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I INTRODUCTION

The purpose of this report is to determine the maximum sizes of
rocket engines which can be tested in Tesf Cell Tl, T2, T4, J} and J2 of
the Engine Teét Facility (f:TF) at Arnold Engineering Dévelopment Center
(AEDC). This determination has bee‘n based on the structural ability of
the test cells to contain explosions resulting from malfﬁnctions occurring
dufing tests conducted on rocket‘ engine 8 burning several differe‘nt 'liquid
and solid propellant com®tinations. The propellants selected f;)r study are
those currently in use and those which appear most likely to be used in the
near future. It has been assumed in the study that necessary safety precau-
tions will be followed'and that the fastest acting control devices presently
available will be used.

The test cells under consideration are in close préximity to their
control rooms and millions of dollars worth of specialized equipment.

This fact dictates the necessity of the test cells being able to contain any
explosion resulting frecm a malfunction. For this reason it is recommended
that the engine sizes be so limited that any resulting explosion will not cause
more than slight damage to the cells as defined in the Corps of Engineers |

Manual, '"Fundamentals of Protective Design."
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Following are Usage Tables which show the maximum sizes of
rocket éngines whjch, in the event of the worst possible explosion that
can be expected from test malfunctions, will result in no damage and
slight damage to the various test éella. The engines are Qized by thrust |
in the case of liquid engines and by total propellant weight for solia engines.
It can be seen {from these tables that liquid engines, burning propellants
presently in use, between the ranges of 10, 000 .to 70, 000 lbs thrust and

solid engines with total propellant weight up to 1000 lbs can be safely

tested in ETF,



USAGE TABLE FOR TI & T2

THRUST SIZE IN L_BS ]

B e e

ENGINE

LKMﬂD PROPELLANTS TNTEQUIV. | Isp NO DAMAGE SLmHTDAMAGh
L1Q. FLUORINE - LIQ HYDROGEN 2.4 365 4560 10,000
L1Q. FLUORINE - HYDRAZINE 1.8 316 5270 11,600
L1Q. FLUORINE - AMMONIA 1.8 312 5,210 i1, 470
‘NITROGEN TETROXIDE ~HYDRAZINE |2 257 6,420 14, 180
CHLORINE TRIFLUORIDE - HYDRAZINE 11 247 6,750 14, 900
LOX -JP -4 1.8 261 4350 9,540
LOX -UDMH - 1.7 270 4770 10, 500
LOX - HYDROGEN 23 379 4,960 10,900
BROMINE PENTAFLUORIDE 33 % HYDRAZINE 0.7 293 12,600 27,000

: -67 °/o AMMONIA : ]

'SOLID PROPELLANTS WT. OF GRAIN
AMMONIUM PERCHLORATE POLYSULFIDE. 0.3 100 LBS 220 LBS
ALUMINIZED NITROCELLULOSE 08 375 LBS 82 LBS
ALUMINIZED POLYURETHANE Q3 iI00 LBS 220 LBS

30LBS TNT
661LBS TNT

N.D. - 15/0.5
S.D. - 33/05

" TABLE |

——

19-65-NL-D2Q3V
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USAGE TABLE FOR T 4

P mrmee e e

LKNﬂD PROPELLANTS

e e e

3} LIQ. FLUORINE - LIQ HYDROGEN

i LIQ, FLUORINE - HYDRAZINE
LIQ. FLUORINE - AMMONIA

Y

| NITROGEN TETROXIDE -HYDRAZINE
| CHLORINE TRIFLUORICE - HYDRAZINE

LOX -JP -4
LOX ' -UDMH
LOX - - HYDROGEN-

BROMINE PENTAFLUORIDE > % HYDRAZINE
67 °/o AMMONIA -

form e e e T

SOLiD PROPELLANTS

AMMONIUM PERCHLORATE POLYSULFIDE
ALUMINIZED NITROCELLULOSE

ALUMINIZED POLY URETHANE

|

N.D -15/0.5 = 30(8S TNT.
S.D. -52 /05 =104LB8S TNT

24
| 8

TABLE

{8

N e
~N W N o TN

TNT EQUIV

SO S,

P A

S

|
. |
<w-»-».-w..wm-a»—o-jt_—f-x,

ENGINE THr\UST SIZE N LBS
T 1
NO DAMAGE ;S IGHT TUANAGE
S y
4560 i 15,800
5270 (8,300
5,210 | 18,100
6,420 22,400
6,750 23,500
4350 15,000 .
4770 16,600 !
4,360 \7,200 |
12,500‘ ! 42,600
WT or—* GRAIN "
100-  LBS 347 LB8S
375 LBS 130 LBS
100 LBS | 347 1BS |
[ S

[9-6G*NL-DOd3V



USAGE TAB £ FOR J-l

PRESSURE CAPSULE

ENGINE THRUST SIZE IN LBS.

LIOU&D PROPELLANTS TNT EQUIV.|  isp 'NO DAMAGE  |SLIGHT DAMAGE
LiQ. FLUORINE - LIQ. HYDRGGEN 24 365 7,560 - 27,400 |
LIQ. FLUORINE - HYDRAZINE 1.8 316 8,760 31,600
LIQ. FLUORINE - AMMONIA I.8 312 8,640 31,200
NITROGEN TETROXIDE ~HYDRAZINE 1.2 257 10,700 38,400
CHLORINE TRIFLUORIDE - HYDRAZINE N 247 10,750 38,700
LOX . -JP -4 1.8 261 7,230 26,100
LOX - UDMH .7 270 7,950 . 28,700
LOX -HYDROGEN 2.3 379 8,250 129,800

-33% HYDRAZINE

BROMINE PENTAFLUORIDE- 222 "/ ‘0.7 293 20,940 75,600

SOLID PROPELLANTS WT OF GRAIN
' AMMONIUM PERCHLORATE POLYSULFIDE 0.3 167  LBS 600 LBS
ALUMINIZED NITROCELLULOSE 0.8 625 LBS 225 LBS
ALUMINIZED POLYURETHANE 0.3 167 LBS| 600 LBS
L .

N.D. -25/5=50. LBS TNT
S.D. -90/5 =180 LBS TNT

TABLE

19-6S-N1-2Q3V



USAGE TABLE FOR J-2

PRESSURE CAPSULE

ENGINE THRUST SIZE IN LBS.

LIQUID PROPELLANTS TNT EQUIV.| isp NO DAMAGE  |SLIGHT DAMAGE
LIQ. FLUORINE - LIQ: HYDROGEN 24 365 13,100 47,200
LIQ. FLUORINE - HYDRAZINE 1.8 316 15,140 54,500
LIQ. FLUORINE - AMMONIA 1.8 312 14,900 53,500
NITROGEN TETROXIDE -~HYDRAZINE 2 257 18,400 66,000
CHLORINE TRIFLUORIDE - HYDRAZINE i - ear 19,300 £5,000
LOX - -JP -4 1.8 26| 12,400 44 700
LOX - UDMH 1.7 270 13,700 49,200
Lox - HYDROGEN _ 23 379 14,160 51,000

n ' -~ 23%, HYDRAZINE. ! : o v

BROMINE PENTAFLUORIDE” 359 00 EeE 07 293 '.BQOOO 129,600

SOLID PROPELLANTS WT OF GRAIN
AMMONIUM PERCHLORATE POLYSULFIDE 03 288 LBS {040 LBS
ALUMINIZED NITROCELLULOSE 0.8 108 LBS 383 LBS
ALUMINIZED POLYURETHANE 0.3 288 LBS 040 LBS

N.D. -43/5=858 LBS TNT
S.D. -155/5=310 LBS TNT

TABLE 3

 19-66-N1-Dd3V
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1I. GENERAL

The testing of rocket engines in a confined area such as the ETF
test cells is affected by the following characteristics of the facility.
A. TEST CELLSIZE |
| The test cells are large enough to accommeodate large rocket
engines and it is believed that as larger engines are considered thé testing
will be limited by coneideratioﬁs other than thatvof the physicé.l size of the
cells., _
' B. MALFUNCTIONS
l.  General
Malfunctions of a rocket enginre under test are caused
by the impropér operation of any one or combination of itsn electrical,
mechanical or chemical parts. The frequency of malfunctions is further
dependeut upon the degree of developmenﬁ oil the engine under test. In a
test facility devoted primarily to qualificatiox;x te gting. the frequency of
serious mishaps, guch as explosions, is relatively low, In develqpment
té sting the frequency of rnaifunctions can be expected fo vary inversly -
with the stage of development of the engine under study. In the very
early stages of development, a rnalfunction and explosion is considerably
more likely than a successful test. It is expected that ‘rocket engine testing

in ETF will be primarily of engines in an advanced state of design.
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The osccurrence of explosions during rocket engine
testing is possible in all stages of developrnent of a particular engine,
therefore, every engine firing is, to some extent, # calculated risk.

While equipment and mai:erial may be subjected to these calculated risks,
every effort should Ibe made to minimize or eliminate risk to personnel,

The proximbity of the control rooms to the test cells in the ETF area will |
thus 'li.mit the size of engine s that might be tested on a calculated risk basis,

2, Malfunctions Re sulting in Explosions

In the case o‘f solid propellant _engines, a rocket rhotof '
complete with one or more grains of propen‘ant’. would bg mounted in the B
test cell and 'ignitea by means gf an electrical circuit, and squibs, black'
pbwder or oﬁher pyrotechnic de;aice s. The grains of propellant under éroper
conditions burn at a,predetéfmined rate resulting in high velocity exhaust
gases v;hich f:roduce the required thrust. |

Should the ignition be improper or the propellant grain
not uniform, an explosion could ensue, ' Control devices to limit the explq-
sion in this cése are not presentl& available or in prospect in tl;e near
future. Ther‘efére, no solid propellant engine shouﬁd be tested in a test
céll if the total Qeight of prgpellant it contains could cause more than sligﬁt
damage to the cell in the event of an explosio.n. The basis for pr_ediction of

damage resulting from an explosion is more fully explained in Section IV
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of this répcrt, Certain solid propellants that will not detonate at ordinary
temperatureg become highly detonable at low temperatures and this fact should
likewise be gonsidered before testing. |

The testing of liquid propellant foéket engines can be
handled and controlled to some extenﬁ more satisfactorily than solid pro-
peliant e'ngin; 8. Pr_ol':ellant. test tanks should Se located outsid.e of the test
cells in §rder to minimize the amount of propel‘lantvs present in the test cells
at any time. In this case, explosic;ns can result from an accﬁmﬁlation‘ of
fuel and oxidizer in the test cell, resulting from ruptured propellant lines
or an igni?ion failure., In both cases the possible explosion can be limite§
by controlling the amount of fuel and oxidizer‘ that couid enter the test cell
after the line rupturev or ign{tion failure occurred. Control devic;ea to
.accomplish this would include pressure switches tliat sense when thé pres-
>sure build up in tﬁe eombuatiop chamber is not according to program, or
when the lines lose pressure unexpectedly. The pressure switch then |
actuates electrical circuits which in turﬁ actuate solenoid valves which
finally actuate shut-off valve’s in the fuel and oxidizer lines. Leak
detectors, or temperature switches, can be uged in‘plaée of or in con=-
junction with the pressure switches., Shut-off valves that can be actuated
in 150 milliseconds including time lags in the sensing device and solenoid

valve have been found to be available. Actuation times such as these for



AEDC-TN-59-61

valves over 2 inches in size will require a bleed system, surge system
or flow diversion system to keep the water hammer effect of quick shut-
off within reasonable limits. However, these systems present mo unusual
design problenis.

The amount of propellant that can contribute to a
detonation in the test cell would be the sum of thé wet weight of propellant
in the thrust ‘chambeAr, turbopump units and lines; plus the aﬁomt in the

' piping' frbm the ehgine to the sides of the cell (therre the fabst acting valv‘e‘s
will be located); plus the amount entering cell after a malfunétion is detected
until probpe‘lla’.nt éhut-off valves are fully closed. Thus, even with extremely
fast a’ctin'g valves, #n amount o propellant gquivalenﬁ to apbroximately a
full second's flow could be in the test chamber and cculd conceivably con-
tribute to the total e:{élosiou.

The size of engine that can be sa‘ely tested can be
determined from the TNT equivalent of the maximum grncant of propellant
‘that could contribﬁte to an explosion which would produce slight damage to
the cell.

C. PROPELLANT TANKS
The propellant test tanks can be either permanent ér mobile
units. : They will be located on opposite sides of the gest cell. A dike or.
other type of impervious barrier will be nece svsa’ry to prevent ;mixing of

fuel and oxidiier, should a leak or break occur in one of the test tanks,
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In addition, where a fluid such as fluorine may become spilled, it will
be necessary to have neutralizing equipment available to accommodate
any possible spillage.
D. EXHAUST PRODUCTS
Exhaust gaées ffom rocket éngines vary with the type of fuel

and oxidizer employed and the degree of combustion which has occurred,

Many existing and potential combinations of fuels and oxidizer will produce

exhaust products which are highly noxious and/or corrosive. The discharge
of the se products into the air within a congested area such as the ETF would

be highly dangerous and undesirable, It will, thervfore, be necessary to

have a neutralizing, scrubbing, and cellectirg syastem where the exhaust

can be made innoxious before discharge into the atmosphere,

III. DESCRIPTION Of‘ EXISTING FACILITY

A. GENERAL

The Engine Test Facility (ETF) referred to herein is defined |
as the basic ETF plue the Engine Test Fécﬂity Addition (ETFA) formerly
known as the Ramjet Addition.

B, DESCRIPTIO&

To properly evaluate the testing of rockef ehginec in a f#.cility

designed for air-breathing engines using low energy fuels, a detail study.

of existing equipmer® and structures was conducted. This study was

10
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concerned primarily with the test cells and components of the cells that
are effected by the presence of rocket engines fired under static conditions.

1. Basic Engine Test Facility

The basic ETF consists of a series of high»altif_ude
test cells connected to a flexible air supply and exhaust system. Four
compressor systems, arranged for par#llel operation, supply air to the

_test cells. Equipment for co.olix}g. heating and drying of air provide
proce s's air for varied altitudes, tempera@#res. and speed conditions.
Air flows of 165 lbs per second at a temperature of -120°F to 200 lbs
per second at a temperature of «f» 200°F are cbtained from the basic
ETF air supply system. By utilizing the ETFA, flo*;v conditions in the
basic test cella can be in}creasedv to 500 ibs per second at temperatures
up to 650°F,

The bagic ETF exhaust system consists of six
compressors. These compressors can be used in various configurations
to provide ;axhaﬁst conditions aa‘ dictated by the test program.,

2.°  Engine Test Facility Addition

Basgically the ETFA is similar %6 the basic ETF.
It contains an air supply system, test sections, and exhaust ‘eystem.
The air supply system consists of two low étage and one high stage
compressor. Air from fhe basic ETF is utilizeld as the first stage of

compression for the high stage compressor and is combined with the

11
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discharge from the low stage compressors to provide air flows to 500
Ibs pér second. Air flows to 1000 lbs per second may be obtained for
short periode by utilizing 500 lbs per second from the air storage tank
of the adjacent gas dynamics facility. The arrangement of the test cells,
or supply s.ystem, and exhauster system of ETF and ETFA is shown in
Figu:e 1, | | |
3.~ Test Cells
Ca, Test Ceil T-1 consists of an entrance section,

a variable length test chamber and a water-jacketed flame chamber. The

entrance pection connects the test chamber to the inlet air ducting. The

testing chamber.is made up of a fixed sedion 33t =4" .lcmg by 12'-4" in
dié,meter. This length may be J;.ncreaeed to 73°-0" by adding section
gsegments, The ﬂahne chamber cozm?cts the ie st chamber to thg exhaust
ducting. The flame ?:hamber may also be extended by inse rting' section

gegments,

The test article ig mounted in the test chamber
on a model support car, which is connected to a thrust stand to provide
rigid support. Rails for moving the car into position, and bolting slots

in the walls for mounting hardware, are provided in the chamber.

12
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Engine exhaust gases are ducted from the
flame chamber through sections of ducting containing spra); nozezles,
where they are cooled, and eithef exhausted to atmosphere or routed
to the exhaust compfessors.

| Operétiona of the ETF plant equipment is
contrplled from the central control room located in the test buildiixg.
~ The instrumentation and data recording equiﬁi’nent is maintained in
individual contrql rooms adjacent to the test ;::ells. Instrumentation
lines lead from the control room to disconnect panels at the test cell.
- Explosion-relief ports aﬁd carbon dioxide
fire éxtinguishing systems provide protec_:tion in ca'se of explosion or
fire within the test cell, | |
| b, T‘est ‘Cell T=-2 is similar to T-1, except the
fixed portion of the test chamber is 30'-5" in length. The variable
length is a maximum of 58'=0". The test chamber and flame chamber
extension segments are interchangeable with Test Cell T-1.

c. Test Celi T-4 is designed primarily for
testing ramjets, and it is a completely water-jacketed ‘cell. The
entrance section contains a variable Mach number, variable angle of
attack, suxﬁersonic nozzle. The cell ig 12'=4" in diameter with the test

chamber being variable in length from 19 to 78 ft. T-4, as do T-1 and

13
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T-2, has provisions for installing a removable diffuser in the quick lock
section between the test chamber and the flarne chamber.

d. Test Cell J-1, loczted in the ETFA test building,
- is 16' in diameter with a total length of 92 ft. The upstream poi-tion of the
cell consists of a pressure cﬁamber and is separated from the test section
by a v}ater-jackéted bulk-head. The pressure chamber is designed to
withetand 150 psi and temperatures of 1200°F. The test gection is dé signed
for 40 psi to vac.uumwﬁith a maximi.uﬁ permissible inner-shell wall tempera-
ture of 250°F, Access is provided by a 40 ft, 180° hinged hatch. Tapped
holes in the inner wall provide for moun@:lng test ha:rdv{are{

« - Test Cell J-1 i>e connected to thé ETfA exhaust
system which provides contirol of test section exhaust conditions., Exhaust
gases are cooled by spray cooling prior to being exha\;eted to atmosphere,
either direct of through the exhauét machines.
| Staadaxh-d pressure and thermocouple leads along
with electrical power connections are provided at the test cell. lﬁétrumen-
tation and data recording equipment is located in the J-1 control room
adjacent to the cell. .Cooling water, service air, and fuel supply are

provided with disconnects at the cell. Carbon dioxide fire extinguishing .

systems provide protection for fire in the cell.

14-
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€. Test Ceil J~2, is 20 ft in diameter and 119 £
in overall length. Flow conditibnis within the cell are controlled by an
inlet diffuser and a variable angle of attack, variable Mach number,
supersonic no‘zzle; The inlet diffuser is 14 ft in length aﬂd the nozzle
section is 35 ft in length. There are facilities for installation of a
second throat, with exit ports, for removal of low energy air from the

nozzle exit. The test section is 69 ft long.

Standard 'mstrumentation and service leads

are provided as required. Other features of Cell J-2 are similar to

those of J~1 and an adjaceut control room hcuses the instrumentation

and data recording equipment.

15
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IV. DISCUSSION

A, EXPLOSIONS
1, General
When an explosion occurs, a large amount of enexrgy
is released very suddenly producing a considerable rise in temperature,
which in turn, results in the almost complete vaporization or gasificaﬁen ,
of the products of the explosidn. The very hot gases so pfoduced. in a
re st_ricted> space, | are at a very high preésure, and immediately following
‘the explosion they begin to move ‘outward. The great expansion which
occurs puahels away the surrounding air, As the wave is propagaized
away from the center of the explosion, the f_ollowing (or inner) part of
the wave moves through 5 region which haa already been compressed and
heated by the leading (or outer) part of the wave, The disturbance moves
with the velocity of sound characteristic of the medium, and since this
velocity increases with temperature and pressure, the following part of
the wave moves more rapidly and catches up to the leading part. The
wave front thus gets steeper and steepev, andeith a short period becomes |

mathematically abrupt as shown below.

W
u ) |
=]
N
. 3 - /b
a.
OISTANCE o

A Simplified Representation of the Development of a Shock Wave

17
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'Thie rep:rersenta the destructive shock w#va which
continues to move forward through the medium with gradually decreasing
intensity. When the shock wave strikes a resistant surface it is reflected
back and the reflected wave reinforces advancing waves, thus bujlding up
- the maximum peak pressure experienced by the resisting surface,

2. Effect of Low Pressure Atmosphere

When an explosion occura in a large space with an
atmosphere of low pressure, an attenuation of the maximum peak pressure
is 'experienced. This attenuation is such that the maximum peak pressure
is almost directly proportional to the ratio of the ambient .presaure in
which the explosion occurg, to sea level pressure. As the size of the
space or chamber in which the explosion occurs is decreased, the atten-
~uation effect is also decreased until a péint is reached where no attenuation
effé;(;;[ is experienced. = When the volume of the chamber in which the
explosion occurs is such that the maes of air at sea level conditions which
can be contained in that volume is leas than ten times the masa of the ex-
plosive, there will be nb attenuation of the maximum peak pressure, ’
In the cape of the ETF test cells, the volume to be

considered would be the volume of a sphere with a radius equal to that of

the test cella. If the mass of potential explosive with a test cell is greater

1, "Numerical Solutions of Spherical Blast Waves" by H. L. Brode,
June 1955 lasue, Journal of Applied Fhysics.

18
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than 0.1 .qf 'the mass of sea level air in that volume, no attenuation of the
maximuiﬁ‘:peak pressure could be expected in the test chamber itself,
Some attenuation would take place in the exhaust ducting. However, this
has no effect on the results of this study as the structural strength of the
test chambers rather than the exhaust ducting is the limiting factor on
the size of explosion that can be contained in the test cells. See Figures
| 5 through 10, |
| Following is a tabulation shoﬁng the maximum mass
of ‘explosives that can be detonated in the test cells with an attenu;tion
effect on the maxxmum peak pre asu‘fe.r It can beﬁ seen that theée masses
are, in each case, very small and any benefit from a’tenuation in the ETF

test chambers can be virtually ruled out. :
Maximum Mass of

Test Chamber Test Chamber Radiué Explosive - Lbs
Tl 6 - 2" 8-
T2 6! - 2" : 8
T4 o 6' - 2n .8
J1 -8' - 0" 17. 3
J2 10! - 6" 33, ‘9

19
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B. PROBABILITY OF ROCKET ENGINE MALFUNCTIONS
1, General

The possibility of a ma)ffunctién resulting in an explosion
always exists in rocket engine testing. However, the probability of such a
malfunction appears to be a function of the stage of development of a parti-
cular engine.‘ No two éngines will have identical histories of malfunctions
during their devélopmént and qualification stages, but a general trend does

exist,

For the purpose ’of this ‘repor_t, a malfunction is defined,_
as an unsuccessful firing caueed by rupture of any mechgpicai part of the
engine. Misfires or erratic f_iela flights caused by anything other than the
rocket thrust system are not considered,

Rocket engineers have stated fhat any new engine under -
development is te st')ed with the understapding tbaf initially fhere may be more
maH@ctions than successful test ,rur.xs. A new rocket engine is tested by |
degreeé and stages. If it is a liquid engine, thé various componénts are
first tested separately. Upon completion of ithe tests of the in&ividual
components, tﬁey are assembled and tested as an asgernbly. A solid motor
is developed in‘much the came way, although, the .Qumber of parts are much

less. Thus in the development stage, the assembly is cotistantly being

altered and redesigned to decreage the number of malfunctions.
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After the development stage, ?ge motor is qualified
and used in field test ‘firmg where it is installed in a vehicle with other
motors or systems for ballistic evaluation. By this time, the motor has
attained a high degree of reliability, althoggh, a malfunction possibility
is ever present. This is exez"z"xplified by. the follow&ing tve sts on several

new rocket engines.

2, Solid Pi'Opellant Engines’

During one partiéular solid engine development
program, 83 tests were performed re eulténgvih 26 various nialfunctions .
fbr an overall reliability of 68,7%. However, the data gathered during
the early malfunctions was used to improve ythe performance ot" other
engine s.t'e sted later in the same p’rogfarh. For example, one engine
tested 16 times resulted in 12 malfunctions (reli‘ab‘ility 25%).' but an'othevr
engine, utilizing‘infdrmation contributed by these maﬁmctioas. was H
tested 18 time s with only 3 malfunctions (reliability 83. 3%).

The degreev of progress, frqml early stage‘s_ of de=-
velopment to later stages, is indicated by the increase in réliability
percentagés. ‘Over the iast 34 tests cdnducted on engines mostly for
ballistic evaiuation. there were only 7 m'alfunctions (reliability 76,5%)

compared to a reliability of 61% which was obtained during earlier tests.
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During the entire program, 10 out of the above mal-
functions resulted in explosions, mostly due to case rupture or separation.
The initial propellant weight in the se enéines varied from 7000 lbs t o 15, QOO
lbs. The approximate weight of propellant at the time of the explosions was
determined by prorating the total propellant, using the burning rate. The
' px:opellant; éxploaion weight varied from 2800 Ibs to 12,400 lbs. It was
noted that in all cases, the damage was confined to the test equipment a.xjd ’
stand. No estimates of TNT equivalents were made.

Another example of malfunction probabili'ty is the
following small 300 1b solid propellant motor. In development tests in
moderate.temperatu'.re ranges, a reliability of 89. 7%7wars achieveélr onr 4;9
trials. During qualification, nb malfunctions occurred in 64 trials, but
in production firings # reliability of 96.5% was obtained. In a summary
of field firings tétaling 309, there were no maliunctions.A Thus it can be
briefly stated that this solid rocket motor has a highly successful reliabiiity :
percentégé of i:roper oper4ation. |

3. Liquid Propellant Engines

The reliability factors of lif;uid prOpeilant engines
are not quite as successfu} as the above mentiéned solid engines. In the
developrﬁent stages of two different LOX and .'I‘P pi'opellant engines, the
reliability of parts in subassembly and assembly test firings averagesv

only 53. 3% for one and 64% for the other, Some of the malfunctions were:
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LOX pumps rupture, explosion in LOX lines due to contamination, thrust
control valve rupture, manifold rupture, and torus rupture. All of these
malfunctions resulted in damage to the engine parts and sorne of the torus
failures resulted in complete destruction of the enginef' On one model,
out of 1773 firings, threé were destroyed while only vone was destroyed
out of 1408 firings of another models The TNT equivalent of the explo-
sions is not known since no convenient method of determinat‘ion was
avaijlable, |

4, Conclusions

The primary difference in solid versus liquid
rocket motor exploaioqs in. I;'TF test cells is in the a;mount of propellant
available. A solid motor h‘as less equipment to cause trouble, but when
the case ruptures, the éntire propeliant could possibly detonate. In the
case of & liquid engine test in one of the ETF test cells thé propellants
will be supplied f;'om test tanks located outside of the test cells. Liquid
engines have more parts to cause possible malfunctions, but the amount
qf propellants present in the cells can be limited, thus decreasing the
potential of a total explosion,

The best way of fofcasting the probability of a damag-
ing explosion is to investigate the complete p&st history of test runs pre=

viously conducted on a rocket engine before it is fired in a test cell.
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The past performance will generally indicate the degree of damage to be
expected and the probable type of malfunction. Any test conducted under
these conditions should nevertheless be approached on the calculated risk
basis and all precautions should be taken to avoid injury to pefsonnel and
extensgive damage to equipment,
C. TNT EQUIVALENTS OFH PROPELLANT COMB INA TIONS

To determine the effect of explosions.resulting in malfunc-
tions of rocket engines burning various propellant combinatioﬁns, the TNT
equivalents of the propellants being considered in this study have been .
determined. TNT equivalent is defined as the relative violence or damage
capable by the explosive compo sition in question-in c‘omparison to that
produced by the same weight of TNT under identical cénditiona. Experience
has demonstrated that the energy released in the detonation Qvave is a
measure of the violdnce of the exploqivé. Hence the ratié of the energy
released in the detonation of the 'éxﬁlosive compositioﬁ to that released
in the detonation of TNT is by definition tﬁe TNT equivalent of the explosive
composition,

'i‘he computations of the TNT equivalents shown below have
involved the use of three assumptiohs: | |

1. The TNT equivalents are b#sed on the ratio of the
maximum enthalpy release at 298°K and 1 atmosphere of the explosive

mixture., to that of TNT under the same conditions.
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2, The mixture composgitions have been chosen so that

the maximum enthalpy is released.

3. The kinetics and mixing problems of the situation

have not been considered.

The following table lists the TNT equivalents of the propel-

lant combinations being considered in this study.

Propellantsr Type TNT Equiv.
Liquid Fluorine - Liquid Hydrogen Liquid 2.4
. Liquid Fluorine - Hydrazine Liquid 1.8
- Liquid Fluorine - Ammonia - Liquid 1.8
Nitrogen Tetroxide - Hydrazine Liquid 1.2
Chlorine Trifluoride - Hydrazine Liquid 1.1
Liquid Oxygen = JP-4 | Liquid 178
Liquid Oxygen - UDMH | Liquid 1.7
Liquid Oxygen . Liquid Hydrogen ' Liquid 2.3
Bromine Pentafluoride . 33% Hydrazine _
67% Ammonia Liquid 0.7
~ Ammonia Perchlorate Polysulfide Solid 0.3
Aluminized Nitroceliulose _ | Solid 0.8
Aluminized Polyurethane » ‘ >Solti<‘i 0.3
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D. AUTOMATIC CONTROL DEVICES

The most effective method of minimizing potential explosions,
resulting from malfunctions occﬁrring during the testing of liguid rocket
engines in the test cells of ETF, is by keeping the amount of propellants
present in the cells to a.n‘xinimum.' This can be accomplished by employ-
ing fast acting control devices. There are x.aevera.l_lsuch devices curfently
available among which are pressure switches, leak detectors, and fire
detectors. Any one or combination of fhe se devices could bé used to
detect a malfunction, and in turn i‘ni‘tiate a seriés of event culminating
in the fapid closure of shut-off valves in the lines suéplyipg profellants

to a test engine., The pressure switch system is the fastest and most

positive system presently available, and it is recommended that this

system be employed during liquid engine testing. '
A typical test installation employing the pressure switch
control system is shown in Figure 2. A typical chain of events for such

a system would be as follows:

1, The switch senses a loss of chamber or line pressure.
2 The switch operates a relay

3 The relay oper'ates a pilot valve.

4. The pilot valve supplies gas or hydraulic pressure io

actuate the propellant shut-off valves.
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5. The propellant shut-cff valves close.
The above system could aiso be used to sense feed line flow
by having the switch semse a differential pressure across an orifice plate

or venturi meter.

It is also recommended that a flow limiting venturi be placed
in the propéillant feed lines. This would limit the propellant flow to a value
slightly above rated flow in case of line rupture in the test cell rather than

2o
permitting a marked increase in flow due to the loss of back pressure.

There‘are many companies that manufacture shut-off and
coﬁtrol valves which are suitable for use with rocket engine propellants.
Three of thege are Annin Corp, Hyda’orhatica. Inc., and AefojetsGeneral. ,

Annin has a camplete line of valves up to 10" which can
handle cryogenic and non-cryogenic matérials. The small valves , up
to approximately 2', have a ve'ry quick J.;e sponse time and can be closéd
in under 100 milliseconds. The larger valves, however, have much
longer response times ranging from 500 milliseconds to one second,

Hydromatics has a complete line of valves up to 12" that
can handle liquid propellants with an extremely short shut-off time.

These are explosive operated valves and can bé closed in approximately

10 milliseconds.

2, Rocket Applications of The Cavitating Venturi, by L. N. Randall,
January-February 1952, Issue of A, R.S. Journal
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Aerojet has a line of valves for handling cryogenic and non-
cryogenic propellants up to 7' that have a shut-off time under 100 milli-
seconds and have excellent characteristics as control valves.

Pressure switches for control equipment are manufactured
by Aercjet-General Corp., Square D Cémpany, and Meletron Company.

Square "D" Company and Meletron produce switches that
can operate from vacuum up to about 3000 psi with about 10% of fhe
pressure required for actuation. The Aerojet switch has a range of
from 20 psi to 1000 psi and will actuate on less than 10% of the iine
pressure.

Leak detectors for detecting combustible mixtures are
manufactured by Davis Instrument Co., Miné Safety Applianceé a.nd‘ the
Bristol Company.

Fire detectors or temperature switches are made by‘
Consolidated Contfols, Control Products, Inc., and Feawal Company.

Annin Cofporation |

6570 E., Telegraph Rd.

Los Angeles, California

Hydromatics Inc,

40 Factory St.

Cedar Grove, New Jersey

Aerojet-General Corporation -

6352 N. Irwindale Ave,
Azusa, California
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Sguare '"D'" Company
4041 N. Richards St.
Milwaukee 12, Wisconsin

Meletron Company
950 N. Highland Ave,
Los Angeles 38, Calif.

Davis Instrument Company
47 Halleck St.
Newark 4, New Jersey

Mine Safety Appliances
201 N, Braddock St.
Pittsburg 8, Pa,

Bristol Company
113 Bristol Rd.
Waterbury 20, Conn,.

Consolidated Controls -
6 Durant Ave,
Bethel, Conn,

Control Products, Inc.
P.O. Box 8037
Pittsburg 16, Pa,

Fenwal Inc.
. leland St.
Ashland, Mass.
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(2) PRESSURE SWITCH
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VALVE

(5) FUEL PUMP
(6) OXIDIZER PUMP
(7) SOLENOID ACTUATOR

TYPICAL TEST SET UP
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E. DETERMINATION OF PROBABLE DAMAGE

1. Quantity of Explosives

The first step to kbe taken in determining the probable
'damag‘e to the test cells, resulting from explosions occurring during rocket
engine tests, is to determine tse quantity of explosives that will detonate
inv the event of the worst possible malfunction.

In the case of solid propellant engines thg total weight
of propellant will be present in the cell énd is subject to Aetcnation. How-
ever, e:ﬁperience has shown that the entire grain of prgpeuant does not
detonate. This is due to the fact th;t upon detonation the grain is broken
up and scattered, resulting in scattered burning rather than total detonati.on.
It is estimated that from 15 to 40% of the total propellant weight actually
detonates.,

For the purpose of this report it has been assumed
that 50% of the total‘ p:opellant weight of solid engines could detonate.
Therefore, the quantity of explosive considered for solid engines will be
the TNT equivalent of one half of the total propeilant weight,

| In the case of liquid engines the propellants will be
stored in test tanks outside of the test cellg. Therefore, the quantity of
propellants that can be spilled in the test cell at the' time qf a malfunction

will be the wet weight of the engine turbopump and thrust chamber units;
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pius the amount of propellants in the feed lines downstream of the shut-
off valves located outside of ‘thé test cell; plus the amount of propellants
whici: flow in the feed lines prior to sh’ut-off valve closure.

Using the fést-acting control devices'describedr
earlier in the report, it has been determined that the total quantity of
propellants present in the test cell at the time of a potential explosion
can be limited to the equivalent of approximately one second of rated

flow.

Liquid propellants are combined in the test chamber
at a mixture ratic which is slightly fuel rich with respect to the stoichio-
metric mixture ratio of the propellants. In addition, the wet weight of
an engine consists of approximately 30% excess fuel because the fuel is
used to cool the thrust chamber by flowing through the cooling jacket
prior to entering the chamber for burning. In view of the above, along
with the improbability of the total amount of propellants being physically
mixed, it can be sesn that only a portion of the épilled propellants will
mix in the ratio required for maximu& detonation. For the purpose of

this report it has been assumed that a maximum of 50% of the spilled

_propellants will detonate. Therefore, for 1i§uid engine s the quantity of

explosive considered will be the TNT equivalent of one half second of

" rated flow,
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2. Blast Design Parameters

A Incident Peak Pressure, Ps,
When an explosion occurs a blast wave is
produced which, uwhen it strikes é resisting surface, exerts a pressure
called the incident peak pressure {Ps) on the surface. The magnitude

of this pressure is found by:

Ps = 4120 - 105 , 39.5
z3  ze z

where

r - distance from blast in feet
w z weight of TNT in pounds
b. - Reflected Peak Pressure, Pf.
When the blast wave strikes a resisting surface
a preésure wave is reflected from the surface. This pressure is called

the reflected peak pressure, Pf, and is found by:

Pf. 2 Ps (103 + 4 paj
103 4 Ps
The mtex;zsity of the reflectéd peak pressure varies from approximately
2 Ps to appfoximately 8 Ps depending upon the inten.sity of the incident
peak pressure. The reflected peak pressure remains nearly constaﬁt

when the wave strikes the surface at angles from normal to 45°, however,

at angles smaller than 45°, this pressure drops off rapidly.
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C Peak Face-on Pressure, Pm
The reflected peak pressure reinforces the
incident peak pressure resulting in a pressure called the peak face-on
preseure, Pm which is found by:
Pm = Ps+ Pi/2,
d. Impulse, 1
Impulse is a force acting for a ghort period
of time and is measured by average pre‘ssure multiplieri by time. The
oo | units used are pound seconds per square inch or pdund‘millisecohds per
' square inch.
Fori bare or uncased charges,-

%4
I = 0.081 W
T

For cased chargé 8

%

I - 0'054 w
‘ , r

Since a rocket engine skin can be considered a flimsy casing, it has been
assumed that the impulse in this case is the average of a cased and uncased
charge. Therefore,

| 24
I a 0,067 W2
T

34



AEDC-TN-59-61

e. Duration of Pulse, tb

The duration of the pulse is the impulse divided

by the average 'mmdenf pressure: | P, Area g I
% I » 21
Ps/2 Ps }
.tb

£, Period of Resisting Medium, T
The period of resisting medium is dependent
upon physical properties only and is expressed by:

T = 1
£

where { = frequency of vibration in cycles per
sécond. |
For a circular ring such as the cross section of one of the test cells, there
afe two types of viﬁration -possible, .radial and flexﬁrél. The .radial vibra=
tion frequency is fnuch higher than the flexural frequency,. aﬁd thg actual
vibration of the test cells is probably a combination of both radia} and
flexural. For the purpose of this study the radial frequency is used as it

leads to some what more conservative results, The frequency, therefore,

is expressed as follows:
o £ 2 I Eg
21 V( r » where

& modulus of elasticity

s acceleration of gravity

unit we ight of material

Mmoo ®m

s radius of ring
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g Dynamic Load Factor, 4
The dynamic load factor is the intengification
or dampening effect on a vibratory load, such as a blast wave, due to the
period of vibration of the load being nearly equal to or greatly different
frofn that of the object being loaded. Values of the dynamic load factor d,
for various values of tb/T are given in Figure 3, —
h. Design Dynamic Pressure, Pst
Since the shells of the test cells of ETF aré
not infinitely rigid, the pressure exerted on the test cell shells resulting
from exp}osioh must consider the dynamic load factor described above,
This pressure is called the design dynamic preésure, Pst. In the case
where reflecting pressures exist,
| Pst s d x Pm
Where there are no reflected pressures,
Pst = d:; Pe
i. Elastic Design Index
Under an extremely fast acting load such as
the peak pressure produced from an explosion, there is not enough time
for a material, experiencing the pressure, to stretch or deform to its
fullest extent, Therefore, the rnaterial can absorb the energy equivalent

of loads many times greater than that which would be required to rupture
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the material if applied in a normal slow manner. As an example, the
area under the stress-strain curve for mild steel from zero psi to the
yield point is less than 0,01 of the total area under the curve to the
ultimate stress.

In the Corps of Engineers Manual, '""Funda-
mentals of Protective Design, " the allowable stresses produced by
explosions has>been_ designated for various degrees of damage. These
stresses are called the allowable design elastic stresses, fa; and é,re
computed as lféllowa: |

2.2 x yield stress

No Damage - {8

Slight Damage -« fs = 3. 33 x ultimate stress

Moderate Damage fs « 10 x ultimate stress
Heavy Damage - fs = 13,3 x ultimate stress
Figure 4 is a typical stress-strain curve for

mild steel where the various areas equivalent to the above damage criteria

are shown
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F. SUMMARY

Tables 4 through 7 show the valuves-of incident peak pressure, -
reflected peak pressure, peak face-on pressure, and dynamic design pres-
sure that will be produced in the ETF test charnbers and gxhaust ducts for
various weights of TNT, It was ass\m‘a‘ed that there would be reﬂe;:ted
pressures in the test chamber b;xt not in the exhaust ducts. The valué of -
design dynamlc pressure versus TN'I_’ weight ;are >plotted in graph form in
Figures 5 .through 10, |

| The allowable stresses, as determined by the design elastic

index method, are calculated for the test crglls and thelr exhaust ducts for
no damage, slight daﬁnage. and moderate damage, These allowable stressea.
are superimpozed on Figures 5 through 10 to determine the amounts of TNT
" to produce fhe’various dégreéa of damage.v

It can be .vaeen from the curves a.nd calculations that the
strengflz of Test Cellz Tl and ’I'Zv is limited by their hatch bolts, whereas
T4 is limited by shell strength, It is also evidgnt that the pressure éapsules
of Teat Cells J1 and J2 are much atronger-than the test chambers, and it is
recommended that all ‘rocket engine tests be conducted in the pressure cap-
sules of these cells, |

In the interest of sa,iety to personnel and nearby equipment,
it i§ recommended that the size of rocket engiﬁeé to be téated in the ETF

test cells be limited; so that an explosion resulting from a malfunction will
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cause no more than slight darmnage. With such explosions cell rupture will
not occur, but sirain hardening can be expected within thé material of the
cellls.‘ Therefore, after an explosion it will be necessary to inspect the
cell thoroughly to determine if any strain hardening did occur, a‘ﬁd if so
to what degree. It may bev necessary to repair such locations befér'e
another test can be made,

Usége_ Tables .1 through 3 were prepared from the foregoing
inf;:rmation in the following manner. For example, in the case of an engine
burhing liquid oxygen and JP;4 ‘in Test Cell Tl or T2 it can be seen from
Figure 5 that the weight of TNT to prodﬁce slight damage is 33 péunda.

The TNT equivalent of thie propellant combination is 1.8, therefore, the
allowahle pi-opeliant flow is (33/1.8) x 2 = 36,6 pounds per second. Siﬁce '
the specific irhpulee, 'I.ap, of this combination is 261, the th‘tr"uet’ratin;g'of |
the engine would be 36, 6 x 261 which eqﬁals 9540 pounds,

In the case of a solid engine burning ﬁmmonia pe‘rchloride
p,clysulfide in this cell, the propellant weight for slight damage‘would be |

33/,3 x 2 & 220 pounds.
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[= %
u

FROM

FIG. 3

TABLE 4

- EXPLOSION PRESSURE TABLE FOR TEST CELLS T-1, T-2 & T-4
W P Ps pe Prinx [ te i Pt —]
20 2.27 349 2310 1500 .080 00046 - 1.20 {1810 |
50 1.68 854 6270 3990 .148 000347 | 0.90 3530
100 1.33 - 1720 13200 8320 .235 .0002?2 0.72 6000
150 1. 16 2600 20100 12600 .308 000237 0.85 8230
200 {.05 345Q 27200 17000 .374 .000217 0.57 . 700
250 0.980 4330 34100 21400 .435 .00020l 0.53 11300
500 0.7786 B710 69200 | 43300 .685 .000157 0.42 18200
1000 0.619%9 17300 138000 86,3._00‘ .08. 000124 0.33 28500
z = "wL/S r=6.17 f1. =RADIUS OF CELL |
 'FOR PERIOD T= .00228
395 105 4120 '
Ps =-2% ——% + —3 -
> Tz Z Z | T= E = 29%x10% ps1
] (103+4Ps ] _
P =2Ps (!03+Ps ) Peom 1 ET__ g:322 ft/Sec?
, bt l |
Pmax = > + Ps 5T ‘\/29xlc~6x 144X322 ¥ =485 b/ft> (steet)
: > 485x 6,172 '
1 :.067 2 3 g ' ' r *RADIUS OF
- . 6 S
| r 159V 7.57x 10 RING c6 17 FT
w - 2L = 159x 2750 =440 CPS. -
Ps T L 00228
, 440 T
DYNAMIC LOAD FACTOR

19-65"NL-2Q3v
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EXPLOSION PRESSURE TABLE FOR TEST CELL J-|

d  =DYNAMIC LOAD FACTGR .FROM .

FIG. 3

W z Ps Pf PMAX 1 b d Pst
20 2.94 163 925 6251 | .062 .00076 |.54 960 °
50 2.17 400 2710 1750 | . 114 [.00087 .16 2040

150 1.72 796 5880 3720 181 1.000455 | 0.90 3360

150 1.51 1170 8860 5620 236 |.000402 | 0.8l 4540

200 1.37 1570 12100 7630 | .288 000366 | 0.74 5640

250 1.27 1980 15200 9580 335 |.000339 | 0.68 6520

500 1.OO 3990 31400 | 1970V 530 000265 | 0.54 10600

1000 .80 7940 63000 | 38900 839 000211 0.42 16400

z =k r =8-0'=~ADIUS OF CHAMBER I FOR PERIOD T =.00297 S

3 , 1
395 105 , 4120 T £=29x10° Psl
PS = - -_ G + | - 3
R Z EY: Zz3 f =j;;,'-- Vo g 32.2ff/sec3
| | BELEY T2 ¥ =485 LB/ ft

Pf = 2ps(|03 +4Ps) - ' - (steel)

103 +Ps . 5.7 V29XICE Kadx 220 r=Radws of
| 435 XR ing=8'

PMAX = féf-— + Ps AR ing=8

| 2. = 159 Vg 495 106
- 3 :
I =067 &= = 159 2120=337 CFS
2 = ' = 297
= =l e
Ps

TABLE 5

{9-65-NL-DQ3V
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EXPLOSION PRESSURE TABLE FOR TEST CELL J-2

FROM FIG. 3

DYNAMIC LCAD FACTOR

TABLE 6

W z Ps Pf Pmax | tb d Pst 1
20 3.68 | 85.4 405 | 287 . 6495 | .00l6 .8 514
50 2.70 | 2086 124G | 826 . 091 .0c0885 1.4 1159
100 2.15 41| - 2800 i810 . 145 .000708 13 2050
150 1.89 603 4290 2750 . 190 .000630 .02 2800
200 1.71 812 5960 | 3790 . 230 000567 0.90 3460
-250 1.59 1000 7450 4730 . 265 .000532 0.85 4020
500 .26 2030 15600 | 9830 . 423 .000418 0.67 6590
1000, 1.00 4050 31800 | 19900 . 670 .000330 052 10400
z = rl'
T ow /3
- B
Ps = 322 — -g.g + 4?{230 7oL E=20v 100 PsI
. . | =. v /S -2
Pf - 2Ps (|03+ 4PS ) f = ._2_“. _V-—E—g————— . g 322 tt /Sec
103 + Ps T 3
| - © Y 2485 b/ttt Tistes
Pf e . A .
PMAX = =5 +Ps 2m YV 29x108 x144x32.2  r =RADIUS OF
~ 485x10¢2 BLAST =10
W 2/ :
I =.067 r—3 5 |
= 159 ﬁ 86 XICS ‘
21 = 159x 1690 = 269CPS
= 5s |
s | TzeT, .00372
| o
d = '

19-6S-NL-2Q3V
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:

EXPLOSION PRESSURE TABLE FOR DUCTS

TEST CELLS T-1,T-2, T-4

FOR DUCTS: 1T 15 ASSUMED THAT INCIDENT PRESSURE Ps AND
DJRATION OF PULSE tb CONTINUE UNCHANGED THROUGH THE
EXHAUST DUCTS. HOWEVER, SINCE THE RADIUS OF THE DUCTS IS
ONLY 42" WHICH IS LESS THAN THE TEST CELL RADIUS, THE
FREQUENCY OF VIBRATION iS CHANGED, THE RATIO fb/T IS
CHANGED 8 THE DYNAMIC LOAD FACTOR d. IS CHANGED, PsT :d x Ps
tegmy/ ER 7T+ 5 4/29X105X 386 <760 cPs

yrz | '0.280 x (42)2
TEST CELLS J-1 8 J-2

TEST CELLS AND DUCTS HAVE SAME DIAMETER AND THUS d IS -
JNCHANSED. THEREFORE PsT =dx Ps

T:=0.0013

T-l T2 T-4 IR -2
DUCTS DUCTS . DUCTS
W Ps d Pst Ps d Pst | Ps d Pst
20| 34918 630| 163|154 | 250 85|18 153

50 é54 1.5 1280 400| L16 464 | 206 1.4 288
IOb 17251 1.2 2070 796|090 | 719 | 411 | W13 465
150 | 2596/ 1.1 2860 1175 0.8I 950 | 602 1.02 613
20072452 1.0 3450 1578 0.74 | 1170 822 | 090 740
25014350 0;96 4!70 1276 6.68 1340 | 1003 10.85 850

500 8700|072 | 6260 | 3995 | 054 | 2160 | 20256 0.67 | 1260

1000 |17,4381 0.54 | 9400 7245 | 0.42 | 3340 | 40565 (052 (2110

TABLE 7

45



i

Page 46

:
i .. i I 1
MR S rheT
e it
) i ¥
L] H L N i
T L
s i M H Samidesi
SRy ity +
7 I H
i bt o <
1 i ! I H L ¥
L b
11 A i i
Tid T T H i M_
;
* 4 +
: + i puon
T I I i
i i +
i t e 1
- 1T 5
:
T ¥ bt 1
13 e s
it - i
e 1 ! . i - Ree
T 1 I bt
Tt T I 8
: waE
T ,  Ghu
iLE N -
SRER f
: 4
+ 1
+ T
B
7
: =
: aki a8
it L
TITI3Y
t T H
RARE : +
U N t I
3 1
in i T
it =+ — +
T 5
; T
I ]
1T 1
1 1
T
T
5t
n3
-t
1
1
8 S H
!
M ! 1
- I
T T s
i S
L : i
: 11
I TiT
- +
i B
,, 1
o H
) s
s 1
Fn i
1 1
et 1
S
RORS! 13
Ldpd 3 }
£ +
4 It
o
T

:l»“ur,

8o

“iy 1
Jas I
it +.w..

IR RO e
ll.,TrA L H

T P
b b

i

-]

IRIaS fhee

Fe i dad
e
3
1
I
5

t

Sk

58!

’7"?

SR
T

o
L

-

R

R

pbeianes
;

gt 14

L
I

P

4

»

uonesodioy [ersusg-peloiay

CrEvREBIAL L¥REK €O

-

: A : # T
CUOEEBMLIED 1 FUR Y OW CIEYELEI ML LECHMICYT BY¥LEE O™ 1000




. 5u.+i, -

PR S

]
S A SRENY

R

3

7 : . : Shus Swn o T

- g

4 g

44

i

T SN
gk T,ruu‘
g ek

A :
JOREN
pvares
ik
pase

ek

H

BESEEN
+ H

-
+oe

I

0 RS

o
1

1

4

+
[ABB e
4

t4-4-

a8

s

oidb

+

et

+

i bad

r

M
Lt

=

3

’
SRS

!

T
|

RREDUEIN SN 06 1) SHE NS B

BT
S e
Ry SNE
S
ISR Sud

posaR

ToTT
+4 44

LT

bbb

5 4 -

!

[

e
r

b

Ry
&8

bogbd
iy

s

-

e
Pk ba s

4

'

i

DARNIA,

RN, .

-

JEURI SRS T NN

IS pead § Hit

o

CTEYHLHIWL bYEEY CO° WO CI0 SO DIAIZIOKE bEY THCH BOLH MYAR 300 X &O oiaigione’ et BHIVLED 14 N2y

OU NTEYEBHIML LECHWICYT LY EK KO 000K



oy

I RO SE SRS

¥

o o e o e = e e

U ;,_'.,

H

DRSNS SRS SRS U

i

A

T
i

b ot é"-'x:lé-ﬁr*';':'

R

P
i

LTIt

i

NN S5 I W, S

SR T s g

frameme




7 - - - T - . —— - e e e et e et et e e
! : $ : 4 B ] i : i : i - ]
| i . i- h ; ' . H : i + . + i
| Lo SRR o | | A SRR RN
: : ; g ; SRS R SG S FSR SIS S SN DO SOSSIRIS SO
: ! ! . 1 . : i 1 : | :
i : [ b e - [ : | ; : : : ! .
| | j U SR . i b : R
; 7 1 B - — : - ? :
j ; i S : ! | ; S TRE B W
i R RS SRS IS NS VU A S JO N . AU SO L
| H : t : RS SR .
; : i i : RIS & Lo : , b ; i
L ; . . : ; Lo H : . ’ . b
e 1 4. s . + ; w
v 4 N - . . i H - N
: : ; ) i® . ) ! : : : { ; i : : ; . i :
i L N L { S . ! f H . i .
; 0 S SN ST PD SN AU A SO S ; O S A S SO RO S
, i : R i : : . ; ;
; N ' . S ; . ! H : : ! P i
: + . H i i . ' B o
, i I ] ! : .
7 . . . + . i i i i : .
H N i H . « N N
; s SN D SR SRR SR & S S PO S il : !
; , : : - | H ; Ty T
, - Lo R , i | K PP i
. : : i : j o : o :
PRSI IR SIS I SO SR BN SO FISSEESINNIIDS S SR SIS ST LS L
: : ! : i ) S ! . : L : “
! i : . i i i I : !
. . i
; R R o !
[ SO SRS S : H i : : i ; X : e i
S0 OO I U R S ES A : RS URN SN SRR SENNS SRR SOE SRR SENEE RS &
- + i . E 1 H B .
M( i i N . H A . 1
. !
! : : 1 T : [ 5 T
: . 5 { ! 3 . ,a T R ! i
B ; R R | u o :
e S S I S S . S ST R PO B S IEEE SENET JUSSSEON N
. : i : : i i : ; !
B SR o
i i ! i ; i S | . S ;
,w‘ : N : s ! . i i ' [ . 1 : R [
I H ] i H : H :
S I i i i ; . i s H .
L NS AR L Gl i S SIS S SIS T : il o
| a A = REHE
| W M W L “ ‘ o
B : SO i
i . 7 H i
N : : i ; : :
:w.i_., - e . . . O R I S ; SN S
i : : . : ! LT B s i '
i : : : ; o : : ;
i : . : ; K ; ; !
BB . ‘ . : : : i i . ;
i DU SRR - bk PR SRS S S, [ IS SRV SR D U
- i . : H i T T H :
§ i I N . } i ! Q p
i - : - ? i
\ | ¥ H K | 1 ALY | .
.w . J . ! { . ! 8 oo Is :
. RS S el e S - e ) 44;.”..@1x51d1§
' T j g P~ N
i B R
i ‘ . RS DU
RS ARCRS R IO SRR S -
w ST Ly
i : ! : DR : #
! : ! . N Lo :
i e 1 25
B TN
I . : ‘- . R 3 : gl !
v‘A,..w...v i - Ll S R PUND. S —— .l v .
R i : :
| ; : :
! : I S0 SR
T : : ;
' ' N R
| - i N
O SO S e N SRS S SRS S
i : : :
1 . . P .
4 W o) -
g i
. DS S R SRS T S !
! ; Ui “,
: , ool i
I e n :
. S DS UG U S B ¥ SRS
R E
. i H
N
- o ,,.f-JW
: N ) H .

S : ,
EER * © ’

] ,..V..wr..—.‘ , SEIERIOE SRUELINNS SURPT RO IRRELAOTS R
g S .

bl ST W

i
-
i
i
v
i
Y
'
!

¢ SLOK

SO S N

LAV E] T

.fzf
t:?‘“r@

100

R

: 1 w
ﬁ . FM Lo Lo
ot .@ - .
ST TR
SRNIND AN :
| Bl r— m | g
| 1% e - @ IS W g
SRR S pube ! Y St R S SR Bl ctans St R et o gt A4
) SIS EESS SO0 ST R R ! AL 3 0
BE : 14 ERIEE AR R
Gl ERIURNESS SERESEREES EUREE ERURY SURNESE-2 SURUEETEES SRR SRS CHNEE SRS SR - S22y TRURURN SNNSEINNES SRS ) TN
, BN LT e e

. & TR




¢

i 7T T ! T N y T
: ! 1 4 : i- : :
‘ ; ! 1 ! : : :
ol w S SR A T s St L T B AT S
M : i : : H : ! : : : o
, ' i { N . i . i ) j . . B
! i 1 : N } H i N H
w : e , o : o : ,
e - , SRS SRS S S DL SN SN SRR NS SN S SR
v o ! i ; : ! STt ITI
! . . . : ; : : ; oo :
. L | 1 ' ! : AR : ;
R 1 i i i i : . : ‘
WT S AREEEEE ,Tlr R RECT: "I U Uy SV A SRV S e /Z,,,H,W
‘,ﬁ “ co- ; : i : : N ;
A Cooh SR Y
g : o S N o SRS SEP S L
i dooad Lo . ,H Soob H : § e _%
i B : Al N ﬁ % . N B H N P vyl T
: _:T : : : : ! R F T
: G RIS Svhe RER SE R " H Ty -8 .
| B B e S B! W E - i
, ; : Rt IR i ; ;
; ! : y P P
: . : N T i ;
SRS DTS S 1 5 o SEE SONSAN B !
R RS IS R S IR ,
s oo SURNESS [} EXNEY RS L
; : T T T : T
; : ; R DO M : :
SCEOUURORBEEEES BOEEE BRS RS ieas Sk O IR S . !
. : ISR S
HRNERY } o
: : i = i o
i e .D..»! lpllnii.olld
: T & R
N..
|

§
X . : i : :
7. I o P i . i . . :
SEP - S — e =9 e D RCTENpRE. SERE - - : L {
1 SERPCTEVTEE Sl St T O U SRS S SO SN S I S
T T : ; | " ) i ! H : ? T
! i o : . | : i i
N L H - H . . ] .
- . . K 4 - - . - . s - . . . - . :
ol : i . i S . | : RN D S A S [
. i ] : : : N A DS I0Nes EHNEE TS BRI RS oo g
. -1 . 1 ) S P T . | { i P i D ROTSE SOENE SHRES |
SUEUNS SRS S ISR D SRS S or UEPID OTINI SO SN SUPUSI R SNV ST ST S Dol U SR DS R S BB SOSEE S RS U
5 : i . i [ . |
N . K i - - q
: - : e S PR pay
! o [ L Lol !
[N DD NI SIS SO SRDTI SIS IO S S
! T ] ; FRERDDD S ;
i b . Ve Chs ;
[ ol ) ; ! i .
: ; ; ‘ . T
; ! . . : .
' . S ‘
. . | PR
B RSO SODI SN S Cheeenilalld
: 5 ; ; ! : !
IR SR AU NS VU DD I S -
. . N b

i IS R SR A BRURIN DO IS S
- - : i 1 : ¢
R A i i A ;
B H H i . .
o i ! P .
; M SE : B i :
. . : - : : H ;
S SRS S TR MU B 3 U S SR
= e T ) S
. . « H M i . 4
L : : ! B L
L liLL ISR RTINS SN L Ll

mr B :

NN EEE : i T

. ! i i i i . i
] S /w : ; . M : ! M ; s : ;
; B SRR DR < RIS SR -8 L
. : TR e : R B - e : T T :
S O SRS aE I ;;.MHLWLWT:_I” i - R D SRS D R, EESSSESEEE ENOESRANGS SETIEINS NS SE
: : [ o : A.muf,ﬁ.w. - R a8 SRR IR [SORSE I L
B L O FER & TR T I R A R
SRS DU RS SNAN SRS NI | SIS S SSSE SIS DU NS SESSE SIS S S SRS SRS SR N R
S N R o SinEe Mﬂ ! o SN T E

: . N = TR N Lo N

a
, R : 1 , |
; o : o
. i s L




: ; i : ; : . N H .
BEREEES SINSS AR SRS S : R S Lt
. 1 ; ; ¢ : l
L H . . . ks i i )
R : . : i ; .
. : - i : | ! -
. : ! L . .
H 5 . 4
SR T S S - TP ST
”; N i
. i . i
: i : : .
t H .
PR S O [ R
: H : P ;
i : i
S '
§ ; !
PSS AL A G A SO S RO - et . [
. ; : :
- ; : {
H - . i i
i : ‘ oo ]
i : ; i
: . } : H
SR A P FO
i N 1
ey - R S S
i i » T
: [ ' .
: i ¢ N :
SO DAY S DS SUUMU SN AT ST
: ; ; : ; .
N ! i ! Dol
: ! ! o { H i
: P . N " . Sl -y H . N
oL : : ! ; H ! ! :
R R R s E R e e N e ¥ ———
i ' 1 .
. . i 5
. : : . i . H :
i R L ! i : { i
NS : :
NN N : :
RSN B il O L e b e
i : - + ] i .
oo . ' ! ; ) ‘
{ ; . : :
i
i
i
T N
H 1 B
1 H : !
T M 7 3 * A
i ’ : : B !
: MR [ [ SORN
IUUESEEN S SRS . S N S SRS SPE 11 .
! - i - - =3
i : . BVRE L. SO,
| £ I e BN
s | : . O« i T
; e :
I ! B -
il B i P A
R GRS S Tallde
! i i . . M
N i . - . : . . o N
; 3
. » : . T : . i DU e
. f . N : D3l
ERDERS SO RSN S & U S SRELDINE DTS S -
i ¥ o N
i :
: i
i BT [SNSEINI: FNUEMD AT S
: : ; : CL
1 h N : .
| i : i
5 L. b s N DR U R :
‘ : : ; ! ;
: i Pl : ; i
{ : £ i
- e S N
: . i . i
o : : X . | ; ;
- ek o S Ty - N S IR O R - 4
X : : . H :
) ; } . . . : . ool B

s - S L h e - FOR
| . ’ B . . :

PO G

S PR S QRN NS SN S

S w
oo

AGE

T--1

.

DA

[
S
Sy

=4

'
v

DUCT S,

- R RN

‘-

o e

[A-M

!

) [ . B 2 KU] “,Mw - SRR EERNE S0 ERORE
ST I SEIETIEEEE SN ) IOF § T8 .
AR R S M B B < =S RS R S
: S — 1y 3 e B = e : : :
ey 2= < i de e e
O S N aliiny \ o : O bQ ,
BRSEEO OSSOSO IO 3
IR TN Y i SRR Bt o

g ! e T s H ;
TERTEELES ER N S SR R SO FRNIF ISR LR FE I EREEIEOR: PRt |
Trfr.i.‘w TITTUT yv!..,,;., ; . »mmw T R SRR S S T -

uoyeiodion (piausg-isieioy

& . TR R

! (IR [ T & [LRES ) H0S X 2R vEe SRR SR Eebnb @ L ADCHMEITYN BY s D 1000




i+ o

Sy

'

b b gt o

i sk

ucyeiodio] jricussrieioisy

w

M A bt PA

- . : b % ) TSR AL PR B

Vi omen s AR

PO O



AEDC-TN-59-61

V. CALCULATIONS

52



e

AL LTSS

oA Tasy CELLS

.
Svi oc. _"“"‘”4

STy

Vi

T o LAl -, e

ST A G A T TS

e AN E JARZE ZE

g

/.

2. waro (
F Gorr SLNGE

oy £ /
F o =,
/02 J(hz /G

E
SHE;:-—LTJ 2

o Lo
/2 /a__/g/

Q. SHeme o
7r n 4

TeTe sy =

AR i =75 "
Am.tu.-;_:_’. = g5 n b

¥
= A f'-m%ar'_ y
5 T A MR

T AT -

HrEEH of SHE
e G SS

NeT4 ! T s | TAE ST O
TN SN OS> Aorm OFEXT VT TrION AL IS,

o SHELC /A/G‘ST/FFNE.:J)

S E Pl ETNE Y

ST TIEN  PREOELAINS o ENGE . —~ Fo

#* oL

AMPLITUDE

Tt OSHE Ak D ST RSO

L AP TP AT
. . 7"
*/epa/;z. Vo G777 O, Bl -
- - A, ] - :,, - - — \\ — .,
= & ./ Gy 32.2. 8144 R >
£, = = _,.9:_1 “27'/5{/0 A 322 X144 .
&7 , G55 X .7 " :
= q30 " ces
T = - - 15023
£
- - ~ol
A= VBT Lo
FRrE ()AL
~ L /Z?xlobx.?sa K1 x e¥r-2%)
7 oz xgj3zg<744 <"_2.1.> ' o " ‘
| o ) o /= & 58 /'(,IS (Sft.c.l_)
- LTS R
. o o . ﬁ_.__gz"z /%“1.
/‘-’ G.74 <5 ;
=376 /Sec ®
5 S 2
7 =o/28 Sec. . btd_ £ 13 L
P A Jzét T . Tiw 33T
‘. = NP A yisEsTIONS
(#sseme = 2)
‘ gz

53




JEsr Cewe s vee

, A
S QLN Cer  OF S TN ERES
Eorm A a
| Sererron A Zea >3 45 & ‘
/| 7er Framnes| 22 o o kﬁ—,‘
2| wea 3 S5 ST by
3| Bor. Feonagd /5 Sh TS 2z.8"
4| syEee s,E ) Se.2sT) z292.o
5 = L | e/ 3.
e/ 3 .

= Z.27" e A
4 E , »

-y Lo

SEcTION To ‘A = PN
I Tee Fiane x| 23| 2¥ gary| r9zo
(B A
2| veEs +x13% s E3 | 1T L77E Y
3| Gorr szony 108037 5 5 | s5 .97 | 3o
PN . ) . ' . .
44 Swaec. /2./;/.6'-7 3.9 /8 FT 25 -
1 TS . ET
Zoo = [/98.5" + 3i0¥ = FFOG.o>

A= i asls

-~ e‘ :
—/%:—: ‘17%%7:‘ - F7TO CS ks Amen

741; STIFE = g0

- L '5ﬁa-¢<.. = %7
y =

= PR

SRR P aSy O ST A Siiare
= G T4 cosH R.Ca”m Tg <ps

e T = Pz Saea,

54




57 LN A > -
d -y LS CELL S ST LTS

 TErr e P/, T2 & T

Az SRZES OL LIS o= FoeT
/.ﬁ T FlloMTELE ST Ea s TN
,‘ v POl '

e AR VY = P /A;/D AL
Pa = ALiLowABLE CELL. PRESSURE

#* srasec e ' ‘
sTee Fokr IHadc, ,,J Leve 73 A BSTAd B0/
& Fom GocrS  RSTA /R-/923 '

Sy, AT |POLTS T, 7 ‘
-~ AL ONL ):, 2 < Dy  EEDuA,
, £ o
VELO Loy FCOOO Asr S, oo ,051-*. 30 67
ULTon? 77 | 387780 &5 CO03 00, ; il
~ : L OO 257 | 5B 76 EE5A00 25T
Z oY, ' '
‘ S Sy :
PPy _ /’?/o G.72 So sl | OF Sg 1720
N . L{ﬁ x . - P A: X/ o
= Pa AKX XK - '
§ - e r Pa '4“""%‘@: Pa
| e LSXFO, 000 xz. 7. | ] ‘ ‘ '
j |7 ) e | campage) ceongpeee
| L
g = A3LO 25T '
- /SO '
:, ) - O psr | = 785 Fsr
‘Nf Stsguy | IENIZEROXIIT | E7e X120,00047.33| S XSEOOO, 5 0m |
} \-DIMFJE p e ' “E S
|3 ~ 3730 ,r| | ' |
o T2 =570 pr | = 2/9O0 PFsr
: /5 A : :
N Whoseard __,_5_'_75_'32_0)“_0 &.7Z x 100,008, X S5 oo
\ Dwaswas| . IERTE ’ ' L T Pase
- ruzoo s - 75 '
‘ TISEO Ay | T G600 PSr

95




Y

CAANSBE S 7=

(Cf‘/): EL Saciron’)

_ . {
(//// i CRITICAC
) - -.717' T T {seation
,//i
7 :

" sHeL ¥ ,
Ve L.Ftl_r/// //’ _

1 V-
= S e ‘4

PARRT
GAEDSS Mooy FEIP

-

DELTIoN

L BRECC P  S
<

2. Sreat = 26 _ | sa?,
25
7 JeckaT =t - 57
2. o4

Ferac e

HI5 entaw e S < L ;"/zze

Cp/ar,cs AT NPAC ST g T &o.xs

= S rr A A ES S
Dteor o 7#E AOLEZS
TAE SFSIJAAIEL Llh s ) o

= /S“a//»)

L S Saaro oL

Vet -T--v 4

Nw 7L L & T EANC G

VAR, <o F_ PRy Y = PO IS

Swrma MRS TRy & TR

T L ooZ8T S,

2. Al ern e Ve GRESTION
(Ao Srirranees )

/Zf 7/@;92"4, (1—)®

ATl

-5 3
\, , .

N l, IR Ak F
~\§ A3 <Tzrrsuqz A ggs AT 2F s
: ;t n o= Fz2 Albec =

_«_L. e - —t i .,
A | - Fre Vsee®
{ 4 /AAssuMeb -
z éﬁ‘"? = = .—L
— T = ——
4 JZ bt Jz /z

= A2 of ViBeEsTToN S

(/9' T I A L2 Z)

Y= 74 a2

/_,/..-—
c 27

/
= e 2
7 500

ZaxI0CRT X T (=2
zg AT XTE Y (142D

— L5 S5

E5A




s CELL & I -

GG e FAr< e OF FTEST CFZC

VRN - V-7 M T D LI A
-i _ S
" iw VEZL

.____’—._————'A—'_“-—'——

= A 7 27x0° xIFFe

2 - =
'Zf X Ta ™

T m W OOR) SES.

ZPX/IOCX T X 8L %IT
CEX SOOIy 5 x2—

RAN Y 12l LR er S L el .
TN

A= 5
| T Art (1ri> Z”

//“27:,05

v e PO ERIOC

| | = 974
7 v TV se&c, ‘ : '
2 L ®
| A4 sz /Z
X 5
3. STREANE T O SHILC + /?‘i__. 47 - 7&
Srese 5T A ZOT vz T 7z 75

MECr [PornT = 3700‘9 S z -N7
AT IAT TS = 68 T FFOoO0O

4 HATZs CeNMNBELTIAM™
MO STaac.

V&L w 33 oo -(,, /—4'.‘ -
{/!—rw/'ﬂre‘ °, o, o00 - 7%;1 - ?'(”/"‘i) = 2%
- T
’ 'KEK/;«;‘BL";T: Go. 000 mST L /re
JeTimaTe » 70,000 5L .
% T .
. SHELL TEST CELL] H#R7CHK Coras AEy Boirs
NET ARe A /2 Se¢ 10/ 6:67137/4" s 4.2 ﬂ%zn A
N 4 ‘*‘“‘/A;-‘ 7z 2 r
Q —_ [ T
N | zaggocc xiy | 6.e7x31F000NTT| .2 X90000 Xz
& Vo Fe X1t /T RG G T % e
Q‘E = ¥4s5 par. G zo Psr gz/ msr
R - | |
yh /2 % @$70C0 £3.3 G LR EDODONII | 4. L AFOOOC XI.F
3& SLIGHT ET TN A WE TExde
® £ | - | |
%Q LAMAS = Zz2S§0 Psx. 828 PsT F5 PSI
:JJ MopEewrd 1TACEC00 . & . BT XGU00C X0 | 4.2X 000 10
Q‘ T rIT F R /2 X
PNV G & .
%t 6 7oo /PST Z4FO psX 25850 APsST

% FoR PRESSURE CAPSULE

SEE Pg-58

o6




#

&

1

STEEENGS T of

VAW = = )7 VY - P

TESTT CELL

2

A D Ll L ¥

<L Yzg xioc xF5C

A

e L. f&“:_—_"

Z7e < ros

#r

T = o037 SE< .

2. Arfwe s

‘28 X 12060

AT E G/ LTNC S

oy

7

A=

S AL e AT AT
SHELL

E'z,z- _é‘l.i/_c"l 7.:-' _L

- v
Zapivywm ¥ F /O

29XI0C X 796K ITX/¥

)’/qrd- ¢! P ALY 2» .2g <420 Xz xS
L N S
2./ <~ I:_é T Ll = 34
A, /2 ‘% PR
= . <. o . ‘
7 ¢7 S5 z /3? - z.c¥
T e Z2.937
. 7“’7“&4 - -'/-E
ACgssomg
FIS TN R TOITA T - B
PreESSURE CAPSULE TEST <CELL

/S smEe

4§<£M54¢

Ay 80(_7‘5'

;xﬁ‘é.& /Oé/yrl

B 7000 FPsr

Froee pPsr
G 8™ To P72 ,sL

Qo ooo LSE
7C, 000 Lo5x

j(/&?‘/M/V?‘_d' &S =70 7o eo sy
i A/é.r /425“ V= 375, o’ : = /.
; ,7,&'5;? ' ) % /1 = /H .;-25- /CI‘V £
| AL xa A X Ag xZ A XA xex
’ g e S sz
3 /G2Y 237400 XV | 43737 4BT000X2LL| fzrXdoood 2.2
% e i IR TR0
ey | ' | .
Q\% i = /oo P57 737 FsL =32/ PsT
3 a | |
S Q Sl | OB ACSO00K3.T | 437 XA VOORBZ| 5 2% Fo, pooxF.3
%\( vzo JZzo | = /2—7
§(\ OPMREE | Pooo s CHIC s = g5 o PSI
Q o
N /_425'/ G 3TOOOIO | )W FTE M LECOOR s T8 X?ao@ax/o'
N e e s rere
o0 S
atanl < | aSC STEL 2SSO Fsr

U

57



S e EA G T

J=1 ZDRESSURE

O~ DL/ TS
AND

S & T2

CAPSULE

RLLys P E = FEESS RS, J- 1
/N Sl DecTs . " PRESSURE CAPSULE
& sHEcL I3 sHELL
XELD Ponr Jo.000 Psr 37,000 PSI
LTI FTE SE o000 2s7 C,s;ooo’ PS|.
/‘//_5-7'. ’ . 7] | '
L 628 =7, 1-375 8°/)N.
AxGn< Ax faxd
s R e
223X FO OO0 K. 2 ‘ , '
S No P ,"375 K_ZZ(;OOX 2.2
N Lpomace » ;
N #ET AT (165 PSI
N
%E SLIGH T -szf‘lfif:a)‘33 I-375x&;‘:ooox3-3‘
' ) . : e
e = ,
§R@wm%' 7/ Fo ST 3100 Psi
0 ~ ' _
N epaegral  CLEXSE200Xx/0 | 1.375%65,000 X 16
X | zny 5¢ ’
NS FCLE
& = JS590 ~sr 9300 Psl




