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SUMMARY

A trade study was conducted to accurately and economically simulate the
chamber environments of present and future large solid propellant rocket motors.
During the study the acceptable ranges of motor configuration and interna
ballistic parameters over which the Super BATES motor is capable of operating

were defined.

This study resulted in selection of a segmented motor configuration with
case bonded propellant grains. The nominal grain configuration is an internal
burning cylinder with both ends burning. The nominal grain for each segment
is 60-in. long with an outside diameter of 28 in. A 30-in.-long grain segment
is also incorporated to permit flexibility over a range of grain lengths
(corresponding to ome-half to three segments) without introducing exorbitant
heat losses. This configuration results in a motor with desirable pressure
neutrality characteristics. The maximuem pressure variation over the future range
of operating conditions will average less than :5% from the mean pressure over

the entire buming range.

A preliminary design was generated using UTC propellant formulation
UTP-18,803 as the control propellant. This propellant has a burning rate of
0.43 in./sec at 1,000 psi. This baseline motor, with an 8-in. diameter throat
has a mass flow rate of 317 lb/sec at 1,000 psi; it consists of two 60-in.-long
segments and one, half-length (30-in.) segment. The propellant web thickness
will be 2.6 in.

Both submerged and conventional wnozzles were desigacd for the motor.
The case scgoents are joined together with individuai clevis Hervings using a
pinned joint in double shear. The same joint coufiguration iz used to pin the
segments to the closures. In this approach a low cost pipe is used for the
case segments; this permits case bonding of (he propellant fnstead of tive more
complicated cartridsz loading approach because motor case segmeat fabrication
costs are comparable to cartvidge costs. The motor segments will be shipped to

the propellant supplier for refurbishing awnd processing.



The motor incorporates a burst diaphragm system to protect the motor and
thrust stand in the event of motor overpressurdization, This pressure relief
system is installed in the motor forward closure and is designed to vent
combustion gases through the forward closure in a radial direction. This precludes

damage to the load cells and thrust stand,

The thrust stand preliminary design is a single component, horizontal
’ system capable of measuring axial thrust in the ranges of 0 to 50,000 1b,
1’1? 0 to 100,000 1b, and 0 to 150,000 1b, The stand incorporates a deadweight
\\\\ : calibrator and has a combined thrust measurement accuracy of *0,15% over the

full range.

The motor is designed for vertical assembly on the test pad adjacent to the
thrust stand. Preliminary tooling designs have been prepared for motor assembly
and for rotating the motor from the vertical position to the horizontal position

for transporting to the horizontal test stand. Designs have also been prepared

for process tooling and shipping containers.

The technical effort of this program was conducted between 1 April and
30 September 1974,
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1.0 INTRODUCTION

The evaluation of solid rocket propellants for applications to ballistic
nissile or large solid motors is a difficult problem in the solid rocket motor
industry. Scaleup of data from small test motors is undesirable because of the
many large performance corrections which are necessary. Computer program approxie-
mations of performance are inaccurate because of limited knowledge of combustion
and loss mechanisms. A full-scale prototype test motor is the best approach;
however, evaluation of the actual system is gererally prohibitive due to cost
and schedule.

Propellants specifically formulated for large motor applications are
currently being developed. A reusable test motor is not availzble to permit
a full-scale evaluation of these propellants. A program was conducted to

analyze the requirements for such a motor, and preliminary motor and thrust stand

designs were generated.




2.0 OBJECTIVES

This program was divided inte two tasks: (1) tradeoff analysis, and
(2) prelimigary design,

The objective of the lask | tradeotf analysis was to identify the ranges
of motor configuration and intcernal ballistic parameters over which the test
motor must operdate to adequately and economically simulate all large solid

propellant motor chawber environments.

The obtjective ot the secend tash was to produce a preliminary design of test

motor, thrust stand, and castiung and handling hardware,
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1,0 SUPER BATES TASK 1 TRADE STUDY ' - :
3.1 Motor .

3.1.1 System Trade Studs

The objective of the svatewm trade study was to idcntify’the Tu €8 of
motor configuration and fatemal ballistic parameiers over which the Super
TES motor must be capadble of operating so that the full spectrum of chamber
environments in presen/ and future large solid rocket motors could be accurately

and economically simolated. This objective was accomplished in s2veral steps.

First, the characteristics of lasge solid motors that would be likely i

Y-

canrdidates tor Super BATSS simulation were tabulated. A trade study was them

conducted to defilne tne range o! wotor design parameters that would bhest simue

late the candidate wotors. This was domu by matching the designs® p-imary

performance variables. The parareter range specified by the contract served

as a starting point and recomrendat ivns were made In several areas to extend

the ranges of important parameters to cover the full vany ¥ oresent and

future large solid moters, The recommended motor ease o - pozzle designs resulte
ing froa this tiade study wepe swmarised and an evaluation sueeary of the

Super BATEN performanee accurae: (inclwling scaleup vounstdevations vhere impovtant)

was presented.

The detalls ot toe frade stude are presented in Appendix A, This appendix

fncludes (1) a list @! perforsance telated patasciers, (0} the mechanise by i
shich cach pardzetet aticctls porfomatnce, ad (31 the telative importance of thag K j

Cperasster In achiieving @ accurale sitmlation of large motor cadustion
¥

onvi toaments,

Jh.i. Edentiflcation of Landidate baree Solid Woter Ixsign Chsfacterinties -

N maren ENTR Saas emed L swties

The Seper BATIS zoted ol v wsesd privarily o wimulate the ghanbaor

cevironmwentl @f tee stages of futuie latee bhadlistde miesiles lime %X, €L, and

it b A2 ot "L

swecessive gonevations of mailistac aicciies. Inporiant additiomal candidstes

i

for Supet UATES testiag include operaticus! stratsgic ballsstis mizciles

(e.g., Ninutewasn 1! and Poseidee €33, latie Batlieficid suppurt tockels fe.g.,
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Pershing), large solid boosters (e.g., the 156-in. motor), the Titan IIIC 120-in.
solid strap-ons, the NASA shuttle booster, and the lower stages of the NASA

Scout vehicle. The most significant performance related parameters for these motors

are listed in Table 1,

Data supplied by AFRPL on the MX and C4 were parvicularly valuable,
Although the design chrracteristics of these systems, particularly the MX,
have not been frozen, the data provided give a firm indication of the likely
range of future large ballistic missile design parameters. For large ballistic
missiles chamber pressures range from roughly 400 psia to 1,500 psia, throat
diameters range from 5 to 15 in., and chamber residence times are all greater
than 40 msec and usually greater than 100 msee. Grain length to diameter
ratio ranges from 0.6 to 4 while nozzle submergence (as a fraction of grain

length) ranges from 0% to 30%. Burning rates at average pressure range from
0.3 to 0.6 in./sec.

In contrast, booster motors ope -ate at chamber pressures around 550 psia
with large throat diameters. Residence times of a few hundred milliseconds are
typical. The motors generally have long grain length to diameter, little or uno

nozzle submergence, and burning rates from 0.22 to 0.34 in./sec.

3.1.1.2 Recommended Operating Range for Super BATES — A preliminary trade study

was conducted to evaluate the range of motor parameters required to simulate
large solid rocket motors., Particuiar emphasis was on the prime candidate
motors dezcribed in Sectisa 3.1.1,1, The two primary motor simulation variables
(chamber pressure and throat diameter) are shown in Figure 1, Candidate large

motors are located on the figure to indicate primary areas of interest.

Chamber pressures are clearly trending upward as better case materials
beccme available. With the exception of the second stage Polaris (which was
designed for a low pressure to overcome the high base burning rate limitations
of early double base propellants), no operational or proposed large solid
motor operates at a pressure b. low 440 psia., The MX and C4 stages are opti-
mizing at pressures 200 to 300 psia higher than the earlier Minuteman and Polaris.
The predicted pressure for the first stage MX is 1,400 to 1,500 psia,
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With the introduction of carbon filaments, ballistic missiles in the 19807s

could easily be optimized at pressures above the 1,600 psia maximum pressure

proposed for Super BATES. Since chamber pressure acting directly on combustion
processes and indirectly through propellant burning rate is such a fundamental
parameter, it is zecommended that rthe Super BATES metor be designed for a maximum
pressure of 2,200 psia. This allows direct pressure simulation of large solid
motors presently in use as well as those anticipated in the near future.

The system is not noticeably penalized either from cost or handling weight

cousiderations for Lliis increased pressure capablility.

s AR

Throat dia~eter selection depends on the range of chamber pressure

0 285

wnd “‘ow rate required. A throat diameter of 8 in. matches a number of large

P
o

TR 1R

solld motors .and avpears to be an excellent cheice for the nominal throat size,

A throat diameter of 5 in. covers all planned motors, but future increases in

RN
e

. p:essure may require chroat diareters as small as 4 in., on ballistic missiles,

G
e
>

%

This sh uld ve provided for on Super BATES.

Severai large snlid motors iacluding all first stage ballistic missiles -
have thrust levels that «xceed the standard limit of 150,000 1b, However, |
these motors can Le sca.ced down at constant pressure to operate'with tiroat
diameress of W fo, or lees at the maxinum thrust stand capability for all MX
and C4 staves,  The scalad flrst stapes of Minuteman and Folaris would operate
at flow rates lrom 350 lbssec to 400 lb/sec with ,0-in., throats. Therefore,

4 10=tn. thrnat size appears tc he adequete unless Hign flow rates at low

pressure are expect - d or tive maacaum thyust level is raised above 150,000 1b.

The Suped BATES sbonld be desivned Lo cover as wide a pressure range as
practicable,  The prircipal deslun problem at ifow pressure comes {rom accommodating

thyoat Hawcters cooat le ot Landling dorpe Hlow rates,  Laree throats require

lavyger wotor diamcters to neep Low port to threat ratios. However, in the
interest of flexdibilitv tae Super hATES should e desighed to accommodate throat
diameters of up to 12 in. «1th the base’ine submerged conical nozzle, A standard
closure can be deslgned to aceerowdate the submerged nozzle to 10-1{n, diameter. A
special alosuyre vedla be required to incrtease the nozzle diameter to 12 {n., A
1T2=in. throat woull allow Iluw rotes ot 140 Ib/sec at the minimum pressure of

200 psia and would be capable o sikalating the second stage Polavis to provide a

13
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data point for double base propellants. More important, an aft closure designed

- to accommodate a 10=in. conical nozzle will be able to handle smaller diameter

contoured nozzles, For specific tests where exact full-scale performance
simulation is required, Super BATES® ability to match the nozzle exit cone

profile would be an important asset.

UTC recommends maintaining the present 150,000 1lb thrust stand limitation
although increasing the thrust to 210,000 1b would allow direct simulation of
several first and second stage ballistic missiles (see Figure 1). A typical
specific impulse efficiency curve versus mass flow rate is shown in Figure 2;
it Is based on 16% aluminum propellant in motors at 500 to 800 psia. The flow
rates of several large solid rocket motors are also shown although their
efficiencies generally will not fall on the 16% aluminum curve. The large
motoxr data points that appeared to lie well beyond the 150,000 thrust level
in Figure 1 in reality only require a specific impulse scaleup of roughly 0.1%.
The large increase in cost required to achieve flow rates up to 800 1lb/sec
cannot be justified to eliminate the small specific impulse scaleup for very

large solid motors.

The curve for specific impulse efficiency provides a preliminary indication
of the value of the Super BATES motor as a performance tool in large solid motor
design., By covering the critical large motor flow rate range from slightly
under 100 lb/sec to roughly 550 1lb/sec, the Super BATES permits direct perform=
ance measurements of most large solid motors with only small scaleups (a few
tenths of a percent) for even very large solid motors, Data from 70=1b BATES

motors require scaleups of 11 to 2% to cover the Super BATES range.

Burning rate characteristics of large solid motors were evaluatced to deter-
mine the primary burning rate range for Super BATES. Where data were not avail-
able, a propellant b/a ratio of 4.0 was assumed to establish maximum web. The
buming rates at average pressure for the candidate large soiid ballistic and
booster motors ranged from 0.31 to 0.6 in./sec as shown in Figure 3. Hased
on the large number of motors with burniung rates below 0.4 in./sec, UT( reoom-

mends extending the proposed burning rate range down to 0.3 in./sec to cover

14
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these motors. The complete absence of motors with burning rates above 0.6 in./sec
suggests that the high burning rate range should not be overemphasized. Trying

to achieve long bumtimes (i.e., 5 to 6 sec) with burming rates of 0.8 te

1.0 in./sec requires thick webs (up to 6 in.) which will compromise the overail
design., Thick webs require larger motor diameters and mcre complicated grain
geometries to achieve a neutral pressure trace., UTC recommends a maximum web

of 3.5 in. which altows a 5-sec burn time at burning rates up to 0.7 in./sec.

At higher burning rates the maximum bura time will be proportionately reduced.
However, in general high burning rate motors will have low L* and will require
shorter burn times to minimize the effects of ignition and tailoff and achieve

accurate performance measurements.

The motors within the primary Super BATES flow rate range of 100 to
500 1b/sec can best be simulated with average port diameters from 20 to 30 inm.
ad a maximum surface area of 14,000 1n.2 as shown in Figure 3. Within this
reglon Syper BATES motor lengths range from approximately 50 to 200 in. Motor
geometry provides another reason for not attempting to directly simulate the
flow rate of very large solid motors. In addition to the facility and recurring
cost required to achieve flow rates up to 800 lb/sec, Super BATES motor diameters
of up to 40 in. would be required to achieve reasonable grain lengths with these
high flow rates. Selection of a large diameter would compromise the operation
of the Super BATES at lower flow rates by creating an excessively short length
to diameter motor with loag ignitiocn and tailoff transicats.

Prelininary operating range recomwendations were prejared for the Super
BATES bdased on the results of this desfgn trade study. MNajor parameters listed
in Table & were split fnto two ranges, primarvy awd ceeplete.  The pricary
range of each parameter encompassed the most likely range of operating coadie
tions requited to sisulate large solid rocket metors. Within this range the
wotor vill be optimized for performance accuracy, casc of handling, and ainizum
operating cost. However, each major parameter also includes a much wider range

to allow caxioun flexibility. The moter wiil be desipned to provide accurate

performance over this coeplete range, but motors which require extreme values
for several paraseters {e.g., & 2-sec burn time with a 1+in. web) can not be
expected to be as acturate &s moters fu the prizary operating range. The recoa-

seaded opersting ranges of several important ballistic and geometric parameters

16
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TABLE 2. SUPER BATES OPERATING RANGE PRELIMINARY RECOMMENDATIONS

Parameter Baseline Range Re commended Range
Chamber pressure, psia 200 - 1,800 Primary: 400 to 1,800
Complete: 200 to 2,200
Maximum thrust, 1b 150,000 150,000
Burning rate, in./sec 0.4 to 1.0 Primary: 0.3 to 0.7
: Complete: 0.3 to 1.0
g Throat diameter, in. Primary: 5.0 to 10,0
g Complete: 4.0 to 12,0
% Web, in. Primary: 1.5 tn 3.5
i Complete: .0 to 4.0
5 Duration, sec Primary: 4.0 to 7.0
% Complete: 2.0 to 8.0
-% Average port diameter, in. 20 to 30

ER AR

ot

WY

are shown in Figure 4. A nominal design point of 323 lb/sec for 6.2 sec at a

B E

R

burning rate of 0.43 in,/sec at 1,000 psia was selected. With a web of 2,6 in.
and an average port diameter of 25.4 in. (grain outside diameter = 28 in.) the
grain length would be 150 iu.

23 Mg
LA

3.1.2 Recommended Motor Case Confipuration

UTC recommends a nominal graln diameter of 18 in. and a naximum grain
length of T80 in. Based on the trade studiex preseated in previous sections
a grain dianeter of 28 in. meets all the requirements for neutrality, officiency
of aluzinun combustion, transfent impulse, flow field aid crosive burning model-
ing, and chamber heat losses. With a maxizuwm grain length of 180 {n., the
3

Super BATES can achieve the saxizum surf{ace arca of 14,000 {u.” wihich is consiste

ent with the burning and flow rate ranges of the motor.

The Super BATES trade study has clearly shoawm the need for configurational
flexibility i order te =odel the coperating characteristics of a wide range of
large solid wmotors, The =ost practical approach to achiew thix §lexibility is
through metor case segmentatfon. A segmented motor case can ®atch the surface

area recuirenents without either excessive free voluae that would contribute to

17
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ignition and tailoff inaccuracies or large exposed :reas of iusulation that

would substantially increase chamber heat losses.

Propellant grain processing requirements provide the mcst cempelling reason
for motor case segmentation. In order to achieve a neutral trace the end
burning circular perforated grain must have the correct number of end burning
surfaces; this 1s dependent upon the over:ll grain length. These neutrality
characteristics present formidable processing problems with a monolithic case
(see Figure 21, Appendix A). The slots could be formed either in the grain
using foam wafers or machined in the grain after cure. Although both approaches
are feasible, they require manpower and equipment specialization and neither
are attractive for a low cost, widely used test motor. A segmented case allows

the grain to be easily cast with two end faces which may be inhibited if desired.

A baseline grain segment length of 60 in. 1is recommended with three seg-
ments used to achieve the maximum grain length of 180 in. A half segment with
a grain length of 30 in. is recommended to allow complete length flexibility
while minimizing heat losses and transient impulse effects. The recommended
segmentation approach (Figure 5) provides for grain lengths from 25 in.
(roughly 2,000 1n.2) to 180 in. (roughly 14,000 in.z). For grain lengths
between 25 and 30 in. a single half segment would be used with the upstream
face inhibited. From 30 to 60 in, a single 60-in. segment would be used. The
upstream face would be inhibited up to a grain length of roughly 45 in. (depend-
ing on the web and neutrality desliyved). For longer grains, the €0-in. segments
together with one 30-in. segment (for 60 in. < L ~ 90 in. and 120 in. L -
150 in.) would be used up to three 60-in. segments with a total grain length
of 180 in. The number and range of grain lengths for which inhibited faces

would ’e used to achieve the desired neutrality is indicated in Figure 5.

A dntafled inwaestigation of motor case design appreaches was conducted 2
doeteraine the fabrication and assembly method that weould allow high accuracy
consistent with lowest program cost. The or.ginal design approach used plastic

propellant cartridges secured inside clevis pin sotor cases. Cartridge loaded

19
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Figure 5. Recommended Graian Sepgmentation Approach
05752

yrains have been successfully used va many proprams and represent & straighte
forward approach to large motor statfc testing., However, the relatively small
size (28~in. fuside diamcter) and high pressure 2,000 pria) of the Super BATES
motor together with the nigh depree of perforzance s dsufeoeii accuracy required

makes cartgidpe loading less attvactive.

fleat losses to the motor case are a sipniticant offeet ia the Super BATES.
An carlier contractural study for Seper HIFPO showed that cattridges with single
gas seals cust have either relatively large anmular gaps to allov backside
pressurization without a large pressure drop acrozs the cartridge or use a
flexible case that can expand te the wall en fgnitioe.  HBeat loszes for large
gaps are wiaccepiable. Even for velatively small gaps, the heat Josses can be
as high as 0.%% for some coaditions; therefore an expensive reusable flexible

glass reinforced cartridge with scale at heth ends veuld be regquired.

Tolerances and dimensional stabliity are prehlems with a cartridge leaded
grain. A wmifoirm web is essential to achir ve rapid taiioff and minfwue transicant
izpulse. Producing a cartridge to tight telerances and holding those telerances

taruugh storage, insulation, and propellant casting couid be difficult and costly,

20




Cartridge inspection wou]d be required at least once during each reprocessing
cvcle when a decision would be made to (1) accept the cartridge, (2) reject
the cartridge, or (3) rework and reinspect the cartridge. Cartridge loading

also complicates the handling and motor assembly procedures.

Direct case bonding to segmented wmotor cases ic¢ preferrable to cartridge
loading in terms of performance and design simplicity, but several cost aspects
must be considered. A steel case can be produced and held to close toler-
ances over long periods of use. A motor composed offat most three case bonded
grains can be easily handled and assembled. However motor cases are tradition-
ally much more expensive than cartridges. With Supér RATES, the case segments
with integral clevis joints would cost approximately"$10,000 and the glass
reinforced cartridges (reusable a maxinum of 10 tiﬁes) about $3,000. With the
anticipated use rate of 12 firings per year (as given in the SOW), more than
20 segments could be required to account for shipping, processing, setting up,
testing, and cleaning schedules. Although the costs are not prohibitive at
this level, there is a strong incentive to provide;é more cost effective
alternate to the cartridge loaded configuration théﬂ 5 case bonded case which
incorporates an integral female clevis joint. A loglcal solution is tec
fabricate separate attach joints such as H-joints;: in this way, the cost of

the segment is not burdened with relatively complex‘Joint costs.

Low cost, cozmercially available pipe offers thekbest approach for an
inexpensive case segrent. Medium allov steel pipeESells for 25 to 35 cents
a pound. After being cut to length and bored to p;éduce close tolerance inter-
nal dicensions, a 60-in.. case serment should cost no more than $2,500 or roughly
the sare as a glass cartridge which is far less dufable. Shipping costs are
not a significant factor despite the sizable weighﬁ\differences between cart-
ridges and steel case segmeants because a 5,000-1b minimum weight limit exists
for shipments of live propellant. A cost study waé'cqnducted to determine the
round trip shipping costs of one, tvo, and three seﬁment motors between AFRPL
and several solid rocket companies. The results,‘ébown in Table 3, indicate
that the difference in transportation costs betweeﬁicartridges and case segments

is not significant (at most $200 per segment).

21
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The motor case joints would be produced only in small quantities (no more

than two would be needed) and would remain in the assembly/test area. These

Joints would be machined either from flat prate or from roll ring forgings.
Two candidate joints, shown {n Figure 6 , are representative of the type of

configurations that could be used. The shear ring desipn uses a split ring

mating with circunferential grooves in each segment; it is retained by a

cylindrical collar. The double clevis pin joint offers simplified assembly,

but the joint adds about 10 in. of free volume to the motor.

3.1.3 Nozzle Design Study

The nozzle design has an extremely important effect on motor perforamance.
Consequently aeccurats awodeling of all major nozzle design variables is important
to properly simulate the performance of large solid rocket motors The four
most imporcant nozzle parameters are:

A. Throat Diameter

The throat size affeets two phase flow losses and should be closely mudeled

to winimize scaleup. The mnozsle should accomudate throat diameters from

& te 12 in. Oou closure can be used to accommodate nozzles with throat
diaseters froa 4 to 12 in. Howewver, a special closure will be required

for mozzles with throat diamcters from 8 to 12 in.

5. Expansion Ratieo
Since the mator will operate 3t prossuyres fross 200 to 2,208 pxia, expansion

razfo flexidility ix required to aveid over expansion and to achiove close
to the opticun oxpansion tatio.

C. Subsergence

Variahle sybewrgence iz requited to model the flow field arcund the nozzle
entrtance. Since subo( . pence losses tend to flatten out Yor nozzle sub-
aergence leagth/chanher length of 3% to 10Z, 2 maximun nozile suhmerpence

of 18 in. is recomended based os 107 of the maximun chanbher length of
180 in.

b Tharcat Radius of Curvature
The throat radiys of curvature (espocially in tho entrance repion) ha= &

significant effect on tw phase flow losses. The nozzie sheuld be derigned
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to model throat curvatures from 1.5 times the throat radius up to roughly
4 times the throat radius.

The nozzle throat presents the greatest design challenge to achieving per-
formance accuracy and cost effectiveness. The throat must withsiand chamber
pressures up to 2,200 psia with high energy propellants for up to 8 sec with
little erosion. The nozzle operating range of pressure and throat diameter
is shown in Figvre 7. Medium erosion resistant throat materials could be
used for the larger throat sizes (10 to 12 in.) where thrust and burn time limita-
tions will restrict the severity of the thermal environment. However, the base-
line throat size must operate over the full pressure range. Throat materials
like pyrolytic graphite are recommended to minimize erosion effects especially

for maximum duration tests at high pressure with the smaller 4=~ to 8-in. throats.

Reuse of the throat package is considered a cost effective design approach
for the Super BATES. Although instantaneous heat fluxes equal or exceed the
full-scale motor values requiring an expensive high performance throat, the
total nozzle heat transfer during a 5 to 8 sec Super BATES firing is small
compared to the nozzle heat transfer in a full~scale motor; therefore, char
penetration and thermal soakout will be much less severe in Super BATES.
Multiple reuse of the throat package would help amortize the nozzle cost over
several flrings and could contribute significantly to achieving minimum motor

operating expense.

The Super BATES motor operating range is shown in terms of surface area
and nozzle flow rate in Figure 8. The grain segmentation approach allows
continuous operation from 2,000 in.2 to 14,000 in.2 However, there is no easy

way to contlnuously vary throat diaweter over the full range of 4 to 12 in. nor

is this necessary. The use of a small number of Super BATES throat sizes (three
to five) is recommended rather than trying to exactly model the throat diameter
of each motor. A set of four nozzles with throat diameters of 5, 6.5, 8, and
10 in. could adequately cover the Super BATES range. This does not preclude
use of a special nozzle for a particular test. However, for the majority of
tests, the small scaleup introduced by using standard nozzlas would not signifie

cantly atfect performance accuracy.
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The recommended submerged nozzle design shown in Figure 9 allows flexi-

bility in expansion ratio, submergence depth, and throat radius of curvature.

Expansion ratio flexibility is essential to minimize separated flow effects
and to achieve a near optimum expansion ratio based on the chamber to exit pres=
sure ratio of a pa~ticular test. The recommended design uses a silica phenolic
exit cone that is free standing from an area ratioc of 5:1. The exit cone would
be set at the correct expansion ratio for each test and discarded after the
test. By using a partially free standing exit cone that is pinned to the steel
support at a low area ratio, a single nozzle can cover the complete range of

expansion ratios for each throat size.

Nozzle submergence depth (as a fraction of chamber length) mast be modeled
to simulate submergence losses. Fortunately submergence losses reach a threshold
value by about 10% submergence and !ncrease only slightly thereafter. Conse-
quently, a maximum submergence depth of 18 in. will provide 10Z submergence
for the longest grain.

Adapter rings were evaluated to provide flexibility in submergence depth.
The adapter rings, manufactured to various lengths, control the axial position
of the nozzle and therefore the depth of submergenre. The adapter length can

be increased until the nozzle is nearly unsubmerged.

Flexibility in radius of curvature of the nozzle can be achieved without
building several nozzles in each throat size., The plastic insulation parts in the
nozzle entrance and throat can be machined to achieve an entrance radius of
curvature range using a common steel support piece. UTC recommends that a
nominal radius curvature of approximately 1.6 tiwes the throat radius be used
for most firings to allow reuse of the throat. However, whenever particular
test conditions (especlially for a tust series) requirc a different radius of
curvature, the nozzle insulation pileces can be configured to meet new radius

of curvature requirements.
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3.1.4 System Performance Accuracy

The projected accuracy of the Super BATES test motor and thrust stand to
define the solid rocket propellant performance is summarized in Table 4.
This table is a summary of the detailed trade studies presented in Appendix A.
The table shows projected variations in (1) the ability to model exactly,
(2) the scaleup effects for pertinent perfermance parameters, and (3) the error

introduced by analytically correcting these variations.

The trade study analyses indicate that the delivered performance for the
actual flight motors may be defined quite accurately without applying eny
correction factors. The rationmale is that the variations in performance due
to parameters such as heat loss, combustion efficiency, etc., are well within
the range experienced in an actual flight motor. The scaleup and configuration
factors such as throat size, erosive burning due to low port to throat, etc.,
are not major contributors and do not justify the additional effort to apply

corrections.

For tests whose purpose is to deiine the actual propellant performince as
accurately as possible, corrections for variations may be made analytically.
Combining these projected uncertainties results in an overall estimited system
accuracy of 0.35%. This estimate is based on the two and one-half segment

baseline motor with an 8.0-in.-diameter throat described in section 4.0

Table 5 presents the accuracy with vwhicl the Super BATES motor deliveced
performance can be measured. This sumnary considers the measurable items listed
in Table 4. As shown, the actual performance ix estimated to be within

0.19% of measured performance.

3.2 Thrust Stand

A study was conducted to identify a single conponent horizontal systea
capable of measuring thrust in three ranges: 0 to 50,000 Ib, O to 100,000 1b,
and O to 150,000 1b. The maximum thrust is 150,000 lbh; the stand structure is

capable of force loads to 2002 of maximum without damage.
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TABLE &. ACCURACY AMALYSIS OF SUPER BATES PISVORMANCE
Uccercainty of Performancs
Variation Zorraction
Barealine &1l Bassline
Parameter All Configurations Hotor Configurations Motor
Prassure None; model dirsctly 0 0 0
Throat None up to = 12 1in.; 0 0 0
dismeter nodel directly
<0.5! up to 156'1!!. - ‘o.‘x -
dismeter (motor noszzle
size)
Burning rate <2.0Z2 dus to srisive 0 Negligidle 0
burning and port
dismeter
Noszzle Nons; model directly 0 0 -
subaergence
Cossbustion 0.2% 0 <0.051 ]
efficiency
Baat loss Up to 2.5% 1.9% submerged 0.20% 0.152
1.61 conventional
Tharaal 4.0 4.0% 0.13% 0.1%
Yonequilibrium
Prassure 210,0%X maximm 210.0 maximm <0.05% <0,05X
asutrality $3.0%2 nominal £3.0% nominal
Tranaient 5.0% 2.62 <0.10% <0.03X
impulss
Expended 1.252 1.00% <0.30% <0,25%
insrts
Thrust stand - - <0,19% <0.152
Overall - - 0.432 0.352
NS accuracy
TABLE 5, ACCURBACY AMALYSIS OF SUPZY BATES MEASURDNENT
Nagaituds Retimated
Paremater of Veriation Iclarance .
Prassurs osutrality 210,01 saximm <0.05%
13.0% noainsl
Transieat impulse 5.08 <0, 10%
Threst stand accuracy <D.1%%
Overall B8 accuracy 0.193
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The axial thrust measurement system accuracy has an initial design goal
of *0.10 percent of full-scale (for each of the ranges) with a three sigma
confidence based on in-place calibration with a stand resonant frequency of

25 cycles per second or higher,

After identifying the characteristics of the thrust stand, an

analysis was conducted to determine cost versus thrust stand accuracy.

3.2.1 Thrust Stand Definition
3.2.1.1 Design Flexibility -~ The thrust system design has a large degree of

flexibility for (1) interchanging load cells for different capacities,
(2) installing motors of various sizes, (3) easily removing and installing
wotors and load cells, and (4) easily calibrating the system (see Figure 10).

Various combinations of load cells cam be installed between the thrust
adapter plates and thrust abutments to accommodate motors of different sizes
and capacities (see Figure 10). Load cells are doweled and bolted into
place; all locating holes are precisely jig bored in both thrust adapter
plates and thrust abutments so that load cells can be interchanged without
positioning or alignment. Thrust adapter plate locations are related to
thrust abutments and are positioned with tooling bars jig bored at the sanre

time,

The thrust system is designed in three scetions allowing complete retoval
of one or two sections to accommodate motors of various lengths. All joints
are bdolted and locked using dowiel pins so that aligement is maintained and
realignment will not be necessary during subsequent installations. Motors can
be removed without upsetting the alignment; however, center lines and dowel
pins ate located cn the structure so that perfodic alignment checks can be made

usfag & surveyor's transit, scales, and levels.
Hotors of variocus diameters can be installed using appropriate cradles

vhich fn turn can be bolted to the thrust bed, These cradles will be

capufsctured to match and accomncdate the selected sotor configuration.
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3.2.,1.2 Accuracy - The design goal accuracy of the thrust system is 0,10% of
fullescale for each nf the three ranges with a three-sigma confidence level
based on in-place calibration. This accuracy is possible because of the folded
flexures used; these cancel the inverted pendulum effects and intevaction quantities
that result from changes in the length of the thrust system due to temperature
changes. The folded flexures also reduce the redundancy of the thrust measuring
system by a factcr of 2.0. The thrust system has been designed around the
simple technique of supporting the thrust bed and motor on folded flexures,

The system has 1 degree of freedom and 5 degrees of fixity. The motor can

be iastalled so that the head end of the motor can face directly against the
thrust adapter plate or a special adapter to interface cetween the motor and

the plate as required by the user. This allows the motor to be installed

and aligned without affecting the accuracy of the thrust measuring system

since motor installation is virtually independent of the measuring system.
Misalignment of the motor by an angle of 1° fntroduces an error of less than
0.015Z of thrust.

Ultra-precision load cells are furnished for measuring thrust. These load
cells were deweloped in the last four or five years at Ormond, Inc., and are
aow used in sophisticated weighing systems, some of which have been checked by
deadwelight to one part in 30,000, These load cells have superb linearity,
repcatability, and hysteresis characteristics.

An in-place calibration system with a beam balance deadweipht is provided
as shown in Figure 10, The price limitation of this calibration system is its
calibration. Soxwe systewss fnstalled by Ormond, Inc,, have been checked with

deadwe iphts to tolerances btetier thims 0.002% of lead, including repeatability,

hysteresis, and lincarity, uiing a dcadwelpht cospensation techaique. To
calibrate this deadweight calibrator, lezd cclls sust be used since the calibration

force is applicd horizomtally instesd of vertically.
A load cell calibration syvsten (inciuding load cells for cach of the full-

scale ranges) is uszed which is caliirated by deadweights traceable to XBS.

Using this technique a transfer of calibration coastants should havwe an accuracy
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of 0.03% full-scale or betier. Error terms include repeatability, linearity,
hysteresis, and non-return to zero.

3.2.1.3 (Calibration - A deadweight calibrator is furnished with the systenm.
This calibration system includes the cancellation technique outlined in Ormond®s
patent No. 3,449,947. This technique eliminates the interaction terms that result

from the redundancy associated with attaching the calibrator to a fixed
structure,

The thrust stand includes a deadweight calibrator with a range accuracy
of $0.03% which is used to calibrate the thrust measuring system.

The calibrator, which can be operated manually or from & programmed com-
puter, is a multiple beam arrangement whereby the weights are raised and lowered
using flexure bellows. The control panel is mounted in the block house. The
solenoid for actuating the bellows is mounted on the calibrator and is potted
to obtain an hermetic seal. All lines are run in coanduit without plugs. Lead
copnections are made on & barrier strip mounted on the calibrator.

The weights are in uinary coded decimals which allov the selection of
increments from 1,000 to 150,000 1b. The weights are certified to class C
tolerances approximately 0.006X of weight. The Bureau does not certify weighzs
of this type to 0.0012, but this accuracy is not vequired.

The celibration factor is established by calibrated losd cells sounted
in the pull rad. Three load cell vanges are furmished and delivered along with
the calibration instrument. This equipment can be used to verify the bean
balance calibrator st any future date. Flexures iére used on both ends of
the load cell in order te eliminate dending moments. The thrust stand can be
calibrated in 15 equal steps up and down in less time than ! min/step.
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Limit stops are mounted on the beam; these prevent the calibrator froa
applying additional loads as long as the stop is engaged. This safety
feature prevents inadvertent application of loads in excess of that selected

by the operator. It does not prevemt the calibrator frow running in the
opposite direction to unload the systeun.

The calibration system has the minimum following specified accuracies
{(at a one-sigma confidence lewvel):

A. Linearity - 20.03X of applied load from 50,000 to 150,000 1b

B. Hysteresis - :0.006 of applied load

C. Repeatability - 20,006X oi applied load

D. Accuracy - (including combined effects of linearity, hysteresis,
and repeatability errors) within 0.08% of applied load or 0.03% eor
range, whichever is greater, where the ranges are 50,000, 100,000,
and 150,000 b, The primary limitation of the calibratnv’s accuracy

" is the difficulty of calibrating the system ioad ceils to a higher
level.

The calibrator is designed to prevent load cell and thrust stand overe
loading by including a digital selector switch om the pancl. The electrical
circuitry prevents the application of any load In excess of that selected and
dialed into the system by the operator. Tie calibrater is mounted oa support
structures completely independent o the thrust measuring systen.

The control circuit for the calibrator is equipped with legic so that it
can be interfaced with Hewlett-Packard's 2100 sint-computer. The interface ix
TTl cospatible. All powver supplies and other control elements are furnlshed
vith the calibrator. Switch clesures on ~he calibrator indicale vhen & weight
has been applied snd the bean is balanced. Under these conditions the cali-
brator load caa be recorded. Through proper programming the complete
systen can be calidrated avtomatically by using the cospuler and the beax
balance calibrator,

35




3.2.1.4 Aligament - The thrust system is manufactured using jig boring
techniques to establish dowel pin and tooling bar locations; this will provide

precise alignment of all components.

Centerline dowel pin hole: are Jip bored ar the same time and cam be
used to align the svstem after final asseablv using transits, levels, and
scales.  In a single-component thrust stand of this type, alignment is not
CEilival siuee v wlior 1us u ie Heealigheeat vt the motor is 0.00152 of

thrust.

The lead cells are manufactured as ball-ball types which do not have
flexures on the end. Therefore, the ends of the load cell can be drilled and
tapped on the centerline so that installations can be made without precise
alignment being required.

3.2.2 Trade Study of Cost versus Measurement Accuracy

. i

This thrust stand svstem is atate-of-the-art in thrust measuring
equipaent that has been installed and used for several vears. 1f the evaluation
vi acvuracy i based on in=place ealibration, allowing *0.1% of fulle-scale lead
tur Lhe tofuni «tand, tinre in mo difference in cost betucen a thrust stand
having this accuracy and one having 0,292 full-scate at che three-sigzma loevel.
The above values ave based on in-place calibration and do not include the 0.03%
allowed for the ealibrator. Since this cguipnent is standard and a heam bhalance
deadwe ikt calibrator s geguired {or calibratien, the cost of a 0,12 systes
wanld b (he sate as the ot for a G.232 svstesr. The only difference
§x Gie . mmrre fentw ase reguired 1o establist a threcssigma confidence lovel for
a 011 svsten than for the sase confidence level at 0,252 of full-scaje. Tests
corld Be run 3t a cost oof stogl (10,8 per data poiat usiag the calibratoer

provided with Lhe system, Gver (G0 data podats would be reguired to estahlish

2 three sipma condidence level al 944 reliabilicty factor.
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4.0 BASELINE SYSTEM DESCRIPTION

The baseline BATES system consists of motor assembly, thrust stand,
processing and handling equipment, and shipping containers for motor segments
and nozzles. The te-* motor was designed to accommodate a wide range of pro-
pellants and simulate cowmbustion chambuer environments for a large variety of

ballistic and large solid motors (see Section 3.0, trade study).

By using various combinations of seyments with 60~ and 3C-in.-loug propel-
lant grains up to a maximum of three 60-in. grains, the motor will operate with
propellants having buming rates from 0.3 to 1.0 in./sec. The motor case is
designed to operate at pressures to 2,200 psia with a design safety factor of
1.5 on yield.

Motor flexibility is achieved by usivg the segmented case approach. This
permits great variation in propellant surface area (and thrust) without resul:-
ing in a large free chamher velume at low flow rate conditions. (The latter
condition represents an unvealistically large L* which greatly affects <l wawer
teat loss and fpnition and cailolf impulse.) The maximum total combined weight
of che three 60-{n. propellant grain segments is 3,000 Jb; maximuz design thrust
is 150,000 lb. Weight of the manximum size loaded motor assembly with convens
tiona)l nozzle fx less than 20,080 ik {sec Table ©); this weight is below the

maxizus specified fn the RPg {25,000 1B),

The motor grain desigh uses double ead-bursiag, tentersperforated grains
with a cvlindrical bore. gdesipn sigplicits and casting ease wove prizary
design consideraticas.

k3

The eetor has relativels ueutral prossure<tise and thrut-time histories.
The tazxisus pressare vatiatiot aver the entive range of operating conditions
(i.e., pressure, buming rate, burh rime, elc.) averages jes than "50 frex the
mean pressure over the entire burn tine. In addition, for anv point witkhin
the raage, the cperating presesure does wet vasy sere than "10% frem the mean
prossure. (onbined igniticn and tallcff transients contribute less than 5%

of the motor's toetal impulse.
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TABLE 6. WEIGHT SUMMARY OF THREE SEGMENT MOTOR
WITH MAXIMUM PROPELLANT WEIGHT :

ngponenﬁ -~ Weight, 1b ﬁ
Forward closure 2,490 P
‘ #

Case . 9,950 2
Case attachments 1,140 ;
Aft closure 1,291 g
Nozzle (conventional) 400 é
Nozzle attach ring ' 40 ?
Insulation and liner 170 f
Igniter 2 ?
Propellant 3,000 ;
Total loaded motor 18,483 %
Handling tooling 750 %

o 4

Total weight 19,231 #

Maximum weight allowing i
for design growth ‘ - 20,000 4

The propellant grains are case bonded to the motér segments. This
approach simplifies the motor design and minimizes the cost of motor components
and processing since pressure grade carbon steel pipe is used for the case
segments. The segments are insulated at both ends in;thé area where the

wall is exposed to the combustion gases during propellanc burnback.

Forward and aft closures are fully insulated to minimize heat loss and

the resulfant loss in accuracy of data. The aft closure is designed so that

the submergence depth of the nozzle can be varied by dSing an adapter.

Two nozzle designs are provided at the nominal operét;ng condition (8-in.
throat). The conventional -nonsubmerged design employéfa éonverging section
with a 45° half-angle and a diverging section with a 159thalf-ang1e. The *
submerged configuration has a diverging section with'ai15° half-angle. The

submerged nozzle is designed for variable submergence.. Both nozzle designs use
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graphite G-90 throats so that erosion effects on performance measurements are
minimized.
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A burst disc is used as a relief device to prevent overpressurization of
the motor. The device will adequately vent the motor if the chamber pressure
exceeds 1.25 times the maximum expected operating pressure. The pressure relief
passages are radially oriented so that overpressurization will not cause sudden
large changes in motor axial thrust. The motor is designed with provisions for

measuring chamber pressure at two locations in the forward and aft closures.

Drawings of motor components have been prepared for the preliminary motor
design based on use of the UTC control propellant UTP-13,803; this propellant
has a burning rate of 0.43 1lb/sec at 1,000 psia. These baseline designs are
shown in ¥igures 11 and 12. The motor, consisting of two full-length and one
25.6-in, length propellant grains, has a mass flow rate of 323 lb/sec at a
chamber pressure of 1,020 psi with the nominal 8-in.~diameter nozzle throat.
Propellant web thickness is 2.6 in., nominal burn tiwe is 6.2 sec. This two
and one-half segment rotor design has 3 maximum pressure variation of less than
47 from the mean pressure cver the entire burn tf «, A summary of weights for

the baseline motor with conventional nozzle is given in Table 7.

Submerged and conventional nozzles were designed with a radivs of curvature
of the nozzle throat equal to 1.6 times the throat radius. The maximum submer-
gence depth is 18 in. Motor case segments are joined with a pimned, double
shear H-clevis as described in Section 4.1.1. The pinned joint design is simi-
lar to that used with the AFRPL HIPPO and Super HIPPO test motors. The segments

have only male joints, thus substantially reducing manufacturing costs.

Motor ignition is achieved vith a pyvrotechnic device inserted through the
nozzle and placed on the propellant cylindrical perforation. The igniter
propellant is packaged in a perforated phenolic tube. Igniter size is controlled
by motor size and prepellant formulation. This inexpensive and reliable type

of igniter has been used successfully on numerous UTC/AFRPL test motors.
gn y
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TABLE 7. BASELINE MOTOR WEIGHT SUMMARY

Component Weight , 1b
Forward closure 2,490
Case 8,570
Cesz attachments 1,140
Aft closure 1,291
Nozzle (conventional) 4C0
Nozzle attach ring 40
Insulation and liner 168
Igniter 2
Propellant _1,997
Total loaded motor 16,068
Handling tooling - 150
Total weight 16,818

Maximum weight allewing
for design growth 17,660

Motor processing equipment designs include casting mandrels for the cen-
trally perforated double end-burrning grain design, casting base plate, casting
spider, and casting bell. Fixtures and shipping and storage pallets were
designed for handling the loaded and unloaded motor segments. The loaded

segments will be shipped and stored in approved shipping containers.

Conceptual designs were prepared for motor component handling and assembly
equipment for use ot the AFRPL test pad. This equipment {is designed for verti-
cal assembly of the motor adjacent to the thrust stand. The assembled motor
will thea be loweied horizontally with a rotating fixture and an overhead 15-ton
crane. Desipn concepis have been generated for all equinment required for notor
handling and arsembly with the exception of the overhead crane which is already
on the test pad.

The thrust stand is a single component, horizontal systex capable of meas~
uring axial thrust i{n ranges of 0 to 50,000 1lb, O to 109,000 1b, and 0 to
150,000 1b. Thrust stand accuracy is within 20.15% over the full range. The
stand includes & deadwelight calibrator for accurate calibration of axial thrust
measurements.

45
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The test motor is supported by flexures and cradle supports mounted on the
thrust stand rails. To accommodate the various motor lengths, sections of the
thrust stand rails with associated flexures and cradles will be removable.
Accurate alignment upon assembly of these railings will be accomplished using
tooling bars and cowel pins. This removable feature eliminates the need for
thermal protection of the exposed rails. Protection may still be required for
the concrete pad and the metal rails embedded in the pad. During the final
design phase of the program a thermal analysis of the pad will be conducted to

define the er‘ant of necessary protection.

4.1 Motor Dasip:
4.1.1 Case, Cicsure, Double Clevis, and Hardware Design Requirements

The preliminary design meets all AFRPL requirements, incorporates the
results of performance optimization studies, and makes maximum use of UTC’s
experience. The design requirements that most influence motor case component

design are shown in Table 8.

4.1.2 Design Description

4.1.2.1 Motor Case Assembly - The paseline configuration consists of a forward

closure which contains the pressure relief subsystem, two full-length motor
case segments, one one~half length segment, an aft closure, a nozzle assembly,
and two double clevis rings (see Figures 11 and 12).

The segment-to-segment and segment-to-closure attachments use the clevis
joint while a segmented key or bolts (depending on configuration) are used te
attach the nozzle assembly to the aft closure.

The clevis pins are retained with circunferential straps and the segmented
key is secured with standard high strength threaded fasteners. All jolats use

conventional O-rings to maintain {nternal pressure during wotor firing.
A preliminary stress analysis has been performed on all motor case coa-

ponents to assure compunent structural capabilities and eliminate the reed for

major redesign during design review and final design phases. All motor case
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TABLE 8. CRITICAL MOTOR CASE COMPONENT DESIGN REQUIREMENTS

Item Requirement
MEOP , psia 200 to 1,800*
Overpressurization Pressure relief system

(1.25 x MEOP)
Factor of safety 1.5 on yield
3.0 on ultimate
Proof pressure, psia 1.3 x MEOP
Motor case inside diameter,
in, 28,0 nominal
Motor case propellant grain
lengths, in. 60 and 30
Total motor weight, 1b 20,000

* Based on trade studies discussed in Section 3.1.3 of this report, the
recommended chamber pressure range for the Super BATES motor is 200 to
2,200 psia. Therefore, an MEOP of 2,200 psia has bsen used as a design
requirement.

components will be hydrotested to a proof pressure of 1.3 times MEOP (2,860 psia)
to demonstrate structural integrity. This pressure is well below the pressure
required to cause permanent deformation of case components. Corrosion and
environmental protection of all components will be provided by an acrylic

coating system.

All components will be identified with the following:
A. Serial number

B. Pressure rating

C. Weight

D. Factor of safety (minioum)

E. Date of manufacture.

4.1.2.2 Motor Case - The basic motor case segment is 70.54 in. long with a 2B-in.
inside diaseter and a3 1.25-in. minfouxm wall thickeess. The case is fabricated
from high pressure steel pipe per ASTM 105 class 1. The length and diameter of
the case were selected based on performance optimization studies presented in
Secticn 3.0. The case wall is sized for an MEOP of 2,200 psia with the requ.red
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factor of safety of 1.5 on yleld stress. The ASTM specification governing the
high pressure pipe requires a normalizing procedure after welding; therefore,

no efficiency loss is encountered in the weld joint.

The case ends are machined to close tolerance on the inside diameter to
provide the required sealing surface to mate with the O-ring seal(s) located
in the double clevis ring(s) and closures. The case is pinned to both closuree
and cievis rings using 32 clevis pins at each interface. The case material
and fabrication process were selected to minimize cost and to provide high

reliability for extended use,

4.1.2.3 Closures - Flat plate closures were selected for the motor to minimize
fabrication costs and simplify the closure-insulation interface. Although more
raw material is required, flat plate closures are less expensive than dished
heads welded to joint-area forgings. By avoiding curved interfaces with insula-
tion, cost of fabricating the insulators is greatly reduced. If closure insyla-
tion contours typical of flight motors are required, the insulation may be
wmachined to contour without a contoured structural shell. Two closures (cne
forward and one aft) will be provided to meet ail program requirements for the
various nozzle configurations; submerged and nonsubmerged nozzles are to be
accoomodated with nozcle throat dfameters up to 12 in. The 11-{n. plate thickness
is needed for the forward closure to withstand bending stresses from imternal
pressure and to accommodate the pressure relief system described in Section 4.1.9.
The resulting forward closure weight is 2,490 lb. The aft closure is S-in.

thick and weighs 1,291 1b. The closure materfal is ASTM A266 steel, at an
ultimate tensile streagth of 60 ksi and a vield strength of 30 ksi. Two pres-

sure taps are provided in each clasure.

All closures include clevis joint features for attachuent to the scgment
cylinder; these are identical in design philosophy to that successfully demon-
strated on the HIFPO cotor. Since the motor closures are heavyveight and
extremely rigid, no problem exists in withstanding the thrust vector loadings

of no2zles during the startup transieat when the nozzle is usually unsymmetrically

separated.
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A stress analysis was conducted on the forward and aft closures to ensure
that yield stresses are not exceeded under loading with a factor of safety of
1.5. The possible loading includes internal pressurization with an MEOP of
2,200 psia and motor restraint due to contact between a thrust plate and the

forward closure.

4.1.2.4 Double Clevis Ring — A clevis type pin joint was selected to connect

the closures to the motor case and the segments to each other. This configu-
ration has peen used on the HIPPO test motor and is a highly reliable, easily
assembled, simple configuration. The clevis pin joint contributes to low case

fabrication cost since a simple cylindrical configuration can be used.

The double clevis rings are fabricated from ASTM A266 steel forgings with
60-ksi ultimate tensile strength and 30-ksi yield. The ring incorporates
O-ring glands which interface with the inside diameter of the motor case to
provide the required seal for internal operating pressure. Thirty-two pins
are used at each segment/ring interface. The pins are 1.25 in. in diameter
and are fabricated from 4340 steel heat treated to 180-ksi ultimate tensile
strength. The pins are retained by a circumferential strap around each pin
joine.

4.1.2.5 Nozzle Attachment Jeoints - Two basic attachment joint designs provide

the desired variability in sotor-nozele configuiations while using only one

aft closure configuration, These are the standard bolted flange type joint

and a sogoented ring (or sepgmented key) type joint. UrC-designed segmenced

rving juints have demoastrated reliable performance and ease of assembly in

16-, &2-, and 45-in.-diamcter lest motors. For asveahly, four ring segmonts

arce cngaged in a circumferential slot either ia the nozzle outside diameter

or adapter inside dianeter depending upon the dexired wotor nozzle configura-
tion. HRolts hold the ving segments in place beiore ootor pressurization. Under
pressure, nozzle ejection forces are resisted by the shear strength of the ring

segmeats.




Examples of the attachment methods for various nozzle configurations that
can be tested with this design are shown in Figures 13 through 17. Using a
single aft closure aid one adapter, submerged nozzles with throat diameters
ranging from 4 to 10 in. can be tested at degrees of submergence of 3, 6, 10,
14, and 18 in. With a second adapter, conventional nozzles with a 43° entrance
angle and 4 to 10 in. throat diameters can be tested with the same aft closurec.
A conventional nozzle with a 12-in. throat diameter can be attached to the
closure with a bolted flange type jouint, If testing of 12-in.-diameter sub-
merged nozzles is desired, a separate aft closure design would be required; the
aft closure will probably be an integral part of the nozzle flange.

The sdspter configurations are shown in Figures 18 and 19. These configu-
rations are designed to function under a motor MEOP of 2,200 psia with a safety
factor of 3 based upon a minimum ultimate tensile stremgth of 125,000 psi.

4.1.2.6 Joint Seals - Because of their many advantages, O-rings are used
almost exclusively ian solid rocket motors for pressure imtegrity. Conventional
elastomeric O-ring seals were selected because they reliasbly seal joints with
relatively loose tolerances. Reliability of O-ring seals has been demonstrated
on the HIPPQO motor at pressure levels over 3,000 psia using both Viton and
Buna+-N O-rings. Design parameters including tolerance control, surface finish,
and saterial property requirements for O-rings have been vell established by
past experience. A test program will be conducted to verify seal integrity

and provide additional data on allowable sealing surface tolerances. If
required, seal vedge rings to prevent O-ring extension can be incorporated
vith winisus design change at a later time.

4.1.2.7 Structural Analysis - Although the Super BATES motor design (UTIC
asseably drawing C+11242) (s considered to bs a preliminary design, structural

snalysis has deee pasrformed oo all major motor cowponents and they have been
structuraily spproved for wanufactuting and test operations. The majur compo-
peats vhich have been analyzed fin detall are

A, Segnetit cases
8. Heclevis joint

C. TForvard clasure
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NOTES:
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UNLESS OTHFRWISE SPECIFHND: REMOVE ALL BURRS, BREAK ALI. SHARP EDGES .0050-.030.
FILLET RADII T0 BE .030 RAD. MAX.

1. ALL

IDENTIFY BY STEEL STAMPING PART NUMBER USING X INCH HIGH CHARACTERS LOCATED
APPROXIMATELY AS SHOWN.

ACCEPTABLE ALTERNATE IS 4340 STEEL PER MIL-S-5000 FABRICATED AS A WELDMENT WITH
LOCATION AND TYPE OF WELDS TO BE APPROVED BY UTC, WELDS SHALL BE RADIOGRAPHICALLY
INSPECTED PER MIL-STD-453. ACCEPTANCE CRITERIA SHALL BE PER NAS 1514, CLASS III,
NO CRACKS OR CRACKLIKE DEFECTS ARE ALLOWED.

4. HEAT TREAT PPR MIL-H-6875 T0 125,000 PSI MINIMUM ULIIMATE TENSILE STRENGTH.

S. WET CONTINUOUS MAGNETIC PARTICLE INSPECT ALL SURFACES PER MIL-I-6868. CONCENTRATION

AD VISCOSITY OF SUSPENSION SHALL-BE WITHIN THE LIMITS OF PARAGRAPH 5.1.2. METHOD
OF MAGNETIZATION TO BE AC TO TWO DIRECTIONS. USE FLUORESCENT PARTICLES, NO CRACKS
ALLOVED
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Figure 18. Adapter, Submerged Nozzle
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NOTES:

L. UNLESS OTHERWISE SPECIFIED: REMOVE ALL BURRS, BREAK ALL SHARP EDGES .005 -.030. ALL
FILLET RADII.TO BE .030 RAD. MAX,

2., IDENTIFY BY STEEL STAMPILG PART NUMBER USING % INCH HIGH CHARACTERS LOCATED
APPROXTMATELY AS SHOWN,

3.  ACCERPTABLE ALTERMATE 1S 4340 STEEL PER MIL-5-5000 FABRICATED AS A WELDMENT WITH
LOCATION AND TYPEZ OF WELDS TO BE APPROVED BY UTC, WELDS SHALL BE RADIOGRAPHICALLY
INSPECTED PER MIL-STD-453, ACCEPTANCE CRITERIA SHALL BE PER NAS 1514, CLASS III.
NO CRACKS OR CRACKLIKR DEFECTS ARE ALLOWED,

4. HEAT TREAT PER MIL-H~6875 TO 125,000 PSI MINDAM ULTIMATE TENSILE STRENGTH.
S. WET CONTINUOUS MAGNRETIC PARTICLE INSPECT ALL SURFACES PER MIL-I-6868. CONCENTRATION
AND VISCOSITY OF SUSPENSION SHALL BE WITHIN THE LIMITS OF RARAGRAPH 5.1.2. METHOD
OF MAGNETIZATION TO BE AC TO TWO DIRECTIONS. USE FLUORESCENT PARTICLES, NO CRACKS
ALLOWED .
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Figure 10. Adapter, Conventional
Nozzle
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D. Aft closure

E. Case bonded propellant grain

F. Nozzle.

I
Y
&
'
a
X
3

A thermal stress analysis of the nozzle insert has yet to be performed for
temperature gradients induced immediately after ignition. Previous experience
with similar crystalline graphite rings (on contract No. F04611-70-C-009) has
shown that these thermal stresses will not be a limiting factor where there is
stiff structural support for the ring such as the steel shell used for this
design.

Further structural analysis will be done on the burst disc assembly and

on thermal stresses in the crystalline graphite throat inserts mentioned above.

Methods of analysis included:

A. Case, closures, Heclevis - A standard finite element analysis for
axisymmetric isotropic bodies was used because of the need to calcu-
late displacements. Displacements are used to calculate seal margins
of safety, and to analyze clevis joints. A finite element analysis
is performed for each of ‘the joint components for two arbitrarily
selected distributions of the axial load on the female lugs. The
finite methods used and the deformed outlines calculated are shown

in Figures 20 through 27.

The first distribution assumes that both female lugs in a clevis joint
carry equal loads; the second assumes that the inside lug carries 60X
of the axial load and the outer lug 40%. By using the influence

coefficients obtained from these solutions, the correct load distri-

bution and the correct displacements at the clevis joint seals are

obtained.

Pin shear bearing and tear-out margins were determined by hand

E calculations.
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B. Nozzle - Structurally analyzed primarily for ejection loads since no
thermal stress problems are anticipated In the insulation due to the
heavyweight steel sheli.

C. Propellant grain - Analyzed by hand calculations.* Because of the
very low case/bore diameter ratio and moderate storage conditions,
grain margins of safety are high.

All components analyzed have positive margins of safety after required
factors of safety have been applied. A safety factor of 3 is applied to loads
to determine the ultimate load which the hardware is required to carry; a
safety factor of 1.5 is applied to give the loads at which there should be no

yield in the metal structures.

A comprehensive list of margins of safety will be provided with the final

design configuration.

The deformation of all clevis joint lugs is determined to be sufficiently

szall so there will be no leakage past properly installed 9-rvings.

4.1.3 C(ase, Closure, and Clevis Ring

4.1.3.1 Matecials and Properties - The Super BATES motor case is composed of

three case segmeats, forward amd aft closures, and tlevis riongs. High strength
steel forgings per ASTH-A-26€ are used for the closures snd clevis joint.

The =aterial for the segmonts is ASTM-A-S515, ASTM+A-316 or cquivalent, capable
of being heat treated to 3 minfsmuz vltizmate tensile strenpth of 60,000 pei and
a aiaimen 0.2% effset vield streagth of JQ,000 psi. This saterial ix {abricated
into either exiruded or fusion-welded pipes per ASTH-A-155 class 1.

These ASTM grades were seiected ot the basis of availiniifty, cost, relia-
bility, atd trelated experience with similar applications and configuratiohs.

The primary material for the wotor case is ASTN-A-516 grade 60 vith an aitemate

* lyfferd, W. L., and J. E. Fitzgerald, ANKAF Sclid Propelliant Structuvral
Iategrity Handbook, CPIA Pubiication 230, September 1972.
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waterial of ASTM-A-515 grade 60. Both of these materials are imtended for
pressure vessel applications, however the ASTM-A-516 meets the fine grain
requirewents, is more amenable to fabrication (i.e., rolling, welding, machin-
ing, etc.), and has been fabricated into pressure vessels by UTC for its heavy-
weight 45-in. motor program (test motor for C4). Chemical and mechanical
properties for these alloys are shown in Table 9.

The material for the forward and aft closures and clevic rings is a car~
bon steel forging conforming to ASTM-A-266 class 1. This material has been
used extensively for heads and covers in thicknc.ses proposed for the design.

Chemical and mechanical properties are shown in Table i0.

4.1.3.2 PFabrication and Material Testing - The Super BATES motor case is

fabricated cither as an extruded pipe or as an electric fusion welded steel pipe
per ASTM-A-135 class 1. The roll and veld method is the primary methed. This
process has been gelected because of the high quality reguirements of this
specification and related experivnce of similar configuratioas. The selected
plate material, ASTH-A-316, {3 rolled ond fusion welded per ASME code VIII
fqualified per Section 1¥, and stress relieved per Section VIII, paragraph UW-40).
YVhe wwlded cylinder s heat treated (normalized and tempered) and radio-
graphically inspected pev ASME code, Section VIII, paragraph U¥-51. The velded
pipe is machined on the entire inside diameter surface and on the ends

for the suchanical jolatx., The remals ng outer surface ix as-fabricated
provided vold afsaateh is within that wlloved by the desizn. The moter case

is IG0Y sagaetic particle {napectcd and the longiiedinal weld iz vadie-
araphically inspected hofore and after hydrotest. The accepted ¢ase is

sleaned and coated with a suitable pretective comjound for sterage.

he forvard and 27, closurer a7¢ awhined froa nersalize” and tempered
stucd per ANTH=A~J68 class ¥, After machiadag, all furfaces ars 190° =mag-

aeiic jarticle inepevisd per HiL-{-8888. Tie <levis rving is a'so finfsh-

v

oachined Trom & picrced bluank or sing relied forging and tesied in like manker.

¥
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TABLE 9. PROPERTIES OF CANDIDATE MATERIALS, GRADE 60

ASTM-A-515 ASTM-A-516
Chemistry, 7
: C, maximum 0.29 0.25
: 3 Mn, maximum 0.90 1.20
5
4 , P, maximum 0,35 0.035
. V S, maximim 0.0%0 0.040
3 g st 0.15/0.30 0.15/0.30
3 : Mechanical Properties
] f Ultimate tensile
1 j strength, ksi 60/72 60/72
3 f Yield strength,
g minimum, ksi 32 32
5 Elongation (2 in.),
. ( minimum, % 25 25
3 A Grain size, per
E ASTM=E~112 i-5 5 or finer
=4

TABLE 10. CHEMICAL AND MECHANICAL PROPERTIES
OF CANDIDATE MATERIALS, CLOSURES, AND CLEVLs RING

ASTM~A-266
Chemistry, % 0.35
C, maximum 0.35
Mn 0.40/0.90
.3 ®, maximum 0.040
; S, maximum 0.040
3 si 0.15/0.35
: Mechanical Properties
3 Ultimate tensile strength, ksi 60 minimum
] Yield strength, ksi 30 minimum
¢ Elongation (2 in.), minimum, % 23
< R/A, ninimum, % 38

b8
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4.1.4 Nozzle Design

4.1.4.1 Design Requirements - The following requirements were established for

the nozzle designs:

A. Two nozzle configurations are required: a submerged nozzle that

allows for 3, 6, 10, 14, and 18 in. submergence; and a conventional

nozzle with a 459 inlet angle. Both have a throat diameter of 8 'in.
B. The expansion ratio for both nozzle designs is optimum for sea level

conditions with the exit cone half-angle equal to 15°,

R

C. The nozzle structural housings are designed to a motor MEOP of

2,200 psi. The ablative and insulative components are designed for

AR

h

&

operation using the contrel propellant at chamber conditions of
1,000 psi for 6.2 sec.

D. The inlet radius of curvature on both nozzles is 1.5 to 2.0 times the

throat radius.

4.1.4.2 Design Description -~ The two nozzle configurations are shown in

Figures 28 and 29 (UTC drawings C€11357 and C11360).

5
i
i
§

.':
i
2

3

The nozzles are designed with heavyweight, low-cost steel shells with a

safety factor of 3.0 on MEOP (2,200 psia) based on a minimum ultimate tensile

4

strength of 125,000 psi. The shells provide structural support for all the

RGBSR

nonmetallic components. The submerged nozzle shell atlaches to an adapter that

T

algso attaches to the aft closure with a segmented v taining ring joint. The

£

conventional nozzle shell mounts to an adapter with a segmented retaining ring

joint; the adapter attaches to the aft closure with a bolted joint,

£ BN

The submerged nozzle is shown at the maximum degree (18 in.) of submergence
: in Figure 14. A reduced degree of submergence is achieved by installing the

adapter between the nozzle and aft closure as shown in Figure 15,
Ian keeping with current design practices, the entrance contour of the

submerged nozzle is defined by circular arcs approximating a 3 to 2 ellipse

with the nose tip stagnatlon point at an area ratio of 3 to 1 and the throat

€9
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UNLESS OTRER/ISE SPRCITIED: l”v‘l ALL BURRS, SREAK ALL SHAAP EDGIS .003-.030.
ALL FILLET RADIL 7O BE .00 RAD.

1DENTIFY ASSDISLY BY AUBSEX STAMPING PART KUMALR USING § INCH XICK CKARACTERS LOCATES
AFFROLLAATELY AS SHOMK.

FLY ORIBXTATION SHALL BE PAKALLEL TO NOLILE CINTERLING WiTHIN $2°
PLY ORIENTATION SNALL 32 PEAPENDICULAR TO NOIZLE CENTEALIME WITHIN ¢2.

FASRICATE BY TAPE-WRAPFINC sND CURING 1% A NYDADCLAVE AT 930 PS5IG RINDAM. FINAL
DENSITY SKALL A2 105 LE/YTY MIXDOM. FINAL DUGLEE OF CURE SHALL AR 99.9% XINDRM.

THE POLLOWINS NATERIALS 2RF ACCEPTARLE ALTRANATES:
A, €A 2221, TONMO CORP., COMPOSITES DIV,, NORWALX, OOMK., ODDL IDEMT %O. $6181.
B, NX-2600, FIAMKITE CORP,, VINOWA, WIMK., LODE {PONT MD. 0713,

ALTERNATES sHALL OOMFORM TO UTC SPEC. &MDS-40722.

!AhllC“! 8Y TAPE-WRAPPING AXD CORING AY +50 PSIC MINIMM,

FiMal OBIGITY SHALL 8K
87 LB/FT7 NINDAM. .

TIML PRCREX OF CURE GHALL 8K 93.5% HINDOM.
THE TOLLOVING MATEZRIALY ARE AC{EFTAMLE ALTERRATES:

A CA-BIT, FEXXO CORP., CONPOSITES OIV., WORMALK, COXM., CODE IDENT NO. $e231.

K. MH-30T2, U.S. POLYMEXIC, INC., SAKTA AKA, Ca., CODL IDENT MO, 27129.

€. Me3033. C.E. POLYMERIC, DRC., JANTA A4, CA,, COOL IDEKT WO, 3M12%.

ALTERNATES LISTED SHALL COKFOAM TO LTC SPIC. SEOIL$.

FABRICATE OY LAYIEC UF A5 A FLAT LAMINATE AND CURJKS AT 930 PSIC KOIDUM. TFDIAL
DMGITY SaALL K 87 LE/FTS MINDAN. FINAL DEGRRE OF CUNZ SKALL ML 9.5% KINDEM.

TAARICATE 3Y PG)ID!YJC AT 4 PAESSIBE OF 2000 PEIC KDIDAM. DENSITY OF CURED PART
SKALL 35 78 LS/FP’ NINDRN,

THE MATERIAL TOR ITDM 17 SHALL 3T CRAFHITITE G-90 WHICK SHALL 32 COMD, REIMPRLGNATED,
AESHEID AR TNEX $UBSECTED 10 A FIKAL CAKMONIZATION AND/OR CIAPHITIZING CYCLE 80 AS
T0 BER SRAMMITIZED IN THE FINAL STATE.

FRIOR TO ASERMELY A ATTZX FINAL MACHINING,

VISUALLY INSPECT ALL MON-METALLIC PARTS,
ZXCLIDING ITIMS 7. 8, 9,

10 6 1) BY ALCOHDL <IPE TEST. WO CRACKS ARE ALLOWED,

BON? ADJACERT SUNFAVES OF ITEMS i) THRU 19 [NCLUS{VE USING ITEM 29 #ITH A BONDLINE
OF ,00%-.02% IWLESS OTHIXWISE KOTED., PREPARL SIRFACES TO 32 BOMDED, Hl., AMPLY,
AND CURE ADHEEIVE PER MATLFACTLRER'S INSTRICTIONS,

DURING BONDING OFERATIONS DO NOT AFPLY ADRESIVEL IX AREAS SHOWN.

ACCEFTABLE ALTERNATE POF ITE L3 i$ 43430 STEEL PER NIL-8-5000 FAMAICATED AS A
VELD INT WIDH LOCATION AND TYPY OF WELDS 10 BE AFPROVED BY UIC  WELDS $\IL BZ
RADIOGRAPHICALLY INSPECIED PER MIL-$TD-45)  ACCEPTANCE CRITERIA SHALL BL P2R
KAS 1314, CLASS II!. MO CRACKS OR CRACKLINE DEFEUTS ARE ALLOWED.

KEAT TREAT 178¢ }: FER MIL-F:

TO 135.00¢ PSi MINDAM LLTIMATE TENSILE STRENGTH.
WYDROSTATIC TESD 1TEY 14 1K AREA ° ATED TG 212G PSIG & 2% PSIG AFTER FINAL
HACHINING. YYUROIES! PROCEDIRE AND TOOLIST DESIGN TO BE SUMECT 10 110 REVIES PRIOR
T0 TESC.  HVLRCTEST FLUID SHALL BE OIL O WATER SOLUSLE OIL, ONE PAXT OIL 30 TVENYY
PARTS WATER. ALIFFPNATE FLOIDS REXIRE APPROVCAL,

VET CONTINUOUS MAETIC FARTICLE BVSPECT ALL SIRFACES " I1TE¢ 1) PER MIL-1-6858
BZFORT AND AFTWE RYDROTRSI, OOWNCENTRATION AND VISCOSITY OF SUSPENSI: SHAIL A
WITHDE THE LININ OF PERAGRNPH 5.1.2. NETHOD OF HAGETIZATION T0 BE 4C 70 TWO

DIRECTIONS, DHE VLUORRBSCENT PARTICLES. MO CRATKS ALLOKEL
FAKKER PEAL 0., PIV. OF PARKIR-RAWNIFIF CORP., CITVER CITY, CA. (OR APPROVED
BQUIVALENT).

PIBERITE OBLP., WINOWA, MIMN. (OR APPROVED - X IVAIENT)

WYSOL DIV., YME DEYTER CONP_. PIITSBUTG, CA. (O APPKOSED EQUIVALENT).
THE CARNONRUMDIM CO., GRAPHITR PROBICTS DiV.,
MQUIVALINT) .

POR ITEM | OONFIGLEATION, 1TEM ° SHALL BE FABRICATRL AND BOWDED IN PLACE PER 3
OR0057 #% PABRICATMD SJPAAAYILY PER SROOSY AND BONDID IN PLACE PEX NOTE 1 ).

BIAGARA PALLS, KEW YORK (OR APPROVED

MR ITIM 2 WAL ITEX 5 CONTIGIRATIONS, [TB-S

11 AND ] YHALL BE FABRICATED
SEPAKATELY PER $30009 AND RAGCED AD SHIPPED

¢ THE ASSY.

OHLY ™S DIDICATED QMOOVES AND TAPPED HUIES MNICH WOFLD AE COVERED BY ITEMS 7. 8.
4, 10 AN 1L AT ASKY. SHALL OF FILLID FLUSK TC TME 16 200 16 .Ou DIA. ¥1TH I1TEM 0.

PO CORNTIG OBRP., MIDLAND, KICH. (OR APPROVE: E(R'IVALFNIY.
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Figure 28. Submerged Nozzle Assembly
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inlet radius equal to 1.6 times the *hroat radius. This inlet contour is
the same as that tested on the 7-in.-diameter submerged nozzles (contract
No. F04611-70-C-0009). The exit cone has a half-angle of 15° and an overall
expansion ratio of 10.3 to 1.

The contour of the conventional nozz'e is identical to that of the submerged
nozzle except for the 45° entrance angle. The same ablative and insulative
materials are used in both nozzles. Silica-asbestos filled NBR insulation is
used to protect the backside of the submerged nozzle housing and to protect the

aft closure when the conventional nozzle is used.

Elastomeric modified carbon-phenclic (MXCE 280) is used for the nozzle
entrance materisl up to an area ratio of 1.5. This material has performed well
in many similar applications. The throat insert package extends from a subsonic
area ratio of 1.5 to a supersonic area ratio of 1.3 and consists of a Graph-i-
tite G-90 throat insert contained in a silica phenolic sleeve which provides

therr 1 protection for the steel housings.

A carbon phenolic ring with tape plies orlented at 90° to the nozzle
centerline is located just aft of the throat insert and transmits throat ejec-
tion loads to the steel housing. This is a well proven method of throat reten-
tion; the good ablation resistance of the material provides for a smooth

transition to the exit cone.

The exit cone has plies tapewrapped parallel to the centerline. Carbon-
phenolic is used from an area ratio of 1.5 to 3.5 and silica-phenolic is used
from an area ratio of 3.5 to the exit plane. This is a standard exit cone
configuration: the materials are used in regions where their ablation resistance
is adequate to minimize contour changes that could adversely affect delivered
motor performances. To provide structural redundancy the exit cone liner is

pinned to the steel shell and bonded in place.

4,1.4,3 Nozzle Fabrication ~ Fabrication of the ablative material is the

same for both nozzles. Tapewrapped and laminated parts are debulked and




cured in a hydroclave at 950 psi (minimum) and 300°F, and machined to final
dimensions. All molded parts are molded in a press at 2,000 psi and 300°F,

N e i o)

and machined to final dimension. Each part is alcohol wiped and dimension-

ally inspected prior to assembly to assure its structural integrity. The Graph-

°

i~tite G-90 is cored and reimpregnated to obtain a density of 1.90 or

Flroriye T s LT
o S

greater. The graphite billets will be X-rayed and alcohol wiped. After accept-
ance, the components are final machined and again subjected to NDT before
assembly. All the ablatives are assembled and bonded with an epoxy adhesive.

As previously mentioned, exit cone pins are included to retain the ablative

liner should an inadequate adhesive bond exist.

The steel shells are fabricated from ASTM=A-266 steel, which possesses
good properties, has good machinability, and is readily available. The shell
is a heavyweight design which reduces the cost and provides easy fabrication.
A weldment or alternate material may be used at the vendor’s option and with

UTC approval.

The rubber insulation used on the submerged nozzle is fabricated by
laying up unvulcanized sheets of rubber to the required thickness, vacuum
bagging the layup, and autoclave curing (vulcanizing) the part at 200 psi
(minimum) and 300°F. Curing the material in place on the nozzle shell (vul-
canized bond) or curing it separately and bonding it in place with epoxy

adhesive are allowable options.

4.1.4.4 Nozzle Thermal Analysis — A preliminary thermal analysis was conducted

on the throat of the submerged nozzle configuration using four materials that

were selected for study as potential throat candidates. These candidates were
Graph-i-tite G-90, ATJ graphite, edge-oriented pyrolytic graphite (high thermal
conductivity direction normal to nozzle centerline), and MX-4926 carbon phenolic.
Table 11 lists ablation results for throat heat transfer conditions and includes
the maximum and average ablation rates. The analysis was conducted using the
thermodynamic and thermochemical properties of UTP-18,803 (a 21% aluminum HTPB

propellant) at 1,000 psia for 6.2 sec. The maximum ablation rates occurred at

6.2 sec because of the constant pressure trace assumed and the transient nature




TABLE 11. RESULTS OF THROAT ABLATION STUDIES

Ablated Maximum Average
Throat Depth, Ablation Rate,* Ablation Rate,!
Material in, mils/sec mils/sec
G-90 G.067 15.0 11.55
ATJ 0.079 16.9 13.62
PG-edge oriented 0.0105 4,7 1. 81
MX~-4926 0.135 26.3 23.28

* Ablation rate at the end of firing, 5.8 sec
T Ablation rate determined by dividing ablated depth by 5.8 sec

of the surface temperature responses of the various materials. For the short
firing duration, the surface temperature and thermal penetration is significantly
transient. Figure 30 shows the surface temperature of the G-90 throat plotted

as a function of time. Correspondingly, the ablation rate is also quite transi-
ent in nature (see Figure 31 for a plot of the G-90 throat zblation rate versus
time). The average ablation rate in Table 11 is the total ablated depth divided
by the assumed firing time of 6.2 sec.

This analysis procedure included a boundary layer analysis to determine
throat heat transfer coefficlents, a thermochemical analysis of the exhaust
gas and ablating wall interaction, and an in-depth heat conduction analysis
including surface thermochemical ablation. The boundary layer program is an
integral energy deficit computer program from UARL called UARLED. The boundary
layer is started at the nozzle stagnation point as a turbulent boundary layer,
assuming that Mach number can be described by one-dimensional gas dynamics up
to the throat. This program yields a heat transfer coefficient which 1« sub-
sequently used in the kinetic controlled thermochemistry and heat conduction
analysis. The one-dimensionasl heat conduction analysis computer program, CMA(‘)

requires both heat transfer snd thermochemical boundary conditions in order to

predict thermochemical ablation responses in the materials evaluated. The

1User’s Manual, ‘‘Aerotherm Charring Material Thermal Response and Ablation
Program,’*® Version 3, AFRPL-TR=70-92, Vol. 1, April, 1970.
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thermochemical boundary conditions are computed using either program GASKET(Z)

for G-90, ATJ, or pyrolytic graphitazs, or program EST(B)

for carbon phenolic
material. The elemental composition of the propellant exhaust gas and other
thermodynamic properties are required as input for these thermochemistry
programs. The output from each program is a map of nondimensional ablation
rates, enthalpies, and chemical generation terms used in program CMA for the
surface thermochemical energy balance. With this data, and with the heat trans-
fer results from program UARLED, the radiation boundary condition, and the
appropriate thermal properties (as a function of material temperature), program
CMA can be executed. It ylelds transient surface temperature, ablation, and
in~depth temperature response. In the case of carbon phenolic (MX-4926}, the
CMA program alsc predicts char depth since that material decomposes in depth

as a function of heat transfer rate and time.

The programs described above and this general analytical approach will be
used on the entire nozzle during final design analysis to insure nozzle thermal
adequacy- In the throat region, two-dimensional heat conduction analysis may

be employed in support of the structural analysis.

4.1.5 Insulation

The imsulation design, shown in Figures 11 and 12, provides complete ther-
mal protection for the motor case components so that structural integrity is
not degraded during test motor operation. Fully characterized materials and
state~of-the-art fabrication and assembly techniques assure a Jesign of high

reliability and low cost. Specific features incorporated in the design are:

A. A demcastrated ablatfve/i{nsulative material (silica- and asbestose
loaded XBR) is used.

B. Most insulation components are designed for wore than one test firing
(two reuses),

C. Premolded fnsulators secondarily bonded to motor case componients
are used for easy refurbisheoent.

S e—— e b

2user'$ Manual, *‘Aerotherm Craphite Surface Kinetics Computer Program,'’®
AFRPL-TR=72-23, Vel. I, January, 1972

yser's Manual, ‘‘Aerothers Equilibriums Surface Thermochemistry Computer
Prograz,'® Version 3, AFRPL-TR-70-93, Vol. 1, Aprii, 1973.
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4.1,5.1 Design Requirements — The following design requirements were considered

in arriving at the selected configuration:

A. Thermal protection must and will be provided for all motor case
components for the most severe anticipated motor operating conditions
(worst combination of chamber pressure and duration)

B. The insulation design must and will minimize heat loss and resultant
loss of data accuracy (minimize insulation surface areas)

C. Insulation, where possible, will be designed for two reuses; the
temperature rise at the case-to~insulation interface will not exceed
100°F during motor operation

D. A factor of safety of 1.25 will be applied to predicted ablation

E. Segment insulation design will be compatible with a case-bonded grain

F. Ease of installation and refurbishment will be a2 major design

consideration.

4.1.5.2 Design Description - All insulation components are fabricated from

silica~ and asbestos~loaded NBR per UTC specification SEQ096 except for the
pressure relief ports. This material has been selected for its demonstrated
ablative/thermal performance in numerous motors at UTC. It is relatively low
in cost, compatible with propellant/liner systems to be tested in the motor,
and easily fabricated.

The insulation consists of seven major componenis:

Al Aft closure insulator

B. Segment fnsulator (onc installed at each end of the xegwenl)
C. Clevis ring {nsulator

D. Forvard closure insulator

F. Burst disc¢ insulator

¥. Pressure relict port insulators in forward closyre

G, Adapter insulator,

The aft closure insulator is a tlat, annular riag of insulation 1.9 in;,
thick. This thickness will allow the {nsulater te be used three times {twe
reuses). Interface between the alt insulator and the sepment “nsulator is a

stepped butt joint filled with zinc chromate pulty to prevent the structural
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components from being exposed to chamber exhaust pas., This type of joint con-
figuration has been used extensively at UTC and where possible is used between

all insulation components for this motor.

Each segment is insulated at both ends with a tapered insulator which is
0.32 in. thick at full exposure locations and tapers to"0.05 in. at a point
approximately 0.5 in. be}éﬁd the point of web burnout. This insulation will
be replaced after each firing to ensure that propellant volume and surface area

are the same for each firing.

The insulator over the clevis ring (0.75 in. thick) is designed to be
reused twice. The insulation thickness at the ends of the ring (fore and aft
faces) is 1.03 in. (the same as the aft closure insulation); allowing for seg-
ment interchangeability, the interface with the segment is the same as that at

the aft closure,

Insulation at the forward end of the motor consists of an outer annular
ring (1.03 in. thick) protecting the forward closure, a second inner, annular
ring (1.03 in. thick) insulating the burst disc retainer, and a cup-shaped insu-
lator (0.125 in. thick) for the burst disc itself. The outer and inner in-ula-
tors can be reused four times. The thickness of the forward closure insulator
is the same as the aft closure so that the segments are interchangeable. The
burst disc insulator is designed to be replaced each’ time. The pressure relief
ports will be insulated with commercially available tubing of asbestos paper-
phenolic simply cut to length and inserted into the ports. Several commercial

materials such as Micarta tubing are available and will be selected for final

design.

The insulation is fabricated per UTC specification SE0Q089. All insu-
lators are premolded and cured using either a forming tool in an autoclave
or by the matched die-foriied press=-cure method. After cure, the insulators are
checked f»or proper cured hardness and inspected visually and dimensionally. The
port insulators are cut to length from stock diameter tubing. All insulators
are bonded to the motor case component with a silicone rubber adhesive. This
relatively low strength adhesive facilitates removal of the insulators when

they must be refurbished. If a higher strength bond is desired an epoxy

adhsive can be used.



4.1.6 Propellant
4.1.6.1 Baseline Propellant ~ The baseline propellant for the Super BATES motor

is UTP-18,803. The composition is one of a family of UTC propellants containing
an R=-45M/IPDI binder. The composition was selected on the basis of (1) no burn-
ing rate catalyst, (2) immediate availability, (3) good ballistic and hazard |
properties, (4) high density, and (5) good processability. The propellant is

a high energy system with high solids loading which is believed to be typical

of future compositions -and therefore ideal for use in the Super BATES. The
propellant was developed for ballistic motor applications and for the Super
HIPPO motor. This propellant has been characterized and released for production
in large quantities. The physical properties are currently being documented

and will be available in time for the Super BATES motor.

The basic composition consists of 107 R-45M binder, 21% aluminum, and
69% AP. Table 12 lists the complete composition and properties.

4,1.6.2 Liner Formulation — UTC has evaluated Thiokol liner, TL-H755A, developed
under USAF contract No. F04611-73-C-0069, and has found it to be an excellent
selection for use with R-45M propellants. TL-H755A has‘been designated UTL-0040

and 1is used for the Super BATES motor. The composition of UTL=0040 is presented
in Table 13.

4.1.6.3 Grain Configuration — The grain for the Super BATES motor is a seg-

mented, internal burning, cylindrical configuration having a relatively small
web fraction and a pressnre neutrality of approximatelyl&%t Two and one-half
segments are used with burning taking place in the center,bore‘and on the ends
of each segment. A slight gain in neutrality may be accomplished by restricting
one face of a half segment; however, for this configuration it is not considered

necessary. Figure 32 shows a sketch of the grain along with the significant

dimensions. Table 14 lists the grain design parameters.
The design web of 2.6 in. was tentatively selected as the best compromise

between propellant weight and neutrality. As noted in Figure 33, if a slight
increase in neutrality is sacrificed (about 0.32), the web thickness can decrease
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Ingredient Function

Weight, %

R=45 Prepolymer
IPDI Curative

IDP Plasticizer
HX-752 Bonding agent
PRO-TECH® 3002 Antioxidant
Al, 25y Fuel

AP, 200y Oxidizer

AP, 8u Oxidizer

Properties
Ballistic
Ig g (theoretical, standa: Lace
c* (theoretical), ft/sec
Chamber temperature, °K
Cnamber temperature, °F

Burning rate (1,000 psia), in./sec
Pressure exponent, n

Physical

Density (70°F), g/cm3 3
Density (70°F), 1b/in.
Hazard

Impact sensitivity, kg=-cm

Autoignition temperature, OF
Ignition in 10 sec
Ignition in 30 sec

DOT classification

TABLE 13, UTL-0040 COMPOSITION

Ingredient

Wt-7

R=45M
DRI
HX-868

Thermax

41.85
12.15

6.00
40.00

6.51
0.49
2,60
0.30
0.10
21,00
48,30
20,70

264.3
5,172
3,730
6,260
0,43
0.33

1.843
0.0666
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TABLE 14.

Web thickness, in.

Web fraction#*
b/a ratiof
Port/thrcat ratio
Initial K
Average K,

Propellant weight, 1b

Volumetric loading, %

GRAIN DESIGN PARAMETERS

Surface area neutralityi

Pressure neutrality

* Ratio of web thickness to outer radius
t Ratio of outer radius vo inmer radius
I Ratio of maximum to average surface area

05758

2.6
0.228
1.23
8.1
225.7
225.5
1,996.5
34
1.002
1.0377
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to 2.2 in. and almost 300 1b of propellant per motor can be saved. A 3-in. web
will give the same neutrality as the 2.6-in. design, but a larger amount of
propellant (300 1b) is required to maintain the 320 1b/sec average flow rate.

The grain configuration is the result of a trade study where the para-
neters of pressure neutrality and half-segment length were determined for web
thicknesses in the range of 2 to 3 in., Figure 33 shows the results of the
study.

The actual grain length for the aft segment is 25.6 in. based on preliminary
burning rate data on UTP-18,803. The reported burning rate is based on 4-1b
motor firings from 5-gal batches. This value is expected to change slightly
(1) when production size batches are made, and (2) due to the effect of motor
size. The preliminary design length was set at a value slightly less than the
maximum possible to permit a grain length increase in the last segment if nec-
essary. The half length segment will provide greater flexibility with respect
to possible combinations of segments for future Super BATES configurations.,
Figure 34 shows the required grain length versus burning rate for a web thick~
ness of 2.6 in. and the desired operating conditions. As noted, the entire
range of possible burning rates can be employed with some combination of segments

using the proposed configuration,

The tapered insulation at the ends of each segment improves the shape of
the pressure trace just prior to tailoff. Straight insulation pieces would
cause a sharp increase in chamber pressure when the propellant burns into the
region between the end pieces. Since this would affect both neutrality and
tailoff impulse, the insulation will be tapered to provide a smooth transition
into tailloff.

4,1.6.4 Internal Ballistics and Performance - Curves of pressure and thrust

versus time are shown in Figure 35. The single number ballistic parameters
are listed in Table 15. Because of the simple grain shape and large port to
throat ratio, ballistic predictions are straightforward; 1o anomalies due to

erosive burning or pressure drop are anticipated. UTC’s single module ballistic
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TABLE 15. SEA LEVEL BALLISTIC PERFORMANCE PARAMETERS, 70°F

Web time, sec 6.02
Action time, sec 6.19
Average pressure, psia* 1,003
Total impulse, lb-sec* 492,023
Tailoff iupulse, lb-sec 5,273
Average thrust, lb* 79,197
Delivered specific impulse, sec* 246.69
Average mass flow rate, lb/sec* 322.5
Maximum pressure, psia 1,058
Maximum pressurefaverage pressuref 1.0377
Motor Parameters
Throat diameter, in. 8.0
Expansion ratio 10.3
Nozzle half-angle, © 15
Propellan® weight, 1b 1,996.5
Nozzle erosion rate, mils/sec 11.5

* Quer action time
t Over web time

prograe was used for the periormance prediction.

This program inputs graian

and {nsulation coordinates and automatically calculates the end-to-end ballis-
tic prediction including {pnition rise and tsiloff at blowdown. Time dependent
functions xuch as throat erosion rate, iguiter flow rate, and nozzle efficiency

are also considered in o caleulation.

tias dynomic analyses were conducted to determine the pressure and flow
field in (1} the radial slot between the burning propellant and the segment
sasulator, and (&) the annulus between the propellant and a submerged nozzle

vhose outside diameter approaches the inside diameter of the burning propellant.

Figure 36 shows the predicted pressure and Mach number in the radial slot

at ignition over a range of =lot widths. The reported pressure drop is actually
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the pressure buildup which occurs at station 1 since the exit static pressure
(Pz) must adjust to the chamber pressure. As shown, no serious problem exists
with the pressure buildup until the slot width decreases to 0.03 in. or approxi-
mately 1/32 in.

The resu.ts of the submerged nozzle analysis are shown in Figure 37.
Because of the larger burning surface area, the minimum annulus width must be
significantly larger than that of the radial slot to permit safe operation.
As shown, the pressure buildup becomes prohibitive when the annulus width

decreases to 0.2 in.

Both of the above analyses are for conditions at ignition, before the
propellant surface has receded. For a 0.03-in. radial slot, the high pressure
buildup will disappear after 0.2 sec of operation. For a 0.2-in. submerged
nozzle annulus, the pressure bulldup will become negligible in approximately

0.5 sec.

4,1.6.5 Process Tooling — Criteria have been established and detailed designs

prepared for the tooling required to process the Super BATES motor. Figure 38

presents the assembly and details of the propellant casting tooling.

Process tooling is based on criteria obtained from past HIPPO, BATES,
and Super HIPPO programs and accepted industry practices. The tooling is
designed to produce the Super BATES motors efficiently, with the best repro-
ducibility obtainable, at any reasonably well-equipped propellant processing
facility.

The Super BATES process tooling consists of a mandrel, a base plate, a
mandrel centering device, a casting head, a propellant casting manifocld, and
an insulation locating fixture. A pallet is provided for storage, processing,
and in-plant transportation. The design allows maximum interchangeabilicty in

handling equipment between the processing plant and the testing area.
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The mandrels required to form the propellant perforation are made from
aluminum, machined to a close tolerance, and permanently coated with Tefloun as
a release agent. Mandrels may be made in any shape and si-e required by a
specific motor design without alteration of the other tooling. The permanently
coated metal mandrels ensure the maximum reproducibility of close tolerance
grains. Mandrels are centered on hoth ends (and iun proper relation to the
motor case) by fixed metal registers to ensure uniform thickness of the grain

web.

Casting base plates form one end of the propellant grain and provide
registers for locating the mandrel in relation to the motor case. These plates
are made from aluminum, machined to a close tolerance, and Teflon coated.

The base plates will normally be fastened to a fork 1ift pallet for in-plant
handling, but will be detachable if required.

The mandrel centering rods are close tolerance stainless steel rods and

sleeves used to position the upper end of mandrel and motor case during casting.

The casting head covers the top end of the motor case during casting. The
head is made from Terlom-coated aluminum with ports provided for the casting
and vacuum lines. View ports are provided to monitor the casting. The tooling
concept uses the case as a vacuum chamber, thus eliminating the need for a

separate casting bell.

Propellant is introduced into the Super BATES motor through a stainless

steel casting manifold which divides the inceming propellant Into four separate

streams; this facilitates deaeration and distribution. When casting is com=
pleted, the motor is cured with the casting head remnved. The mandrel
is extracted using a facillcty crane or hoist. The Teflon coating may be

solvent cleaned indefinitely without damage.

Segment insulatien is positioned for bonding inside the Super BATES
by means of an insulation locating tool. This tool fixes the outer surface
of the insulation in relation to the end of the motor case. The insulation

locatiun fixture is made of Teflon-coated steel.
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Withi-. the processing area, the Super BATES motor case is handled both

vrtically and horizontally using a strongback with web slings. The case is
hardled and scored on a shipping contaimevr pallet. Trunnions and a strongback
are usei to lift the motor to a vertical attitude. Trunniom supports are used
when inverting the case. All handling will be identical to that described in
wection 4.1.10.

All materials used ia tooling are selected to provide accuracy and
long productive life with minimum mainfenance. All product-sensitive tooling
dimensions will be machined to a tolerance of #0.005 in. or less. All fastemers
used will be AN or MS designation. Safety factors of at least 3 to 1 at yield

strength are provided. Commercially available parts are used wherever possible.

4.1.7 Igniter

A basic pyrotechnic, tube type igniter wus ZZClgned for igniting all com-
figurations of the Super BATES motor. The design is basically the same as
that used on the HIPPO moteor at AFRPL. The ignitel size is varied for various
lengths of Super BATES by modifying the igniter length and pellet charge weight.
The method of initfation {s the same for all configurations. A forwvard-mounted
pyrogen and a spark-initiated system gas-gas (Oxygen/ethylene) were considered
but exciuded primarily due to considerations of cest, physical size, and test

facility complexity.

4.1.7.1 BRasic Design Descriptions ~ The {gniter {or the noainal motor configu-

zation (Figure 39) cousists of a thin walled paper-phenelic tuhe containing 2
total of &30 g of BK&OB pellets &¢ the main ignition charge and 2 g of Hag-TFE
granules as the pellet {gnition charge. The ignition sequence is started mn
the initiatton of two U.S. Flare 207A squibe, one in each booster chatge

subassexbly,

The peilets are heat seaied in static-free polvethylene bags. Befere
sealing, each bag is purged with dry nitrogen to drive out any residual moise
ture. This results ip a fully weather-tight assembiy and provides eiectyo-

static protection of the squibs and pellets.

100




Y o el L RSt I L AR LU B D - a L TESRE WO TP LRty e Uel gt S

101

ATqumessy 1a3Fu1 ‘6§ 2In3I4

A ———rem ] TRl GAY W) ‘Ye CIOW04 LTI
w7 [ aaiod N e | mrlen AT TINOS ATTTIA OF CWENLS A WY C6W0D WOULYL -RUVRIMLS Q
J FORY, 10-10-

L kit + OOl €LY KOVE M) STELA VY ol B I Y

2z i o "7

=+ i — CIALNS QAdY W) STV CCIOLTOTED I TWIELAYW MOLXD 6

t : . .
24 —- (ALM QMY WO) 4TTYD “SXXWE
| v 7s, KIRBNISSY YOS Oril- (2 V- LOP0 EETHLIONTUYLA ‘AlC TINVACW £5C0 YIS sy \7
| s 2 Snos|vio2 anazae | 1| & )
, 72, - : st=1 } Y] VDELIH OWOL-I00Y II0 Whd NOLIVIILI2EEE
| o /) €OMMB S133a; V2 ONdER | oo A
| R ConT® Ti R G2 ansaoil | 4
; (=0

8 % =EaMoa, aaL/ v 2oz |9l %

0.&.1 SnOMEHG BRAYD DNRNL  — o2t .L\ .@

| +

ol . 1 L

127 ions> SSvD ANEEHGY B —— | o]

* AN O™ AL ST ; X3
2% Vel WNOLSOD AWISOan s2EL BJ«HM.AN
@ NOLACD DrwnR!  —— av v
m.m At
SO P SAL

<3 O3 Mod e
234 S3OH 2l ~ Qo'e _ 7@0&@/ <6

NEmL vIQ os2” _
1 AT
| F«NUN
-
534
©

N

ASSY( v

asa(2 /@ .

¢ : ...<. .:__ . ] u.., . c.



The U. S. Flare 207A squibs are shelf items and have a demonstrated 1 amp
no-fire capability, With a recommended 5 amp firing current applied, the furec-
tioning time is less than 2 msec., Two squibs are lncorporated in the design
for redundancy and increased reliability., Electrical lead wires of sufficient
length for the firing circuit connection will be provided with each squib.

Either a series or a parallel circuit can be used.

The igniter tube housing is a commercially available paper=-phenolic tube
with a wall thickness of 0,045 in. The tube has a 3~in. outside diameter and
is 8.5 in., long. The tube is perforated to allow a portion of the pellet
exhaust products to discharge radially and impinge directly on the propellant
eweface for increased heat transfer. The ends of the tube are sealed with a
durable glass tape to retain the bagged pellets and to provide additional
weather protection.

4,1.7.2 Igniter Sizing — The pellet charge welght was determined from an empiri-

cal equation developed by the Naval Ordnance Laboratory, White Oaks, Maryland.
This equation was used to size the HIPFO pyrotechnic igniter ameng others =ud
is satisfactory for ignition pellet sizing. This equation appears as follows
and results in a calculated pellet weight of 650 g.

W= 38 [ Ay qc(g% W)o.scg ]1‘06

AH

whereg W = pellet weight, g

>
=4
L}

heat of reaction, cal/g

exposed surface area, cm®

J

q. = ignition emergy, cal/cm?

L

exposed grain length, cm

Ap = port area, cm?

4,1,7.3 Predicted Ignition Transient - The predicted ignition transient for

the baseline configuration is shown in Figure 40, and was determined from well
characterized computer models at UTC. The time from zero to 75% of maximum
forward motor chamber pressure was calculated to be 180 msec at a nominsgl tem-

perature of 70°F; this meets the requirement of 250 msec.
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4.1.8 Pressure Relief Sy:-tem

The pressure relief system, located iu the forward closure, consists of
a standard off-the-shelf disc us=sembly, a 4-in.-dismeter entrance port, and

(X

three equally spaced radial exit passageway "' In. in diameter (Figures ii
and 12). The passageway systenm is sized for vhe 2,200 MEOP case walle burst

disc assemblies will be selected for individuwal test requirements.

The single burst disc assembly is submerged in the internal zide of the
forward closure at the motor axial centeriine and is held in place by a
removable ring assembly. The 4«in.~-dlameter port is located immediately
anead of the disc assembly., The internal radial passagewayg intersect the
4=in. port to provide a radisl exhaust path which sliminstes large changes im
motor axisl thrust during venting of motor chamber overpressure. All internal
passageways of the systew are lined with easily veplizceable paper-phenolic
tubing to provide thermal prot#ction. A single, centyally located burst disc
assembly was selected to eliminate the possibility of umsqual side force losads
which could occur if a 3-disc system wers used; the discg did not ruplure

simultaneously.
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The burst disc is sized to rupture at 1.25 times MEDP. For the baseline
motor this pressure will be 1,250 psia, Iusulation will be used on the upstream
side of the burst disc for thermal protection during tesc; howevaer the burst
disc will be replaced after each test firing.

An analysis was conducted to determine the response of the motor to
- debonding of one complete seg:ented grain. These results, shown in Figuve 41,
were used to size tha burst disc and assoclated porting. The analysis shows
"-thgt the pressure spproaches the eguilibrium pressure ahd never exceeds the

cas2 proof pressure.

The assumptions used in the analysis are:

A 1,800 psia chamber pressure
"-B.  150,00C 1b thrust at the sbove pressure
: C. 8-in.-dismeter throst
D. A 4=in.-diameter buyrst disc
B. Three gegrents burning with ous scgment cospletely debonded
:?IF. Burst disc yuptures irmgtantanecusly st maxigum design pressure of
3,230 psia
. - Flew fully stabilized zhrough the burst disc at rupture
%!: Lase proal pressure st 7,880 psic

. Surface area and volume heid constant.

) ~€'$u?§§:&isc rupture and flow astabilization do not occur imstantaneously;
T%éuev§§;fa sere pealistic Hpveach would not altey the final conclusioms.
-T'Vésswééiion I iz comservitive beoguse the areq fz2 continmually decressing «hile
. f5;§a iree vélgae is increasiag.

The pressure-gime history was calculated frow the following equation

using the adbove specified sssumptions:
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Figure 41, Super BATES Burst Disc Pressure-Time History
: ' 05748

&.1.9 Hendling Equipment and Motor Assembly

Handling equipment requirements for assembling and installing the Super

BATES moror an the thrust stand have been identified and preliminary designs
prepared.

The teat smotor handling equipment is based on concepts developed jointly
between UTC and AXRPL for use on the Super HIPPO program. A system of trunnions,
slings, and adapters is used to wove the components of the motor and the assembled
wotor, The Super SATES motor is assemdbled vertically to simplify alignment between
case segexnts and clevls pin rows, then lowered to the horizontal position and
ooved te the thrust stand. The thrust stand is installed in the test area 1-32,
pad 2. The Super BATES noter is installed on the right-hand half of the test
pad and assesbly platforms ave Jocated against the back wall on the left hand
side of vhe test pad (see Figure 42). The mutor components are delivered toO the
stand, off-1lnaded, and asssmbled.
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Figure 42. Top View of Super BATES Motor aszsmbly
on Thrust Stand (Area 1-32, Pad 2)
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‘The sesembly seguence is as followss

A.

B.

E,

oy

The forward closure has two trunnions which are mounted off-

center of the closure; those trunnieans are lifted with a spreader

bar, stirrups, and & tag leg. The purpose of wmounting the trunnions
off-center on the closure is the samp as with Super HIPPO: to gencrace
¥ £hféé;pﬂiutrllft so that the closure will not revolve on the lifiing
?iags:f The tag leg goes to an é.jze hwox locared between Che trunnions
as shoun in Figure 43.

Tha frame is set on a trunnion base near the back wall uuder the
asssexbly work platform av shown in Figure &&. A support positions

B forward closure and pravents it §t§a rotating.

The D-viag awnd insslatinn are installed on the forward closure.

The overprassurization vening systes, burst disce, and insulstion

sre imstalled.

& leaded case is installad. The propellsat case is packed

in & rousable shipping container amgd delivered to the test pad am 2
fiat bes trusk, or fork 1ife, in a vertical posirion. The complete
rop of the comtainey 8 gewoved to expose the segmeni on the base

of the comisingr. The propeliant case stands on the hase of the
shipoing contalner. Case 1i1ft adaptors are installed en the top

end of the csse.  The spresder bar 3ad stirrups are then installed

o the case 1Sfe adepiurs and fiw case fs lifted clear of the

shipping contafner base {see Figure 65). Two additional Iift adapters
are instalied on the fower stwd of the sase and the case set © m

oa w0 pairs of trennion basea.  The tveanian hases engsge the

case 11t zddpler zhafis as shown in Figurs &6,

The moter segment can X maved i the verticsl sssivioe divectly o
the forvard closure for sofov assembly.  imeever the sotwr is

oore casily examined i i1h horisoatal Positica. and this stop s
necessary for inveriing the sggmeni. For sogor ssscmbiy, the case
is votated to the vertical posiison. The 1ifting adapter on the
lowur end of the segient {f removed fzee Figsye 47) and the asseably

is then installed on the forward ol sure in the assesbly avea.
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Figure 43. Forward Closure with Lifting Truanions
and Spreader Bar

05805

An H-clevis coupling ring is installed,

The coupling ring imsulation is inspected, the O-ring greoves

are faspected and cleaned a- reguired, and new O-rings are installed.
The coupling ring is lifted '~ using the opposite (male) end of

the case lift adapter and pinning the coupliag to the case lift
adspter. External eves or lift features on a coupling ring are
gvoided to prevent the possibility of 1lifting the soror by these eyes,
The coupling riag is attached to the clesure lift sdupter, iifted
with a sproadey bar, and installed on the segzment.

A second segment, a secound coupling ving, and a third segment are
ipstalled in the sawe fashion. Attachaont braces at each of the work
plstiorss may be used to secure the motor assemily duriwg buildup.
The aft closure and aozzle assombly are built up on the ground

using the trunnion baser that were used for ixverting the propeilant
cases. The closure 5 1ifred by fts truwwmions vith 3 spresder

bar and tag leg asd set in o trunnion base set. The tag leg is

used to positiom the aft closurc face up.
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TRUNNION SHAFT

REMOVE LOWER TRUNNION SHAFT FROM
CASE SEGMENT AND LOWER ONTO FORWARD CLOSURE

Figure 47. Removing the Lifter Adapter
05810

The insulation is inspected and replaced as necessary.

The sealing O-ring is examined and replaced as necessary.

The aft closure is inverted using eye hook and tag leg to the
nozzle up position and the nozzle assembly is installed in the
aft closure using a nozzle 1ift fixture as shown in Figure 48. The
actual nozzle insulation procedure varies depeuding on nozzle
type (conventional or submerged), size, and degree of submergence.
The aft closure and nozzle assembly are liftea with a spreader
beam and tag leg and positioned on top of the motor.

Clevis pins are installed and the two securing brackets on the
work platforms are released.

The securiag bracket under the forward closure is removed and

the motor is rotated to the horizontal position and set on a
trunnion base (see Figure 49).
A strongback is then attached to the trunnions on the forward

and aft closures for lifting (see Vigure 50).
The motor assembly is mnoved from the assembly zone and installed

on the thrust stand flexure frame.
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Disassembly between firings is
performed in the same wanner but with
operations reversed, Snorter motors
with fewer segments are assembled in
the same fashion. The work platforms
sre positioned so that by using two
platforms and tlie ground level as work=-
ing bases, any combination of half~ and 7
full-length cases can be accommodated. \\\\\\\\

A strongback will be able to pick dif-

ferent lengths of motors simply by .
relocating and pinning the cross arms.
A flatbed truck with forklift will be

edequate for moving loaded case segments.

It is recommended that AFRPL provide a

= TEST NOZZLE
trailer for moving motor components and
handling fixtures to and from the test vigure 48. Nozzle Lift Fixture
stand. The handling equipment required 05811

is identified in Table 16.

4,1,10 Motor Case Segment Shipping Container |

The shipping container, shown in Figure 51 (taken from UTC packaging data
card No. 2509, sheets 2 through 9),* is designed to be reusable and to accept
either a full- or half-length segment in the vertical attitude. Acceptance of
either a full- or half-length segment is accomplished using adjustable tie-

down devices.

The container consists of three major components: (1) base assembly:
(2) tie-down assembly; and (3) closure assembly. The base provides total seg- '
ment load support, horizontal restraint, and tie-down fittings for vertical
restraint. Two-way forklift entry pockets and towing asttzch hcles are part of
the base structure. The tie-down components consist of four chain and turn-

buckle assemblies attached to the base and hooked to the segment cover assembly.

* Sheet 1 details the segment packaging instructioms.
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TABLE 16, HANDLING EQUIPMENT

Item Quantity

-

Two point sling and tag line
Nozzle 1lift fixture

Spreader bar and stirrups
Trunnions (mount to closure)
Case lift adapters

Trunnion base set

Base support {asnti-tilt)
Assembly platforms
Strongback

LS R - Y S R

Pin puller

Reusable shipping boxes
Case 3
Coupling
Nozzle insert

43 D3 O

Transport trailers
Closure and wiscellanecus 2

The closure assembly (pattemned after & federal specifigation PPP-B~551 cleated
plywocd panel wooden box), indexes to the buse and is secured in place using
two standard tensioned steel stiaps dnstalled through the base structure over
énd around the closure. The straps will be replaced vach time the conteiner

is reused. The closure is removed and iastalled by an overhead lifting decice
and wire-rope slings attached te feur lifding grips located st the top corners

of the closure.

Container desigh will he zubmitted to the Buresq of Explosives for approval

and issuance of an approval nucher; this nuzber will appear on gach contaliner.
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4.2 Thrust Stand Design
4,2.1 General

To evaluate rocket motor performance it is desirable to have g high
frequency force measuring system that minimizes significart dynamic interaction
and incorporates in the Aesign those characteristics that provide for accurate
measurement., The msjor problems in achieving accuracy with such a design are
(1) properiy isolating rhe individual load cells and (2) maintaining system
rigidity. Since the ctructure and losd cells deflect under ioad, the deflece
tion can introduce interaction error terms inte the “oad cells. For this
reasca these interaction terms must be specifically iered. Flexures and
other techniques to isolate the load cell cannot be used becsuse inclusion of
these elements ia the load path increases flexibility; thic results in a

decrease in the resonant {requency of the system.

Other comditions which can intyoduce errors ivto the system include the

following:

A. Hysteresis, friction, and slop (free play)

B. Test stand redundsacy

C. Iateractions resulting froa inirial misaligoments

B. Interactions resulting from axial deflections of clements under load
E. Normal or inverted pendulum effects

F. Eavironmental conditioes

G. Induced forces resulting from dymamic actien

. Impruper calibration systes.

These erveor sources sust also be favestigated and corrected where feasible,

Mast of the ervor terss listed exist to some extent in all thrust measuring

systese, Most of rther can be minimized by elevey design and proper coastruec-

tiom. With prepar fn-place salibration, celibration comstants can be ostablished
248 thrust coefficlenis and fn-siave characteristics cizn be obtalned using

calibration fuctors.

) ()
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4,2.2 Design Considerations That Minimize or Eliminate Error Terms

4,2.2,1 Residual Effects -~ Hysteresis, friction, and slop are completely elim-

isated by removing as many joints as possible and preloading those that stilil
exist. Three or more load cells, ground to a precise length, can be installed
aad bolted securely in place between two rigid ground surfaces, Except for

areas that require disassembly or flexibility, the basic structure is welded.

4,2,2,2 Test Stand Fedundancy - The test bed is basically a lightweight rigid

frome supported by plate flexures connected to a solid plate foundation (see
Figure 52). The flexures are designed te allow some motion in the thrust
direction and to restrain the bed from motion in all other directions. Because
of the vigid design, the arizl deflection is small and the flexures are sub~
stantially stiffer than those normally used, Since the plate flexures uffer
redundancy, the redundant characteristics have to be calibrated as part of

the thrust coefficient. The only redundancy in the thrust measuring systeo

results from the flexures that support the bed.

4,2,2,3 Inverted Pendulum Charactevistics - During firing, the weight suspesded

by the flexures is changed by the loss of propellent weight. This would

noymally introduce an error into the impulse measureuments vheve the bed is sup~
poried by plate flexures. In order to eliminate this error, folded plate flexures
are used. The bed is supported by one flexure in temsion and im parallel with

the flexure in cospression s that translation of the bed in the thyust direction
will be puve rectilimear motion. This will cancel the inverted peadulus afiecs.
This techoigue bas bzen vged wath a high degree of success s precision thrust
measuring systess.

-

$.5.2.4 Infrtal Aligonment - Toe thrust systes is foxensitive to alignment shetve

three or wate joad celis ave located svemmetrically aboul the thrust axis. Only

vorsal alignsent precavtions must b zaintalned ¢ince the errors intveduced ste

sroportionate to the guantity {1 corine of the =isslignnent oagle).
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4,2,2,5 Deflecition Under ioad - Special consideration was given to designing

and building an extremely rigit thrust measuring system. The load cells were
ckagsen for minimur deflection and were installed at appropriate locations to
eliminate elements in bending; thus the thrust was transferred directly into locad
cells mounted against a heavy steel base structure, This design essentially
eliminates s major source of deflection: elements in bending., All the elements
in compression are extremely rigid except for the load cells; the latter must
deflect in order to measure load. Load cells are over capacity ia order to
m:lq;imize deflection.

The rocket motor is designed to be mounted firmly to the thrust adapter
plate and bolted in place with preloaded bolts.

The thrust butt is designed with thick soiid steel plates supported by
heavy steel webs. In such a design, interaction terms which result from

deflection can be virtually eliminated.

4,2,2,6 Enviroamental Conditions -~ The thrust stand was designed to cperate in

a normal ambient enviromment. Since the firimg was to be short, the ambient
conditions should not have changed appreciably during firing; therafore, no special

consideration was to be glven to errov terms associated with the environment.

4.2.2,7 Dynamic Response - Prime consideration was given to designing for

rigidity and minimizing the weight of the supported mass. By using multiple

load cells coupled directly between two plates, all nonessential deflections are
eliminated. This, plus the fact that the forward ced of the wmoter is butted
solidly epaiunst the thrust adapter plate, allows the system 1o be extremely rigid.

Beflection should be in microinches. By zaking the resomant frequeacy bigh,

the dynzzic action 1s averaged our cupletely vhen the izpulse of the motor
‘ : is deternined. The syster is linear and repeatadble, which elizminates these

sources of error frors the dynawdc characteristics,
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Since the period of the resonant frequency is short compared to the
period of firing, eleccrical signals can be filtered easily.

The design of the support structure is clean and all elements that
would induce cjyithetic vibration were eliminited.

The calibrator is completely discoanected from the moving structure during
firing,

4,2,2.8 Calibration System - If improperly designed, the calibratiom system can

introduce error terms i.ato the thrust measuring calibration; therefore, the same
considerations that were given to the thrust stand design were given to the
calibraticn systen.

All redundaiicy in the calibrating path between the calibration lead cell
ang the thrust ctand were eliminated or minimized to am insignificant value,

4.2.3 Technical Requirements

4.2.3.1 Ceneral Description - A system wss designed {sse Figure 52) that

w2asures thrust over the range of 0 to 50,000 1b, O to 100,002 1b, ad O to
150,000 1b within the stated accuracy,

All components were designed to carry am nverload force equal %o 200%
of maximux thrust without demage to the thrust measuring system. In order to
oover the lov range requirenents, three of the load cells are rexoved (see
Figure 10 ia Section 3.2), The load cell messuring system has basically 2wo
ranges: 0-100,000 1d sod 0-150,000 b,

$.2.3.% Design Flextbility - The final design of the thrust stand vill have s

large degree of flexibility for pesitioning the load cell, alignirg the motor/lead
e=ll, and casily removing and installing lcad cell, flexures, and aotor. As shown
ia Figure 10, (Sectiom 13,2), the thrust adapter plates have been reseved and
replaced vith a smaller plate for smaller motors (or for the removzl or replaces

ment of lead olls). The thrust bed is designed in three sections to sccomadate
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aotors of variougs lengths (one or two sectioms can be removed). All joints
are located with dowel pins znd alignment is maintained with tooiing bars 8>
that #ll componenta can be replaced withcut alignment checks, Motors can be
remsved and installed wizhout upsetting the alignment; however, centerlincs
end dowel pin locations are provided so that periodic alignment checks can be
made using transit levels and scales. The load cells are dowelled zud bolied
in place; all locaring holes are pre:isely jig bored in the thrust abutments
so that load ceils can be interchanged without positioning or realigrmeut.

4.2,3.3 Accuracy ~ The design goal accuracy of the thrust eystem is 20,102 of
full-scale for each of the three ranges with a three-sigma confidence level based
on i{n-placsy calibraiion., The guaranteed accuracy is :2.15Z. The overall syatem
irncludes the combined accuracy of the load cells, flexure assemblies, thrust
stand assembly, and calibration system. The calibratiocn system is calibrates

in place to an accuracy of 0.03% of full-scale ramge. Accuracy does mot include
signal conditioning or datas acquisition,

4,2.3.4 Calibration - The thrust stand includes a geadweigit caldbretor witch
#n accuracy of 20.03% of range to ¢alibrate the thrust measuring system. The
calibrator is schematically shown in Figuve 10 and des<ribed in Sectiom 4.2.4,

The calibrator can be operated manually or fras a programmod cospuier. 1t
{s a multiple bean arrangement whereby the veights are reised and lowered, using
flexuyre bellows., The control penel is mounted in the biock house; the nolenocid
for sctuating the bellous is zounted on the calibrator., ¥he soleneid s potted
to obfais sn hormetic seal. All lines are run in conduit withoot plugs. lead

coanacticas gre made on 8 berrier strip mumted oa the calibrstor.
The weizhts sre in diagry coded decimals which allows selection of

tacrezente from 1,000 to 150,000 lb, The welghts are cartifiad to class ¢

tolersnces.,
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Class C tolerance is approximately 0.006Z of weight, The calibration
factor is established by calibrated load cells mownted in the pull rod,
Three load cell ranges are fumished and delivered along with the calibra-
tion instrument. This equipment can be used tc verify the beam balance calibrae
tor at any future date. Flexures are used on both ends of the load cell in
order to eliwinate bending moments. The thrust stand .s calibrated in fifteen
equal steps up and down in less time than 1 min/step.

z
&
§
ko]
g

Limit stops are mounted on the beam. 4s long as the stop is engaged,
the cslidrvator is preveanted from applying additional loads. This safety

oy feature prevents iuadvertent application of a load in excess of that selected

1
LS S

-/ by the cperator; it dozs aot preven: the calibrator from ruaning in the opposite
; direction to unload the system, The calibration system has the followilag

sinizum specified accur-cies (at a one-sigmi confidence level):

A. Linearity, :0.03 of applied leoad from 50,360 to 130,000 ib

B. Hystercuzis, 20,0061 of applied load

C. Repeatsbility, 29,008% of spplied load

.  Accuracy (é#ciading combined effects of linearity, hysteresis, and
repeatability orrors), wvithin 0.08% of applied lecad or 0,032 of
range, vhichever is yreater, where the ranges are 50,000 lb, 100,000 1o,
ad 150,000 1b,

The primary limitatios of the accuvacy of the calibratoer is the gbility to

calibrate Che systen load éells to a higher erder lewl.

A digital selecteoy switch iz located on the panel of the calibrator to

sreweat ovevioading uf tne load ooil and thnist etand., The electrical cir-

3 cuitry provents the spplication of aw losd in excess of that selecled and
3 claled iate the system by the opevatoer. The caiivalor s mownted oo support
3 structures completely fndependent of the thrust measuring svaten.
The comtrel cfrcuit for the calibrator iz equipped with logic se that

it cam be {aterfaved with Hewicti~Packard's 2'00 alni~computer. The interiace f

iy

ic TIL compatible. ALl pover suppiies and other control elements arc

furnichad with the calibratoyr. Seiteh closures ne the calibrater isdicate

s
3
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whcn a weight has been applied and when the beam is balanced., Uader these
conditions the calibrator load can be recorded. By using proper programming
the complete eystem can be caiibrated avtomatically with the computer and the
beam balance calibrator.

The inttial performsnce of the calibration system and thrust stand is
demonstrated at Ormond before delivery. It 15 alao demonstirated sfter instal-
lasica at AFSPL’s Cest asrea 1-32 before acceptance,

4.2,3,5 Alignmeat - The thrust stand and caiibration system are manufactured
and aligned so that s motor can be installed to 0.1° of the longitudinal axis of
the axfal lcad cells, Tooling bazs @d dowel pins are incliuded in the manu-
facturing; these allow disassembly and assesbiy without checking the alignment,

In order to prevent the thrust from being affected by the change in weighe
of the motor during firing, folded flexurss are used which inherently cancel
the pendulum effects, The flexures are compatible with the thrust range
reguirvements and the accuracy of the sysien.

The load cells are ball-ball types which do not have :riexures om the ends.
Tharefore, the ends can be drilled and tapped on the centurline of the load
rell so that ifnstallation can be done without precise aligament.

4,2.3.6 Load Cell Specificativaz - Load cells moet rhe specifications dise
cuszed in Appendix A, Qoe sadditional Insd cell is supplied as & gspare part
of each losd cell used in the thrust stand.

4.2.3.7 ¥otor Attachment - Hotors ate =ounred in cradles on tha thrust stand

a3 dutted againat the thrust plate. This ailows the motor to t mounted
uithout direct attachwments which drill or screv into the motov. By providing

different cradles, wotors of variocua dismeters and lengths can he ipstalled.
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4.2,3.8 Installation — The thrust stand and calibrator are compatible with

Y

a thrust pad having I-beams.

IRl

(AN

4,2,3,9 Electric Power — Electrical pcwer input to the system is 115%10

volts, 60+2 cps single phase AC, Ignition pulse will be 28 volts DC.

4,2,3,10 Selection of Parts — Use of proprietary materials, components, etc.,

in the design of the thrust stand was avoided.

4,2.3,11 Standard Parts — On drawings standard parts are identified by their

numbers, AN and MS standard parts will be used where they serve the purpose.

4,2,3,12 Commercial Parts - Commercial parts having suitabie properties are

used if, on the date of contract award, there are no suitable standard parts.
In any case, cummercial utility parts such as scr.ws, bolts, nuts, etc., which
have suitable properties are used if (1) they csa be replaced by the standard
parts (AN and MS) without alteration, and (2) the corresponding standard part
numbers are referenced in the parts list and, if practical, on the contractor’s

drawings,

4,2,3.13 Materials - Materials and processes used in the manufacture of the thrust
stand and its subsystem are of high quality and suitable for the purposes intended.
Materials conforming to contractor’s specifications are used provided the speci-
fications are approved and provisions for adeguate tests are contained in them.
Approval of contractor’s specifications does not constitute a waiver of

inspection.

4,2.3.14 Protective Treatment - %est stand and system materials are protected

from environmental conditions in & manner that in no way prevents compliance
with the performance requirements of this specificatic». The use of any pro-
tective ccating that cracks, chips, or scales with age or extremes of climate

and envirvonmental conditions iv avoided.
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4,2,3,15 Construction -

A, Loading :

The system is constructed to withstand (1) 3=-g load applied vertically
downward, (2) 2-g load applied vertically upward, and (3) 1/2-g load applied
horizontally,

B. Welding
Welding conforms to the recommendations of the American Welding Society

and American Standard Code for the pressure vessels,

C. Fitting
Intersection of test stand structural components is made usirg weld-

type fittings, except where otherwise specifically indicated.

D. Performance

The thrust stand, including all instrumenratio: :omponents,is designed

to provide the specified performance mnder (1) humidity at 0% to 95%,

(2) temperature at 0°F to 150°F, (3) pressure at 16 to 32 in. mercury, and
(4) altitude at O ft to 4,000 ft,

In addition, exposure to (1) heavy rains, (2) temperacures up to 250° for
short exposure time, and (3) sand and dust storms do not damage the thrust
stand and its components in any manner which preclude subsequent performance

to the specified levels,

4,2,4 Beam Balance Deadweight Calibrator Design

A beam balance deadweight calibrator was initially designed especially

for calibrating the load cells of a single component thrust stand, The per-

formance capabilities of this calibrator are discussed below,

4,2,4,1 Performance —

140

A, Load Range
The calibrator can calibrate load ceils in thie range from 0 to 150,060 1b
in 1,000-1b increments,
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B, Hysteresis Loop

The calibrator can load continuously (and in discrete increments) over the
selected ranges in either ascending or descending directions; thus a hyster=
esis‘loop for the stand can be plotted, Omly slight discontinuities are

introduced at the load points during the change of weights.,

C. Manual Operation

The load to be applied is selected using a digital switch, This in turn
electrically selects the weights to be applied to the beam. The operator
pushes a load button in order to apply the loads., After the loading button
is pushed a motorized screw jack 1is actuated to restore the beam to the
balanced condition, When the beam is balanced the motor stops auto«
matically and the appropriate load is applied to the thrust stand.

After each increment of load has been selected the load button is pushed,

In addition to manual operation the calibrator can be programmed and
operated from the computer in the automatic mode. All interface circuitry
will be TTL compatible and will be electrically isolated using lite diode

switches,

D, Calibrated Weights
All weights are calibrated to class C tolerances and the calibration

will be traceable to the National Bureau of Standards.

E. Accuracy

The accuracy of the calibrator is G.03% of load over the range from
1,000 to 150,000 lb. Accuracy will include (1) lovad application,

(2) repeatability, (3) linearity, (4) hysteresis, (5) buoyancy, and

(6) gravitational effects (gravitational constants will be furnished by
the customer). Overshoot is a function of dynamic loading and is not
considered as an accuracy term. All accuracy is based on static

calibration,




i
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E. F. Certification

; In order to determine the accuracy, the deadweight calibrator is cali-

! brated using the precision load cell flexure string mounted in the

| tension rod between the thrust stand and the calibrator, This load cell
; flexure string is calibrated at Edwards Air Force Base using the preci-
| sion deadweight load stack at the rocket test base. The load cell
flexure string along with the digital indicator and assoclated leads

is fumished as part of the deliversble item.

G. Stability

The calibrator can maintain any selected load from 1,000 to 150,000 1b in
static equilibrium within an accuracy of 0.1% of reading without requiring
external manipulation or adjustment of the equipment.

H., Instrumentation

No instruments except the calibration control system is provided. The

balance of the beam is indicated by a differential transformer and a

f-; zero center meter, The zero position on the meter indicates the balance
E of the beam. All controls are mounted on a 19-in. rack panel that zan be
installed in the block house.

I, Damping
Viscose damping is incorporated in the weight-suspension wechanism
to decrease beam oscillation and limit overshoot., The weights are stabi-

lized by a guiding beam attached to the lower end of the suspension rod,

ko 4,2,4.2 Size and Dimensions - The approximate physical diwensions are shown in
é?i : Figure 10 of Section 3,2, The total weight is less than 50,000 1lb with each
Q_% individual component less than 25,000 1b, The calibrator is designed as an integral

unit which can be set up on any firm foundation strong enough to react the loads,

o 4.2.4,3 Accessories - Only a computer for automatic operation is required. No

other accessories are necessary,
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4,2,4.4 Counterpoise ~ The counterpoise is provided so that the beam can
be leveled manually during setup.

4,2,5 Thrust Stand Engineering Analysis

4,2.5.1 Frequency Response - Motor and stand design conditions are:

A, Motor weight (Wm) = 20,000 1b

e A b S . S A ST et AN G S

,i. ) B. Stand weight (Ws) = 8,000 1b
- . C. Stand deflection (&) = 0.03 in.
. D. Thrust force (F) = 150,000 1b
E4 E. g = 386 in./sec2
fA From Newton’s Third Law of Dynamics
“; 7 F=ma :
f' F=Y n£)% ;
. 8 n )
£ = 2:78F !
n WA ;
fl : %
‘é 50 cps » than 25 cps %
Margin of Safety = 2 « 1= 1= 100% g
2 §
i where %
i o = mass é
3 a = acceleration §
3 3 fn= frequency response z
& & W = total motor and stand weight :
: ,f The frequency respons¢ can bt~ obtained from the curves published in i
g éﬁ Statham Laboratories Instrument Notes No., 20 which are included as Appendix B. é
;z Damping ratio should mot be greater than 0.02. VPor a motor with an ignitien *
ﬁé time rise of greater than 200 sec the overshoot should be less than 5X1. Because
g. the resonant frequency of the stand is so high a filter could be easily used to

“ U, P
o € m/ m’f-’?ﬁ:.\?:
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obtain 0,1% final data at 2.5 cps. A signal containing 50 cps oscillation is
rellably filtered, Due to the design of the stand, omly thrust dynamics should
induce appreciable dynamics on the thrust sigaal,

4,2,5.2 Motor Vibration Effects -~ To minimize dynamics, the motor is mecunted on
adjustable saddles with the forward end of the motor mounted solidly against a
rigid flat plate, The flat plate is supported Jdirectly by load cells that react
the load in compression without the use of flexures or other deflecting devices,
In this way all the thrust load is reacted solidly over the head end of the
motor (the bed only provides normal and lateral support for the motor, without
encumbering the system). Thus, adverse dynami~ conditioms are eliminated and

it {s still possible to obtain reliable and accurate thrust data.

4,2,5.3 Damping Effects — The damping characteristics of the thrust measuring

system are so low that the damping ratio probably is not greater than 0,02,

This 1is necessary ia order to obtain good thrust data.

4.2.5.4 Load Cell Deflections - Low deflection load cells are sandwiched

directly between a flat, rigid thrust plate and a flat, rigid thrust butt in
order to limit deflections to the Inad cells and thrust butt only. Since the
deflections of the thrust plate are negligible, this configuration essentially
allows the motor to push directly against the load cells lecated avound the

perimeter of the motor., Load cell deflections are lesg tham 0,01 in,

4.2.5,5 Calibration Procedures and Equations - Absolute loads can wve applied

either ranually or automatically to the thrust stand with the deadwelght seasn
balance calibrator. When any selected load is applied, thal load revains

in effect until changed, During this peried, the output signais frow the load
cells can be recorded; load cells can be recorded individually and suemed in
the computer, The only interacting terms rerult from the stifiness of the
flexures used to support the thrust bed, This stiffness term i3 sliminated

by in-place calibration since the thrust measuring load cell coefficients
include the flexure stiffuess characteristics. The load cell outputs are

averaged even though the distriiution of load between load cells =ay bte unequal.
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This results because the load cells are essentially linear and the rated output

of all load cells is matched within 0,10% of full-scale output,

4.2.5.6 Test Stand Design ~ In order to improve frequency response, all

unessential deflecting elements are eliminated from the design.

Although the load cells are sandwiched between two plates, bending moments
that could induce extraneous signals into tihe load cell signal are eliminated
by manufacturing radii on both ends of ali load cclls approximately equal to
one-half the length of the load cell. Essentially, each load cell is a large
ball with a diameter equal to the load c2ll length, Thus, when the thrust plate
deflects or wmoves the load cells roll er rotate; this movement eliminates the

application of bending moments on the Joad cells,

The thrust bed is mounted ou {lexures which provide a high order of
rigidity to the thrust bed in #11 Jirections except thrust. In the thrust
direction, the flexures are rolatively flexible. This provides a rigid support
for the motor and allows thrist measuremenis Lo be made without excessive redun-
dancy which could compromise thrust dava acruracy. Since there will be an
appraciable change in seis - Jduriny metor {iripg, folded plate flexures are
used £o support tue thrust bed, ¥Folded plate flexures allow rectilinear motion
to the thrust stand in the thirusg direction which eliminates the pendulum
coefficient and resulting errors in thiyust measurement. Folded plate flexures
ajso decrease the redundancy in the thrust direction which minimizes interaction
froz borh deflection aid temperature coasiderations. Changes in tempeiature
will aot cause hinge bindiang which {s cncountered in systees using single plate
filexuzes, Yhe ¥lexurey completoly eliminage evror terms resulting from friction

or slop thar usually cppear in other types of suypport.

The use of 2 high {reguency stand that has been designed to eliminate
ereer terns and provide rvepeatahle thrust data should i{nclude accurate scquisi-
tion of datas {acluding transients and tail-aff, The thrust stand frequency
response {s high encugh to allow substsntial Viltering without introducing phase
lag problems, Other chavacteristics allow accurate measurement of tail-off

vithout drift or interaction.
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The thrust stand is structurally designed with stiffness as the primary

criteria, The stand has a high margin of safety for stress for the conditions

of a thrust axial load of 150,00 1b with a 2:1 safety factor. Preliminary

stress analyses have been performed to ensure that these safety factors have

been met in the critical areas.

4,2, Drawings and Related Data

The component design drawings for the thrust stand and related critical

materials are as follows:

No. of Sheets

et b b P et ) e ok e o mh b D) e b b L) DN

fsitical Materlals

Drawing No,

14-2-0338
14-2-0339
14-2-0340
14-2-0341
14-2-0342
14-2-0343
14-2-0344
14-240345
14-2~0346
14-2-0348
14-2-0351
14+6-0248D
14-6-0299
14-6-0283
15-4-0924
15-4-0926
15-4-0927
15-4+0928
16-1-0204
15=1-0255

Duff Nortoa jackuator

Reliance electric motor and reducer

Drawing Title

Calibrator Assembly

Weight Stack Assembly

Frame and Base Assembly, Calibrator
Frame Assembly, Calibixstor
Base, Calibrator

XtQ Lever

Spacer, Flexure, and Gear Mogor
Gear Motor Plate Assenbly
Flexure Spacer

Balance Beam

Column, 150K, 15K, and Spacer
Top Weight Indiceior Ckt.
Weight Stack Control

Motor Control Schemztic

Thrust Plate Abutment

Thrust Plate

Thrust Bed Assembly

Super BATES 150%

Thrust Measuring Ckt.

Load Cell/Indicator Wiriag

Large steel plsates — 6 in. thick and (2) 2 in. thick

Flexure wmaterial

Load cell material

Weights
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AFRPL
ASME
ASTH
ATJ
BATES
CHAR
.C/SPCs

CTIPB
DBI
DOT

LEM
LITVC
LSBR
HEQY
HiG
MIL
NPl

ABBREVIATIONS

Air Force Rocket Propulsion Laborstory
dzerican Society of Mechanical Engineers
American Society for Testing Materials
graphite designation

ballistic and test evaluation system
ballistic test motor at RPL
cost/schedule planning contro) system
carboxy~terminated polybutadiena

dimer acid diisocyanate

Department vf Transportation
fiberglass-wound UTC solid propeilant motor series
Government -~ furnished equipment
Government source inspection

heavyweight high pressure test motor
hydroxy-terminated pelybutadiene
carboxy-terwinated polyester
intercontinental ballistic missile
isodecyl pelargonate

isophorone diisocyanate

independent research and development
theoratical specific i{mpulse

standard specific impulse at 0° halfeaagle
characteristic length

lunar excursion wmodule

liquic¢ isjection thrust vester coutrol
liquid strand buming rate

maxizmus expected opursting prossure

extal inert gas
silivary

magnetic particle inspection
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MWOA
MXCE

NBR
NDT
0&QR

PBAN
®G
PO
QA
Qc
RFQ
KIP

material review board
master work order authorization

fiterite material designation for eiastomeric additive
carbon phenolic

Buna~N rubber

nondestructive testing
operation and quality record
pressure

polybutadiene=acrylic acid acrylonitrile
pyrelytic graphite

purchase order

quality assurance

quality control

request for quotation
receiving inspection plan
request for purchase ovder
solid rocket motor

a type of Teflon

tungsten inert gas

transistor logic
trensistor-transistor logie
thrust vector centrol

United Alrcraft Corporation
United Afrcraft Research Laborsteries
United States Afir Force

United Technology Center
United Technology Center lfner

Urized Technology Ceater propeliant preii=

vork order release




2 N APPENDIX A. SUPER BATES DESIGN TRADE STUDY RESULTS

1.0 INTRODUCTION

:74 3 This appendix presents the detailed discussions and analyses that were
7; conducted to define the trade study résults summarized in Section 3.0 of this
} report. It contains two major categories:
i A, A technical discussion supported with pertinment data for those para=-
" meters which affect the performance of SRMs
] B. The effect of these parameters and their influence on the design of
i the Super BATES test motor.
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2.0 PERFCEMANCE PARAMETER DEFINITION

The presence of particles in wozzle flow results in decreased performance
due to the inabiliry of the particle to maintain equilibrium with the ges flow,
Since the transfer of heat and momentum between the particles and the gas is
not instantaneous, the velocity and temperature of the two phases are not in
equilibrium, The excess thermal energy in the particles, the differeuce in
welocities between the particles and the gas, and the irreversible transfer of
heat and momentum across these differences fead to decreased pertormance, Any
change in nozzle geometry or flow conditions will affect the specific iwmpulse

efficiency of the motor.

2.1 Chamber Pressure

Chamber pressure has an important effect upon nerformance Jue te igs
dominatiag influence on flow conditicas, It affects aluminum agglomeration,
particle size and two-phase flow losses, Jnun’'ary layer losses, and chemical

recombination. The magnitude of these effects will vary with pressure.

Aluwioum agglomeration has an ieportant cffect on the comtustion efficiency
of a cotor. When an aluminum sgglomervate leaves the provellant surface, its
gize detewmines the time required o burn. The burving tise for an aluminum
particle decresses as 4ts size decregses. Any aluminum that is unbumied when
it legves the ootor roduces the efficiency of the motor. Figure | shows the
general effect that pressure has on alu=iaue ggalomerstion; an increase in
pressure results in a decrease in the agglomeiate size and, therefore, 2
decrease ib burning tise., An increase in prossure vill cause the sluminus

egglomerate to be smaller and will incresse the cotbusticn efiiclency.

The effect that pressure hgs on two-phase {lov leosses will depend wos
the particle size and the drag forces on the particles. F¥Figure 2 shows the
effect that pressure has on particle size; in general, a reduction in picssure
vill also reduce the sfize of the particles. A& smaller particle size will
result in an isproved ratio of particle drag force fo 2uss and temé to dacroase
the two-phase flowv logses. However, a reduction in chazxber pressure also

teduces the asvodynaxic drag forces; this tends to incregse the two-phase flow
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Therefore for geometrically similar nozzles, the local heat transfer and
friczional force vary as

F, Qa p0-8

Or using the perfect gas lzw

Since the thrust ans the amass Flo. ravy linearly with pressure, the
ctional force divided by the thrust and the heat loss divided by the
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As gas flows thrcugn a nozzle, the chemical compwusition of the gas tries
to maintain equiiibrium at the local pressure and temperature. The pressure
and temperature decrease to a level where the chemical reaction rates are too
slow to maintaln equilibrium so the composition of the gas tends to frceze
(remain fixed). The energy assoclated with tle incomplete recombination results
in performance loss. Reduvcing the pressure increases the performance loss
associated with chemical recombination. Besides increasing the degree of
dissociation of the gas, the reduced pressure causes the recombination rates
to decrease., Tne lower recombination rates cause the composition of the gas
to freeze at an earlier expansion ratio. The increase in the local dissociation
2long with the ~arlier freezing of a gas with the higher dissociation causes
rerformance loss fror the chemical recombination to increase with decreasing

pressure.

Figure 3 shows the effects of the above performance losses versus the
pressure; the chemical recombination losses will decrease with increasing
pressure and the twoe-phase flow losses will increase with increasing pressure.
The experimeatal data on the curve show the importance of the effect of
aluminur a.glomeration on performance., The zaiditional loss at the lower
pressures arises {vom the inability of the uluminum to completely burn during
the ririag. In any determination of performance, the effects that pressure
will have are extremely important., Therefore, any ballistic testing of a
motor system should try to match the chacber pressure as closely as possible.
2.2 Throat Diameter

The throat diameter has a first order ecifect on performance due to its
influence on two-phase flow., 1t also has some influence on chemical recombina-
tior and boundary layver losses, The megnitu’e of these losses tends to decrease

sith ncreasing thooat size.

The »ffect that throat diameter has on two-phase flow losces Is a result
of particle size and the flow {ield grad.ents in the nozzle. Figure & shows
the effect that the throat dlameter has on particle size. With an increase in

throal diameter, the particle size increases. This Incrense worsens the ratio
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of drag force to mass of the particles. This worsening condition 1is offset,
however, by two other effects: first, the particles seem to have a maximum

size of 10 to 12 microns which limits the worsening condition; second, with

an increase in throat diameter geometrically similar nozzles have more gradual
flow field gradients. These more gradual gradients in gas velocity, temperature,
and pressure allow the gas-particle system to acquire a higher degree of
equilibrium. Therefore, even though the particle size increases, the two

phase flow losses decrease with an increase in throat diameter.

The chemical recombination loss also decreases with an increase in throat
diameter. The more gradual gradients of temperature and pressure require lower
chemical reaction rates to maintain equilibrium. This means that the chemical
composition of the gas will freeze at a higher expansion ratio. The resulting
lower degree of dissociation gives a lower performance loss.

The losses assoclated with a boundary layer arise from the work done
against the friction forces and the heat lost to the nozzle wall. The local
heat transfer and skin friction coefficients vary as the inverse 0.2 power of

the Reynolds number, i.e.:

Cy, Cp are9-2 = (nggL/u)'°'2

For geometrically similar nozzles, the Reynolds number varies directly with
the throat diameter since the length of the nozzle varles directly with the

throat diameter. The local heat transfer and frictional forces are given by

F = kPgUg2A Cp

Q = PgCpURAT A Cy

and the area varying as the square of the throat diameter is given by:

F, @ ap.t®

For a nozzle operating.at a certain pressure, both the thrust and the mass

flow vary as the square of the throat diameter. Therefore, the friction force

A7
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divided by the thrust and the hcat loss divided by the enthalpy flux vary as
the inverse 0.2 power of the throat diameter. Consequently,
AISE o Dt-0.2
Isp
Thus for geometrically similar nozzles, the boundary loss will decrease with an

increase iu throat diameter.

The combination of these effects can be seen in Figure 5 where the
variation in specific impulse efficiency with throat diameter is shown. The
variation in losses due to chemical recombination and the boundary layer is
too small to be seen. The loss assoclated with two-phase flow is seen to
decrease with an increase in throat diameter. The increase in efficiency
becomes less and less with increasing throat diameter. Comparing the results
of this graph with data from Titan III firings, an increase in throat diameter
from 4 to 38 in. results in an increase in efficiency of 3%. A decrease in
throat diameter from 4 to 1 in. gives a comparable decrease. In the determin~
ation of specific impulse efficiency, the effects that throat diameter have
are important; however, for throat sizes greater than approximately 4 in.,
variations in throat diameter will begin to have less effect. The testing
of a motor system should try to match the throat diameter as nearly as possible,

as long as more important parameters do not suffer as a result of the matching

when the diameter is greater than &4 in.

2.3 Residence Time and Characteristic Length
Residence time or L* will affect performance through its effects on

unburned aluminum and particle size. Average residence timwe is defined from

the gas laws by

Ve Pc
tr =[—){—
m RTc

Mass flow rate (m) depends upon the throat area and pressure,

PcAtg/C*

(]

m
Therefore:

% *
t Ye £, L* <
r A, gRTc gRTc
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The residence time and L* vary directly. The effects of residence time are
limited to a small range, and in general, efficiency will increase with

increased residence time.

The effect that residence time has on particle size is seen in Figure 6
where exhaust particle size is plotted versus residence time, The particle
size increases rapidly with residence time until a residence time of 20 msec
is reached. For residence times above 20 msec, the particle size remains
fairly constant. The particle size affects performance through its effects
on two-phase flow. Two-phase flow losses will increase with particle size
because the larger particles are less able to maintain thermal equilibrium
and have a greater velocity lag. Therefore, two-phase flow losses increase
with residence time until residence time equals 20 msec. Above 20 msec

two-phase flow losses remain nearly constant.

A more important effect is the amount of unburned aluminum. Metal-particle

ignition and combustion must occur within the motor residence time to avoid




performance losses.” When motor residence time is too short for adequate
combustion, an equilibrium condition significantly different from the
theoretical one will be produced. The dependence of metal combustion on
residence time is shown in Figure 7 in which the percent of unburned aluminum
is plotted against residence time., Residence times under 10 msec appear
insufficient for adequate metal combustion. However, residence times over

20 msec have very little effect on metal combustion; therefore, metal com-

bustion becomes less a factor in performance.

Figure 8 shows the dependence of specific impulse efficiency on residence
time. The efficiency rises sharply for residence times below 10 msec and has
a very gradual rise for residence times above 20 msec. These tests were not
corrected for motor heat loss, so the area of sharp decline is probably uder
15 msec for residence times. The curve shows that the effects of metal com-

bustion predominates as far as residence time is concerned. Therefore, the

¢
°
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Figure 6. Effect of Residence Time on Exhaust Particle Size
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residence time need only be considered for those systems when a mean residence

time less than 20 msec prevails.

2.4 Nozzle Roughness and Erosion

The reuse of a nozzle could lead to performance loss due to nozzle rough-
ness and erosion. The performance loss would increase with each reuse of the

nozzle and severely limit the use of a nozzle for multiple testing.

During the UTC C4 EDP, a significant improvement in nozzle efficiency
was observed by using a carbon-carbon exit cone material as opposed to an
ablating phenolic material. Figure 9 shows a comparison of nozzle efficiency
during motor firings with identical initial nozzle contours (throat diameters
of 4 in.) and identical motors. The efficiency of the ablative phenolic exit

cone began to drop carly in the firing and remained substantially lower than

the carbon-carbon exit cone for the motor duration. The efficiency improvement

r
f Il
i !
LS-1 CARBON/CARBON ;
1,00 | EXIT CONE
! | o i
- | .
[ |
&7 -‘ ! ,
S ool LS-2 CARBON AND j
‘ ! SILICA-PHENOLIC |
EXIT CONE '\-/
: ’
0.96 t i .
‘ |
]
0 10 20 30 40 50
TIME, SEC

Figure 9. Effect of Ablation on Nozzle Efficiency
05771
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appeared to result from reduced erosion, absence of a char layer, reduced
contour discontinuities, and reduced surface roughness. Reduction in nozzle
efficiency resulting from severe exit cone erosion has been observed in other
investigations. In one study, the same nozzle was fired on five sepﬁrate
occasions. The specific impulse decreased with each successive firing, much
in the same manner as continuous firing of the ablative phenolic exit cone
shown in Figure 9. The trend was attributed to the cumulative erosion and

char from prior firings.

The effects of nozzle roughness and erosion should, intuitively, decrease
with increasing throat size. Figure Y does show that an ablative phenolic
exit cone could be used for two 5-sec firings and a carbon-carbon exit cone
could be used for four S5-sec firings without serious performance degradation.
However, a nozzle should be reused with care so that performance is not

adversely affected.

2.5 Nozzle Submergence
The performance losses associated with nozzle submergence are due to two-

phase flow effects. The particles generate under the submerged nozzle and
must flow toward the forward end of the motor to reach the nozzle entrance.
These particles must also make a turn of about 1800 to enter the nozzle.

This change in direction, caused by large velocity gradients, makes these
particles lag further behind in the gas flow than other like particles. This

additional lag in velocity causes the performance loss.

Figure 10 sh.ws the relationship between nozzle submergence and its
associated performance loss. The loss in specific impulse increases rapidly
with the percent of submergence until about 107% submergence. Above 10%,
the loss increases gradually. The loss also depends upon the percentage of
aluminum. An increase in the aluminum content increases the percentage loss
and it also increases the slope of the gradual portion of the curve. At 10%
submergence for a propellant with 21.5% aluminum, the loss in specific impulse
is approximately 0.95%. Increasing the submergence to 25% increases the loss

to 1.1%. It would be desirable to completely model submergence, but the

A=13
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difficulty involved may make it unfeasible and an undesirable expense consider-

ing the small increase in the loss.

2.6 Nozzle Radius of Curvature

The performance loss associated with the nozzle radius of curvature is
due to the acceleration of particles in two-phase flow., With a larger
radius of curvature, a nozzle would have gentler velocity and temperature
gradients, and the particles would have a smaller velocity lag and less
thermal non-equilibrium with the gas flow. Figure 11 shows the relationship
between the nozzle radius of curvature and specific impulse efficiency. The
nozzle radius of curvature is a fairly important effect for radii equal to or
greater than the throat radius. Limited investigations, however, have indicated
that radii of curvature 0.3 to 1.0 times the throat radius have litcle effect on

delivered specific impulse efficiency. Therefore, if the motor system has a

@ Calculated losses
© DOP-75 Minutemon nozzle submergence (ref. 9)
@ ELP-75 Study firings, Kordig (ref. 9)

A JPL=540  JPL Syncom | motor firings

. .
E 1.6 Ls
PO R —
ERN % o i [ L iih <
o.e ll P =] T_—-————‘ V///////////,////////l///////////
i Vi ® T e
0 1
0 10 20 2 L] 50 60 70 80

Submergence, 100 L L percent

Figure 10. Typical Effect of Nozzle
Submergence on Specific Impulse 05772
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throat radius of Curvature jegg than the throat radius, the importasnce of

with minimum mass flow rates of 10¢ 1b/sec and a minimym contraction ratio of
2.5, At these conditions, the loss associated with port to throat contraction

ratio becomes insignificant.
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3.0 PARAMETER EFFECT ON SUPER BATES DESIGN %

3.1 Pressure Neutrality "Q
3.1.1 1Impact of Pressure Neutrality on Performance Accuracy %
A study evaluated the impact of pressure variations on the accuracy of %
performance predictions for the Super RATES. Although a perfectly neutral }

trace is desirable, reasonable variations in PC must be expected with the
high pressure exponents characteristic of advanced strategic propellants. The

performance accuracy corresponding to different deprees of pressure neutrality J
must be evaluated in light of the design compromises that may be required to

achieve nearly neutral pressure traces.

Performance variations with Pc are primarily a result of pressure ratio

effects on CF and the variation of specific impulse efficiency with Pc.

Pc is one of the most important variables in modeling solid motor

specific inpul.... Ao discussed in Section 2.1, PC controls burning rate which

helps establish the size of aluminum particles ejected from the grain. Pressure

also controls the diffusion of oxidizer species and the rate of combustion of

the aluminum particles. Pc affects the rate of the chemical reactions occurring

in the chamber and the magnitude of two-phase flow losses. Without detracting

from the importance of correctly modeling full-scale motor Pc, the correlations
presented in Section 2.1 do not predict large changes in specific impulse ;
efficiency for pressure variations of even '10%. Furthermore, the specific ‘
impulse efficiency appears to be quit: linear at pressures above 300 psia.

Therefore, the inaccurac. caused by a trace with pressure variations of *10%

or even slightly higher compared to a perfectly neutral trace would be less

than 0.05% and would not have a significant impact on overall system per-

formance accuracy.

P variations have a more significant impact on back pressure losses than
on specific impulse efficiency at an 8-in. throat size. Two parameters were
calculated to measure the impact of Pc variations on performance for a square

wave stepped pressure trace. A square trace (half the burn time of
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P =P + AP and half-at Pc = P=AP) is the limiting case for any degree of pressure
variation and was selected to define the maximum performance error for a given
degree of non-neutrality. The first parameter, A, shown in Figure 13 defines

the maximum variation in CF as a percent of the CF at average pressure, For
optimum nozzle expansion, A varies from 1.5% (+0.75%) to 2.25% for Pc from

1,800 psia to 500 psia for pressure variations of 210%. Below 500 psia )
increases more rapidly, reaching 3.25% at 200 psia. The parameter )\ defines

the maximum variation in instantaneous performance (exclgdingvignition and
tailoff), but not the difficulty in measuring overall perforﬁance.

The parameter, &8, was calculated to define the performance correction !
required with a square wave trace to convert performance at average pressure
to average delivered performance. Since performance'failé off more rapidly
at low pressure, the specific impulse loss at P-AP is greater than the gain
at P+AP requiring a correction of roughly =0.10% from the specific impulse

at average pressure to determine average specific impulse. The values of §,

7 BI 15 TP ]14 7 PSIIA 10% ]
=1 s 14, + .
s . AMB o P b —Pave
z‘ s et i . 10 A s oA St e Ay o o —— a -lm e
£ ‘ 2
& ¢ 1 \ a
P vy TIME ‘
g Y * A = CF(P + 10% - CF(P - 10%)
= 42 \ \ - ]
CFi(Pc)
2 ' [\
o SN \
& 1 \
S N\ N, . |-OPTIMUMEXPANSION
»
z, ) B A S e EXPANSION
= ~ RATIO

= | B

1 \"\ng P 10
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Figure 13. Performance Variation vs Pressure and Expansion Ratio

for a Square Trace with 10% Neutrality”
' S 05775
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the correction factor, arc shown in Figure 14 versus expansion ratio and
PC for variations in Pc of +10% with a square trace. The correction factor
which can be determined for any pressure trace, will be considerabiy lower
for the skewed paraboiic traces typlcal of Super BATES. The correction

factor at optimum expansion ratio also increases sharply below 500 psia.

The values of A and § were calculated ior pressure variations up to +207%
to establish a recommended level of pressure neutrality for Super BATES. The
results shown in Figure 15 indicate that the correction factor escalates
vapidly for pressure variations above 10% while the absolute performance

variation is nearly linear over the range 0 to *20%,

Although the correction factor can be accurately calculated, large
corrections are undesirable., At pressure variations of *10%, the maximum
correction factor is only about 0.12%. Consequently, simplified correlation
plots with only a few curves would be adequate because interpolation errors
of even 10% to 20% would amount to performance errors of only 0.01% to 0.02%.
However, with P variations of *20% or higher, an accurate determination of
the correction factor would be required to avoid compromising the performance

prediction accuracy of the motor.

Bagsed on the correction factor curve shown in Figure 15, UTC recommends
that a maximum Pc variation of +10% be allowed for the Super BATES motor.
Although the extremely small correction factor at 5% is attractive, the
error resulting from a 0.127% correction at *10% pressure should be no more
than 0.02% which seems acceptable in light of the projected thrust stand
accuracy (#0.10%). Clearly the design should strive for as neutral a trace
as possible, but the small improvement in accuracyhfrom +10% Pc to *5% Pc does

not justify major compromises in the design.

3.1.2 Effect of Grain Geometry on Pressure Neutrality

The effect of propellant grain geometry on pressure neutrality was

analyzed.
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Interest focused on cylindrically perforated double end burning grains
because this configuration offers simplicity, web thickness flexibility, and
excellent neutrality. Grain design flexibility was evaluated in terms of

Fressure neutrality and propellant exponent.

3.1.2.1 Derivation of Pressure Neutrality Relationships - The equations

relating Pc neutrality and grain geometry were derived assuming throat erosion
effects to be negligible. Variables used in the derivation are shown in the

list of abbreviations and symbols at the end of this appeadix.

For steady state operation the pressure and surface area can be related

by equating the propellant mass flow through the nozzle with the mass leaving

the grain.
Cc*
P = LU
c At gc
m =pa P Ay
1—}; 1 1 1
a p C* l-n l'n l-n
= [ ——— = A
PC <At gC > Ab [o] b

Since throat area changes are small, the term in parenthesis above is

a constant, Average pressure can be related to average surface area through

the burning rate relationship.
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t
= 1
P, = — Pc dt
[ tb

n L N

. l1-n  1-n
r =a Pc = ac Ab
dt = dw/r

w
b b
57 L[k =L | A, dw
o o

This expression for average pressure can be simplified through the definition

of average burning rate,.

w/ty =1 =a 3;“
L Yy — — n -

Pressure variations can be expressed in terms of surface area variations

which can be related to the grain design,

1-N
52.2 P,

rnd b -n
Ay Pc/c Pc
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If K(A, 6) 1s defined as Fc“ Ec“ then

=1 -
. Pe_ R, 8) =[ 28 o K(x, 6)
Ap I P, ’

An investigation showed that fcn and Fcn were essentially equal for the
range of grain designs being considered for Super BATES. The extreme case of
a square wave pressure trace was examined to determine the maximum variation

of these two pressure averages. For pressure variations of #5% and *10%Z the

Pma x .
Pressure b-__--'L—-”--—F ;
Prin g
J
Time

values of K and the maximum error incurred by neglecting K were calculated as
shown below.

Pressure S ’ Actual Pressure Variation
Variation, for K Assumed to be Unity,
% K Square Wave 4
+5 0.9997 5.09
*+10 0.9989 10.13

Since the variations for the skewed parabolic traces characteristic of

the Super BATES grain will be much less than for a square wave, the pressure

iﬁﬁzm «&*a&. SO v A Vs SRR RN s B B e S

variations can be calculated based on surface area and average surface area

o

without determining the K factor for each grain.

For a cylindrically perforated double end burning grain, the surface

area variations can be calculated in nondimensional form directly from the

&

geometry where we = w/D.
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A, -2x£~(1)2-(d+2u)2)+ 1(d+2w)(L-2w),0<w<-2—
%%2 - &(1 +2§ - ilf)' bug/h + 28wg - bug?, 0 vp< 33T

The average nondimensional surface area can be calculated by integrating

the above expression.over the web.

A-1
- 2
22 A A+ 1
-—b_= —— -b—dwf =6( )
2 2
mD -1 D 2\
(o]

The surface area ratio n 1is simply the quotient of the instantaneous and
average nondimensional surface areas.
A2(1 + 4bug - 12w 2 )+ N(25 - Bug) - 1
f’ =
sa(x+ 1)

The variation of n with grain L/D (§) is shown in Figure 16 for a grainm
B/A (A) of 1.25. Minimum values of n occur at the optimum L/D of 1.9 for this
B/A. The curves are not symmetric about the average surface area. The

variations at minimum surface area are always larger than the variations at

maximum surface area. For this study, pressure neutrality has been strictly
defined as the maximum deviation from average pressure. Therefore, a trace
whose minimum pressure was 10% below average, but whose maximum pressure was

only 5% above average would still be considered to have a pressure neutrality

of 10%.

The variation at maximum surface area can be calculated by taking the

derivative of n with web fraction.

SN -2

2 _ guwg 22 .
LAY S T\ 5 I | R N

dwg AN+ 1)

2 2
AL (34 6% +25A+ 1 2 3A-1
Nmax 36N (A F D) for Y < b <————7\
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The relationship for Mmax is mathematically valid for all values of §,
but beyond the range indicated the maximum value of n will physically occur

beyond the motor case or inside the actual propellant surface.

The largest surface area variations occur at the minimum point at

ignition for g >____._...37\2; 1 and at burnout for g ¢ 3)‘2'; 1-_“
3A+ 1
no M +2860-1, 8> 2%
=TT o+ D
A+ 1
ne2Q8-2 + D, 5< 2A
s(\+ 1)

The pressure neutrality can be calculated from the surface area variations

1 1

— Py l-n 1-x 1-p )l-n
Py=1-P, /P=1- (Abmin Ap) =1 -1 or ® = (1 - Py .
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The values of § (L/D) can be calculated for any desired value of n.

) I+ 1
5 = A2 -1 s> 2h
A (A + 1) - 2\

aA+1

2 (A-1 ,5< 2A

s o D

If A (B/A) <2 = n then there is no maximum length,
n

3.1.2.2 Investigation of Grain Pressure Neutrality Characteristics — The

equations developed in the previous section were used to investigate the pres-
sure neutrality characteristics of the baseline circular perforated double end
burning grain design. Based on the neutrality study presented in Section 3.1.1,
pressure variations up to +10% were considered. The grain design study showed
that a pressure neutrality of considerably less than 5% could be achieved for
significant ranges of motor length and web. However, a 5% limit on pressure
variations would severely restrict motor operation in several areas, whereas

a 10% 1limit on pressure variation removed these restrictions completely.

The effects of pressure variation and burning rate exponent on the maximum
allowable web fraction are presented in Figure 17. Although the maximum web
shows worthwhiie gains from 5% to 10% pressure variation, the gains for further
increases in allowable pressure variation will tend to be small. Considering
the large relative increase in performance error noted in Section 3.1.1 for
pressure variations beyond 10%, there seems to be little advantage in extending
the allowable pressure variations beyond the recommended +10Z. The increase in
allowable web for lower burning rate exponents reduces the pressure variations
considerably for low values of n. Most high burning rate propellants which
would require a thicker web also have high burning rate exponents. Therefore,
this grain design study used a maximum exponent of 0.65 for the high energy

propellants for ballistic missiles,
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The allowable range of grain length for a given web is a more important
design parameter than the maximum web., Figure 18 shows the variation of B/A
(A) and L/D (8) for two pressure variations (5% and 10%) and three propellant
exponents (0.35, 0.5, 0.65). The curves are sharply cusped near the maximum
B/A and are relatively flat for values of L/D less than 0.8 B/Amax or greater
than 1,15 B/Amax' Allowable grain length and web are shown in Figure 19 for
an outside grain diameter of 28 in. A grain diameter of 28 in., which is
roughly equivalent to an average portldiameter of 25 in.,, emerged as the most
attractive diameter based on the grain geometry considerations presented in
this section together with the residence time, ignition transient, erosive
burning, and heat transfer considerations presented in the following sections.
The impact of increasing the pressure variations from 5% to 10% on allowable
grain length is quite dramatic, With 5% variation the grain length is restricted
to a relatively narrow range for an n of 0,65. However, with a pressure
variation of 10% the grain length can vary by a factor of 2 at the nominal web

of 2.5 in. and by a factor of 1.5 at the largest primary web of 3.5 in.
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Pressure neutrality helps determine the choice of grain diameter by

'restricting the allowable grain length variations for given propellant webs.

With a grain diameter of 23 in. (average port diameter of 20 in.) the allowable
grain length variation at the nominal web of 2.5 in., would fall from 40 in.
(for a 28-in, OD) to only 22 in, which is inadequate to cover the full range
of grain lengths for the Super BATES. With a grain diameter of 33 in.
(average port diameter of 30 in.), the range of allowable grain lengths at
maximum web would increase beyond the range required. Further study showed
that the capabilities of a 28-in. diameter grain were sufficient to handle the
full range of Super BATES grain lengths within the maximum pressure limits of
+10%. The effective grain length equals twice the actual grain length divided
by the number of end surfaces burning. By using a segmented grain with the
upstream face of the head end segment inhibited as needed, the number of burn-
ing end surfaces -can be any integral greater than or equal to one. The k

resulting pressure variation curves intersect as shown in Figure 20. Over the
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range of grain lengths from 50 in. to 180 in. required for Super BATES,.thé

average pressure variation at the nominal web is under 3%. Even at the

£
b
3

largest primarv web of 3.5 in., the maximum variation is only 107 with the

average variation under 5%. Therefore, a 28-in.~diameter grain provides

»

acceptable pressure neutrality characteristics over the full range of grain
lengths required for Super BATES. If a particular test requires extremely

low pressure variations, the values shown in Figure 20 can be furtlier reduced.
Surface histories roughly approximating fractional end surfaces can be achieved

by inhibiting part of the head end face of the grain. This approach can be

I e it T

used to achieve reduced pressure variation for virtually all conditions.

3.2 Evaluation of Residence Time Requirements and Geometric Constraints 1

Chamber residence time could prove to be one of the most significant

design parameters for Super BATES. Short chamber residence times are
desirable to minimize the performance uncertainty auring the ignition and
shutdown transients. However, long residence times are desirable to allow

the combustion efficiency to achieve the levels found in fullw=scale motors.




kesidence timgyperformance data indicate that aluminum combustion is
essentially complete after residence times as short as 10 to 15 msec. Two
typical efficiency curves taken from the NASA Solid Propellant Selection
Monograph are shown in Figure 21, Both curves predict small performance
changes beyond 20 msec, the minimum allowable residence time for preliminary

motor sizing,

Residence time given by the following equation is directly proportional

to L*,

;. EQE%HEEB . Pc Vol, . L*(Pt )

u px Ay T* px Uk
For L* in inches and t in msec, the term in parenthgses is typically
0.039 msec/in. for high energy propellants. Averagéire51dence time and L* are
shown in Figure 22 for a number of large SRMs. Most of the motors have
average residence times between 50 and 150 msec and L* between 1,200 and
4,000 in., Actually mean residence time is somewhat misleading. Since most
ballistic missiles achieve volumetric loadings of 90%, the residence time at
ignition is less than 20% of the residence time when half the propellant has
been expended. Therefore, several of the upper=stage motors will have initial
residence times of 10 msec to 15 msec where L* effects are beginning to be

important,

The Super BATES will be designed to simulate the average chamber environments
of large solid motors. The high velocity, short residence time, and erosive
burning conditions found in large solid motors at ignition cannot be accurately
simulated in Super BATES due to the large pressure drop down the motor and the
wide variation in Pc that would occur with the baseline grain design. The
severe conditions often found in large solid motors at ignition soon disappear
and in general do not have a major impact on average motor performance., There-
fore, a Super BATES test designed to match average large motor chamber condi-

tions will provide the most meaningful performance simulation.
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Motor residence time and average grain dimensions were relat~d for throat
diameters from 4 in. to 12 in. For a double end~burning grain with circular

port, the propellant volume in a segment is

. -z|(p b\2 - (D, ... - Web\? =7 D, L Web
Volump opeltant ~ 4 (DPORT * w"’) (DPORT web) * L PORT

N

The average surface area is simply = PORT
at half web by at most a few percent. Neglecting the initial gap between grain

L which differs from the surface areza

segments, the chamber volume at half web is

T = 2 = 2
Volumechamber = 7 Dporr X L + 27 Dpogpr X Web”™ x NgpomeEnTS

If for conservatism the volume between segments is neglected since most of the
gas-flow bypasses this largely stagnant region, then effective chamber volume
as shown in Figure 23 equals n/4 D, 2L The mean characteristic length

: PORT ™*°
given by the following equation is directly proportional to residence time.

2 - 2
n/4 DTZ Dy

Selecting 20 msec as a minimum residence time determines both a minimum volume

f)'(:

for each throat diameter and a minimum average propellant surface area for

each average port diameter. As an example, for an 8-in. throat and a
25-1in port, the grain length is 51 in. and the surface area is 4,005 in.2 for

a residence time of 20 msec.

Curves of minimum surface area for 20 msec residence time were generated
as a function of average port diameter and throat diameter as shown in

Figure 24. Constant surface area DP a DT2 is given by

= 2
Ve _ #/4 Dpogr” L _ Dport Ab
Ap n/4 D2 7 Dy’
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The surface area and throat diameters of candidate large solid rocket motofs
were located in Figure 24. The dashed line for an average port diameter of
14.96 in. represents the smallest port that could be used for a 20 msec
residence time excepting the second-stage Poseidon. The second-stage Poseidon
(C3) has a burning rate of roughly 0.6 in./sec (which reduced surface area)

at a pressure of 330 psia (which required a large throat). This combination
of high burning rate and low pressure was due to the excessiveiy high burning
rates of early double base propellants and will not likely be repeated in any

future motors for ballistic missiles or large booster applications.

To hold the test motor length to a reasonable value it is necassary to
scale down the very large solid motors to the Super BATES propellant and
thrust capabilities. Correct chamber pressure should be maintained with throat
area and surface area both reduced proportionately.” At the maximum large
motor burning rate (0.61 in./sec at 1,200 psia for the second-stage 88=in. MX)
a surface area of 14,000 in.2 gives a maximum thrust of 150,000 1b. Therefore,
14,000 in.2 was selected as a preliminary maximum surface area for Super BATES.
With this surface area the other very large solid motors scale down to flow
rates of 300 to 500 1lb/sec and throat diameters from 7.4 to 10.7 in. which
are within the capabilities of the Super BATES.

An average port diameter around 25 in. looks attréétive. The maximum
grain length required for a surface area of 14,000 in.2 is 178 in., for a
25~in. average port diameter. The motor becomes excessively long for
B; <£20- in. while po.t diameters of 30 in., or more result in excessively large
free volume. Specifically the curves drawn for a residence time of 20 msec in
Figure 24 can be redrawn for longer residence times. Since 1 a ﬁ}ORT is
constant for a constant surface area, the curves will lie along the dashed
14.96~-in. port diameter curve for residence times of 20 msec x 5§0RT/14.96.
These values tabulated on the figure represent the minimum average residence
time (corresponding to the MX=3, 88-in. diameter). All other motors would
have longer average residence times. Based on the combustion efficiency curves
presented in Figure 21 an average port diameter around 25 in. provides an ade-
quate residence time (33 msec) for aluminum combustion without causing excessively

long ignition and shutdown transients.
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For purposes of ignition and tailoff transient evaluation a typical upper
i.*/DP bound {= Ab/nDTz) is shown in Figure 24. This upper bound average L*
is roughly double the lower bound and encompasses virtually all the current
aind future large solid motors. These L* bounds do not restrict the operation
of the Super BATES, but they do indicate the nrimary range of operation based

on available motor data.

3.3 Aluminum Combustion

A study was conducted to predict the performance losses in the Super
BATES attributable to incomplete combustion of the aluminum and to compare the
results with similar predictions for the 15 1b and 70 1b BATES motors as well
as typical full-scale motors.

A burning rate law for the aluminum agglomerates leaving the propellant
surface and a model of the flow field in the chamber are required to predict

particle trajectories, residence times, and combustion efficiency.

Burning times for single aluminum particles have been measured in premixed

(1,2) (3
(4)

flames at atmospheric pressure, in oxygen argon mixtures, and in

simulated solid propellant gases at various pressures. Burning times

'k. Friedman and A. Macek, ‘‘Ignition and Combustion of Aluminum Particles in
Hot Ambient Gases,”’ Combustion and Flame, Vol. 6, 1962, p. 62.

ZR. Friedman and A. Macek, ¢‘Combustion Studies of Single Aluminum Particles,”?
9th Symposium (International) on Cumbustion, Academic Press (New York, 1963)

p. 703,

R. P, wilson, Jr., and F. A. Williams, ¢‘Experimental Study of the Combustion

of Single Aluminum Particles in Op/AR,’’ 13th Symposium (International) on
Combustion, The Combustion Institute (Pittsburg, 1971) p. 833.

AA. Davis, ¢¢Solid Propellants: The Combustion of Particles of Metal Ingredients,®’
Combustion and Flame, Vol. 7, 1963, p. 359.

3




also have been measured for aluminum agglomerates shed from propellant strands

(5,6)

using high=-speed photography and quenched-particle collectorb(7). The

data indicate that the time required for a particle of initial diameter dP to

burn to completion may be expressed as °

tp = M

where n is between 1.5 and 1.8 and k depends on ambient conditions. The
empirical value for n falls between the theoretical values of 2, corresponding

to a vapor phase diffusion flame model, and 1, corresponding to a surface
combustion model(g). Values of k determined by various investigators are shown
in Table 1. The lowest values of k, obtained at low pressure in experiments with

single particles are inapplicable under SRM conditions.

The single-particle measurements of Davis were made in oxidizer-rich
gases at pressures from 300 to 3,000 psia and temperatures from 1,300o
3,200°K, and show an increase in burning rate with increasing pressure and
temperature. The measurements on the burning rate of agglomerates from
propellant strands by Pokhil and Belyaev are somewhat lower than Davis’s data,
probably due to the lower oxidizer level. Belyaev studied the effect of

oxidizing species concentration and concluded that

0.9
k =¢C o +
1 (¢ H,O co?_)

5P. F. Pokhil, V., S. Logachev, and V, M, Mal’tsev, ‘‘Coalescence of Metal
Particles During the Combustion of Metallized Ballistic Compositions and
Fuel-=Oxidizer Mixtures,®® Fizika Goreniya i Vzryva, Vol. 6, 1970, p. 80.

6P. G. Willoughby, UTC measurements, unpublished.

7A F. Belyaev, B, S, Ermolaev, A. I. Korotkov, and Y. V. Frolov, ¢‘Combustion
Characteristics of Powdered Aluminum,®® Fizika Goreniya i Vzryva, Vol. 5,
1969, pp. 207-217. :

8R. Friedman and A. Macek, ‘¢‘Ignition and Combustion of Aluminum Particles in

Hot Ambient Gases,'’ ibid.
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TABLE 1. ALUMINUM PARTICLE BURNING RATE CONSTANTS

1.8 __ 1%

Source o K, cm sec " Condition o
Friedman and Macek 0.004 to 0.006 Single particle, low P, 03H8/02
(see ref. 1 and 2) Zlame
Wilson and Williams 0.004 Single particle, low P, OZ/Ar’
(see ref. 3) ' laser ignition
Davis (see ref, 4) 0.017 to 0.026 Single particle, high P, AP/PF
strand
Pokhil (see ref. 5) 0.009 to 0.013 High P, A1/AP/PF strand
Belyaev (see ref, 6) 0.009 High P, A1/AP/PMM strand
UTC (see ref. 7) 0.08 High P, A1/AP/PBAN strand
UTC (see ref. 10) 0.15 Motor data, high P, A1/AP/PBAN
propellant
* For consistency, the k values have been adjusted to correspond to a value
p01.8
of n = 1,8 so that ty = %
where C, is a constant and a and « are the mass fractions of H,0 and
1 HZO 002 2
COZ.

UTC’s cinematographic observation of aluminum agglomerates burning on and
near the surface of a propellant strand suggest a value for k of 0.08 cm"8
sec-l,(g) almost a factor of 10 greater than observed by Pokhil and Belyaev.

The reason for this apparent discrepancy is not understood at present but may

be due to velocity lags and a more highly oxidizing environment in the UTC

experiments.,

Significantly higher values of k derived from motor data are inferred from

the experimental combustion efficiencies and measured initial agglomerate size

%p. G. Willoughby, ibid.
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(10)

distributions, as shown by the last entry in Table 1, Somewhat higher
burning rates might be expected in actual SRM cavities because of the higher
temperature and more severe radiation environment than iu the case of a pro-
pellant strand. Particle fragmentation also may occur in the motor cavity,

leading to an apparent increase in agglomerate burning ;;te.

The aluminum burniﬁg rate in the motor cavity may also be influenced
significantly by the velocity lag between the aluminum agglomerates and the
accelerating gases. If the lag results in a sizable gas velocity relative to
the burning particles, the flame zone would move closer to the aluminum surface,
thereby causing greater heat transfer to the particle and a greater vaporization

rate.

The wide disérepancies in aluminum burning rates shown in Table I were
investigated to determine their effect on the design of the Super BATES. Lower
values of k favor longer residence times to achieve complete combustion.

1.8 -1
s

Burning rate constants in the 0.009 to 0.013 cm ec range reported in the

Russian literature by Pokhil and Belyaev could make accurate simulation of
large motor combustion environments extremely difficult to achieve by ballistic
test motors with comparatively low L*, Therefore, the probable range of the
aluminum burning rate constant must be determined tc appropriately select the
size of the Super BATES and predict the level of scaling required to match

large motor performance.

The size of the aluminum agglomerates leaving the propellant surface is one
of the primary variables determining the fraction of unburned aluminum leaving

the chamber., The mass median particle diameter, <d>, is defined by

<a>
J p3 N(D) 4D
. Q

J' p3 N(D) dD
Q

=1/2

'10R. W. Hermsen, and P. G. Willoughby, Unpublished measurements of aluminum
agglomerate size for two propellants at various pressures; calculations of
motor combustion efficiency; and comparison with experimental data.

November, 1969.
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where N(D) dD is the number fraction of particles witlﬁfo N(D) dD = 1 correlated
with propellant burning rate for a wide range of solid propellants as shown in
Figure 25. A preliminary trade study showed that burniug rates of candidate
large ballistic missiles fell mostly in the range 0.3 to 0.5 in./sec. The

mass median aluminum particle diameter ranges from roughly 180w at 0.3 in./sec
to 100u for propellant burning rates above 0.55 in./sec. A mass median particle
diameter of 196u was selected to investigate the largest particle size that

would be expected over the Super BATES burning rate range of 0.3 to 1.0 in./sec.

The effects of unburned aluminum on specific impulse efficiency were
determined using UTP-15,908 propellant (Figure 26). UTP-15,908 is a high energy
class 7 aluminized composite propellant developed at UTC during the C4 third-
stage ADP., The effects of unburned aluminum fraction (F) on both optimum and
vacuum specific impulse efficiency shown in Figure 26 are typical of high
energy propellants. The measured aluminum particle distribution for
UTP=15,908 was shifted to muatch the 196 micron mass median particle size based

on the lowest Super BATES burning rate of 0.3 in./sec.

The size and residence time distributions of aluminum particles were
integrated over the burn time to obtain an accurate evaluation of aluminum
combustion efficiency. For selected grain configurations, the velocity
distribution can be expressed in closed form solution to determine a particle
residence time distribution for a given mean residence time neglecting particle
lags. Selecting the ipitial aluminum particle size distribution and the
particle burning rate constant, k, the instantaneous unburned aluminum

fraction (F) and specific impulse efficiency (nIS -COMBUSTION) can be calculated.

¥

The latter can be integrated over the burn time to obtain the average specifie

impulse efficiency due to incomplete aluminum combustion in the chamber.

The predicted combustion efficiencies of the BATES and Super BATES test
motors were compared with the second-stage Minuteman as a function of the
aluminum bufning‘réiéﬂéonstant, k, for a mass median particle diameter of
196 microns. Simulation of the second-stage Minuteman in the Super BATES

required an L* near the lower bound identified in Figure 24 and therefore
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provides a critical test of the ability of Super BATES to model combustion

efficiency in large solid motors.

Comopustion cfficivncy predictions sﬂown in Figure 27 for four test motors
(25-in. and 20-in. average port diameter Super BATES, 70-1b and 15-1b BATES)
exhibit similar 15) eff%cioncy characteristics. Since these test motors all
have relatively low volumetric loading, they tend to operate af nearly constant
combustion efficiency throughout the firing and are more sensitive to the

value of k.

The efficiency characteristic for the second-stage Minuteman is typical of
highly loaded operational motors. Operational motors often have low initial
values of L* (under 10 in.) even though their average L* may be quite high.
Therefore, a substantial fraction of the aluminum leaves the chamber unburned

during the initial low L* period and very little aluminum leaves the chamber
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Figure 27. Effect of Incomplete Aluminum Combustion

on IS Efficiency
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unburned during the rémainder of the firing. This wide fluctuation in L* makes
the combustion efficiency less sensitive to the value of k in an operational

motor than in a constant L* test motor.

Combustion efficiency losses are excessively large at the low values of

k (0.009 to 0.013) reported by the Russian investigators Pokhil and Belyaev.

Although these experiments provide interesting insights into aluminum combustion,

they apparently did not accurately model the enviroﬁment in large solid motors.
The radiation level in a large motor chamber would be much more intense. More
important, the high flow velocities in actual motors could substantially
increase the mass transfer rate and make k a function of the motor flow field.
Although the equivalent value of k must lie above the Russian values, the state
of knowledge on aluminum combustion is not sufficient at this time to precisely

define the equivalent aluminum burning rate constant.

The Super BATES should be designed to match the combustion efficiency of
large sclid motors over a wide range of ). values to minimize the uncertainties
owing to present incomplete knowledge of aluminum combustion. A simulation by
Super BATES (with 25-in. average port diameter) of the second-stage Minuteman
would equal ;r exceed the full-scale motor comhustion efficiency for values of
k greater than about 0.03. A scaledown of 0.3% to 0.57% would be required to
match full-scale motor efficiency. However, increased aluminum combustion
in the high velocity flow fields of large motors at ignition could raise the
predicted second=stage Minuteman efficiency curve and match the efficiency of
a Super BATES with a 25-in. average port diameter over a wide range of k. A
Super BATES simulation (with 20-in. average port diameter) of the second=stage
Minuteman would fall below the full-scale motor performance over a wide range
of k and consequently would not be as attractive a design as one with 25-in.

average port diameter in terms of matching large motor combustion efficiency.

The BATES motors fall considerably below the combustion efficiency of
large motors at low values of the aluminum burning rate constant, k. These
extremely low predicted values of Isp efficiency for values of k between

0.009 and 0.013 reported in the Russian literature further support the higher
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values of k derived by UTC from motor firings. Even at higher values of k, the
combustion efficiencies of the 70-1b BATES and especially the 15-1b BATES fall
well below the level achieved in fullescale motors. The Super BATES equals or
exceeds full-scale motor performance over a wide range of k values and should
be able to offer a significant improvement in modeling large motor combustion

efficiency.

3.4 Ignition and Shutdown Transients
An ignition and shutdown transient study was conducted to determine the
effects of motor design variables on transient impulse and ensure that the

Super BATES could meet the 5% transient impulse fraction specified in the SOW.

The total impulse during the ignition and tailoff transients is determined
by a number of factors as shown in Figure 28. Chamber L* and propellant

burning rate exponent are the most important factors. Flame propagation rate

f
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Figure 28. Factors Affecting Ignition and Tailoff Transients
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plays a significant role in determining the shape of the ignition transient,
and tailoff web thickness is important during tailoff, The extent of sepa-
cated tlow during ignition and tailof{ contributes disproportionately to the
performance error due to the comparatively larpge uncertainty of the thrust

with separated flow,

I'be upper and lower L*V/bLG;}.VUIUCS generated in the previous section were
used to establish the range of anticipated chamber L* for ignition and tailoff
with a 2.5-in. web, The values of L* shown in Figure 29 only increase pro-
portionally to grain diameter (not DCZ) because motor length decreases with
increasing port diameter. These L* Lounds do not limit the operation of the

Super BATES. They merely indicate the most probable range based on the large

solid motors cvaluated.

Propellant ignition characteristics were based on established engineering
relationships. Igniter mass flux requirements depend on the propellant, but an

ignition mass flux of Y.2 lb/ftz-sec (corresponding to a convective flux of
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2
100 cal/cm“=sec) is typical for an ignition delay of 50 msec. A flow rate of
15.4 lb/sec was used based on an average port diameter of 25 in. with a
2.5=in. web., For this size port, a flame propagation time of 50 msec is a con=

servative value for the maximuim 180=in. notor lengtii.

Flow separationlcffccts were examined in considerable detail to define the
fraction of ignition traasicnt impulse contributed by separated flow. The
Super BATES specification limits the transient impulse fractiom to 5%. 1f, for
instance, the performance error generated by the transients is to be no more than
the accuracy of the thrust stand (0.1%), then the average performance uncertainty

during the transients must not exceed 2%. DBased on the pressure neutrality

study presented earlier a 27 uncertainty seems reasonable unless there is a

large impulse uncertainty generated by the separated flow region. Equations

for nozzle separation pressure were collected from several sources. The results

are shown in Figure 30 together with exit pressure curves for various expansion

ratios for y = 1.15. Tihe equations defining nozzle separation pressure are in

reasonably good agreement. The expression for nozzle separation expansion ratio

depends on propellant ,. For , = 1.2 it iies much closer to the other curves.

25

AR PRESSURE - 14.7 PSIA,5
Nl Pt ANSION RAIG - LS 0

PS1A

-
E -~ SEALEVEL "
o~ OPTIMUM b2
) .
S P
= “
=3 5
T
&
2 10 . o
f=]
z 715° cout psipa - L p e 0
= i p 09
“ - 15° CONE p"-1"5‘-0.53( C)

5 . p P /.. .
B L ¢ 2 o

N, -SHORT CONTOUR
\. -1GNG CONTOUR

0 400 800 1,200 1,600
CHAMBER PRESSURE, PSIA

- -15° coNE }

Figure 30. Nozzle Flow Separation Predictions
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The equation Ps/l’A = 2/3 (l‘C/PA)-U'2 was used to determine nozzle separation
and to evaluate separated impulse fraction., The results shown in Figure 31
indicate that for large L* where transient response is important, only 7% to
97 of the ignition impulse (0.27 to 0.3%Z of the motor impulse for a 57 transient
impulse fraction) occurs in the region of separated flow. Therefore, even
relatively large uncertainties in separated flow performance (e.g., 10%) will

not significantly contribute to the total performance inaccuracy (~0.025%).

Ignition transient characteristics were determined as a function of chamber
L* and equilibrium pressure for a burning rate exponent of 0.65 as shown in
Figure 32. Two parameters were calculated: (1) T90%, defined as the time from
igniter signal to 90% of equilibrium pressure and (2) 1, defined as the equiva-

lent time at full thrust (i.e., 1 /F ). Both parameters are
IGNITION EQUILIBRIUM

linear with L* and increase only slightly with pressure primarily due to the

decreasing igniter contribution.

The effect of residual web on the tailoff characteristics was investigated
to determine grain dimensiona} accuracy requirements., Tailoff impulse was cal-
culated from full pressure to 10% of full pressure. The governing parameter is
residual web/burning rate at full pressure as shown in Figure 33, At a nominal
burning rate of 0.5 in./sec, a tailoff web of 0,015 in. is required to hold W/r
to 2.030 sec, The equivalent time 1, increases by rouéhly 0.02 sec from W/r
of 0.030 to 0.060 sec which would require an additional motor burn time of
0.4 sec to maintain a 57 transient impulse fraction. Tailoff characteristics

are replotted as a function of burnout L* in Figure 34,

The Super BATES can maintain a 57 transient impulse fraction with a
grain diameter of 28 in., The time requirzd (T§) for the transient impulse to

equal any desired fraction (6) of the total impulse is simply (TIGNITION +

Y/8 or in this case T_., = 20 x (7 ). The value

"TALLOFF 5% IGNITION * TTAILOFF .
of TS% is shown in Figure 35 for the typical upper And lower L* bounds shbwn
in Figure 29, For grain diameters of 28 in. or less, the primary burn time
range of 4 to 7 sec 1s sufficient to keep the trans'iffent impulse fraction

below 5%, &
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Figure 31, Separation Impulse Fraction vs L*
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3.5 FErosive Burning Effects

A study was conducted to determine the burning rate augmentation due to
propellant mass flux as a function of grain diameter. Burning rate increases
when a high mass flux of gas passes parallel to the burning propellant surface.
This effect, erosive burning, stems from increased heat transfer from the flame
to the propellant surface. Lrosive burning can become very significant when a
high mass flux is coupled with a low burning rate. Under these conditions, the
heat transfer is high duc to the convective flow acrocs the surface associated
with the high mass flux and the low blowing from the surface since the burning

rate is low. The increased heat transfer can enhance the burning rate

considerably.

Several expressions have bLeen developed to predict erosive burning. The
expression developed by Lenoir and Robillard has been used extensively,
Their expression combines aspects of fluild flow and heat transfer and
postulates a central core of flowing combustion gases surrounded by

transpiring propcellant walls. The augmentation of burning rate
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is related to convective lieat transfer and is, therefore, dependent on the

combustion gas flow rate. Thelr erosive burning ratc expression is

_Bryp
. . G0.8 G

where
a,8 = empirical constants
= mass flux in port parallel to burning surface

= hydraulic diameter of the port

. -Bpr
4k e T
4 ;DO.Z
since G = /A
P
and _ T n2
Ap = Z D*

_ 4 port area

and
D wetted perimeter

Figure 36 shows the relationship between a end the hydraulic bore diameter.
It shows that o continuously decreases with increasing bore diameter. B8 was
a2ssumed equal to 70 for all motors. While this figure only shows diameters
up to 7.5 in., data for the Titan III show that o = 0 for a 40-in. bore diameter.
In this .study a linear interpolation was used to arrive at an o for the range

of Super BATES bore diameters.

Ballistic analysis of the proposed Super BATES grain configurations
indicate erosive burning is not significant. If the mass flow rate/mass flux
of the Super BATES is increased, erosive burning will be analyzed and aeccounted

for as described above.
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3.6 Heat Transfer Analysis
An analysis was conducted to determine the expected total heat transfer
loss to candidate chamber and nozzle insulation materials as a function of

exposure time. The thermal analysis was performed with gas properties char-

acteristic of high energy aluminized propellants (TF = 6,090°F, c* = 5,400 ft/sec,

vy = 1.14) at a chamber pressure of 1,500 psia with an 8-in. throat and a flow
rate of 450 lb/sec to determine the heat losses under a severe thermal environ-
ment. Conventional filled rubber insulation was used in the chamber. Heat
fluxes in the chamber were primarily radiative even in the aft closure region
due to the relative low flow velocities that existed throughout the motor.

The baseline nozzle incorporated erosion resistant materials which minimized
contour change during the firing even at high pressure permitting multiple
reuse of the throat package to minimize nozzle cost. The submerged portion of
the nozzle was insulated with silica phenolic and was exposed to the largely
radiative chamber environment. The throat package consisted of carbon phenolic
entrance and exit sections with pyrolytic graphite washers in the throat backed
up with graphite. The exit cone was silica phenolic. Convection dominated the

heat transfer in the throat and exit portions of the nozzle.
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Thermal response characteristics buasically fell into two classes as shown
in Figure 37. The low thermal conductivity materials in the chamber and the
submerged portion of the nozzle reached their equilibrium surface temperatures
in a few seconds. The largely radlative environment minimized the net heat flux.
variations since reradiation from the insulation was still small at surface
temperatures around 3,0000F. These fast response materials are esscntially in
thermal equilibrium within the nominal 5-sec burn time and account for 75% of
the total heat loss., The materials in the nozzle throat have relatively high
thermal conductivities, respond more slowly, and reach higher surface tempera-
tures than the chamber iusulation. Furthermore, with a largely convective
environment, there is a significant reduction in net heat flux as the surface
temperatures increase. The response of the silica phenolic exit cone is not
appreciably faster than the throat due to the low heat fluxes and completely

convective environment ir. the exit cone. These slow response materials do not

reach thermal equilibrium within the burn time of the Super BATES. However,
the slow response matéerials in the nozzle account for only about 25% of the
total heat loss, and although they may

transfer twice the equilibrium heat

T
o

!
7~ SLOW RESPONSE MATERIALS

NOZZUL ENTRANCE, THROAT, £XIT CONE
125% OF

flux over a 5-sec firing, the weighted

effect on overall motdr'fhérmalvequili~

brium is only about 15%. Yora’

r FAST RESPONSE MATERIALS
| CHAMBER INSULATION INCLUDING
] SUBMERGED NOZZUE

Total heat losses for a 5-sec 5% 0F Oy )

firing were calculated for different

areas of the motor to determine the

magnitude and distribution of heat

HEAT LY HEAT ELUY AT S SEC
z

losses. The total heat losses shown
in Table 2 are 174,400 BTU split 05

60/40 between the chamber and the noz-

|
?
|
I
1
i
i

zle., Heat losses to the fast response

materials account for roughly 757 of 0 . $ y

EXPOSURE THAY. SEC

the total. Heat losses to the sub-

merged portion of the nozzle (for Figure 37. Super BATES Thermal
Equilibrium Characteristics
maximum submergence) and to the 05801
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TABLE 2, SUPER BATES HEAT LOSS DISTRIBUTLON

| TF = 6,090F Pc = 1,500 psia DTH = 8,0 in,
Total Heat Flow, 5 sec, BTU
Fast Slow
L Location _ @csp9gig__m_ Response
Forward closure 17,300
Slots — 3 segments . 24,700
Aft closure 22,800
Forward case -~ 15 in exposed 37,600
Total chamber 102,400 102,400
Submerged nozzle 30,500
Throat package 20,100
Exit cone 21,400
Total nozzle 30,500 41,500 72,000
Total motor 132,900 41,500 174,400
Fraction 76,27 23.8%

forward case (for grains 15 in. shorter than the case segment length) together
account for 1/3 of the total. Use of 30-in. half segments for the case is
extremely béneficial in minimizing heat losses for grain lengths that do not
match the integral 60-in. segment lengths, An adapter ring in the nozzle to

achieve flexible nozzle submergence is also important to model both two-phase

flow and heat losses due to submergeunce.

Heat losses were evaluated in terms of their fraction of available energy
and their contribution to specific impulse efficiency. An ideal nozzle converts
roughly 42% of the available chamber enthalpy into directed kinetic energy
for y = 1,15 and an expansion from 1,000 psia to 14,7 psia as:

Y-1
Pexrr) 7
2 ¢ 151 -\

éi‘. = ————VEXII = _P_0 (M
Ho 2geH, G T, [1]
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For a typlcal theoretical optimum specific impulse of 270 sec, 1,507 BTU/1b

are converted into kinetic energy in the expansion process as shown below.

- 2
g 1
Ah 1,000/14.7 = =52 = 1,507 BTU/1b for Igp 1,000/14,7 = 270 sec
From these two equatiohs the fraction of available energy lost due to heat
trarsfer can be estimated. For a propellant flow rate of 450 lb/sec at

1,500 psia through an 8-in. throat, the total heat loss shown in table 11 was
174,400 BTU for a 3-sec firing., If 427 of the thermal energy is available

for conversion to kinetic energy then the loss in available energy is roughly

2.2% as shown below.

AhQ_ (174,400 x .42)/(450 x 5) _ _32.6 _ 5 oy
Ah 1,000/14,7 1,507 1,507

Since IS a Ah the predicted specific impulse loss due to heat transfer

(Isp a Ah) would be about 1% which is roughly half of the loss experilenced in

a typical 70 1b BATES firing. Based on the heat flow distribution shown earlier,
the average heat losses in Super BATES should be no higher than 257 above the
equilibrium rate for s full-scale motor. I1f the full-scale motor grain exposes
large areas of the case early in the firing, the full-scale heat loss fraction
could easily exceed the value for Super BATES. Therefore, a performance scale-

up in Super BATES of at most 0.25% would be expected to match full=scale motor

heat losses,
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Ab
ADP

B/A
BTU

Cx

CH

Dp
dpo

EDP
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L*
L/D

He

max

min

‘buridny rate constant, r = aP

ABBREVIATIONS AND SYMBOLS

n
c
aft

burning surface arca

advanced development program

ammonium perchlorate

throat area

ratio of outer grain radius to inner radius
sometimes classified, depending on use
cons.ant

characteristic exhaust velocity

thrust coefficient

local heat transfer coefficient
coolant heat capacity

inside grain diameter

outside grain diameter

port diameter

initial diameter of particle
throat diameter

engineering dev:eclopment program
final value

thrust

.acceleration of gravity

initial value
theoretical specific impulse

constant

length of: grain

characteristic length
length to diameter (ratio)
mass flux exponent

mass flow rate

maximum value

minimum value
n

pressure exponent, © = aPc
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NASA
p
PBAN

R
Re
RT
Sow
SRM

National Acronauti{cs and Space Administration
pressure

polybutadiene=acrylic acid-acrvlonitrile
chamber pressure

perchilorvl flucride

‘ P P
pressure neutrality = maximum ' B '

effective heat release in the sccondary chamber
burninyg rate

duct radius

Revnolds number

room temperature

statement of work

solid rocket motor

time

triacetin

burn time

chamber temperature

flame temperature

average residence time

wall temperature

velocity of gas

United Technology Center
Poisson’s ratio for motor case
distance burned back

web of propellant

L/D

A, VA,

D/d = grain B/A

burnback for maximum surface area
38155

propellant density
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APPENDIX B

RESPONSE OF ACCELEROMETERS TO TRANSIENT ACCELERATIONS

LABORATORINS

Number 20

Decrsmber 19351

A major portion of our activity at Statham Leboratories is concerned with the dynamic response character-
istics of instruments. The article presented in this issue of Instrument Notes has been found to be of great
value to our staff members. The results apply not only to sccelerometers, but also to any instruments whose
behavior may be described by a linear second order differential equstion,

With the kind permission of the suthors and the Bureau of Scandards, we are reprinting the paper for the
benefit of those readers who may have missed the original publication in the Journal of Research of the Na-

tional Bum;a of Seandards.

Response of Accelerometers to Transient Accelerations’
By Samuel Levy and Wilhelmina D. Kroll

Curves ond tables are shown for the response of accelerometers to transient exci :i;ig

sccelerations. Three types of acceleration-time relations are considered.

When plot

they have square, triangular, and half-sine-wave shapes. The natural periods of the acoel-

eror~=ters for which the comguutions were made were
e acceleration pulse. The damping coefficients of the acoel-

one-hth of the duration of t

proximately one, one-third, and

erometers were 0, 0.4, 0.7, and 1.0 times the critical values. It is indicated-that, to obtain
a0 accuracy of better than 5 percent of the peak aceeleration in meastring acoeleration pulses
baving the general characteristics of the trisngular or sinusoidal pulses, an acoelerometer
must have a natural period of about one-third the durstion of the acceleration pulse, and a
damping conatant of about 0.4 to 0.7 of the critical value.

I. Introduction

Accelerometers are widely used to measure os-
cillatory and transient vibrations.

The hdelity with which these instruments respond
in the case of oscillatory stimuli has been thc-vughly
studied (1, pp. 61 to 70]. It is found that, when the
damping is betweer. 0.6 and 0.7 of the critical value
and the natural }m'iod of the accelerometer is less
than about half of the period of the applied accelera-
tion, the accurscy is satisfactory.

In the case of excitation of the accelerometer by a
transient vibration, only scattered information is
svailable r ing the reliability of the response
obtained. a'umle gives the response to a tri-

angular pulse of acceleration for an accelerometer
whose natural period is 0.3 the duration of the pulse
and whose damping is 0, 0.3, and 0.7 of the critical
value. He also gives the response to s suddenly
applied constant acceleration for accelerometers
with s damping ratio of 0, 0.3, 0.7, and 1.0 times
the critical value. Welch [3] has determined, on the
Westinghouse transient analyzer, the response to
several kinds cf impulses of & 50 c/s single-degree-of-
freedom shock measuring instrument having vanous
amounts of dampi On the basis of these scuttered
data, and information for undamped accelercmeters
derived by Frankland [4), Biot and Bisplingboff [5],
and others, it has been common practice to assume
that an accelerometer will be acceptable in a given

® Reprinted from JOURNAL OF RESEARCH OF THE NATIONAL BUREAU OF STANDARDS, Yol. 45,

No.. 4,- October, 1950. Research Paper 2138.
Printed in U. 5. A,
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application if its damping is 0.6 to 0.7 of the critical
value and if its natural period is less than about half
of the duration of the acceleration pulse.

The ocurves presented in this report were computed
to obtain more systematic information regarding the
accuracy of damped accelerometers in measuring
transient phenomena.

II. Theory

The usual acceleromater is a single-degree-of-free-
dom mechanical system. Such a system is shown in
figure 1. Means are provided to indicate the relative
motion z of the internal mass with respect to the
frame. " 'his relative motion is taken as & measure
of the acceleration, d®y/d#?, of the frame.

_ The equation of motion for the mass m, figure 1,
is

d?z dz dy _
m-ap+c -JE—TE)-HC(z—y)_O. (n
With
z=z4y, (2)

eq 1 becomes

dz

dz n d*y
m _JE;+C a—t—+k1:———mm,~, 3)

d? dz  k d?
T mdtm “

We wish to know how faithfully the response z of
the accelerometer reproduces the time history of the
applied acceleration d*y/df? for pulses of acceleration
of finite duration and arbitrary shape. To give the
analysis a wider range of usefulness, eq 4 is written
in dimension'ess form by making the following sub-

stitutions:
~(@(@)...
r=t/T
D=c/2ymk=¢]e.
R=2xmJk/T )

c.=2+y/mk, critical value of damping co-
efficient,

v

(5)

where

T=dursation of acceleration pulse to be
measured,

2x y/m/k="‘undsmped”’ period of accelerometer,

(%)_:‘P“k value of acceleration.
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Substituting eq 5§ into eq 4 gives

RN\*d% ,RDd
(27) G tt=a, ®)

For a relatively high frequency accelerometer, R
is & small number. Under these circumstances, the
first two terms in eq € become negligible, and the
dimensionless response ¢ is equal to the dimension-
less acceleration a. As R becomes larger, the first
and second torms start to have an effect. The
primary effect of the second term is to introduce a
time lag between the response { and the acceleration
a. The primary effect of the first term is to tend
to make the response ¢ oscillate in value above
and below the value of the acceleration a.

III. Results

Equation 6, giving the relation between the di-
mensionless responses ¢ and the dimensionless ac-
celeration a,” was integrated numerically for three
values of the natural period ratio having approxi-
mately the values, R=1, 1/3, 1/5; for four values
of the damping ratio, D=0, 0.4, 0.7, 1.0; and for
the three time-histories of acceleration pulse shown
in figure 2. Numerical integration, instead of
direct integration, was used to give results that
could be plotted directly. Small variations from the
nominal values of R were used for convenience in
computini. These values of R are given in table 1.
A spot check of the results was made using the
analytical solution of eq 6.

The numerical integration was carried out using a
time increment of 1/(20x) times the natural pericd
of the accelerometer. Eight decimal figures were
used in the computation.

The results are plotted in figures 3 to 11. Figures
3, 4, and 5 give the response to a sinusoidal pulse of
acceleration. Figure 3 gives the response when the
natural period is about equal to the duration of the
acceleration pulse. Figures 4 and 5 give similar
results with the natural period about one-third and
one-fifth, respectively, of the duration of the accelera-
tion pulse. In each figure, the dimensionless applied
acceleration, a, is shown by a dotted line; tEe re-
sponse, ¢, with the damping ratio D=0 by curve 1;
with D=0.4 by cusve 2; with D==0.7 by curve 3;
and with D=1.0 by curve 4.

Flisures 6, 7, and 8 show the response to a tri-
angular pulse of acceleration, and figures 9, 10, and
11 show the response to a rectangular pulse. In each
figure, the set of curves brings out the effec: of vary-
ing only the damping ratio D.

It is evident from an inspection of the figures that
for none of the accelerometers considered does the
time history of the dimensionlees response ¢ coincide
with the time history of the dimensionless accelera-
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tion a. In many cases, however, the coincidence can
b markedly improved by considering the response
curves to be shifted a small distance to the left.
They can also be improved, in those cases where
oscillatory respouse is present, by fairing a line
through the oscillatory response. Both of these
methods of record improvement are commonly em-
ployed.

The errors of the various accelerometers for the
azceleration pulses considered are given in table 1.
In columns 1 and 2, respectively, are given the
accelerometer characteristics: R, ratio of natural
period to pulse duration; and 1), ratio of camping
consiant to critical value.

In column 3, table 1, is given the difference be-
tween the maximum value of dimensionless response,
¢, and the maximum value of the dimensionless ap-
plied acceleration, a. The error varies from 0 to 100
percent,

B-3

In column 4, tati- 1, is given the t absolute
value of the differe. » ¢{—a where ¢ a are evalu-
ated at the same . mensionless time. The error
varies from a minimum of 10 percent to & maximum
of 136 percent.

In column 5, table 1, is given the largest absolute
value of the difference ¢—a after shifting the { curve
to the left by the amount Ar given in column 6.
The error in this case is typical of the usual way of
interpreting accelerometer records. This error varies
from a minimum of 3 percent to & maximum of 136
percerit. If only accelerometers with damping are
considered (D>0), the largest error is 32 percent
when the accclerometer is subjected to accelerat on
pulses of tri r or sinusoidal timo his tories.

On the basis of the few cases investigated, an
optimum value of damping is indicated to be between
0.4 and 0.7 of the critical value. It is also indicated
that, to obtain an accuracy of better than 5 percent
of the peak acceleration In measuring acceleration
pulses heving the general characteristics of the tri-
angular or sinusoidal pulses, an accelerometer must
have a natural iod of lees than about one-third
the duration of the acceleration pulse.

Acknowledgment is due to the Bureau of Aero-
nautics, Navy Department, whose research pro-
jects on vibration pickups have provided the impetus
for the work presented in this paper. The authors
also extend thanks to L. W. Roberson and I. Smith
for assistance in computing the many response curves
and preparing the figures and table.
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- APPENDIX C. LOAD CELL SPECIFICATIONS

1.0 SCOPE

This general specification covers the requirements of strain gage load

cell transducers used to determine rocket motor thrust parameters during static

testing.

2.0 REQUIREMENTS

2.1 Type
The transducer element shall be a four-arm bridge, bonded strain gage

with split modular resistors for temperature and sensitivity compensation.

The resistance bridge circuit shall be electro-mechanically coupled to a force

sensing element.

The function shall be such that the applied force will vary the balance

of the bridge in a manner to produce an electrical output signal proportional

to the applied force.

2.2 Materials
The materials selected for fabrication of each transducer shall be satis-

factory for use in direct water spray, temperatures from 0° to 250°F and highly

corrosive or oxidizing atmospheres.

2.3 Physical Characteristics
The dimensions of the transducer shall be as snall in size as possible

without sacrificing elements of strength or function. The specification number

shall be engraved on the transducer,

2.4 Electrical Connector
The connector CA 3102E-14S-6P/C22-F77 (silicon inserts) or equivalent

shall provide a waterproof seal. The mating connector shall be supplied with

the transducer.



The following pin connection shall apply:

Strain Gage Element

Positive output signal
Negative output signal
Negative excitation
Positive excitation
Shorted to B

Shorted to C

=
’ﬁmUOW>[5‘-

2.5 Calibration Certificate
Each transducer shall be accomranied by a calibration certificate which

shall include the following information:

A.
B.
C.
D.
E.
F.

Identification information (including force range)

Linearity

Hysteresis

Repeatability

Combined effect

Sensitivity

Input and output resistances

Complete schematic of circuitry showing resistance values

Two resistor calibration steps and resistor values (25% FS-112,
200 ohms and 75% FS-37, 280 ohms).

3.0 OPERATION RATINGS AND ACCURACY

Range - 0 to 50,000 1b, 0 to 100,000 1b, O to 150,000 1lb, (range
and compression and/or tension to be specified at time of order)
Excitation — 10 volt nominal
Output - shall be standardized 3.00+3.5 millivolts full scale/volt
excitation
Impedance characteristics - input 350%+3.5 ohms at 77°F+3°F

output 350¢3.5 ohms at 77°F+3°F
Linearity *0.05% full scale maximum deviation from a straight line

connecting the zero force and full scale force points

c-2




—
.

M.

P,

Hvsteresis — #0,037 FS maximum hysteresis loop deviation from
lincarity curve

Zero balance - Y17 FS

C Repeatabilivy. - 10,027 F§

Resolution — continuous

Combined effect '0.10% FS (includes linearity, hysteresis, and
repeatability errors)

Frequency response ~ 3% or less of static value from direct current

to 2,000 psi

19 side loading (off axis) - the error shall not exceed 0.10%

of appiied load

3° side loading (off axis) — the error shall not exceed 0.30%

of applied load

Shock — to withstand a minimum of 30 g for 11*1 msec in each of the

three major axes without damage

Force shock ~ to withstand a minimum of 107 of FS repeated force

shocks to a maximum of five shocks without altering calibratior data

other than zero shift

Insulation resistance - not less than 1,000 megohms at 50 vdc

Temperature and humidity

1. Thermal sensitivity — £0.0007% FS/°F from 0° to 150°F

2. zero shift - +0.0014% FS/°F from 0° to +150°F

3. Humidity - meet this specification requirement at 1007 humidity

4. Environmental - 0° to +250°F

Mechanical overload

1. A force overload of 200% shall not damage the transducer.

2. A force overload of 120% of full scale shall not prevent the
transducer from meeting the operational ratings and accuracies
Ao;her than zero shift.

The axial transducer shall be either compression or a tension-

compression load cell, double bridge 350 ohms.



