0 ok g ywallow dive

Q abr demdity

wm mass ol the diver

X = aeweleration due to gravity

Fow ddives drome 100 i was ound that e eltect ol glr drag way
wiy sinaldl, vo that
woa R
Vot 2
Spectaliy signiticant shous these tosults b high dining are the
tollow ing peinis:

o Fhe dner's fegs dis not aplic open i o teet g eniey, presumiably
becatse lusorabile “added masw’ prossures act on his tapered legs oy
thes pasa through the frecaarelave, to beep them together. This
wonhd not b true of molion in gl

¢ The diver van hold has ary e poshiion in a head B enn, pre-
subtahly because they aie “swy ™ towards cach ather.

o Serous Umb Qathing' does ot generally aweur with eatry a0 cliber
duection.

* Dyiamie prossiges ol 20004000 1, 167 do nol ceuse injury.
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BXPERIMENTAL EVALUATION OF LIMB FLAIL INITIATION AND EJECTION SEAT STABILITY

Fred W, Hawker
Anthony J. Buler
Payne, Inc.

1910 Forest Drive
Annapolix, Maryland 21401

INTRODUCTION

For flail injury to occur it is nocessary for the limb to acquive a considerable angular velocity
relative to the body in ordor that thero may bs sufficient iclative kinetic energy to cause the damage.
Thls energy, it is supposed, is accumulated over the length of stroke from the initial lodgemsant to the
position of arrest. Static forces are gonerally not sufficient to dislocato the shoulder or hip joint
or to causo bone fractures. Tho quostlon arises as to what csuses the initial dislodgement. 1Is it
inortial force due to soat motion or wvrodynamic force due to pressure on the limb? Are these force:
of irresistibly large magni.ude or is tho occupant caught unawares and compelled to le: go at force levels
which he normully could resisc? This uncortainty lod the Aerospnce Medical Research Laboratory at Wright-
Patterson Alr Forcu Baso, through tho Office of Biodynamics and Bionics, under Jumes W. Brinkley, to
initlate & full-scale wind tunnel study to moasure the limb loads on volunteer subjects in different
ojection seaty, The stutic stablility of tho cojection seat is also an integrul part of the flail problea,

It wus therofure decidud to mousure the forces and moments of the candldato scats, as part of tho same
program.

DESCRIPTION QF EXPLRINENT

The wind tunnel investigutlon hud two primary goals: (1) tho moagurement of limb dislodgement
torcos in frov flight slmulution of an ejoction und (2) the detorminstion of static stability of the

scats/occupunt combination, Wy also wanted to compare the forces and moments measurcd with anthropometric
Jumnios and slve subjects ln identicul ejuoction seats.

An Advunced Concopt Ljoction Swvat (ACES-11) and the F-105 ejection suvat were used during these tests
(Flgures 1 and 2). A detuiled compurison of thuse two seuts i3 Included in Reference 1, but for the
purposes of thls puper the ACES-11 will usuully be referred to.

All of the Llmb force mossuremonts were made by swraln gauged boams thut were celibrated to measuro
u purticulur force. The ojection inftlution handles recorded the force on the hands (arms) out from the
budy and back roward tho scut structure (Figure 3). The knees wore supported by brackets (Fizure d)
und mousurcd the coparstion (knov out) torco, The feet, which normally are not attached to any purt of
tho seut, wore fixoed to "stirrups' that modsured tho foot out and beck force components (Figure S).
Finully, tho hulmet way rlgidly mountuod to tho soat structure und instrumented in such a way that lift,
drag und sidv furco, pitching and yuwing moment could be messured (Figure 6). The pressures both inside
and outslde the helmet weore measured with stutic pressure tups (Figure 7),

EXPERIMENTAL PROCEDURL

The stundurd tust run wus at u sot pitch und yaw ungle. The Jdynamic pressure was varied und balance
wid }imb torce moasurcwonts tuken st 20, 30 and 40 1b/ft4. The lisb force meusureuments were recurded
digitally und plots of force arvs coefficients

CA » = It F - Forco in Pounds
¥ 0 p « Alr Donsity in Slugs por Feet?
i U - Freo Stream Velocity ut ft/soc

vorsus dynamic pressury were recorded. Tho scat/man combination forces und moments (le. lift, drag, side
force, pitching moment, yawing moment and rolling moment) were tuken with respect to wind and body axes
uftor *ho ytand tares were subtrscted. All tho fiyures in this papor aro referred to body axes. The
reference conter of gruvity for the scats tested is shown In I'iguro 10 and the positive directions for
the limb force measuroments are shown in the schematic of Figure 1l.

Those teits were conducted in the subsonic wind tunnel facility at the Universjty of Maryland (f)ean L.
Murtin Institute of Technology) under its Director, Donald S. Gross, The tests of the F-105 seat

worua In April 1973 und the ACUS-11 in the {ollowing Septomber. The cooperation of the tunnel staff was
groutly approciated during these exporiments.

RESULTS AND DL1SCUSSION
Limb Dislodgoment Forces

The force ct the knees shows a systematic varietion with yaw angle gFigure 12). At the nominal ejection
angle (0°* pitch, 0° vaw) the knee outwaid force arcas equals about 0.2 ft4. This corresponds to an outward
force on tho kneos of 108 pounds at a spoed of 400 knots. As the scat is yawed, the windward knee (right
knoe if you are yawing to the left) shows a tendency to be forced inward or toward the left knee. The
looward knee (lefC knee if you are yawing to the left) continues to be forced outward from the nominal
pusition. The effect of pitch was minimal at these low pitch angles. Finally, at a yaw angle of -30° the
left kuee experiences un outward force ares of 0.6 ft2; this is approximately 325 pounds at 400 knots.

The force outward at the feet shows & similar variation (Pigure 13). At the nominal ejection angle the
foot out force arsa is approximately 0.1 ft2. As the seat is yawed to the left the windward (right)
foot is forced inward (toward) the left and the leeward (left) foot ls forcod outward with a force area
oqual to 0.4 ft2 at a yaw ungle of -30°. This corresponds to a foot force (outward) of 216 pounds at
400 knots. The effuct of pitch is also minimal on the feet. The backwuard force area on the feot is
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Figure 1, A Subject in the ACES-II Scat
at -15° Yaw, -15° Pitch.
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Figure 2. A Subject in the F-105 Scat, at 15°

Incidence and 30° Yaw.
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Figure 3. Dectail of the ACES-1I Ejection Initiation Handle Force Measuring Beam,
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Figure 4. The Right Knee "in-out" Force Measuring Beam on the ACES-I1 Scat.
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- Figure 5. ACES-11 Foot Force ("forward-bsck' and "in-out') was Mcusured on the Vertical Beans
Supporting the Stirrups to which the Subject's Feet are Strapped.
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Figure 6. The Helmet Cantilevered on the End of Its Strain Gauged Sting: F-105 Scat.
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Figure 7. Inside View of Helmet, Showing Static Pressure Lines to Internal and
External Static Pressure Taps.
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Figure 8. The "Cre.ted Spoiler' Attached to the Lielmet in an Effort to Reduce
Helmet Lift.
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Figuve 9. lelmer Fittad with "wings” to Reduce Litt Forees,

NOTES:

1) SEAT BACK AMGLE !5 i3°

2) ANGLE 8 IS MEASURED
FROM THE HORIZONTAL

C.G. LOCATIONS IN POLAR COORDINATE FORM FOR SEAT-MAN COMBINATION

1

- ).OWER ROLLER

B10-7

REFERENCE POINT

__SEAY QCCUPANT H 8 :

ACES 11 5% 1692 | 110.9 :

ACES it 50% 1.669 3.1 '

ACES 11 95% 1.049 5. 4 ‘

F-i08 ALL 2.0 109.7

d

Figure i0.  ACES-11 and F-105 Center of Gravity Locations Used ia Data Reduction. :
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BODY AXES DIRECTIONS

- "N
‘ - S~ 7 -
f noff)\ ! /(}p"cﬂ FIXED WITH RESFECT
; QJ ~ T9 THE SEAT
' VAW,
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Figure 11. Seat in Wind Tunnel; Axes and Measurements.
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O Q LEFT, RIGHT FOOT FOR 0° PITCH

O O LEFT, RIGHY FOOT FOR -i8° PITCH
O 4 LEFT, RIGHT FOOT FOR 15° PITCH

O Q_ LEFT, RIGHT KNEE FOR O® PITCH e RIGHT HAND AVERAGE
O 0 LEFT, RIGHT KNEE FOR 45° PITCH = = LEFT HAND AVERAGE
A A LEFT, RIGHT KNEE FOR 15° PITCH 0.4

RIGHT HAND AVERAGE
LEFT HAND AVERAGE

- . B

-30 -20 -0 0
YAW ANGLE IN DEGREES

i

i

)
o
»

6o
FOOT OUT FORCE AREA IN SQUARE FEET

o

!
[o]
N

[}

YAW ANGLE IN DEGREES

Figure 12. Variation of Knee Out Force Area with

Yaw Angle for the Average of the YAW ANGLE IN DEGREES
Volunteer Subjects.

Figure 13. Variation of the Foot Back and Foot
Out Force Areuas for the Average of the
Volunteer Subjects.

fairly constant with yaw angle up to -30° with a value of 0.3 ft4. This equals a force of 162 pounds at
400 knots.

The arm outward force area as a function of yaw angle is also similar to the knee and foot out
forces (Figure 14). The arm outward force area at the nominal ejection angle is approximately 0.15 ft?
which would be a force of 81 pounds at 400 knots. The maximum arm out force area equals 0.3 ft? and
occurs at a yaw angle of -30°. This means that a pilot, if ejected at 400 knots, would experience a
force in excess of 150 pounds if his seat yawed to -30°.

The arm back force area as shown in Figure 14 has an average value of about 0.35 ft? at the nominal
ejection angle. This corresponds to a backward force on the arm of 189 pounds at 400 knots. As the seat
yaws the arm back force arca fatls to about 0.2 ft¢ for toth the right and left arms.
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Seat Stability O QU LEFT, RIGHT ARM OUT (OR BACK! FOR 0° PITCH

E The basic requirement for static stability a Q LEFT, RIGHT ARM OUT (OR BACK) FOR -15° PITCH
; is summarized in the graph below. A negative

;
:
3

slope of moment vs. angle is the criteria for 1) A\ LEFT, RIGHT ARM OUT (OR BACK) FOR 15° PITCH
static stability. About the trim point any small — RIGHT HAND AVERAQE

- positivz increase ... :ngle will produce

L 8 negative or restoring moment back to trim and === LEFT HAND AVERAGE

| vice versa. It is also important that the trim

. point is near the angle that the seat enters the

' free-stream after ejection. — o4

. . Trim Point /g—‘.?< g
i -

[ | - y gE
unstable
02

0 neutral ‘
3 g
angle

g 0.0

Moment

|

|

| -30 -20 -10 0
: stable YAW ANGLE IN DEGREES

If the trim point of the seat is much
different from the initial angle of the scat at
ejection, then the restoring moments may be such
that the seat is driven past the trim point and
spinning may occur. Of course, in this
simplified explanation we are assuming no passive
or active devices to correct for trim point and
initial angle offset.

04

B el b s A0 JhdiRt e At didih et A A

Static Forces and Moments of the Full-Scale
ACES-TI Scat Plus Occupant % 0.2

8
< W
The vulunteers for this expsriment were E
military personnel! from Wright-Patterson Air
('S
3 2
o«

Force Base in Chio. Force areas {CpS = D/q)

. and moawent volumes (CpV = M/q) were

used to present the data since we are dealing Lo 00

with a full-scale seat and since a characteris-

i tic area is hard to describe on such an irregular

body. The lift and drag areas arc showa in

Figure 15. The effect of pitch angle on the lift

area shows that zero lift occurs at an angle of

attack of about 10°. At the nominal ejection JR -0.2

angle the lift area is -1.0 ft2, The drag area

is approximately 6.5 ft? at the nominal cjection -30 -20 =10 o

angle. The drag area recmains about constant at YAW ANGLE IN DEGREES

-15° pitch but decreases to about 6.0 ft? at

15° pitch. Figure 14, Variation of Arm Back and Arm Out Force

Areas for the Average of the Volunteer

The pitching momeut volume versus pitch Subjects.

angle shows a large negative value at the

nominul ejection angle. This implies that the

seat will tend to rotate as soon as it is inserted in the free stream. This plot also indicates that the

scat does not trim near the nominal angle of ejection. The yawing moment versus yaw angle plot shows a

strong unstable tendency. The scat has zero yawing moment near zero but any perturbation will set the

seat spinning in the yaw mode. There is very littl: variation in yawing moment vo'umc with pitch angle.

- A

The ACES-II seat shows a tendency to produce a positive rolling moment with negative yawing angle
(Figure 17). The side force also shows a predictable increase with yaw angle.

It should be noted that siuce the ACES-I1 seat is actively

) t she stabilized by vernier rockets, most of th
instabilities noted here are not germane to its performance. ) ¢

Comparison of Anthropometric Dummies and Volunteer Subiects

It was decided to cvaluate and compare the s:iatic forces and moments of two anthropometric dumsies
(S and 95 percentile) with the average of the volunteer subjects (Figures 18 and 19). The lift and drag
area plots show very similar characteristics. The pitching moment was the most variable but the average
of the volunteer subjects fell well within the 5 znd 95 percent data. The yawing moment versus yaw
angle showed gond agreement between the dummies and live subjects. In general, the gross acrodynamic
seat stability was very similar between anthropouetric dummies and the volunteer subjects,
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Comment on Fryer's Earlicr Work

The carly pioneering experiments in the ures of limb force measurements woro conducted by the late
Squadron Leader U.l. Fryer in the carly sixties. Ilis work, which was conducted in water, is compared
with our study conducted in a wind tunnel (Figure 20). The results show an excellent correlution botween
the water tank and the wind tunnol limb force mcasurvments of the arm out force and leg separation force.

Helmet Forces and Pressures

As mentioned in the description of the test set-up, arrangements were made to measure forces and
pressures acting on the helmet, This Is a separute subject, not necessarily related to tho incidence of
flail injury, but since, in USAF experionce, helmet loss is not uncommon following ejections it scemed
appropriate to add these measurements to the program. Also, in Services which do not utilize rotontion
straps with weak links, helmet-induced injury is somectimes suspected during autopsies.

Instead of being attached to the subject's head the helmet was supported by a sting attached to the
headrest. The sting was strain-gauged to measure the 1ift, sidc and drag forces and the pitching and
yawing moments of the helmet. The F-105 scat was used in this neries of tests.

Fourteen (14) static pressure tups were fitted to the helmet to obtain evidence of the pressure
distribution on the helmet. Ten (10) were used to measure the static pressurc outside the helmet and four
(4) were used to measure the static pressure inside the helmet. Thesce are shown in Figure 7. The helmet
support bracket is seen in Figure ¢.
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Figure 20. Comparison of Fryer's Water Tunk Measurements
(Reforonco 3) and Payne, et al Wind Tunnel Lxperimonts
of Limb Force Msasuremsnts (Roforence i).

Average values of the three holmot forces are plotted in Figures 21 to 23 and the pitching and
yawing moment uverages in Figures 24 and 25. The scatter of tho individual duta points is again consider-
able, hut as for the case of the limb forces, the trend of ths moans is rcasonable. The average lift ares
of 0.38 ft? ut zero yaw, zero pitch, is somewhut higher than the figure cf 0.28 ft? roported in
Reference 4*. This 1ift force is very powerful and makes helmot loss or neck injury inevitable during
high speed escape. A force ares of 0.38 £t? correspunds to s lift of about 460 1b at 600 knots (Figure 26).

The lift force is mainly dus tu suction on the outside of the helmet, rather than ram pressurs inside.
The data from the stutic prossure tep measurements show that the pressure coefficient C_ can bo s low us
-1.0 on the outsids but rarely exceeds 0.2 insido. P

The dofinition of CP is:

¥7Accuracy of the Reference 4 holmet force measurement was known to be poor.
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Figure 26. Helmet Lift Force as g Function of Indlcated Airspeed
o Using the Measured Wind Tunnel Lift Coefficient o7 0.38.
3
where
] )
: p Is the local static pressure i
{ p,, and u, are the undisturbed pressure and velocity 4
Z
4 p is the undisturbed uir density nd
1
F From Bernoulli, it folluows that, tor incompressible flow
2 .
Cc =1l _(;L ) or L. Vi< ¢
P v u p
\ L v
Thus C = 1.0 implies 3L » V2. Locally, the flow velocity over the helmet is 40% greater than the free-
stream’ flow.
. In an cffort to reduce lift the "erested spoiles' shown in Figure 8 was tried. As can be seen, the
- results were disappointing. j
The winged hclnet configuration of Figure 9 was then evaluated, for zero yaw and pitch.  The wings ﬂ
were very successful in reducing both lift and pitching moment, without adverse effect on the other torces. q
We beliceve that g “sceond generation' winged helmel, having small swept back wings at a greater negative ;
angle might achicve zuro lift and not impede the helmet wearer significantly. More experimental work
in the tunnel is clearly necessary before we can recomaend an optimum configuration, g
- ’,
: CONCLUSIONS é
The primary conclusions of our wind tunnel cxperiments can be summsrized as follows: i
1. A sound method for measuring the limb force loads was demonstrated in both ;
the I-105 und ACES-11 ejection scats. :
i
2. The loads on the limbs are of such magnitude that initiation of flailuing is 2
probable at high cjection speeds. i

3. Anthropometric dummies compared well with volunteer subjects in the
measurement of gross acrodynanic forces and moments.

4. There was excellent agreement betweon our wind tunne! investigation and
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Fryer's earlier water tank experimonts.

5. There is a substantial iift force produced on the standard Air Force helmet which

is caused by the suction on the outside of the helmet, not the ram pressure inside
the helmet.

i
g
|
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3 DISCUSSIGN

. In reply to questions from Thorne (U.K.) and Glaister (U.K.), Hawker confirmed that his
duta had been obtained under static conditions in & wind-tunnel and did not take into con-

} sideration pogsible turbulence of airflow. He <id not think it practicable to measurc forces

on limbs once they had been allowed to wove from their initial position, but agreced that these

forces would probably inc:edse. Thus, the forces actuslly measured ware those which would
tend to initiate movewnt.
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HIGH SPEED EJECTIONS WITH SAA3 SEATS
by

B O Andrae, £ Ek, H Lorin ard B Ch R Stromblad
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Summary %
The Swedish development work on devicas to protect against wind-blas’ effects at high speed ejec- ‘
tions 18 surveysd. Examples of past, present and future solutions are given,

D I

The Stedish Air Forcot experience wi -h high speed ejections is svammarized. !

Dl i L

Introduction

The combat aircraft of the Swedish Air Force are designed and built by Svenska Aeroplan AB, SAAB,
in Linkoping, Sweden. Thexre are at present three main types in service:

the attack airc.-aft 37 (Viggen),

the light attack and trainer 60 (SAAB 105; and

the fighter and reconnaissance 35 (Draken).

SAAB combat aircraft are also in gervice with the Austrian, Danish «nd Fianlish Alr Forces.

The total number of ejections from SAAB elrcraft in Sweden il ‘or obvious reasons small. In the

d velopment of escape systems it is therefore nucessary to ga.n information to a great extent from '

flight testing with dummies. This approach was adopted alrexdv back in 1540 when the SAAB company ‘
l

N TS . W AT O A e 7 o 9~

astarted vork on ejuction seats, The first test was car~{ed cut in January 1942 and the first live
ejection took place in April 1946, when & pilot wude a suvcesaful ejection.

The development of {'aster ar. more sophisticated aivcraft has foroced the development of escape
systens for whioh both operctional limits and operationsl dependability have been extiended.

The operaticual speed limit for the escepe uysiem of the 60 aircraft is 800 ka/h (3 430 kte),for
the 35 it 18 12C) kw/h (¥ 650 kts) and for the 37 it exceeds 1150 km/h (¥ 620 kiu). The 60 ajr-

craft is equipped with an ejection system of the ballistic type while the 35 and the 37 have ;
rocket. seats, :

N —— A o o 2 P —

3 There 18 no accepted definition of what is meant by high speed in connection with ejections., In
, this paper the interest will be focused mainly on the prevention of wind-blast effects of ejec- i
tions at speeds exceeding 1000 km/h (¥ 540 kta).

b 2 e A o s Eahe Al TNt Ll it otk i ot

i Deceleration and atabllization

In Oweden it is considered highly desirable that the escape syetem should have low level capa-
bility even if the aircraft is diving. Congequently, the open seat, in which man ocan gustain
higher deceleration than in & capsule, has been favoured. The deceleration of the man gsltiting

in the seat is brought about by a seat-chute whicn is actively deployed by a gun-powder operated
mechanisz, Man’s best position to stand deceleration is when the force is applied in the sagittal
direction. The ueat-chute has been designed to counteract turning and tipping zovements so that
the =man is facing the direction of the movement. The stabilization of the seat is also velleved
%o markedly deorease :lailing of limbs and head caused by wind-blast.

- —— = —

[ With increasing speed thexe is an increasing tendency to a backward tilting movement of the man-
3 sest complex. Thie is partly due to & momentum given the geat just before it leaves the gulide
raila. The lower part, still in the rails, acts av a fulcrum around which the vind-exposed parts
- tend to rotate. The backward tilting is alao enhanced if the drag cenler of man-seat is located )
{ headward to the center of gravity, This latter descrepancy can be especially pronounced in the 37

due to the generous seat adjuetment ra.ge. In order to lower the center of the drag force a metal
sheet, aimilar in action to an air-btrake, has been put under the seat., In the 37 the seat adjust-~

nent effect ls also compensated by automutic adjustments of the directien of the rocket-thrust
when the seat pomsition is changed.

One tempting approach to the prcblem of injuries caused by flailing limbe is to decelerate the
geat and torso of the man so violently that the arws and legs ehould nct be bent backwards but
rather ntretched forward from the sitting man’s position. However, this has not been technically
possiile, It is doubtful if it is physiologically possible. The idea was anyhow dropped, sinae
the injury to the upper extremities are thought to be inflicted already before the seat is dis-

connacted from the alrcraft, at the very first moment when the arms are exposed 1o the aerodynamic
forces.

Flailing of limbs Aand head 4

Different parts of the body have different masses compared to their aerodynamic properties, Protru~
ding parts like aruws, legs and head therefoise have, at any speed, a tendency to flail at ejections.
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The legs, if not restrained, are generally injured at speeds in excess of 600 ka/h (~ 325 kts). In
order to prevent the legs from flailing the 35 and the 37 seata rave been equipped with leg re-
straints. The straps are connecte. (o eyes on the pilots’ boois by snsp~hooks at about half the
height of tae lower leg. The other end of the strep is connected to the cockpit flcor via a frice
tion lock in the seat pan. When the seat is moving at ejection the lower legs are retvacted and
kept close tu supports. The cockpit floor ettachment is disrupted.

This one-point reatralint of the leg is truly effective, but cannot at higher speeds provent rota-
tion of the lower leg in the frontal or horiazontal plane., In order to improve the fixation in the
frontal plan¢ the leg suppoxts in the 37 seat have a V-groove shape.

At high aspeed ejections injuries are initiated by rotations of thy lower leg in the horizontal
plane. The harmful cbduotion of the hipjoint i{s facilitated by thie outward rotaition of the foot.
Prevention of this rotation is eagential, Thus, for iLe 35 seat a special device has been develop-
ed ard will soon be introduced into service. The device resembles a palr of tennis rackets located
on each side of the seat pan, The frame of the racket reuts on the floor of the cockpit &nd <he
handle is attached by a spring-lcad mechanism to ‘he seat pan in such & manner that the racket
will be pregsed downward at ejection., The surface of the racket will then be positioned lateral

to the fewt and prevent outward rotation, A modified type of this lat. -al 1leg support will probab-
ly also be introduced in the 37 weat. The spa~e of the cocrpit prevents the use of the same type.

At speeds in excess of 830 \m/h (w 450 kta) it is in general not possgible to retain a grip with
the hand as e.3. on the firing handle. The Swedish rocket seats are initiated by (one or) both
nandles on each side of the seat pin. There are at presenrt no arm restraiats in any of the SAAB
escape systems., However, much wvork has been and is presenily devoted to such projects,

An early approach to the problem was the construction of a "jumping Jack" device. In its firet
model only the aras were engaged. Cords attached to & reinforced part of the forearm sleeve were
guided over the suit in canals, along the upper arm and over the chest to the central strap~look.
The canals could easily be split open by the cords when these were tightned. At the central look
the cords vere wound on drums. These drums were in their turn connected with drums op which a
second set of cords were wound, the other und of these cords were atitached to the cabin floor so
thaet the device vas activated early in the ejection sequence. This device was not introduced into
service, but lead to a further development in which legs and head vere alec included. The ocords
vere guided in canals but in addition there vere loop-holes fastened to the suit through which
the cords were drawn and thus the traction direction was determined. The final commorn path for
the limbs and head cords was a cord on the back of the man whioh wes attached to the cookpit floor.
The device has not been introduced into sarvice.

At the omoment a different golution is under development. This device consiute of two nets, one on
each side, which are normally parked on the walli of the coockpit., The cords from the seat running
to the net are also parked 8o as not to interfere with the pilot during normal operation, On ejec~
tion the stringas will oull the net in such s way that the arms are caught and secursd to the late-
cal side of the ltody until separatlon.

In this connection it ig appropriete to mention that in aircrafts with tandem position of the orew
and with rocket seats iv is necessary to get the arms of the man in the rear seat in proper posi~
tion for ejection also in «ases when the ejection is initiated from the front seat. Airbags on the

valle of the cockpit are used to provide & funnel through whioh the man is asjected and by way of
which the arms are brought into position.

At present there is no head restraint system in service. The acceleration forces from the gun and
the rockets will bend the head forward; the chin may actually hit the stiernum, Later, when the
head is caught by the wind, it is thrown backvardsj; the higher the speed the harder the head hits
the neckrest. The very thick neckrest is filled with shockabaorbent material to prevent impact in-
juries to the hecad. In the 37 the neckreat has, compered to the 35 neckrest, Leen widened and made
slightly concave in order to better catch the head and counteract rotatory movements of the head.
For head ilmpact speeds of 106 w/sec (35 ft/sec) the deceleration should not exceed 120 g, A head
restraint device should cbviously te of value in easing the head impact. Apart from the attempts
described ubove i=n connection with the "jumping Jack" prcject soue work has been devoted to con-

struction of an inflataeble collar, which should help to protect the head and neck from flailing
injuries.

Pilot 2quipment

In the Swedish Alr Forca a combination of a pressure breathing oxygen mask and a custom fitted
hoelmet with a neckbladder iam standard equipment, (cf Larsson and Stroamblad 1967). The helmet

t.a8 no chin protection and the visor runs outside the helmet. It is our experience that the visgor
i9 destroyed at high epeed e jections. The helmet and oxygen mask have beexn retained in most of the
calei. Further developrunt work on the helmet-visor-mask is olvioucly neeied. The immersion suit
nas 8¢ far generally withstood the strain of high speed ejections.

Swedish Air Force ejections

Through the years 1967 to 1974 there have been 74 ejections in the Swedish Air Force. In one of
these ceses the gpeed at ejection i# unknown, Neither man nor the airocraft has been recovered.
In 8 of the 74 cases the epeed was 1000 kw/h (v 540 kts) or higher. it the beginning of the period
(1967 and 1968) two ejections with bellistic seats ware made at 1150 km/h (v 630 kts)y both
attempte were unsuccessful, With rocket seats five out of six cases have survived, two ceses gt
1000 ko/h (v 540 kts), one case at 1125 km/h (~ 610 kte) and two cases at 1200 kw/t (~ 645 kts).

h

Only in oune cese the outcome was fatal, This was sn ejention during steep dive at 1200
(n 645 kta),
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Out of the five who survived, one pilot (ejection at 1200 km/h, ~ 645 kts) sustained only minor
injuries, ocontusion of a knee and facial petechiae, while the other four nad major injuries.
Among the major injuries encountered are fractures of legs and ards, tearing of big joints and
congussion., Four of the five surviving palote have resumed flying duties. The rifth has not

yet bcen able to do so, his ejection took place as late as middle of Ootober 1974.

The injuries to the pilots encountered in these cases have initia‘ed and guided the development
vork here summarised. However, the number of high speed ejections istoo ssall to allw & thornugh
analyeis of the effect of the various eteps in the development vork, In fact, mauy of the modifica-
tions described, even if %they are in service, have not yot been put to the test in real situationa.

Referancer ‘
Larsson, L-E and Strocblad, 3 Ch Ri Development of & flying suit system for the RUAF, PURSVARS-
MEDICIN, 19¢7, 3, 17-26. _
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CONCLUD ING REMARKS

by D.H. Glaister

I would like to say a few words in an attewpt to sumnarise the day's programme; but first
of all 1 would like to convey a mssage from Dr. Wulton Jones, the chairman of the Biodynamics
Comittee of ASMP. He regrets very much that he has not been able to be present today, but
has heen detained by NASA business in Washington.

This morning, 1 think that one of the things that struck me, and has perhaps struck me
throughout the day, has been ithe remarkable agreewmen: betwecen the Nations, not only those of
NATO, but also Sweden, on the mechanisus of windblast injury and on its frequency of occurrence
in relation to windspeed (papers Bl, B2, B4, B6 and Bll). There was one exception, our host
country Canada which appears to suffer fewer injuries, but the numbers of cjections were less
than som: of the other series so perhaps the signal had been lost in the noise,

We saw this moming that ejections are oceurring at increasing speeds with more modern
aircrafe, particularly in the combat situation, and that injury rates, likewise, are incrvasing.
If one excludes cjections made outside the design envelope of the ejection system, major
injuries arce now largely due to windblast, especially at the higher end of the speed scale.
Injury rates of 40Z or m.re were scen in the combat prisoner of war cases (paper BY9) and we
were told that at 600 kt the expectation of windblast injury approached 100 percent. These
injuries are caused by limb displacement rather than wind pressure per se. We saw several
examples of faiiures in aircrew cquipment assemblies — helmets being lost, masks being lost =
and again these scemed to occur with equipment from all the countries represented.

Well, by Junch time I think we were getting pretty depressed - the .ituation seemed peor.
It wasn't improved when we came back to some very nice X-ray pictures showing details of very
painful lovking injuries produced by windblast on lichs fvee to wove (B6).

Fortunately, as the aftermoon progressed, thiags started to get brighter, We saw a number
of examples of dztalled iwprovements which have been carried out, and are being worked upon, in
order to lmprove existing systems. Small things like wings attached to helmets to reduce Jift-
ing moments (paper 810), net limb restraints (B9), cords giving limb retraction and restraint
(885, 'tenanis raguets' <Coing the same thing (B11), head protection by a fabric hood (B7) and so
on. And then we saw sone more advanced concepts = acrodynamic techniques for seat stabilisation
which in the last test shot shown of the Saab seat (B11) looked very encouraging indeed. We saw
that the ejection seat may not be necessary, except nerhaps for sitting in, and may not be the
tdeal ejection pictform (B9).

So, looking aiicad, we sec the possibility of a 750 = 800 kt ejection without a seat, stabi- Jﬂgﬁ
lised apparently by shuttlecock feathers and with the limbs restrained by fish netting - it's a
nice prospect. On that note I would like to close the session by thaunking all the speakers for
their excellent papers, and the audience for its attention., Thankyou.
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