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SFECTAL DEFINITIONS

"SFFECTIVE" BURNING TIME, tp:

The "effective" burning time has but one significance. It is
precisely representative of the time required (from the first disturbance in

performance measurements) to burn a given percentage of the propellant in a
As such it correlates precisely with the average burning
rate during burning through the web thickness.

tp = fpr «x '/of"l‘ P at L § 4 §
¥

glven motor type.

b
where
Motor Type fpy
Algol II 0.8502
Castor I 0.8719
X259 0.9275
X258 0.8980
10 KS 2500 (round 0.9550
bore)
10 KS 2500 (keyhole 0.9680

bore)

WEB BURNING TIME, ty

Each of the motor manufacturers has one or more definitions of
"web burning time" for each of the motor types.
reflect differences in motor performance characteristics, differences in

It is defined as:

tr
A Treat
F'bV

customer requirsments, differences in manufacturers practices, etc.

The differences in definitions

The different definitions that were encountered in the PAPS program

were:

P, PSIA

PmAX

—175 PSIA

50% PMAX

X259 & X258

N

175 PSIA

]

1

10 K§ 2500 ——

et————————— CASTOR |

Xv

o

t, SEC. ——»



The "web burn time" values from static test data are correlated
with the "effective" burning time, ty, from flight data by the following
equations:

Algol II
ty = tp

Castor I

& - L~

t, = t, - O.
X259

ty = £,/0.930
X258

ty = t,/0.910



SUMMARY

The Scout Motor Performance Analysis and Prediction Study was
initiated by identifying and acquiring the available data that would be needed
to establish Scout motor performance prediction and evaluation procedures. A
basic improvement in predicting/evaluating motor burn times and thrust levels
was provided by changing the concept of "web burn time." The appropriate
changes in the procedure for reducing this value eliminate error that results
from subJective interpretation of an analog trace. More accurate correlations
of Scout motor burn rate with propellant test burn rate were developed.
Nominal curves of Scout motor thrust, and chamber pressure, versus burning
time, were derived from sea level ambient test data and AEDC vacuum tunnel
test data. Nominal propellant specific impulse values were based upon avaeil-
able AEDC test data, with confirmation by data from ground tests with ambient
pressure conditions. Curves of motor inerts consumption versus time were
developed. A rational equation was derived for calculating the propellant
flow rate according to the inerts flow rate and other motor operating condi-
tions that change during burning time. Flight motor performance was compared
with ground test performance, considering burn rate, shape of thrust and
pressure time histories, and the total integrals of pressure and thrust.

The objectives of the study did not include advances in the state
of the science/art. The effected improvements in prediction practices do not
represent advanced technology. Rather, the practices are based upon concepts
and techniques which haed been demonstrated previously. In some instances
avallable techniques could not be applied in the prediction procedures of all
three motor manufacturers, for lack of prerequisite test data.

Procedures for reducing flight telemeter (T/M) date were modified to
obtain more accurate values for motor head-cap pressure. Step-by-step pro
cedures for evaluating flight motor performance and stage acceleration were
prepared, including formats for LTV post-flight reports of motor performance
date. Special studies performed included: (1) X259 specific impulse change,
(2) X258 impulse deficiency, (3) variation in motor tail-off characteristics,
(k) rational estimates of true variability of Scout motor specific impulse,
(5) prediction error allowances for use in orbital error analyses, (6) in-
strumentation and weighing accuracies, (7) Q. C. checkpoints affecting motor
prediction accuracy, (8) comparisons of radar indicated trajectories with
computed trajectories based upon original predictions and PAPS repredictions.
Pre-flight, motor performance predictions by the PAPS engineers for the
motors in the first three stages were used by LTV in preparing the pitch
programs for Scout vehicles beginning with S-133.

A problem encountered was the lack of accurate measures of motor
impulse in flight. Neither telemetry data (motor head-cap pressure or
longitudinal acceleration) or radar data is an adequate basis for estimating
a normal impulse deviation. Head-cap pressure telemetered data does permit
an sccurate evaluation of the burning rate (web-averasge) and instantaneous
weight flow rate of a motor, when the true impulse of the motor is normal.
An abnormally lerge deviation or a prevalling shift in motor impulse is
detected and evaluated best only when all the available flight data are
considered.

xvii



Further improvements in motor prediction accurecy can be effected by
acquisition of experimental data that are lacking. Additional significant im-
provements will require advances in the state of the science/art. Particularly,
the fourth stege impulse variation anomaly may Justify intensive, fundamental
research into the mechanism of solid propellant pyrolysis and combustion under
various enviromments. Such study could contribute also to a more complete and
rational explanation of the different behavior of a propellant test motor from
its related Scout motor.

Over-all, the repredicted motor date analyzed show an improvement
over the originally predicted motor data. The significance of the improvement
is somewhat obscured by the relatively large error sources elsewhere than in
motor predictions, evidenced by the large reduction in error by using post-
flight data.
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1.0 INTRODUCTION

The Scout was developed as an inexpensive launch vehicle for space
experiments which would not require a very precise trajectory. Solid pro-
pellant motors were selected for the propulsion of all four stages because of
the lower cost of solid motors and their simpler operation and launch facil-
ities and the resulting higher reliability. The "guidance" system is a pre-
planned pitch progrem with attitude control during burning of the first three
stages.

The precision of the Scout trejectory was limited partly by the vari-
ability in performance of the motors. Vehicle error analyses were performed by
the NASA and LTV (References 1 and 2). Among the motor variables, the
trajectory was particularly senstive to deviations of the first stage motor
burning rate, affecting the thrust level and burning time, as shown in Table 1.
This sensitivity to burning rate variation reduces as successive stages burn.
Conversely, the trajectory was most sensitive to fourth stage deviations in
propellant consumption, in weight of motor inerts, and to any error in establish-
ing the specific impulse of the propellant.

The error enalyses considered the basic error sources in all the motor
performance predictions to be (1) specific impulse, (2) propellant weight, and
(3) burn rate. Respective motor error values of 1.0%, 0.67%, end 3.3% (con-
sidered, then, to be two sigma values) and the other vehicle errors produced
an 85 n. mi. altitude error in a circular orbit. Correspondingly, motor error
values of 0.20%, 0.20%, and 1.5% with the same vehicle errors reduced the
altitude error to 55 n. mi. The lower values, as two sigme allowances for
prediction error, seemed to be within the state of the art.

Each of the Scout motor manufacturers (Aerojet, Thiokol and Hercules)
had acquired significent amounts of motor measurements and test data from
normel quality control practice. Available data could be used in correlations
with Scout motor performance as & basis for performance prediction procedures.
The manufacturers' practices could be reviewed to determine any critical need
for additional data and improvements in date accuracy.

Accordingly, the Scout Motor Performance Analysis and Prediction
Study (PAPS) was initiated. An engineer, experienced in solid rocket motors,
was assigned to the study by each of the motor manufacturers. Four engineers
were assigned by LTIV, one for vehicle and flight data coordination and three
for PAPS assistance and for monitoring the motor mamifacturers' quality control
in Scout motor manufacturing and inspection practices. The seven engineers
assembled in an office near the NASA Scout Project Office, which provided the
direction of the study. Each of the four companies represented provided "home
plant” manning and computer time.

The basic approach of the PAPS group was to prepare more accurate
nominal motor data (vacuum specific impulse, weights, and instantaneous values
of vacuum thrust and weight-remaining) and burn rate prediction procedures.
The vacuum specific impulse ratings of the motors would be based as much on



TABLE 1
APPROXTMATE ORB1TAL ACCURACY EFFECT
OF INDIVIDUAL MOTOR DEVIATIONS (ARBITRARY)
(Nominal Orbit: 54O n. mi. circular, Wallops Launch, 52° Inclination)

STAGE MOTOR VARIABLE ' IIIJUCTION COIIDITION DEVIATIONS ORBIT CONDITION DEVIATIONS

(See Lote 1) Ah, Tt. AV, ps  _Aydeg. AApogee, n. mi. APerigee, n. mi.
I Igp + 0.1% 550 -0.05 ©.03 3.7 -0.2
(Algol IIA) dp 4+ 0.1 600G -0.08 0.03 3.9 -0.5
v+ 1.0% 5500 -0.4 0.01 1.2 -2.8
2 Igp + 0.1% BL0c 1.9 0.02 4.2 -0.1
(Castor I) W, +0.1% 4400 1.8 0.03 3.4 -C.3
v o+ 1.0% hoce -1.9 0.01 1.0 -C.9
3 I, +0.1% 470G 3.5 0.03 5.7 -0.1
(X259A3) o+ 0.1% 5000 3.5 0.03 5.8 -0.2
v+ L.0% 3000 -3.2 0.01 0.7 -0.8
b I +0.1% 4 10.3 Nil 6.9 Nil
(x2568B1) e + 0.1% 28 15.8 Nil 2 G.3
w o o+ 1.0% 36 0.4 Nil O.4 -0.2
Notes:

1. Motor deviations are arbitary, one si:ma approximations of prediction error. Iffects of negative deviations
are essentially symmetrical.

2. Deviations of injection conditions and orbit parameters are interpolated from velues computed for the same
launch conditions but for the following motor deviations:

DEVIATIONS, %, BY STAGE

Motor

Variable 1 2 3 i
Igp 0.672 1.5 1.38 1.38
W, 1.0 1.0 1.0 1.0

Wy 6.48 .95 9.96 9.03



Arnold Engineering and Development Center (AEDC) test data as possible. The
nominal weights of the motors would be based upon a review of manufacturers’
vweight data and the weighing procedures and equipment used in acquiring the
weight data. The basic approach to burn rate prediction was to construct
preliminary correlations of ground-tested Scout motor and (related) propellant
test motor burn rates. Improvements in burn rate correlation techniques,
testing practices and data reduction procedures could be verified by any
significant reduction in the scatter of data about the burn rate correlation.
The improved method could then be applied in correlating flight motor burn
rate data, giving the best opportunity to detect any effect of flight condi-
tions on motor burn rate.

This study used only the state of the science/art that was available
at the outset of the study. The procedures and practices investigated were
based upon concepts that had been demonstrated previously to yield improved
results in motor performance prediction/eveluation.

Further improvement in prediction accuracy can be achieved within
the state of the science/art by acquiring the data which are prerequisite to

the application of availeble concepts. Also, additional accuracy in predictions

can be expected with application of advances in the state of the science/art.
Avoidable limitations on prediction accuracy were investigated and recommenda-
tions were provided accordingly.






2.0 THE SCOUT VEHICIE

The Scout is a solid propellant, four-stage rocket propelled vehicle
equipped with a preprogrammed guidance system. The basic vehicle, shown in
Figure 1, is made up of the rocket motors, structural transition sections
and a payload section. Dualized ignition circuits have been employed to
enhance ignition reliability. Dual squibs are used in all motor igniters.
Each one of the squibs is in a separate circuit and is connected to a separate
battery. Ignition of the first stage is accomplished by a direct electrical
signal provided by launch blockhouse command., Second, third and fourth stage
ignitions are controlled by the guidance program timer.

The guidance and control system provides the attitude reference,
control signals, and forces necessary for stabilization of the vehicle.in its
three orthogonal axes (pitch, yaw and roll) during boost of the first three
stages. Normally, the yaw and roll axes are maintained at the launch reference
while the pitch attitude is programmed through a pre-set angle corresponding
to the desired trajectory. However, & yaw torquing capability is incorporated
to provide programming of the yaw axis if desired. Miniature integrating rate
gyros, contained within the inertial reference package, detect any angular
deviation from the programmed vehicle attitude and generate proportional error
signals. These error signals are then summed with corresponding rate signals
and are transmitted to the appropriate control subsystem. In addition to the
"strapped down" gyro sensors, the system contains a relay unit for power and
ignition switching, an intervalometer to provide precise scheduling of events
during flight, a programmer to provide torquing voltages to the pitch or yaw
gyro and the associated power supplies.

In the 1lift-off configuration, the vehicle is aerodynamically stable.
Control of the first stage i1s effected by a proportional system using a
combiration of Jet vanes and aerodynamic surfaces, operated by hydraulic servo
actuators., The second and third stage control forces are provided by hydrogen
peroxide fueled, reactlion motors operated as an "on-off" system. The attitude
of the fourth stage is maintained by spinning Just prior to third stage
separation, Four solid propellant motors provide spin-up forces prior to
fourth stage ignition.

A pitch program is designed to fly a gravity turn zero-lift trajectory
to meet the specific requirements of the mission. The gravity turn trajectory
is achieved by proper selection of the effective launch angle, launch azimuth
and stage coast times. Following the design of the pitch program, a sequence
of events 1s established for the boost trajectory, and the timer functions
thus established, together with the pitch program, are incorporated into the
vehicle before it leaves the LTV plant in Dallas. Neither the timed events
nor the commanded pitch rates can be changed during flight. There is no ground
control of the vehicle after command ignition of the first stage motor. The
only deviations from the predicted trajectory which are corrected in flight are
errors in vehicle attitude. There is no provision for correcting deviations
in velocity, altitude or flight path angle,

The four propulsion motors of the Scout are joined by interstage
structures referred to as "transition sections.” Each transition section is
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divided into lower and upper portions at the stage separation plane. A dia-
phragm separation system is used in the transition sections B and C. The
diaphragm performs as an internal clamp with a threaded periphery that
engages the two portions of a transition section., Exhaust pressure from the
ignited upstage motor deforms the diaphragm periphery and separates the upper
stage. A spring ejection system is used in transition section D. Explosive
bolt clamps are actuated to disengage the two portions of the transition
section D and separation is effected by the loaded spring,

The telemetry system of the Scout vehicle is a standard IRIG PAM/M/M
system capable of handling 18 standard IRIG sub-carrier channels.

Separation of the third stage, and the lower D section, discontinues
the telemetry and radar tracking beacon systems from the powered fourth stage.

2.1 PROPULSION MOTORS

2.1.1 FIRST STAGE

The Algol IIB motor, shown in Figure 2. is a composite propellant
80114 rocket motor which produces a web-average thrust of appraximately 102,000
pounds force for about L6 seconds at 77°F and vacuum corditions. The overall
motor length is 358 inches, the diameter is LO inches and the total weight is
23,750 pourds, of which 21,139 pounds is propellant., The total vacuum impulse
of the motor is 5,472,350 pound-seconds, the propellant vacuum specific impulse
is 258,875 pound-seconds/pound, and the mass fraction of the motor is 0.891.

The Algol IIB motor case is fabricated fram rolled and welded AISI
4130 heat treated steel. The case is 318.L inches long with an outside
diameter of 40 inches and a nominal wall thickness of 0.112 inch,

The nozzle assembly consists of an AISI 4130 steel closure which
forms the motor aft closure and main structural member, a plastic exit cone
and entrance section and a National Carbon grade RVA graphite throat insert.
The ablative inner layer of the exit cone is a high-silica laminate, impreg-
nated with phenolic resin, wound on a conical mandrel parallel to the axis of
the nozzle. The entrance section is fabricated of the same material, with the
fiber orientation perpendicular to the exposed flow surface.

The ignition system for the Algol IIB motor utilizes an "Alclojet"
igniter containing a 2030 gram pyrotechnic charge and two Holex type 318lLA
initiator squibs, Each of the initiators has dual bridgewires. ' Ignition of
any one of the four independently circulted bridgewires is sufficient to ignite
the rocket motor. The pressure integral produced by the igniter is approx-
imately 200 psia-seconds and the duration is about 50 milliseconds.

ANP-2872 JM Mod 1/31 propellant is used in the Algol motor. The
composition of the propellant is 61 percent oxidizer, 19 percent aluminum, and
20 percent fuel/binder. The propellant is cast with a cross shaped port as
shown in Figure 2.

The chamber is lined with asbestos-filled rubber insulation. The aft
chamber section has an insulation buildup to improve flow conditions and to
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protect the aft chamber flange, To provide & bond of the propellant to the
insulation, a brush coat of liner material is applied to the imner surface of
the insulation prior to casting the propellant. When the propellant has cured,
the core is removed and the propellant at the aft end of the motor is trimmed
to a specified distance from the aft end of the case, Installation of the
nozzle and igniter completes the motor assembly.

In addition to the 21,139 pounds of propellant burned during motor
operation, 216 pounds of inert material are also consumed, The bulk of this
inert material is insulation and liner which is lost after web burn time when
the inside surface of the chamber wall is exposed. During the web burning
period, the sources of inert material are the exit cone and entrance section
of the nozzle, the graphite throat, and the insulation at the aft end of the
motor. The igniter charge is also considered a part of the inert weight.

2.1.2 SECOND STAGE

The XM33ES Castor motor, shown in Figure 3, is 246 inches long, has
a case diameter of 31 inches and a nozzle exit plane diameter of LO inches.
This motor, at 77°F and vacuum conditions, produces an average thrust of
63,100 pounds during a 27.5 second web burning time and a total impulse of
2,000,000 pound-seconds. The gross weight of the XM33ES rocket motor is 8861
pounds which includes 7321 pounds of TP-H8038 propellant with a vacuum specific
impulse of 273.2 pound-seconds/pound and has a mass fraction of 0,827.

The XM33ES motor case is cylindrical with hemispherical head and aft
end closures, The case is constructed from rolled and welded AISI 4130 heat
treated steel, The motor case is 202 inches long with an ocutside diameter of
31 inches and 8 nominal wall thickness of 0.110 inch.

The XM33ES motor uses a one piece conical nozzle machined from
normalized AISI 4130 steel. The throat section is formed by a machined insert
of National Carbon CS-312 graphite. A ceramic coating of Rockide "A," with a
flame-sprayed nickle-chromium alloy under-coating as an aid to bonding, is
used to coat the expansion cone. The nozzle expansion cone has a 21° L0!
divergent half-angle and internal threads at the exit plane for engagement
with the '"B" section separation diaphragm.

The motor case is insulated in the forward and aft domes with a
polysulfide/epoxy filled with ground asbestos, The insulation, being trowel-
able, 1s applied to the case with a sweep mold having the desired insulation
geometry. After application and cure of the insulation, the case is lined
with a dual liner system. The first coat, a polysulfide liner, is bond-
compatibles with the insulation. The second coat, a PBAA liner, is bond-
compatible with the polysulfide liner and the FBAA propellant. An epoxy wash
is applied between the two liner coats to facilitate a bond between the two
liner systems. The nominal liner thickness is 0,120 inch over the forward
section of the motor case and 0.180 inch over the aft 90 inches,

The XM33ES motor, after agplication and partial cure of the last
coat of liner, is cast with TP-H8038 propellant. The propellant configuration,
shown in Figure 3, is a standard five point star with a head end web producing
a loading density of 86 percent at a 45 percent web fraction. The propellant
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is a composite of 70% oxidizer, 16% fuel and binder, and 14% aluminum. The
propellant produces a vacuum specific impulse of 273.2 pound-seconds/pound
in the Castor motor.

The pyrogen ignition system used in the XM33E5 motor has a fiber-
glass case loaded with TP-E8035 propellant in a 12 point star configuration.
The pyrogen case is fitted with a steel adapter to house the pyrotechnic
booster charge and the two McCormick-Selph M-125 Mod 1 initiators. Each
initiator has dual bridgewires. Ignition of any one of the four bridgewires
is sufficient to ignite the Castor motor. The pyrogen unit loads approx-
imately three pounds of propellant and nominally produces an average propellant
flow rate of 11 pounds per second during a 0.29% second web burning time.

2.1.3 THIRD STAGE

The X259 Antares II rocket motor, shown in Figure 4, is 113.8 inches
long, has a case diameter of 30.05 inches, and has a nozzle exit cone diameter
of 29.32 inches. This motor, at (7°F and vacuum conditions, produces an average
thrust of 21,700 pounds force, during an average web burn time of 31.5 seconds,
aend & total impulse of 719,500 pound-seconds. The gross weight of the X259 is

778 pounds which includes 2557 pounds of propellant. The X259 has a propellant
vacuum specific impulse of 281.k4 pound-seconds/pound weight and a mass fraction
of 0.92.

The X259 case is made of Hercules Spiralloy, which is oriented,
continuously wound fiberglass strands bonded together with an epoxy resin.
This structure incorporates aluminum forward and aft adapters and attach rings
as integral parts of the case. The motor case is T6.11 inches long with an
outside diameter of 30.0% inches and a nominal wall thickness of 0.140 inch.

The X259 nozzle consists of a graphite throat insert, a retaining
ring, and & 15° half-angle expansion cone. The retaining ring assembly is
manutactured by compression molding an asbestos phenolic material to a forged
aluminum ring. The inner surface of the phenolic portion of this assembly is
subsequently machined to receive an ATJ graphite throat which is bonded into
place with an epoxy resin. The expansion cone is a composite molding of
graphite tape and silica phenolic tape. The cone exterior is reinforced with
a fiberglass structure, and the interior contains, for venting purposes, 0.060
inch diameter holes drilled on 0.Y0 inch centers through the graphite tape and
forty-eight longitudinal slots through the phenolic and fiberglass interface.
The phenolic-fiberglass expansion cone is bonded to the retainer ring-graphite
throat assembly with an epoxy resin and the whole assembly is machined.

The X259 insulation consists of a two piece contoured, asbestos
filled Buna-S rubber material which is molded on a removable plaster mandrel
prior to the manufacture of the case. The insulator is then made an integral
part of the case during the winding operation which is done prior to removing
the plaster mandrel.

The X259 propellant is & high energy, composite, double-based pro-

pellant and is bonded directly to the insulator and case in a slotted con-
Tiguration with four radial slots spaced 60° and 120° apart. This propellant

11
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gives a vacuum specific impulse of 281.4 pound-seconds/pound weight with a
nozzle expansion ratio of 16.2.

The X259 utilizes a pyrogen (rocket-type) igniter with a propellant
mass flow rate of 6.67 pounds/second. The propellant charge, which weighs
8 pounds, is cast in an eight pointed star configuration. It is overwound
with fiberglass after being assembled with an aluminum headcap and asbestos
phenolic forward and aft domes. Ignition of the propellant is accomplished
by 25 grams of boron-potassium-nitrate (BKNO3) pellets. The pellets are ignited
by two SD5SA3 squibs, each containing dual bridgewires, These squibs are
inserted into the alumimum headcap at the forward end of the igniter.

2.1.14 FOURTH STAGE

The X258 Altair II rocket motor (C model), shown in Figure 5, is 59.25
inches long, has a case diameter of 18.0L4 inches, and has nozzle exit cone
diameter of 16,28 inches. This motor, at 77°F and vacuum conditions, produces
an average thrust of 5800 pounds-force, during an average web burn time of 22
seconds, and a total impulse of 140,000 pounds=-seconds, The gross weight of
the X258 4s 576 pounds, which includes 502 pounds of propellant, The X258 has
a propellant vacuum specific impulse of 281.2 pound-seconds/pound weight and
a mass fraction of 0.87.

The X258 case is made of Hercules Spiralloy similar to the way the
X259, third stage, case is made. The motor case is 42,82 inches long with an
outside diameter of 18.0L inches and a minimum wall thickness of 0.80 inch.

The X258 nozzle consists of a graphite throat insert, a retaining
ring, and a 18° half-angle expansion cone. The retaining ring assembly is
mamufactured by compression molding an asbestos phenolic material to a forged
aluminum ring. The inner surfaces of the phenolic poritlon of this assembly
are subsequently machined to receive an ATJ graphite throat which is bonded
into place with an epoxy resin. The expansion cone is a composite molding of
graphite tape reinforced with asbestos phenolic and overwound with fiberglass,
The interior of the cone contains, for venting purposes, 0.62 inch holes drilled
on 0.5 inch centers through the graphite tape and 24 longitudinal slots through
the phenolic-fiberglass interface., The phenolic-fiberglass expansion cone is
bonded to the retainer ring-graphite throat assembly with an epoxy resin and
the whole assembly is machined.

The X258 "C" model insulation consists of forward and aft dome
insulators, made of asbestos filled Buna-S rubber, molded on a removable
plaster mandrel prior to winding the chamber. These insulators are made an
integral part of the case during the winding operation. After removal of the
plaster mandrel, additional boric acid filled rubber is applied to the cylin-
drical portion of the chamber where no previous insulation exists, At the
present time a new model of the X258 ("E" model) is being developed. This
model will contain & one-plece boric acid, ablative insulator for the complete
inside case wall.

The X258 propellant is a high energy, composite, double-based

propellant and i3 bonded directly to the insulator in a slotted, test tube
configuration with twelve radial slots, four major slots and eight minor slots.

13
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The propellant,designated CYI-75, is similar to the X259 propellant except for
a lower burning rate.

The X258 utilizes a ogen (rocket-type) igniter with a propellant
mass flow rate of 1,67 pounds/seconds. The propellant charge, which weighs

2 pourds, is overwound with fiberglass after being assembled with an aluminum
headcap and asbestos phenolic forward and aft domes. Ignition of the propellant
is accomplished by 10 grams of boron-potassium-nitrate (BKNO3) pellets, The
pellets are ignited by two SDAAO squibs, each containing dual bridgewires.

These squibs are inserted into the aluminum headcap at the forward end of the
igniter. A tantalum core, phemolic rod running through the center port of

the propellant charge connects the forward headcap with a phenolic cusp which

is used to deflect the igniter gases for better ignition of the motor propellant.

15






3.0 MOTOR PERFORMANCE CONCEPTS
3.1 WEB BURN TIME

The primary objective of this study wes to develop a system which
could be used to accurately predict the thrust level, burn time, and weight
remaining of the Scout motors. The prediction of thrust level and burn time
could conceivably be based on a correlation of pressure, thrust, time, or burn-
ing rate of the full scale motor with either pressure, time, or burning rate
of a test motor. Time measurements were selected since they are the most
precise measurements obtained. The choice of prediction techniques is then
resolved to a correlation between the full scale motor and test motor based on
either time or burning rate. Since a correlation based on burning rate allows
ad justments, if needed, for known differences in the propellant web thickness,
this approach was used. In developing the burn rate correlation it was essen-
tial to develop precise techniques for determining the propellant burning rate
in both the full scale motors and the test motors.

A major difficulty in determining a precise estimate of burning rate
in the past has been associated with the tangent method of obtaining web burn
time. The propellant burning rate was calculated as the ratio of the pro-
pellant web thickness, 1,, and a web burn time, t,. The web thickness value
was obtained from the geometry of the motor, either as designed or as measured.
The web burn time was obtained by the "tangent" method using an analog trace
of pressure versus time. The interval of web burn time ends at the intercept
of the trace with the bisector of the ares, or angle, formed by two tangents to
the trace at the decay transient as shown in Figure 6 .

The tengent method of determining web burn time is particularly sus-
ceptible to two types of errors:

1. Slight deviations in the trace shape at the decay transient can
significantly affect the time determination independently of the
average burning rate and thrust level. Deviations in the trace
characteristics can result from a number of factors such as differ-
ences in burning rate between the propellant mixes loaded into the
motor and differences in web thickness within the motor.

2. The interpretation of the deta necessary in constructing tangents
to the curve results in different times being obtained for the same
data by different individusls. Also, different proportioning of the
pressure and time scales on analog records leads to different times
being derived for the same motor.

An exsmple of the first type of error is shown in Figure 6 . If the
performance of two motors differed only as indicated by the dashed line, &
significant difference in web burn time would be obtained. However, this dif-
ference in time would not be indicative of a real difference in the average
burning rate, pressure level, or thrust level of the motors.

The second type of error, that of the individual interpretation of

the data, is probably the most significent error associated with the tangent
method. To demonstrate the error introduced from this source, NASA personnel

17



PRESSURE

t
TIME b

FIGURE 6 TANGENT METHOD OF DETERMINING WEB BURNING TIME

18



|

and PAPS personnel together reviewed the flight records for a series of Algol
IIA motors and determined web burn times by the tangent method. In addition,
the Aerojet representative determined web burn times for the same series of
motors from the reduced data plots provided by LTV. A comparison of the times
determined from these two sets of data with the web burn times determined
independently by LTV from different analog records is shown in Teble 2 .

TABLE 2

ALGOL IIA

FLIGHT WEB BURN TIME COMPARISON

DATA SOURCES:

Source I - LTIV Flight Reports
Source II - Read from Oscillograph Records at LRC
Source III - Read from LTV Data Plot

VEHICLE AIGOL IIA SOURCE I | SOURCE II SOURCE III
Sec Sec Sec
S-113 13 k6.5 L6.8 iy S
S-11k4 5 Li .5 43.0 L4.o
S-115 6 46.0 46.5 L.k
S-116 8 47.0 7.4 h8,3
S-118 I - - 45,3
S-119 7 46.0 - 7.5
S-120 12 47.0 -- 48.1
S-122 21 43.0 - L4, 6
5-127 1o -- L7.9 L48.0

Note: dashes indicate data not available.

A comparison of the tabulated times shows that in some cases a difference in
excess ol three percent existed. As a consequence, when the burning rate is
then determined by ratioing the design or measured web thickness to these
different time values, the result is an apparent difference in burning rate
for the same motor. Therefore, other techniques were investigated as a means
of obtaining more consistent burning rate and time data. The basis of the
other techniques was a recognition of the relationship between the accumulated
pressure integral and the propellant weight discharged which can be expressed
as follows:

J{;t Pdt -.-Jft wat C*

%o gAt (1)
= Agly, FC*
s-b Zht
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Further, the average propellant burning rate during any interval of motor
operation can be expressed mathematically as follows:

r = lb/tb (2)

Figure 7 (a) illustrates two times, t;, and t5, which would be required to
burn through the respective distances, 1j, and lp, in Figure 7 (b). Figure
7 (c) illustrates that the average burning surface area is very nearly the
same through both of the burning times although the thicknesses burned are
quite different. However, the thickness burned at each of these time points
can be calculated from Equation (1) since all factors other than the distance
burned are well defined in the two cases. The time and thickness burned in
each case can then be entered in Equation (2) to obtain consistent burning
rate data.

Thiokol experience had shown that consistent burning rate data
could be obtained using the tangent time value if the average distance burned
were allowed to be a variable. This approach recognizes the dependence of the
pressure integral on the propellant weight burned; hence on the average burning
surface and the propellant thickness burned. Burning rate calculated in this
manner is relatively insensitive to the normal errors in determining web burn
time. Arbitrarily selecting time values from 25.9 sec to 28.7 sec (about 10%
range) from the nominal Castor I pressure-time curve results in only a 0.3%
range of burn rate values when the propellant thickness burned is adJjusted
based on the pressure integral ratio. This pressure integral ratio-burn rate
relationship is shown in Figure 8 .

Although the above approach provides an adequate representation of
the propellant burning rate, it was deemed advisable to redefine web burn time
such that 1t too would be more indicative of motor performance. If the end of
the web burn time is defined as occurring when a given percentage of the total
pressure integral has been accumulated, the burn times would be as consistent
as the burning rate data. Hence, this definition of web burn time was used in
developing the burning rate correlations.

Two criteria were established to evaluate any improvement in per-
formance predictions resulting from the change in burn time definition and its
effect on the burning rate calculation:

1. Better correlation of the burning rate and thrust levels for
individual motors.

2. An improvement in the burning rate correlation between the batch
test and full scale motors.

The improvement in each of the above areas is exemplified by test data avail-
able for the Algol IIA motor. Two burning rate correlations between batch and
full scale motors, shown in Figures 9 and 10, were constructed for the Algol
II motor. The first correlation, Figure 9 , was constructed using burning
rates for both the test motor and the Algol motor obtained by dividing the
design or measured web thicknesses by the time determined by the tangent
method. This approach resulted in a correlation having a standard deviation
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of 1.87 percent. The next correlation, Figure 10 , was constructed in the
same manner, except using the revised definition of web burn time. In this
correlation 1.49 percent standard deviation of the rate errors was eliminated,
leaving a net burn rate prediction error having a standard deviation of 1.13
percent.

A comparison of the agreement between the burning rate and sea level
thrust of the Algol motor is shown in Figures 1l and 12 . In Figure 1l the
tangent method was used to determine web burn time while in Figure 12 the
integral ratio method was used. The thrust data shown on each plot represent
data obtained from the same static test Algol motors. The scatter about the
line of correlation results not only from the inconsistency in the burning
rate or time data but also from other sources such as instrumentation error
and slight differences in propellant weight and nozzle expansion aresa ratio.
When the tangent method was used, Figure 11, the scatter about the line had
a standard deviation of 1.04 percent. By merely using the integral ratio
method of determining web burn time, Figure 12, the standard deviation of
the scatter was reduced to 0.60 percent. Thus, the latter method of determin-
ing web burn time results in a significant improvement in the agreement
between the thrust level and burning rate (and burn time) for this series of
motors.

3.2 CONSUMABIE WEIGHT REMAINING

The flight of the vehicle is dependent only upon its accelerations
which are most strongly & function of vehicle weight remaining, versus time.
Most of the vehicle weight change is in motor consumebles: 1) propellant
and 2) a relatively small amount of "inert" materials such as internal case
insuletion and inside surfaces of the nozzle. There appears to be no way
feasible for acquiring instantaneous measurements, in flight, of motor con-
sumable weight remaining. Such measurements, by any technique, have not been
acquired during static tests of Scout motors either. The problem of not
having instantaneous measurements of consumable welght is further complicated
by the independent rates of consumption of the propellant and the lnerts.

Based on & simplified theory, the instantaneous rate of propellant
consumption would vary during burning in direct proportion to chamber pressure
or to vacuum thrust. However, the presence of pyrolyzed inert materials in
the discharge stream affects chamber pressure and thrust, versus time. Any
change, during burning, of the proportion of inerts in the total discharge
causes a related, changing effect on pressure and thrust, versus time. 1In
addition, any change in the nozzle throat size during burning affects the
pressure-weight rate relationship, and any change in the nozzle exit/throat
ratio or exit cone "half-angle" affects the vacuum thrust-weight rate
relationship. Also, the generation and flow of gas through the port of &
motor ceuses an increase in pressure toward the head end of the motor. This
effect diminishes with burning time (with increasing port size) and affects
the pressure-weight rate relationship.

In the history of the Scout program, the weight consumption rate

was considered to very in proportion to head-cap pressure, initielly. Later
the weight consumption rate was assumed to vary in direct proportion to the
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vacuum thrust. Being based upon thrust, not pressure, the method avoids the
port flow effects, and the neglected effect of change in the nozzle area ratio
was small; but the assumption that the inerts weight flow rate varies with
thrust might result in a significant error that could be avoided.

An equation was derived (Appendix B, EqQ. 9) to permit calculation of
the propellant flow rate according to chamber pressure, throat area, character-
istic velocities of the propellant and inerts gases, snd an independently
estimated inerts flow rate.

The development of nominal data for more accurete predictions of
consumable weight remaining provided a basis for developmernt of an equivalent
method for evaluating the consumable weight remaining in Scout flizght motors.
A corollary to the equation for propellant flow rate was derived for calculat-
ing the consumable weight remaining according to flight telemetry data on
motor head-cap pressure versus time (AppendixC ). This equetion for fligh%
data evaluation by LTV was designed to permit inputs of the basic nominal
motor data as they were developed by the motor engineers for predicting motor
weight remaining.

The effect of the change in method for calculating the consumable
weight remaining was examined. Weight remaining versus time was calculated
three ways: 1) by the new equation, 2) based upon head-cap pressure, and 3)
based upon -vacuum thrust. New nominels for pressure and thrust were used in
each of the three calculations, so the difference in results would be due to
the differences in equations only. The increased amount of weight remsining,
calculated by the new equation over the amounts celculated by the pressure and
thrust equations,is shown in the urper set of curves in Figures 13 and 1
The dashed line shows the increase in weizht remaining by the new equation
over the weight remaining by the pressure cquation. The solid line shows the
increase in weight remeining by the new equation over the weight remaining by
the thrust equation.

Similarly, the differences in velocity increments (ideal) thet
result from the new weight remaining equation were investigated. The
greater weight remaining during burning calculoted by the new equation resulted
in a lower velocity increment than calculated by either the pressure or tnrust
equation. The resulting curves are at the bottom of Figures 13 and pih

Another effect of the new weight remaining equation is a slightly
greater value of "apparent" impulse for flight motors when calculated on the
basis of longitudinal acceleration.

3.3 THRUST

The new nominal thrust versus tine data for the Scout motors are
based upon static test data, with the exception of the X-258 fourth stage. The
data from this motor reflect a difference bLetween flight behavior and AELC
test vehavior. The static and flight pressure versus time trace shapes and
pressure integrals for the first three stages ere not significantly different.
Chamber pressure of the fourth stage is not ususlly measured in flight.

Nominal vacuum thrust for the first stage was computed from the sea level
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thrust, employing the theoretical effects of ambient pressure. The nominal
vacuum thrusts for the second and third stages are based upon altitude test
chamber data at AEDC because this static test thrust data is the most accurate
data available. For the same reason, the X258 propellant specific impulse
rating is based upon AEDC tests. However, during flight, a performance de-
gradation of the X258 occurs. Accepting the AEDC tests of propellant specific
impulse, this degradation is possibly caused by a propellant sliver remaining
at motor burnout or incomplete combustion and discharge of aluminum particles.

The vacuum thrust versus time of & Scout propulsion motor may be in-
ferred from the telemetry data on instantaneous acceleration, drag and vehicle
weight remaining, or from the instanteneous head-cap pressure. The first
method has been standard practice and is based upon the relationship:

F =ZD + ["‘L' Wy + Pghg (1)

The second method is based upon the following relationships:

t t.
Fy = P (FV/P)NOM \./O_TPdtPRED/{TPdtMEAS] (2)

Where:

NOM = Nominal

PRED = Predicted

MEAS Measured.

This latter method is preferred as the more accurate method of
representing flight thrust. The reasons for this preference are:

1. The curve shape of the telemetry pressure trace has been found
to be more realistic than the calculated thrust trace shape pre-
pared from accelerometer data. The accelerometer traces and
calculated thrust traces exhibit unexplained wiggles. See

Figure 15 .

2. Flight total pressure integral values have generally been
found to be as accurate as flight total impulse values de-
rived from accelerometer data.

However, nelther type of telemetry data is a sufficiently accurate
source of data for the calculation of the impulse of a given motor. The
accuracy and utility of telemetry data are further discussed in Section 7.0.
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4.0 MOTOR BURN RATE CORRELATIONS

L,1 FIRST STAGE
h.i.1 INTRODUCTION

The performance of an Algol IIB motor is predicted by firing a
series of twelve 10KS-2500 test motors, one motor representing each of the
twelve batches of propellant in the Algol motor, to determine the propellant
batch burn rates. These motors are fired at 77°F with a standard throat size
to produce approximately 550 psia chamber pressure. These batch rates erc
adjusted to the standard condition of 550 psia and T7°F and are then aversged.
This average batch rate is translated to an "apparent” full scale burning
rate at 550 psia and 77°F by the use of a correlation. The "apparent" full
scale burning rate is then translated to a "true" full scale rate, at actual
operating pressure, by the use of a second correlation. The "true" full
scale rate is converted to a predicted web time for the new motor.

L.1.2 DATA PREPARATION

4.1.2.1 Calculation of the 10KS-2500 Batch Test Burning Rate

The batch test burn rate is calculated from the followlng equations:

r o= ly/ty (1)
ty = fPIKTPdt/I—’b (2)
Py =_£tb Pdt/t,, (3)

The time interval for the web pressure integral and web time is
defined in the Nomenclature. Any small variation in the selection of the web
time, t,, for the determination of the web average pressure, P,, has a negli-
gible egfect on the calculated value of the average pressure because the web
pressure integral is determined to the same time point.

4,1.2.2 Calculation of the Algol Motor Burning Rate

The "effective"” burning time, ty, for the Algol motor ie defined as
that time at which 85 percent of the total pressure integral has been accumy-
lated. The 85 percentage level of the total pressure integral was selected
as the effective web time for the Algol II motor because the average ratio of
the web pressure integral determined by the tangent method to the total pres-
sure integral is approximately 85 percent. The effective burning time
includes a nominal ignition interval of 150 milliseconds. If the ignition
interval exceeds 150 milliseconds, as a result of a delayed ignition, a cor-
rection should be applied. The interval is defined as the time interval
from fire switch to 565 psia chamber pressure.
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It is not possible to define the start of web burn time for flight
5 with any greater precision because the flight telemetry system provides
an Alg pressure value only every 200 milliseconds. Furthermore, longi-
tudinal acceleration data are not lucid in showing ignition and liftoff for

a majority of the flights during this period.
The burning rate of an Algol motor is calculated from:
= 1/t (&)

4.1.2.3 Conversion of Burning Rate Data to Standard Conditions

To convert the batch test or Algol motor burning retes to the
standard condition of 550 psia and T7°F, the temperature sensitivity coef-
ficient, my, and the pressure exponent, n, are used.

[(2n ry - 10 wp)/(2-7D) ] (5)
vhere ri and r2 are the burning retes of a motor at temperatures
T and 77. The data are for a constant K, condition

Ty = -0011 per degree F for Algol IIB propellant
and, .
n = [(1n rp - 1n ry)/(1n Py - 1n 550) | (6)

where rp and r, are the calculated burning rates of a propellant
under pressure conditions Pp and 550 for a constant propellant
temperature.

= 0.22 for Algol IIB propellant

In use,
rp=r1 () ©(77-7T) (7)
pp=py (o) 5777 (8)
and

ry = rp (550/Pp)R (9)
where

r; = the measured burning rate at T ard Py, in/sec

rp = the burning rate at 77° and Py, in/sec
the burning rate at 77° and 550 psia, in/sec

r3=

P; = the measured pressure at T, psia

P2 = the pressure at (7°F and r2, psia

T = the measured temperature of the propellant, °F
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L.1.3 CORRELATION METHQD
4.1.3.1 Integral Ratio Method

The burning rate data for statically tested and flight Algol II
motors are correlated with batch test burning rate data at the standard condi-
tion of 550 psia and T77°F in Figure 16 . Two correlation lines are shown for
the two oxidizer blend ratio systems used in the motors. The flight and
static motors are both distributed over the range of the data and both types
of motors are scattered approximately equally on both sides of the respective
lines. The nominal burning rate of Algol II propellant in full scale motors
is 0.211 in/sec at 550 psia and T7°F.

These Algol motor burning rates are "apparent" burning rates and not
actual motor burning rates because the full scale motors do not all operate at
550 psia. The full scale Algol motors, in accord with theory, exhibit a con-
stant P/r ratio, hence the line of data with a slope of 1.0 on a log-log
plot of burning rate versus operating pressure (Figure 17). This line inter-
sects 550 psia at 0.211 in/sec burning rate. The propellant burning rate
versus pressure relationship follows a constant temperature line with a slope
of 0.22 (the pressure exponent for the propellant), also imtersecting the
550 spia line at 0.211 in/sec. This relationship is used for Algol motor
prediction.

The standard deviation for apparent motor burning rates predicted
from the correlation (Figure 16 ) is 0.0024 in/sec which is 1.13 percent of
the average. The standard deviation for actual motor burn rate prediction
error is 1.4%,

4.1.3.2 Alternate Kffective Burnirg Time Methods

Two alternate effective burning time methods involving the same con-
cept were investigated for the Algol motor, and they produced correlation
results almost identical to the melhod described in Paragraph 4.1.3.1 above.
They are:

1. tpy is the time obtained by dividing 85% of the total integral
by the web average pressure,

2. and typo is the time interval between the points of accumulation
of 10 percent and 80 percent of the total pressure integral.

4.1.3.3  Liquid Strand Burning Rate versus Algol Motor Burning Rates

The liquid strand burning rate is obtained by burning a strand of
uncured propellant at constant temperature and pressure. The average liquid
strand burning rates for Algol motors were "effective" time correlated with
the full scale burning rates determined by the method described in Paragraph
4.1.3.1. This correlation is shown in Figure 18 . The standard deviation for
Algol motor burning rates predicted from this correlation is 0.0031 in/sec
vhich is 1.47 percent of the average. The slope of this correlation line is
1.681 as compared with a glope of 0.733 for the batch test versus the same
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T

full scale data correlation. Thus, the liquid strand burning rate data cover
a range approximately one-half that of either the batch test or full scale
burning rate data and is a less satisfactory parameter for motor prediction.

4,2 SECOND STAGE

The correlation of Castor I burning rates between the batch check
(TX-3) motors and the Castor motor provides the basis for predicting burn time
and thrust. Several correlation technigues were tested, and the best of these
techniques was selected for use in predicting the performance of the Castor
motor.

The data available for constructing the burn rate correlation con-
sisted of eighteen static test and eleven flight motors. In constructing the
correlation it was necessary to develop a precise technique for estimating
the propellant burning rate of both the test motor and the Castor motor.

The methods discussed in Paragraph 3.1 have been applied to the
Castor by determining the web burn time by the tangent method, and adjusting
the thickness burned based on the geometric design of the motor and the per-
centage of the total pressure integral accumulated to web time. Thus, the
propellant thickness burned during the web burn time of a Castor motor was
calculated as follows:

ty
lweff = K3 [e) Pdt

t (1)
4 TPdt

where: K3 = & characteristic thickness based on the motor geometry

(K3 = design web thickness x rotal fuel volume
. web fuel volume

= 7.665)

The average burning rate of the Castor motor was determined by dividing the
propellant thickness burned by the web burn time determined for the motor as
follows:

1l
r = VW
:ff (2)

The above procedure is used to derive burning rates for the static test Castor
motors. The equivalent procedure of defining web burn time, as occurring when
a given percentage of the total pressure integral is accumulated, produces
consistent time values. The burning rate is determined by dividing this time
into a constant thickness burned. The web burn time of the flight motors was
defined as beginning 0.060 second after the first indication of acceleration
on the flight records and ending when 87.19 percent of the total pressure in-
tegral hed been accumulated. The 0.080 second delay is an estimate of the
time required to attain 50% of the maximum chamber pressure on ignition, and
was necessitated because of the poor definition of the transient conditions
available from flight records. The accumulation of 87.19 percent of the total
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pressure integral was selected to define the end of web burn time since this
represents the nominal pressure integral ratio observed in the static test
motors and therefore results in no time bias between the two time measurement
systems. The average burning rate of the flight motors was then determined by
dividing the thickness burned, a constant of 6.70l1 inches, by the web burn time
determined for the motor. The same basic procedure, described in Section 6.0
of this report, was used to determine the burning rate of the burn rate test
motors.

Since the Castor static. test data were expected to be superior to
the flight data, the initial correlation was constructed for only the static
test Castor motors. The technique used in the initial correlation was to
determine the ratio of the Castor burn rate to the batch test motor burn rate
(scale factor) when the batch test burn rate was evaluated at the temperature
and K, of the Castor motor. This technique produced a correlation (Figure 19)
having a standard deviation of two percent. On exemination, there appears to
be a shift in the burn rate correlation between the first series of static
test motors (denoted by circles in Figure 19) and the later motors (denoted
by squares in Figure 19).

Review of the ballistic and physical property control charts for
TPH3038 propellant used in the Castor motor revealed that the oxidizer grind
ratio (the percent of the total oxidizer that was ground) had been varied from
20% to 45% in order to maintain the desired propellant burning rate. There
was an apperent shift in the burn rate correlation coinciding with changes in
the oxidizer grind ratio.

The batch test motors were tested in two basic firing patterns. The
first series of Castor motors (20% grind ratio) had eight batch test motors
cast from each propellant mix and tested in a pattern of temperature and K,
conditions to obtain measures of the propellant burning rate, burning rate
exponent, and temperature sensitivity. The remaining Castor motors (30 to
40% grind ratio) normally had two batch test motors tested from each propel-
lant mix at & single point (Kpn = 200, T = 70°F). 1In these later motors
special propellant mixes were made and tested to standardize new lots of raw
materials. Batch test motors from these mixes were fired in the pattern of
miltiple test conditions to obtain a measure of the propellant ballistic pro-
perties. From the batch test motors associeted with propellant standard-
ization mixes, a history of the effect of changes in the oxidizer grind ratio
on the ballistic properties of the propellant was available. From the
standardization mix data it was apparent that the burning rate exponent was
significantly lower for high oxidizer grind ratios, as shown in Figure 20 .
Using the curve of Figure 20 except where measures were obtained on an
individual mix basis, & correlation was constructed (Figure 21 ) showing the
dependence of the scale factor on the burning rate exponent when the batch
test motor burn rate was evaluated at the Kp (207) of the Castor motor.

As a result, a technique of correleting the full scele and batch
check burning rates at the chamber pressure level of the related full scale
motor was investigated. This technique required the use of a burning rate
exponent to calculate batch test data for the pressure level of the Castor
motor. For mixes involving only one test condition, the burning rate
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exponent was estimated from related standardization mix date (Figure 20).
The correlation obtained by this technique (Figure 22 ) was much improved,
having a standard deviation of 0.9% with no apparent stratification nf the
data. Although the correlation obtained by the equal pressure approach was
more precise then by the equal K, approach, predictions of motor performance
could not be obtained directly from this correlation, nor could prediction
accuracy be inferred since the chamber pressure of the Castor motor is not
known prior to the test.

The last burning rate correlation constructed is a practical version
of the equal pressure approach and can readily be used to predict the perform-
ance of the Castor motor. This correlation, shown in Figure 23 , was
constructed by evaluating the test motor burn rate at a Ky condition
(Kn = 231) where normally the pressure level of the test motor is equal to
the pressure level of the Castor motor. When the test motors are evaluated
at the higher Kn condition, the scale factor need no longer be corrected
according to the burning rate exponent, as shown in Figure 2L. At this Kp
condition any percent change in burn rate is the same in both the Castor
motor and the test motor, resulting in a constant scale factor. Using this
correlation technique all required test motor data is available prior to the
Castor test. Also, a conservative estimate of the prediction error can be
determined directly from the scatter about the correlation line (the scatter
includes Castor test measurement error which is not encountered in predic-
tions). The correlation shown in Figure 23 includes eleven flight and
eighteen static test motors, and has a standard deviation of 0.98%. The same
correlation fits both flight and static test Castor data as shown in Figure 23,
hence there is no effect on the burning rate of the Castor motor due to the
flight environment.

4.3 THIRD AND FOURTH STAGES

A burning rate correletion is not directly used in predicting the
X259 and X258 flight performance. There is, however, & correlation between
small scale acceptance tests used in evaluating a new casting powder lot and
the large scale motor acceptance of the powder lot. This correlation is made
for the X259 to determine the nozzle throat size to be used in the large scele
test so that the chamber maximum pressure can be kept within the specified
limits. The correlation is based on previous powder lot burn rates in small
tests and burn rates in full scale tests. A greph of this correlation for the
X259 is shown as Figure 25. The high burning rate type casting powder lots,
21-193 and ZI-207, are shown on Figure 25 separated from the other lots. The
motor burn rates for these lots reflect the use of the larger nozzle throat.
Current motors will utilize either of two lots, ZI-207 (high rate powder) and
ZI-246 (low rate powder). The full scale evaluation is used as the basis for
predicting flight performance.

The X258 motor has used only one powder lot since its development,
therefore, no burn rate correlation has been conducted.
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5.0 NOMINAL MOTOR CHARACTERISTICS

5.1 FIRST STAGE

A tabulation of nominal Algol IIB characteristics is provided in
Table 3,

5.1.1 HEAD~-CAP PRESSURE

The Algol ITA static test pressure data were reduced to a common
temperature condition (77°F) and the pressure traces were averaged,
Arithmetical averaging of pressure was used at intervals during the web burning
period, and graphical techniques were employed during the tail-off portion of
the pressure traces, The flight pressure data were averaged in the same
manner, and the resulting curve shape was almost identical to the average
static pressure trace. The nominsl pressure data presented in Table 4 and
Figures 26 and 27 represents both static and flight motors. The nominal pres-
sure integral, 29,450 psia-sec, is the average integral of the static test
firings,

5.1.2 SEA LEVEL THRUST

Sea level thrust=to-pressure ratios (Table 5) were computed for
each static test firing at frequent time intervals. These ratios, taken at
the same times for each firing, were averaged to produce a nominal thrust to
pressure ratio versus time, These values were then multiplied by the cor-
respornding pressure values to obtain the nominal sea level thrust., The
nominal total impulse at sea level, L,731,650 psia-ssc, is the average impulse
of the statlc test firings,

5.1.3 VACUUM THRUST

The nominal vacuum thrust was computed from the sea level thrust
using the following equations:

Cpvac = [COpvac = € (Po/P.)] N\ + €(P4/P¢) (1)
Cract = CFyac = e(Pa/Pc) (2)
Foac = Fact (CFyac/CFact) (3)

The values obtained are presented in Table 4 and Figure 27. The nominal
vacuum thrust integral, 5,472,350 1bf-sec, approximates the average of the
integrals acquired from flight data,

Nominal thrust to pressure ratios for both vacuum and sea level are
tabulated in Table 5 .,

49



TABLE 3
ALGOL IIB
NOMINAL DATA

( PERFORMANCE AT 77°F AND VACUUM)

Propellant Weight
Inert Weight loss
Consumable Weight

Total Motor Weight (less nozzle closure)

Burnout Weight
Nozzle Closure Weight

Head Cap Pressure Integral

Sea Level Impulse

Sea Level Specific Impulse (Propellant)
Vacuum Impulse

Vacuum Specific Impulse (Propellant)

Propellant Burn Rate
Web Burn Time
Total Burn Time

Average Vacuum Thrust (web)
Average Sea Level Thrust (web)
Maximum Vacuum Thrust

Meximum Sea Level Thrust
Average Pressure (web)
Maximum Pressure

Average Throat Area
Exit Area
Initial Expansion Ratio

Propellant Density

Specific Heat Ratio

Characteristic Velocity

Temperature Sensitivity of Burn Rate
Motor Kp

Propellant Web Length

21,139
216
21,355
23,750
2,392
3

29,450
4,731,650
223,835
5,472,350
258,875

0.211
45,70
80.00

101,783
88,007
109,610
97,390
548
584

113.76
5.666
7.36

0.0627
1.18
5,082
0.11
224 ,0
9.64

lb.
1b.
1b.
1b.
1b.
ib.

psia-sec
1bf-sec
1bf-sec/1lbm
1bf-sec/1lbm
lof-sec/1lbm

in/sec.
sec.
sec.

1bf
1bf
1bf
1bf
psia
psia

ing
in

1b/in3

ft/sec.

%/ °F

in.




TABLE L4
AIGOL II B

NOMINAL PERFORMANCE DATA AT 77°F

PRESSURE, THRUST, AND WEIGHT REMAINING

Point Time Chamber Sea Level Vacuum Consumable | Jet Vane

Pressure Thrust Thrust Weight Drag

(sEC) (Ps1A) (1BF) (LBF) (LB) (LBF)

1 0 0 0 0 21,355 0
2 0.2 610 89,670 101,695 21,317 1407
3 0.5 578 84,619 96,559 21,204 1278
4 0.7 560 82,040 94,010 21,131 1298
5 1.3 539 80,172 92,182 20,919 1220
6 2.7 524 80,130 92,270 20,436 124
7 5.0 515 79,901 91,926 19,637 1244
8 9.0 523 82,748 9k, 721 18,201 1282
9 13.4 sho 87,232 99, 2k 16,544 1343
10 19.0 546 89,033 101,115 14,358 1368
11 25.5 546 89,429 101,529 11,776 1374
12 3k.0 559 92,488 10k4,7khs 8,319 1417
13 42,6 582 97,389 109,611 4,659 1483
1k 45,7 58k 97,228 109,343 3,310 1479
15 6.4 563 9L, L458 106,746 3,010 1hhy
16 47.5 532 88,505 100,780 2,556 1364
17 ug. 4 487 81,278 93,762 2,210 1269
18 51.4 321 49,859 62,493 1,296 86
19 54.8 177 24,663 33,024 663 bh7
20 56.8 123 16,237 23,702 Ly 321
21 59.2 78 8,912 17,298 263 234
22 66.0 17 290 3,360 24 ks
23 67.1 4.7 0 1,100 10 15
ol 67.2 14,7 0] 1,000 9 14
25 80.0 0 0 0 0 0
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TABLE 5
AIGOL II B

NOMINAL PERFORMANCE DATA AT 77°F

THRUST/PRESSURE RATIOS

Point Time Thrust/Pressure Thrust/Pressure
Ratio, Sea Level Ratio, Vacuum
(sEC) (LBF/PSIA) (LBF/PSIA)
1 o} 0 0
2 0.2 147.00 166.71
3 0.5 146.40 167.06
b 0.7 146.50 167.88
5 i.3 148.74 171.02
5 2.7 132.92 176.09
7 5.0 155.1% 178.50
8 9.0 158.22 181.11
9 13.4 160.95 183.11
10 19.0 163.06 185.19
11 25.5 163.79 185.95
12 34.0 165.63 187.38
13 42.6 167.34 188.34
14 he.7 167.49 189.00
15 L& 4 167.73 189.00
16 47.5 166.36 189.00
17 o 165.90 189.00
18 51. 4 155.32 189.00
19 54,8 139. 34 189.00
20 56.8 132.01 189.00
21 59.2 114.26 189.00
22 65.0 17.06 189.00
23 67.1 - -
ol 67.2 - -
25 80.0 - -

5




5.1.4 INERT WEIGHT FLOW

A new nominal inert weight loss, 216 pounds, was established,
replacing the old nominal value of 283 pounds, The old value was based upon
the first four static firings. The motor design was finalized after the
fourth static test firing, and these early inert weight loss values were not
valid, The average inert weight loss for Algol motors IIA=3R, IIA=-10, IIA-11,
IIA-18, 1IA-19, and IIB=15 was 216 pounds, This weight includes the igniter
charge, Although the value reflects an average of both Algol IIA and IIB
data, it is appropriate for Algol IIB predictions because the interior nozzle
materials subject to erosion are unchanged., The Algol IIB design features a
reinforced nozzle shell and new nozzle fabrication procedure, A detailed
analysis of the sources of the inert material consumed (Figure 28) led to the
new inert loss distribution, The inert weight loss rate 1s presented in

Figure 29.
5.1.5 PROPELLANT WEIGHT FLOW

The nominal propellant welght of 21,139 pounds is the average of
recent production motors, Instantaneous values for propellant weight flow
were calculated using Equation 9 in Appendix B, Thls concept assoclates
propellant weight flow with the stagnation pressure and a varying throat area,
Nominal throat area, versus time, was established by averaging before-firing
and after-firing throat sizes of statically tested Algol motors and estimating
the intermediate sizes during burning time, The characteristic velocity, C¥%,
of the inert gases was approximated as one-half that of the propellant (Ref. 3 ).
Both of these C* values were deduced according to a nominal characteristic
velocity of the propellant and inerts gas mixture, based upon test data,

The nominal flow rate of inerts was based upon measures of total inerts
consumption in static tests and upon a dependence of the linear pyrolysis
rate upon the chamber pressure and the local gas flow velocity (Figure 29),
The local linear pyrolysis rates were applied to the exposed area of the
inerts to estimate the total flow rate of inerts, versus time,

5.1.6 CONSUMABLE WEIGHT REMAINING

The total weight flow is the sum of the inert weight flow and the
propellant weight flow. The nominal consumable weight remaining derived from
these flow values is tabulated in Table 4 and plotted in Figurs 30.

5.2 SECOND STAGE

The establishment of nominal motor performance characteristics in
conjunction with the burn rate correlation provides the basis for predicting
instantaneous values of thrust and weight remaining during motor operation,

An analysis of all previous motor data was conductad to establish the perform=
ance characteriatics of the Castor I motor,

Static test data were avallable from six models of the Castor 1
motor, Since only three XM- 33E5 motors had been static tested, it was neces-
sary to use the data available from tests of other models of the TX-33 motor
(=36, =37, =39, =41, and =52) to supplement the XM-33ES5 data, This is possible
because these models are the same except for various external modifications,
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The data available for analysis to define the nominal performance
characteristics of the Castor motor consisted of 11 flight and 23 static test
motors, Of the 23 static test motors, 22 motors were tested at Redstone
Arsenal and one motor was tested at AEDC under simulated altitude conditions,
No significant difference in performance due to the flight enviromment was
detected by a comparison of the burning rate correlations, ensrgy levels, and
trace characteristics of the two groups of motors. The nominal performance
of the Castor I (XM=-33ES) motor is shown in Table 6 .,

5.2.1 NOMINAL THRUST AND FRESSURE VERSUS TIME

The static test Castor motor data provide the basis of constructing
the nominal thrust-time configuration of the Castor motor, The pressure-time
and thrust-time characteristics for each Castor motor were tabulated and
processed through a Thiokol computer program., Thils program generates a ssries
of dimensionless ratios for each motor representing each instantaneous value of
pressure, thrust, and time as a percentage of the average pressure, average
thrust, and web burning time, respectively. The program then averages these
ratios to establish the nominal performance characteristics., This approach
eliminates the time difference factor between motors and minimizes the effect
of an instrumentation bias between motors, resulting in a common basis for
deriving the trace characteristics most descriptive of nominsl motor operation,
The pressure-time curve egtablished by this approach was considered to be
representative of static test motor performance., The data available from
sea level static tests and from the test of the Castor I (XM-33ES) motor under
simulated altitude conditions at AEDC were used in constructing the nominal
thrust trace for vacuum operation. The vacuum thrust=time curve was based on
the nominal pressure~-time curve derived from all static test motors, and the
vacoum thrust to chamber pressure ratios observed in the AEDC test. The
performance of the Castor motor tested at AEDC was in excellent agreement with
the vacuum performence projected from sea level static tests. Instantanecus
thrust points were established by calculating the Fy/P ratios, shown in
Table 7 , from the AEDC test and multiplying this ratio by the instantaneous
pressure value from the nominal pressure-time curve,

The nominal performance was represented by values at the twenty-
eight time points available in the vehicle trajectory computer program., The
resulting curves of chamber pressure and thrust time are shown in Figure 31,

5.2.2 INERT WEIGHT LOSS

A review of the before firing and after firing weight measurements
of the Castor motor indicated a total weight loss of inert materials of 1%
pounds distributed as follows:

1., Liner and insulation - 108 pounds
2, Nossle = 15 pounds
3. Igniter - 8 pounds

The inert weight loss of the nozzle, igniter, and case insulation

was assumed to occur linearly over the burning time of the motor, except for
the charge weight of the igniter (included in this analysis as an inert
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TABLE 6
CASTOR I
NOMINAL DATA

(PERFORMANCE AT 77°F AND VACUUM)

Propellant Weight 7321
Inert Weight loss 131
Consumable Weight T452
Total Motor Weight (less nozzle closure) 8861
Burnout Weight 1409
Nozzle Closure Weight T
Heat Cap Pressure Integral 16,000
Total Impulse 2,000,000
Propellant Specific Impulse 273.2
Propellant Burn Rate 0.244
Effective Burn Time 27.57
Total Burn Time 46.00
Average Thrust (web) 63,100
Maximum Thrust 75,000
Average Pressure (web) 507
Maximum Pressure 680
Average Throat Area Th.658
Exit Area 1167.8
Average Expansion Area Ratio 15.642
Propellant Density 0.0616
Specific Heat Ratio 1.15
Characteristic Velocity 5250
Temperature Sensitivity of Burn Rate 0.089
Motor Kp 207.0
Propellant Web Length 6.701

1b.
1b.
1b.
1b.
1b.
1b.

psia-sec
lb-~sec
lb-sec/1b

in/sec
sec.
sec.

1b.
1b.
psia
psia

2
2

in.
in.
lb/in3

ft/sec

%/ °F

in.
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NOMINAL PERFORMANCE DATA

TABLE 7
CASTOR I

(VACUUM AND 77°F)

Point Time Vacuum Consumable Chamber
Thrust Weight Remaining Pressure F,/P

(SEC) (LBF) (1B) (PsIA)
1 0.000 0 Ths2 0 -
2 0.120 4,798 743k 679 110.0
3 0.326 68,567 7379 613 111.7
L 0.601 66,396 7310 583 113.8
5 2.803 62,022 6787 515 120.3
6 L.179 61,215 6473 499 122.6
7 5.55 61,256 6161 Lol 123.8
8 11.059 02,845 L4897 502 125.2
9 15.186 63,140 3935 501 126.0
10 19.314 63,126 2970 498 126.7
11 22.617 63,811 2194 501 127.3
12 2L . 268 ol , 102 1802 504 127.6
13 25.919 65,196 1406 509 127.9
14 26.469 65,385 1273 510 128.0
15 27.020 65,016 1140 507 128.1
16 27.570 63,284 1009 493 128.2
17 28.120 59,679 683 470 127.0
18 28.671 54,479 766 429 127.0
19 29.221 48,238 661 380 127.0
20 29.772 39,168 571 309 127.0
21 30.322 32,194 Lg7 254 127.0
22 31.698 23,098 351 182 127.0
23 33.074 16,922 oo 133 127.0
2l 34,450 12,413 159 98 127.0
25 37.202 5,960 54 L7 127.0
26 39.953 1,225 11 10 127.0
27 42.000 258 3 2 127.0
28 46.000 0 0 0 127.0
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material) which was considered to be expended on ignition. The total weight
loss of case insulation was estimated from char and erosion profiles constructed
from previous Castor tests.

Since the consumption of liner material constitutes approximately T5%
of the total inert weight loss, emphasis was placed on accurately establishing
the discharge rate of this material. A heat transfer analysis computer program
was used to determine the '"melt” rate of the liner as a function of the time of
exposure. The discharge rate of the liner was then estimated by applying the
liner melt rate to the exposed liner surface, which was determined based on the
geometric progression of the propellant burning surface, at increments of time.
The resulting discharge rate was then adjusted to agree with the average, total
liner weight consumed as determined from test data, while maintaining the char-
acteristic shape of the curve. Figure 32 shows the nominal accumulated weight
loss of the individuel items and the nominal total inert weight loss as a
function of time. Figure 33 shows the total discharge rate of inert materials
from the Castor motor as a function of time. The sharp rise in the discharge
rate shown in Figure 33 results from the rapid exposure of liner surface to
the propellant gasses at burnout of the propellant web.

5.2.3 PROPELLANT DISCHARGE RATE

The propellant mass flow rate was derived from the nominal thrust
line curve assuming the propellant specific impulse to be a constant through-
out motor operations. The error introduced by this assumption is cansidered
to be negligible since prior analyses had shown that the change in nozzle
expansion area ratio during motor operation results in a range of variation
of specific impulse of only 0.1%. Further, the inert material consumed was
assumed to have a specific impulse equal to one-half the specific impulse
of the propellant. The propellant weight discharged between two successive
time points was then determined from the following relationship:

t2 t
t/l wpat = /2wy - /P2 gae
L ty (1)
Top 2
5.2.4 CONSUMABLE WEIGHT REMAINING VERSUS TTME

The motor weight remaining at any instant is a direct function of
two factors: 1) the discharge rate of the inert materials, 2) the discharge
rate of the propellant.

Weight discharge was calculated by summing the individual contri-
butors to the mass flow rate. The nominal curve of consumable weight
remaining versus time shown in Figure 34 was constructed by subtracting
from the total consumasble weight (7452 pounds) the weight of propellant plus
inert material consumed during progressive time intervals. A tabulation of
the consumable weight and vacuum thrust remaining at 28 time points during
motor operation is shown in Table 7
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5.3 THIRD STAGE
5.3.1 INTRODUCTION

The establishment of nominal X259 motor performance characteristics
for each of the two different burning rate casting powders provides the basis
for predicting flight performence. These data were analyzed from the performance
of five X259 motors static tested at AEDC and three motors static tested at
Alleghany Ballistics Laboratory(ABL). The nominal motor characteristics are
shown in Table .

5.3.2 NOMINAL THRUST AND PRESSURE TRACE CONFIGURATION

The static firing tests of the five X259 motors at AEDC provide data
for the basis of the nominal pressure-time and vacuum thrust-time configuration
for both burn rate types of casting powder. The normal (or low) rate powder
was used in all five of the motors tested at AEDC. The nominel trace configura-
tion was derived from these tests and the static firing at ABL of three X259
motors containing high burning rate powder. The traces for the normal burning
rate and high burning rate powder lots are shown in Figures 35 and 36. The
data from these tests were also used to derive the vacuum thrust/pressure (F/P)
relationship for X29%9 motors using low rate powder. The high burning rate
powder vacuum thrust values were obtained by using pressure data from the powder
lot evaluation firing at ABL and adjusting the F/P relat%onship to take into
account the increase in nozzle throat area from 35.78 in“ to 38.63 in“, i.e.,
expansion ratio change from 17.5 to 16.2. The F/P curves for both burning rate
powders are shown in Figure 37.

A tabulation of the instantaneous values used to derive the vacuum
thrust time curves for both burning rate powders are shown in Tables 9 and 10.

5.3.3 INERT WEIGHT FLOW

The amount of inert weight lost during X259 burning was measured in
the AEDC tests. Measurements of the '"before firing" and “"after firing" inert
weights gave an average value of 25 lbs. of inert material being consumed.
This inert weight flow is assumed to be proportional to the thrust-time curve.

5.3.4 PROPELLANT WEIGHT FLOW

The nominal propellant weights for each burning rate type of casting
powder were established by averaging previous production motors. The propellant
welght flow at any instant is calculated from the instantaneous impulse (integral
of thrust) assuming the specific impulse of the propellant is constant during
motor burning.
5.3.5 CONSUMABLE WEIGHT REMAINING

The amount of consumable weight remaining at an instant of time is a
function of the propellant weight flow and inert weights flow. Knowing the
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TABLE 8

X259
NOMINAL DATA
(PERFORMANCE 77°F AND VACUUM)
Powder Iots
Propellant Weight 2566 1lbs. 2557 1bs.
Inert Weight Loss 25 1bs. 25 lbs.
Consumable Weight 2591 1bs. 2582 1bs.
Total Motor Weight (less nozzle closure) 2787 1bs. 2778 1lbs.
Burnout Weight 196 1bs. 196 1bs.
Nozzle Closure Weight 0.25 1b. 0.25 1b.

Head Cap Pressure Integral
Total Impulse
Propellant Specific Impulse

Propellant Burn Rate
Web Burn Time
Total Burn Time

Average Thrust (Web)
Maximum Thrust
Average Pressure (Web)
Maximum Pressure

Average Throat Area
Exit Area
Average Expansion Area Ratio

Propellant Density

Specific Heat Ratio

Characteristic Velocity

Temperature Sensitivity of Burn Rate
Motor Kp

Propellant Web Length

10,493 psia-sec

715,400 1bf-sec

278.8 1b-sec/1b

0.327 in/sec
31.2 sec.
32.8 sec,

21,810 1bf

23,800 1bf
320 psia
350 psia

38.63 in?
626.2 in?
16.2

0.0636 1b/in3
1.18
5300 ft/sec
0.25 %/°F
100
10.L40 1in,

11,335 psia-sec
719,500 lbf-sec
281.4 1b-sec/1n

0.300 in/sec
34.0 sec.
34.9 sec.

20,620 1bf

22,182 1bf
325 psia
350 psia

35.78 in:
626.2 in

17.5

0.0636 1b/in3
1.18
5300 ft/sec
0.25 %/°F
100
10.40 in.
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TABLE
X259 NOMINAL PERFORMANCE DATA
77°F ANRD VACUUM CONDITIONS
(Powder Lot ZTI-246)

Point Time [Chamber Pressure{ F/P Vacuum Thrust Consumable Weight
Remaining

(SEC) (PSIA) (IN®) (LBF) (LBS)
1 0 0 62.18 0 2582.0
2 0.1 325 62.18 20,210 2578.4
3 2.0 312 62.18 19,402 2443.3
4 5.0 323 62.29 20,122 2230.5
5 7.0 326 62.48 20,370 2085.2
6 10.0 343 62.93 21,587 1859.4
7 12.0 347 63.18 21,926 1703.1
8 14.0 350 63.37 22,182 1544.8
9 16.0 349 63.56 22,182 1386.7
10 19.0 345 63.73 21,990 1150.6
11 21.0 34k 63.(8 21,944 992.9
12 24.0 332 64,06 21,271 759.7
13 27.0 327 6l .43 21,073 532.3
1k 29.0 322 6l .68 20,831 381.9
15 30.0 320 64,83 20,750 307.3
16 3l.2 308 65.04 20,192 216.6
17 32.0 302 65.08 19,659 162.5
18 33.0 289 65.19 18,844 93.4
19 34.0 25k 65.29 16,588 29.8
20 34.9 0 65.29 0 0

T2




TABLE 10
X259 NOMINAL PERFORMANCE DATA
T7°F AND VACUUM CONDITIONS
(Powder Lots ZI-193 and 207)

Point | Time |Chamber Pressure F/P Vacuum Thrust Consumable Weight
Remaining

(sEc) (Ps1A) (IN2) (1BF) (1BS)

1 0 0 67.00 0 2591.0
2 0.1 343 67.00 22,961 2586.8
3 2.0 320 67.00 21,440 2434 .0
4 3.0 322 67.00 21,574 2356.1
5 5.0 325 67.15 21,824 2199.0
6 7.0 333 67.30 22,413 2038.8
7 10.0 345 67.76 23,378 1790.1
8 12.0 348 67.98 23,658 1619.7
9 k4.0 349 68.20 23,805 1447.9
10 16.0 347 68.40 23,734 1275.7
11 19.0 342 68.56 23,4k49 1015.8
12 21.0 336 68.61 23,054 847.4
13 24.0 333 68.89 22,941 597.5
14 27.0 325 69.26 22,509 350.6
15 28.0 319 69.38 22,132 269.8
16 29.0 311 69.50 21,615 190.6
17 30.0 296 69.64 20,614 114.1
18 31.0 261 69.7Th 18,201 4L3.9
19 32.0 50 70.16 3,507 6.4
20 32.8 0 '70.16 0 0

3




relationship of the propellant weight flow and inert weights flow to time
(proportional to thrust), the consumsble weight remaining is derived by sub-
tracting the instantaneous consumed weight from the total consumables which are
propellant weight and 25 1bs. of inerts. The instantaneous consumed weight is
calculated from the following equation:

t
We = (wp + 25) %( F dt

tp
/f F dt

(o}

(1)

Curves representing the nominal consumed weight remaining during
motor burning for both burning rate types of casting powder are shown in
Figure 38.

5. b FOURTH STAGE
5.4.1 INTRODUCTION

The establishment of nominal X258 "C" motor characteristics provides
the basis for predicting flight performance. These data were prepsrad Ircm the
performance meesurements of X258 motors at AEDC and during flight. The nominal
motor characteristics are shown in Table 1].

5.k.2 NOMINAL THRUST AND PRESSURE TRACE CONFIGURATION

The static firing tests conducted at AEDC were the basis for the
nominal pressure-time and vacuum thrust-time traces for the X258 mctor. These
tests consisted of both static and spin testis and a nominal trace configuration
was determined. However, during flight, a consistent 1% to 2% degradation in
performance was experienced. The trace configuration is shown in Figure 39.

The F/P relationship shown in Figure #0 was also derived from tlie AEDC tests.
A tabulation of the instantaneous values used to derive the nomiqal X258 "C" motor
vacuum thrust-time curve is shown in Table 12

5.4.3 INERT WEIGHT FLOW

The amount of inert weight lost during X258 burning wis measured in
the AEDC spin tests. Measurements of the '"before firing" and "after firing"
inert weights gave an average value of 5.7 lbs. This inert weight flow is
assumed to be proportional to the thrust time curve.

s.h.h PROPELLANT WEIGHT FLOW
The nominal emount of propellant weight was established by averaging
previous production motors. The propellant weight flow of the X258 "C" motor

is calculated from the instantaneous thrust assuming the specific impulse of
the propellant is constant during motor burning.

T4
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TABLE 11
X258 "C" MOTOR

NOMINAL DATA

(PERFORMANCE 77°F AND VACUUM)

Propellant Weight
Inert Weight lLoss
Consumable Weight

Total Motor Weight (less nozzle closure)

Burnout Welght
Nozzle Closure Weight

Head Cap Pressure Integral
Total Impulse
Propellant Specific Impulse

Propellant Burn Rate
Web Burn Time
Total Burn Time

Average Thrust (web)
Maximum Thrust
Average Pressure (web)
Maximum Pressure

Average Throat Area
Exit Area
Average Expansion Area Ratio

Propellant Density

Specific Heat Ratio

Characteristic Velocity

Temperature Senslitivity of Burn Rate
Motor K,

Propellant Web Length

502
2.7
503.6
576.0
76.5
0.10

9,582
140,000
281.2

0.286
21.9
2k.1

5,800
6,700
428
453

8.12
203.0
25.0

0.06278
1.18
5,300
0.25
145
6.82

lbs.
lbs.
lbs.
lbs.
lbs.
1b.

psia-sec
lb-sec
lb-sec/1b.

in/sec
sec.
sec.

1bf
1bf
psia
psia

1n2
in2
1b/in3

ft/sec

%/ °F

in.
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TABLE 12
X258 "C" MOTOR NOMINAL PERFORMANCE DATA
T7°F AND VACUUM CONDITIONS

Vacuum Consumable Weight
Point Time Chamber Pressure F/P Thrust Remaining

(seC) (PSIA) (1n2) (LBF) (LBS)

1 0 0 14.10 0 503.6
2 0.1 482 14.10 6796 502.4
3 1.0 445 14,10 6275 475.3
4 2,0 385 14.10 . 5420 460.2
5 3.0 380 14,10 5413 440,7
6 4.0 391 14.10 5569 420.4
7 5.0 403 14,12 5690 400,2
8 6.0 418 14.15 5975 379.2
9 8.0 437 14.20 62638 334.8
10 10,0 450 14,30 6501 289.2
11 12,0 454 14,40 6605 242,0
12 14,0 453 14,50 6636 194.4
13 16.0 441 14,63 6452 147.3
14 18.0 425 14,76 6273 101.5
15 19.0 425 14,82 6298 78.9
16 20.0 425 14,90 6332 56.6
17 21.0 423 15,00 6345 33.8
18 22,0 405 15,04 6091 11.4
19 23,0 15 15.04 226 0.1
20 23.2 0 15.04 0 0
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5.4.5 CONSUMABLE WEIGHT REMAINING

The amount of consumed weight remaining at an instant of time is a
function of the propellant weight flow and inert weights flow. 1In the X258
"C" motor, the degradation of performance during flight environment
(longitudinal acceleration) is accounted for by considering 4.1 1bs. of pro-
pellant as unburned. The consumable weight remaining for the X258 at an
instant of time, as shown in Figure 41 , is calculated from the following

equation:

t
J/”tT
° Fyat



. po Tt
i wi
H AR
i i
it , ;
i : m._r%_.m
; HH ke
v {44 _nl.irn LA H ane! l..
Hifb aEaguepuaiphat H ]
E;x+. TH HH T 1
i 2] ih
[E Hi
11

113
i i

i

H

T ]

600

(S871) ONINIVWIY LHOI3M 3 T18VWNSNOD

30

28

26

24

22

TIME — SECONDS

FIGURE 41 X258 NOMINAL CONSUMABLE WEIGHT REMAINING VS TIME

81






6.0 PERFORMANCE PREDICTION PROCEDURE
6.1 FIRST STAGE

The performance of an Algol IIB motor is predicted by firing a series
of twelve 10KS-2500 test motors, one motor representing each of the twelve
batches of propellant in the Algol motor, to determine the propellant batch
burning rates. These motors are fired at 77°F with a standard throat size to
produce approximately 550 psia chamber pressure. These batch rates are adjusted
to the standard condition of 550 psia and 77°F and are then averaged. This
average batch rate is translated to an "apparent" full scale burning rate at
550 psia and 77°F by the use of a correlation. .The apparent full scale burning
rate is then translated to a '"true" full scale rate, at actual operating pres-
sure, by the use of a second correletion. The true full scale rate is converted
to a predicted web time for the new motor. Then the nominal time points, thrust,
weight remaining, and jet vane drag, are multiplied by the appropriate time and
propellant weight ratios to complete the performance prediction.

6.1.1 CORRELATION

The Algol motor burning rate at 77°F and 550 psia is calculeted using
the following equation for motors:

1. 80/20 oxidizer blend ratio

Algol rate at 550 = Q.7333 (batch rate at 550) + 0.0717, in/sec.
2. 75/25 oxidizer blend ratio

Algol rate at 550 = 0.7333 (batch rate at 550) + 0.657, in/sec.

Since the full scale motors do not all operate at 550 psia, & second correlation
is required to convert the 550 psia burn rate to the true burning rate at
operating pressure: n

; l-n
Algol rate at operating pressure = r(gsg) r(550) _ ] (2)
¥ (550 nominel)

where (550 nominal) = 0211 in/sec

Then, to calculate the new '"effective" burn time, ty,
ty = 9.64/Algol rate at operating pressure, sec. (3)

6.1.2 PREDICTION

The 25 nominal points for time, vacuum, thrust, Jet vane drag, and
consumable weight remaining are multiplied by the following ratios:

Nominal t x (New t,/45.700) sec. (&)
Nominal F x (45.700/New ty) x (Wp/21,139) 1bf (5)

New t

New F
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New JVD = Nominal JVD X (45.700/New ty) % (wp/21,139) 1bf. (6)

New Cons. Wt. Rem. = Nominal C.W.R. x (wp + 216)/(21,139 + 216) 1b.(7)

New Total Impulse = W, x 258.875 lbf-sec (8)
6.1.3 CQVPUTER PROGRAMS

Computer prediction programs are available at Sacramento for prediction
of Algol II motor performance utilizing the average burning rate for the Algol
motor and also by inputing the burning rates for each batch of propellant.

The two methods are summarized below.

BATCH TEST MOTOR DATA

GE 225 Computer Program
Burning Rate Data
Preparation and Conversion
. 2

v L)

Average Algol Motor Burning Rate 12 Batch Burning Rates

(R-CPn vailues )
GE 225 Computer Program IBM 7040 Program 12017
Ratio Factoring of Nominal Data Interior Ballistics
v i 3
25 Point Prediction GE 225 Computer
Interpolation Program

l. Time Points {

2. Vacuum Thrust 25 Point Prediction
3. Jet Vane Drag

4, Consumaeble Wt. Rem.

5. Pressure (ortional)

6. Sea Level Thrust (optional)
7

3

Time Points

Vacuum Thrust

Jet Vane Drag

Consumable Wt. Rem.

. Pressure (optional)

. Sea Level Thrust (optional)
Impulse S. L. (optional)

. Impulse Vac. (optional

. Impulse S.L. (optional)
. Impulse Vac. (optional)

O~V FWwWn -

Algol II motors 2R, 3R, and 5 had a batch test motor fired for each
batch of propellant. Performance predictions for each of these motors were
prepared by both methods. The trace shapes produced by both methods were nearly
identical and both prediction traces generally matched the actual motor pres-
sure and thrust traces. The predictions showed a more rapid ignition than the
actual motor date because the nominal motor trace is modeled after recent
Algol II motors which utilize a larger ignition charg. than that employed in
the early motors.

The short method for motor prediction, employing the average Algol
motor burning rate, appears adequate for motor performance prediction.
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6.2 SECOND STAGE

The prediction of Castor I motor performance is based on the ballistic
properties of the propellant mixes loaded into the Castor motor. The burning
rate of each propellant mix is currently determined by firing two or more batch
test (TX-3) motors at a K, of approximately 200 and a temperature of TO°F. The
test motor burning rate (rl) at the operating condition is determined for each
motor using the following empirical equation:

tw
ry = L o.6u15 A Pt - .00903 (1)
v / T Pdt
o
Knl = ;{_S"_s' (2)

where Knl = test motor K,

The burning rate (r2) determined from each test motor is then ad-
Justed to the condition (Kn = 231) which serves as the basis for the correla-
tion between the test motor and the Castor motor as follows:

n

"o = (22 - (3)

vwhere the burning rate exponent, "n," is measured for the lots of raw
materials used in the manufacture of the propellant for the Castor motor, or
in the absence of these data the burning rate exponent can be estimated from
Figure 20.

The average burning rate of each propellant mix at a K, of 231 is
then determined as follows:

rp =Zf2 ()
N

where N = the number of rate values

The average burning rate of each propellant mix is then adjusted to
the temperature at which the prediction of Castor performance is to be issued.

- O (Te - T
ry =7p (e) Tx(Te - T (5)
where: C. = d(1n r) temperature sensitivity of burning rate at a
K daT constant K,, as measured for the propellant raw

meterials lots. (An average value of .00089 may
be used in the absence of data for a particular
propellant batch.)
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temperature at which the Cestor performance is to be predicted

Te

T firing temperature of the test motors (normally 70°F)

1

After the above calculations have been made for each propellant
batch loaded into the Castor motor, the overall average burning rate of
the propellant batches loaded into the Castor motor is determined as follows:

r= T3
N (6)

Equation 6 completes the adjustments to the batch test motor data.
Knowing the burn rate of the propellant as measured by the batch test motors
(Equation 6) and the characteristics of the Castor motor, the performance of
the Castor motor can be predicted as follows:

Burn rate = r (1.11724) (7)
Web burning time, ty = 6.701/burn rate (8)
Effective burning time, t, = t, + 0.060 (9)
Total impulse = 273.2 (propellant weight) (10)
Average thrust = .86992 (total impulse)

burn time (11)
Consumable weight = propellant weight + 131 (12)

The above information can be used to modify the thrust-time and
weight-time characteristics of the nominal Castor motor to predict a
particular motor. This can be accomplished manually by multiplying each
of the instantaneous performance values of the nominal tabulation by the
following ratios to adjust for differences in web burn time and propellant
weight.

New t = Nominal t x __ D _ (13)
27.57
New F = Nominal F x 2(:27 X Wp__ (14)
Ty 1321
New Cons. Wt. Rem. = Nominal Cons. Wt. Rem. x Wp + 131 (15)
7321 + 131

A computer program is available at the Huntsville Plant for use in
providing the tabulation of time, thrust, and weight remasining. The inputs
required to operate the program are the predicted burn time, average thrust,
and consumable weight obtained from Equations (9), (11), and (12),
respectively.



6.3 THIRD STAGE

The predicted bellistic performance of any X259 flight motor is based
on five static firings of the motor at AEDC in a simulated high-altitude environ-
ment and on static firings at ABL for casting powderaecceptance. In the five
AEDC firings the motor's ballistic performance characteristics--specific impulse,
burn time, mass discharge coefficient, thrust and pressure-time trace configura-
tions--were established. The flight prediction procedure was evolved from these
vacuum test data.

The propellant burning rate of X259's cast from a given lot of casting
powder is considered to be essentially constant from motor to motor. However,
several lots of casting powder have been required through the years in the
production of X259 motors. Due to lot-to-lot burning-rate variations, nozzle
throat diameter changes have been necessary to maintein the motor operating
pressure. Associated with all X259 motors cast from any one lot of casting
powder is a particular nozzle throat size, and all motors within that lot are
considered to be ballistically similar with respect to chamber pressure level,
burn time, and specific impulse.

From the early AEDC tests of the X259, the specific impulse of the
motor wes established, together with the ratio of vacuum thrust to chamber pres-
sure as a function of burn time. The F,/P relationship determined at AEDC
provides the means whereby vacuum thrust characteristics can be calculated for
a different powder lot if chamber pressure data are available from an X259
test at sea level ambient pressure. This has been the case in the X259
development and production programs. Upon receipt of a new lot of casting
powder, subscale motors are cast and fired at various K, levels for preliminary
acceptance of powder lot burning-rate characteristics.

One or more X259 quality assurance test firings are conducted to
qualify the new powder lot and to obtain a burning rate prediction for flight
motors. The vacuum-thrust curve is calculated by applying the AEDC FV/P
relationship and specific impulse to the static test pressure~time curve.

Any changes in specific impulse resulting from a different nozzle throat size
for the lot are properly accounted for in the vacuum thrust prediction pro-
cedure.

The prediction of X259 weight expended versus time is calculated as
follows. The total propellant weight (mein grain plus igniter charge) is
added to the average inert weight consumed during burning time. The average
inert weight consumed, as measured from the X259 AEDC tests, is 25 lbs.

The instantaneous weight consumed is calculated from the equation:

‘(tFth

We = 2
%(”tT Fydt

(o]

(1)
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6.4 FOURTH STAGE

The X258C motor prediction procedure is similar to that of the X259,
both in method and source of data; i.e., thrust and impulse predictions are
based upon AEDC test results. All X258 motors cast to date and those remaining
t0 be cast are from one lot of casting powder. Since the X258 motor is spin-
stabilized in flight, the motor has also been spin fired in several ground
tests. In the spin tests the propellant exhibits an approximate 15% increase
in burning rate over the static test rate. Therefore, until recently, all pre-
dictions were based on the spin test results from AEDC. The prediction of
vacuum thrust time curve for an X258 flight motor consisted of adjusting the
nominal thrust level (determined from AEDC tests) such thet the thrust-time
integral equaled 281.2 times the unit's propellant weight. Weight expended
was calculated by multiplying total expendable weight (propellant weight
+ 5.7 1lbs. inert) by the ratio of impulse delivered to total impulse.

The X258 has been plegued by some phenomenon, encountered in the
flight environment, which has caused the performance of the unit to be variable
and generally lower in flights than sea level spinning/vacuum tests. Usually,
the X258 motor flies without instrumentation, and it has not, therefore,
been determined why motor performance is lower than expected. Some future
Scout flights will include motor performance instrumentation--pressure
transducers and accelerometers--and this will provide additional information.
It is hoped this will help to define the problem. The deficiency has varied
emong flights with an approximately equivalent 1 to 2% degradation in specific
impulse or approximately 4 pounds of unburned propellant. A reduction in
either specific impulse or propellant weight burned results in similar flight
trajectories. Therefore, the interim prediction procedure consists of using
the specific impulse measured at AEDC, 281.2 seconds, but reducing the total
propellant weight consumed by 4.1 pounds. The resultant thrust-time curve
integral is lower than the AEDC measured value by an amount corresponding to
4.1 pounds of unburned propellant.

88



7.0 INSTRUMENTATION SYSTEMS

T.1 MOTOR MANUFACTURERS' FACILITIES

T.1.1 FIRST STAGE (Reference 4)

7.1.1.1 Chamber Pressure

Chamber pressure measurements are made with strain gage type pressure
transducers manufactured by the Taber Instrument Corporation, specifically, a
Model 206, with & range of O to 1000 psig (Specification AGC-32048/2). Each
unit is compensated so the variation due to temperature is minimized in the
range of 30 to 130°F.

The complete pressure measuring system consists of a Taber 206 pressure
transducer, a dc power supply, an electrical shunt-calibration network, a dc
?mplﬁfier, and a Beckman 210 analog-to-digitel converter and recording system

ADC).

After completion of & static test firing, chamber pressure trans-
ducers ere returned to the calibration laboratory for a cross check. If the
temperature sensitivity, electrical shunt-to-pressure correlation, or zero off-
set exceeds the specification tolerance, the unit is adjusted and re-calibrated
before it is reissued.

The meximum errors associated with low-level measurement of chamber
pressure are shown in Table 13. The errors attributable to the transducer
were determined by rigorous, repetitive laboratory calibrations, using a dead
weight standard. Errors introducted by the strein gage channel and ADC were
determined from repeated end-to-end calibrations of the data-transmission
channels.

A root-square-summation of the individual errors yields a maximum
inaccuracy of 0.19 + 1.14% of-the-point, assuming the normal operating range
(75% of full scele) for the transducer and the Beckman 210. The resulting
standard deviation one sigma, repeatability for basic low-level chamber pres-
sure measurements, is + 0.38% of-the-point.

7.1.1.2 Axial Motor Force

Baldwin-Lima-Hamilton U3XXA force transducers (Specification
AGC-32003/1) are used for force measurements. The thrust measurement system
uses essentially the same components as the pressure measuring system.

In the range 10,000 to 50,000 1lbf, maximum errors attributed to the
loed cells were determined from laboratory calibrations referenced directly to
a dead weight standard. The force transducers are temperature compensated
and trimmed to produce & standardized electrical output throughout the tempera-
ture range 30 to 130°F. Bending moments caused by alignment errors and
dimensionsl variations in the thrust stand caused by deflection under load can
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affect the measurement accuracy of the'load cell. To minimize the structural
effect, efficient and repeatable load-cell-isolation devices are used in all
single and multiple degree-of-freedom thrust stands.

Since the thrust stand is considered an integral component of the
force measurement system, an in-place calibration is essential for high-
accuracy force measurements. A complete end-to-end force calibration of the
measurement system is used to provide accuracy and repeatebility and permit a
complete analysis of all loads occurring during a test firing. Once the
calibration factors have been established for a given stand, no further end-
to~end calibration is required during the particular motor program.

The Aerojet calibration laboratories have a dead weight calibration
capability from O to 60,000 1bf. Beyond 60,000 1bf. a secondery-standard
calibration technique is used, with traceability to National Bureau of
Standards (NBS) provided by proving rings. Furthermore, load cell hysteresis
data are unobtainable because of facility limitations in the high-thrust range.
Because of these variations in technique, the error analysis shown in Table 1il4
substitutes specification data for actual, observed variabilities.

Combining the individual errors by root-square-summation yields a
meximum repeatability error of +0. 43% of-the-point at the normal operating
range (75% full scale); the correspondlng one-standard-deviation repeatability
is + 0.14% while the overall force measurement accuracy is -0.10% bias, 10.14%
repeatabillty, one sigma.

7.1.1.3 Propellant Weight

Propellant weight is determined by Cox and Stevens Weighing Kits
comprised of three high-accuracy force transducers and a weight indicator.
The accuracy of the weight kit is verified by a rigorous celibration procedure.
Standard weights, certified Class C by NBS, are available for the motor-weight
range, and weights kits are calibrated weekly against the appropriate standard
weights.

Ananlysis of weight errors is separated into repeatability and accuracy.
The repeatebility parameters describe the variations in three redundent-
calibration weighing procedures, accomplished during the weekly kit verification.
In this context, repeatability includes random error in the weighing-kit load
cells and indicator, together with human and systematic errors. The accuracy
indicates the variation between the average of three redundant readings and
the corresponding true calibration weight. Accuracy thus encompasses the
repeatability parameters, along with random-bias variations of the equipment.
The total weight-measurement error is therefore the root-square-summation
(RSS) combination of the accuracy parameter and the Class C weight variability
as indicated in Table 15 .

A RSS of the individusal three sigmea errors yields a maximum inac-

curacy of -0.04k + 0.19% of-the-point. The resulting one sigma repeatability
for the basic weight measurcment is 0.06%.
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7.1.1.4 Definitions

The terms repeatability, bias, and accuracy, as used in this discus-
sion, are defined as follows:

REPEATABILITY is the deviation from the average of data points
obtained from repeated tests under identicel, invariant conditions, i.e., the
degree to which test results agree on a run-to-run basis with all test para-
meters held constant.

BIAS is the variation between the average value of a particular
group of samples and the corresponding actual or reference value. As such,
the term represents the everage, inadvertent attenuation or amplification
inherent in & measurement system.

ACCURACY is the overall ability of a measurement system to resolve
a known physical quantity within a stated deviation. As such, the term
accuracy encompasses both repeatability and bias.

For practical usage of weight measurement errors for the Algol motor,
the accuracy and repeatability errors are the same since the bias error is
removed by calibration of the weighing kit.

TABLE 13

ALGOL CHAMBER PRESSURE MEASUREMENT ERRORS

PERCENT~OF-THE-POINT ERRORS

VARIABLES Bias Repeatability
(three sigma)

Transducer Variables

(1) Linearity, hysteresis, and reproducibility 0.15 40.47

(2) Electrical shunt-to pressure -0.01 +0.67
correlation (30 to 130°F)

(3) shift in calibration caused by use 0.08 40.79

(4) Dead weight standard -- +40.10

Channel Variables

(1) Electrical celibration standard

(2) ADC system -0.03 40.11

(3) Amplifier

Root-square-summation {RSS) .- +1.1h

One-standard-deviation one sigma repeatebility - ip.38

Accuracy one sigma 0.19 +0.38
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TABLE 14

ALGOL AXTIAL-FORCE MEASUREMENT ERRORS

PERCENT-OF-THE-POINT ERRORS

VARIABLES Bias Repeatability
{three sigma)

Measuring Load Cell Variables

(1) Linearity, hysteresis, and reproducibility - $0.13
(2) Electrical shunt to force relationship
€30 to 130°F) -- 40.21
(3) Shift in calibration due to use -0.00 +0.22
Thrust Stand Calibration Variables
(1) NBS transfer standard -- +0.10
(2) AGC working standard to NBS transfer
standard -- 40.15
(3) AGC working standard to measuring cell -- 40.15
(4) Thrust stand and electrical system -0.07 +0.16
calibration
Channel Variables
(1) Electrical calibration
(2) ADC system -0.03 +0.11
(3) Amplifier
Root-square-summation (RSS) -- 40.43
One-standard-deviation one sigma repeatability -- ip.lb
Accuracy one sigma ' -0.10 0.1k

WEIGHING PROCEDURE FOR AIGOL IIB MOTOR

I. BEupty Chamber Weight (approx. 1650 1lbs.)
A. Toledo Platform Scale-2000 1lb. cap. in 1/4 1b. increments
B. Scale accuracy 0.1% of indicated reading
C. Scale is calibrated every 30 days
D. Chamber weighed without tooling
E. Zero set checked for each weighing

II. Insulated Chember Weight (approx. 1960 lbs.)
A. Toledo Platform Scale-2500 1b. cep. in 1/2 1bv. increments
B. Scale accuracy 0.1% of indicated reading
C. Scale is calibrated every 30 days
D. Chamber weighed without tooling
E. Zero set checked for each weighing
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III. Nozzle Weight, including bolts (approx. 550 1bs.)

A.
B.
c.
D.
E.

Toledo Platform Scale-1000 1b. cap. in 1/4 1b. increments
Scale accuracy 0.1% of indicated reading

Scale is calibrated every 15 days

Nozzle weighed without tooling

Zero set checked for each weighing

IV. Liner Weight (approx. 3% 1lbs.)
A. Toledo Platform Scale-125 1b. cap. in l/lO lb. increments

B.
c.
D.
E.

.Scale accuracy 0.1% of indicated reading

Scale is calibrated every 15 days

Zero set checked for each weighing

Container is weighed before and after liner application

V. Igniter Weight (approx. 37 1lbs.)
A. Toledo Platform Scale-125 lb. cap. in 1/10 1lb. increments

B.
C.
D.
E.

Scale accuracy 0.1% of indicated reading
Scale is calibrated every 15 days

Zero set checked for each weighing
Igniter weighed without tooling

VI. Final Assembly Weight (approx. 23,720 1lbs.)
A. Two Cox and Stevens 25,000 1b. load cells - 1 1lb. reading increments

B.
C.
D.
E.

Fl

G.
Hl

Load cell accuracy 0.1% of indicated reading

ILoed cells are calibrated every 60 days

Zero set checked for each weighing

Prior to lifting the motor, each load cell is checked against an NBS
certified 12,000 lb. test weight.

Motor 1s lifted with handling rings. Part No. and Serial No. of
rings are recorded. (approx. wt. 1400 1b.)

Motor is weighed three times, and the three readings are averaged.
Front and rear load cell readings are added and the weight of the
handling rings is subtracted.

VII. Propellant Weight
A, The weights of the insulated chamber, liner, nozzle, hardware, and

igniter are subtracted from the final assembly weight to establish
the propellant weight.
TABLE 15
ALGOL PROPELLANT WEIGHT ERRORS
PERCENT-OF-THE-POINT ERRORS

VARIABLES Bias Repeatability

Sthree sigggZ
(1) Weight measurement system reproducibility - +0.05
(2) systematic errors -0.0k +0.17
Accuracy -0.04 +0.18
(3) NBS transfer standard -- +0.05
Root-square-summation (RSS) - +0.19
One-standard-deviation one sigms repeatability -- +0.06
Accuracy gpe sisme -0.04 +0.06
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7.1.2

SECOND STAGE

TX-33 motors are static tested at the Army Test and Evaluation

Laboratory, Test Area 5, Redstone Arsenal. The TX-3 ballistic test motors

are static tested at Thiokol, Test Facility B-7620. Digital data systems

and oscillograph records are used by both agencies for data acquisition during
static test of both the TX-33 and TX-3 motors. Both agencies use transducers
providing state-of-the-art accuracies and recording equipment. approaching
state-of-the-art.

TX-33 Static Tests

TX-33 motors are fired in the horizontal position on a tracked dolly.

One double bridge main load transducer measures motor thrust during the static

test.

The test assembly (motor, tracked dolly, and mechanical adapters to the

main load transducer) has a low natural frequency response to changes in motor

thrust.

The natural frequency of the system is increased by preloading the

test assembly against the main load transducer. This preload is adjusted by
two preload thrust transducers, and the outputs of these transducers are
recorded during motor test so that any shift of preload during static test may
be incorporated in the thrust determination.

TX-33 motor chamber pressure ports and pyrogen chamber pressure ports

are located at the head end of the motor. Fittings and short oil-filled lines
connect the pressure ports to their respective transducers.

Specifications and capability of the Test and Evaluation Laboratory

equipment used for pressure and thrust measurements on TX-33 motors are as

follows:

1. Transducers

A, Pressure Transducers

Pressure transducers used for the measurement of motor chamber pres-
sure and pyrogen pressure have less then 0.25% combined hysteresis
and linearity. Temperature compensation is 0.0035$/°F. The natural
frequency of the high frequency pressure transducer is at least
15,000 cps.

B. Thrust Transducers

The main and preload thrust transducers have less than 0.2% combined
hysteresis and linearity. Temperature compensation is 0.0008%/°F.

2. Recording Equipment
A. Oscillograph Recording System

Consolidated Electrodynamics Corporation (CEC) Model Recorders are

used almost exclusively. A full range of galvanometers is used
ranging in frequency band pass from to 5 KCPS. The following

schedule is normally used with the assigned data.
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CEC Band Pass

Data Galvanometer CPS
Motor Chamber Pressure 7-346 0.190
Igniter Chamber Pressure T7-362 0-2500
Main Motor Thrust 7-343 0-200
Preload Thrust T7-348 0-60

Three inches of galvanometer deflection are used for the maximum
values of pressure and thrust. This span coupled with paper
shrinkage and expansion limits the accuracy of the oscillograph
record. Resolution is approximately + 1/40 inch in 3 inches.

B. Digital Systems

Pressure and thrust are acquired with a Packard Bell Computer
Corporation digital data handling system designed and fabricated
specifically for the Army Test and Evaluation Laboratory. This
system can acquire up to 150 channels of data and transmit these
data by microwave link to an IBM 7094 computer. This transmission
of date during static test permits data reduction to be performed
immediately after the test. The sample rate of the system is 15,000
samples/second. The code used with this system is 14 bit binary.
The maximum resolution of this system is one bit in 9999 bits or
0.001%. The linearity is 0.01%. The transducers become the limit-
ing factor when determining the accuracy of data obtained with the
system. Special attention must be given to determining the sample
rate and associated frequency response with the digital system. One
thousand uniformly distributed samples/second/channel are used with
TX-33 data acquisition. Using an established 8 sample/cycle for fre-
quency response determination, then O to 125 cps is established as the
frequency response of digital data.

TX-33 Test Data Reduction

Pressure and thrust definitions reported for data recorded during
the static firings of TX-33-35 (XM 33E5) rocket motors are taken from Thiokol
Standard Definitions and Model Specification SP-425 definitions. Until
recently, all pressure and thrust data were taken from the oscillograph records
by utilizing analog techniques. Pre-ently, data is being recorded by digital
and analog systems. Dual independent channels of pressure and thrust are
being recorded during static firings.

Two oscillograph traces are available to Thiokol, each of which con-
tains one channel of pressure and one channel of thrust. Each channel on the
oscillograph trace has an electrical calibration recorded prior to motor igni-
tion and again following motor operation. This consists of from 5 to 6 step
levels. Linearity of calibration between steps normally remains within :Q.S%
of full-scale deflection. Full-scale deflection is chosen as that step level
which corresponds with the average pressure and thrust during motor operation.
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This level is used as a deflection factor, D.F. (psi/inch or 1bs./inch),

when reading integrals or amplitudes. When a thrust or pressure average falls
between two calibration steps, the average of the steps is teken for full

scale and for determining deflection factors. If calibration linearity based
on full scale exceeds + 1% non-linearity between steps, the alternate oscillo-
graph trace is utilized if more linear. When both oscillograph traces indicate
a calibration non-linearity exceeding + 1%, calibration steps are plotted and
data are read from & non-linear curve.

Integrals taken from an oscillograph trace are determined as follows:

Area x D. F. - ‘lfdt or ‘/}dt
Recorder speed

Area = area under curve as read with a polar planimeter (in.e)

D. F. = deflection factor taken from calibration (psi/inch or
lbs./inch)

Speed of Recorder = speed of oscillograph recorder (inches/sec.)

Speed of the recorder is determined by measuring the length of the trace under
the total area of the pressure or thrust curve and dividing the length by
total operating time or

Total length (inches) _ jp/gec,
Total time (seconds)

A point 1is then chosen at approximately one-half of total operating
time. The time from ignition to this point is read plus the length in inches.
By dividing this length by the speed of the recorder, there should be a cor-
rejation of +0.003 second with the midpoint time. If this speed is nonuniform,
the pressure and thrust curves are marked off in positions and speed is deter-
mined for each portion of the area read.

Data are taken from the alternate oscillogreph trace as a check for
correlation. When digital data are available, these data are used as a check
for correlation. All pressure and thrust curves are plotted. Completed data
are forwarded to the Engineering Department for review before final data are
released.

The digital printout from the Packard Bell System provides a tabu-
lation of the following data:

. Time

Pressure data points (psia)
Thrust data points
Cumulative pressure integrals
Cumulative thrust integrals

WV Fwo -
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TX-3 Static Tests

Specifications and capability of Thiokol equipment used for
recording pressure-time data from TX-3 motor static tests are as follows:

1. Transducers

Pressure transducers used in the measurement of TX-3 motor chamber
pressure have less than 0.25% combined hysteresis and linearity.
Temperature compensation is 0.005%/°F from 15 to 115°F.

2. Recording Equipment
A. Oscillograph Recording System

Consolidated Electrodynamics Corporation recorders are used for
data acquisition. The accuracy and frequency limitations are

as described for the Army Test and Evaluation Laboratories system
used for TX-33 tests.

B. Digital System

A Systems Engineering Leboratories digital system was designed

and instelled in the Thiokol test facility. An IBM 7070 computer is
used for data reduction. One thousand samples/second/channel are
used for data acquisition. The system uses a 15 bit binary coded
decimal code. Linearity is 0.1%. Maximum resolution is one bit

in 7999 bits. The transducers become the limiting factor in deter-
mining the accuracy of data obtained with this system.

TX-3 Test Data Reduction

TX-3 batch check date are recorded simultaneously by digital and
analog systems. Digital tapes consist of lwo channels ol recorded pressures,
each independent of the other. Oscillograph iraces consist of two channels of
recorded pressure, each independent of the other. Data from the digital
system are used in test evaluation. The analog system is used for redundancy.
Necessary informetion pertinent to final data output for each motor tested is
transposed to standard forms. Such information, along with the digital data
tapes, is transferred to the computer facilities where it is key punched and
fed into the programs when processing data tapes. This program is identified
as G-2133. Final output from program G-2133 is returned to the Data Reduction
Group for veritication. The validity of digital data is further verified
by reducing redundant data from the oscillograph recordings. This consists of
randomly selecting 10% of the TX-3 motors tested and reducing the date by
analog techniques.

When digital data are not acquired and analog recordings are the

primary data source for reduction of TX-3 data, procedurez sre the same as
applied to the TX-33-35 motor.
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In order to maintain accuracy in date reduction techniques, the
following procedures have been established.

1. Calibration curves and deflection factors are checked by one
individual and verified by another.

2. Redundant data are never reduced by an individual who has
reported the primary data. Data from each individual should cor-
relate within + 1.0%.

3. Integrals under the plotted curves of data transposed from oscil-
lograph records should be within + 1.0% of integrals read directly
from the oscillograph trace.

k., All analog data should compare within + 1.0% of digital data when
such correlation is performed.

5. A minimum of two channels per system 1s recorded for pressure or
thrust in order to provide correlation. This correlation between
channels should remain within + 1.0% when data are anaslog and + 0.5%
vhen data are digital.

6. A computer program hes been established as a validity check for
TX-3 reported data. This program screens and displays record errors
and performance abnormalities in the TX-3 data.

7. Electrical calibrations are given preference over dead load
calibrations. When dead load calibrations are used, electrical
calibrations are taken immediately following such in order to pro-
vide correction factors due to a change in gage voltage or amplifier
gain.

Test Temperature

Temperature conditioning of the TX-33 motor is performed at the Army
Test and Evaluation Laboratory environmental facilities. In accordance witn
the test requirements specified by Thiokol, the motors are subjected to the
required temperature + 5°F for a minimum conditioning time of 6 days.

The motor assembly is removed from the conditioning chamber, trans-
ported to the test site, and then static tested. Thiokol test requirements
specify that the test shall be completed within 1-1/2 hours after removel from
the pre-test conditioning chamber. Up until immediately prior to test, motor
cavity temperature is monitored.

Temperature conditioning of the TX-3 ballistic test motor is per-
formed at Thiokol in environmental facilities adjacent to the test facilities.
The conditioning temperatures are maintained to within + 5.0% of the required
test temperature.
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The TX-3 ballistic test motor is temperature conditioned for a
minimum of 8 hours prior to static testing. Insulated carrier boxes are
also conditioned at the same temperature. The motors are placed in the
carrier boxes prior to removal from the conditioning chamber and transported
to the static test site. It 1s required that all TX-3 motors be tested
within 20 minutes after removal (in carrier boxes) from the conditioning
chamber and within 5 minutes after removal from the carrier box. The motors
are returned to the conditioning chamber if either of these timed is exceeded.

Wei

The equipment and procedures used by Thiokol to determine the
reported weights of the Castor motor are discussed in this section. The sec-
tion is subdivided into a discussion of each of the component weights. Where
more than one weighing operation is involved to determine a component weight,
statistical techniques are employed to estimate the error involved. All
scales used to measure component weights of the Castor motor are accurate to
within 0.1% of the full scale range.

The motor case weight is determined by & direct weighing of the
empty motor case prior to the application of liner and insulation. A
Fairbanks Morse scale, graduated in two pound increments, with a capacity of
2,000 pounds is used. The scale is calibrated every 60 days and has an
accuracy of 0.1% of the full scale deflection. The nominal weight of the
Castor motor case is 803 pounds. Based on the reported scale accuracy, a
maximum scale error of + 2 pounds, approximately + 0.25% of the measured value,
is possible.

The liner weight is determined by weighing the liner material before
and after each lining operation, the difference between these two weights
representing the liner weight applied to the motor case. A Toledo scale,
graduated in 0.1 pound increments, with a capacity of 200 pounds is used.

The scale is calibrated every 90 days and has an accuracy of 0.1% of the full
scale deflection. A total of six coats of liner is applied to each motor,
involving twelve weighing operations. Based only on the scale accuracy, &
welghing error of + 0.2 pound could be encountered in each of the twelve
measurements. The total weight error can be estimated best by a statistical
addition of the weighing errors where the total variance is equal to the
square root of the sum of the individual variances. This approach estimates
the maximum total weight error to be 0.69 pound or 0.41% of the nominal 170
pounds liner weight.

The welght of the forward and aft insulation is determined by ob=-
taining the difference in material weight before and after installing the
insulation. The forward and aft insulation weights are determined using
shadowgraph scales, graduated in 0.005 pound increments, with a capaclity of
22 pounds and 75 pounds, respectively. Both of these scales are calibrated
every 90 days and are accurate to 0.1%. Based on the reported scale accuracy,
each weighing operation required to determine the weights of the forward and

aft insulation could result in & maximum error of + 0.022 pourd and + 0.075
pound, respectively. A statistical consideration Of the four weighing opera-

tions. involved yields an estimate of the totel weight error of 0.1l pourd.
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The nozzle assembly is weighed separately on a Toledo scale,
graduated in 2 pound increments, with a capacity of 1,000 pounds. The scale
is calibrated every 60 days and is accurate to 0.1% of full scale deflection.
The nominal weight of the nozzle assembly is 521 pounds. Based on the
reported scale accuracy, & maximum scale error of + one pound, approximately
+ 0.20% of the measured value, is possible. -

The total assembly weight (the total weight of all components except
the nozzle closure) is determined by direct measurement using an 11,500 pound
capacity Toledo scale which is graduated in 2 pound increments. The scale is
calibrated at 60 day intervals and is accurate to 0.1% of full scale deflec-
tion. Based on the reported scale accuracy, a meximum scale error of 11.5
pounds, approximately + 0.13% of the measured weight, is possible.

The pyrogen unit is weighed separately using a 75 pound capacity
Toledo scale graduated in one ounce increments. The nominal weight of the
pyrogen unit is 14 pounds. The scale is calibrated at 90 day intervals and is
accurate to within 0.1% of the scale range. Based on the reported scale
accuracy, a maximum scale error of 0.075 pound, approximately 0.5% of the
measured value, is possible.

The pyrogen ring and nozzle closure are weighed separately using a
20 pound caepacity Trinner scale graduated in 0.0l pound increments. The
nominal weights of the pyrogen ring and nozzle closure are 5 pounds and 7
pounds, respectively. The scale is calibrated at 90 day intervals and has an
accuracy within 0.1% of scale range. Based on the reported scale accuracy,
a maximum scale error of + 0.0Z pound is possible.

The propellant weight is determined by subtracting from the total
assembly weight the weight of the case, nozzle, liner, insulation, pyrogen
unit and pyrogen ring. Since the error in the reported propellant weight is
a result of each of the component errors, a statistical combination of these
errors can be used to estimate the propellant weight accuracy. The total
error in each of the component weights is assumed to be the result of two
factors: 1) scale accuracy and 2) reading accuracy.

The scale accuracy has been previously reported in the discussion
of each component. The accuracy of reading a given scale is a function of the
scale graduation. In developing an estimate of the reading error, it was
assumed that the error would not exceed one-half of the graduation, i.e., the
scale could be read at least to the nearest graduation.

Statistically combining these two sources of error to obtain the
total error in the reported weight yields the following:

—
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SCALE READING TOTAL
COMPONENT ERROR (1b ERROR (1b) ERROR ‘lb)
Case + 2.0 + 1.0 + 2.236
Liner + 0.69 + 0.17 + 0.710
Insulation + 0.11 + 0.00 + 0.110
Nozzle assembly + 1.0 + 1.0 + Ll.hk
Total motor assembly + 11.5 + 1.0 + 11.545
Pyrogen unit + 0.075 + 0.03 + 0.081
Pyrogen ring + 0.02 + 0.00 + 0.020

Assuming that the total errors reported in the above table are three
sigma errors, then the standard deviation for the weight error is one-third the
root-sum-square of the tabulated total error values.

The standard deviation of the error in the reported propellant weight
is estimated to be + 3.95 pounds. Since the nominal propellant weight is T732L
pounds, the standard deviation expressed as a percentage is 0.054%.

T.1.3 THIRD STAGE

7.1.3.1 Static Test Instrumentation

The X259 motors are static fired at simulated altitude conditions
at AEDC and at sea level conditions at Allegheny Ballistics Laboratory (ABL).
The discussion which follows concerns the sea level firings only, since AEDC
instrumentation is discussed in Paragraph T7.2.

The pressure and force measurements are recorded on the ABL x-range
Data Acquisition System using oscillograph and analog to digital magnetic tape
equipment. The digital tape is transcribed to engineering units and plotted
by the computers. The transducers used in these tests are of the resistance
strain gege type and their response to pressure or force and shunt calibration
is accurate to 0.1%. The digitel recording equipment is repeatable to one
part in 1000 in response to shunt calibration applied to the transducers.

The transducers used at ABL were purchased from BLH, Alinco, and
Revere. These transducers were purchased to Hercules Specifications HXS 1-86
and HXS 1-87, which describe & transducer with accuracy of 0.1% for the
expected firing uses and environments.

The X259 is static fired in a roller stand while contained in a
motor corset which allows for chamber expansion. The method of hold down is
the use of large diameter straps tied to the firing bay floor. The estimated
error in thrust measurements is 1.0%, allowing for the uncertain error con-
tributed by the firing stand.

7.1.3.2 Weighing

The X259 motor assembly and component weights are derived from a
series of weighings conducted during the motor processing at ABL. These
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weighings are conducted using load cells and scales. A breakdown of the
weighings and accuracies is shown below:

One sigma

(percent)
Chamber weighing 0.07
Nozzle weighing 0.09
Igniter weighing 0.21
Chamber grain assembly weighing 0.04
Propellant weight 0.0k
Total motor assembly weighing 0.06

The chamber and nozzle are weighed on scales accurate to 0.2 1b.
upon receipt from the vendor. The chamber is barrier coated with epoxy resin
and embedded. The resin weights and embedment powder installed into the cham-
ber are weighed on scales accurate to 0.2 1lb. The chamber is cast and cured
and the chamber-grain assembly is weighed after mechining with a 3000 lbs.
load cell accurate to 0.1%. The propellant grain weight is obtained by sub-
tracting the chamber, barrier coat and embedment resin, and handling ring
weights from the chamber-grain assembly weight. The total propellant weight
is obtained by adding the igniter propellant weight to the propellant grein
weight.

The total loaded motor weight of the motor is measured prior to
shipment. This weight is obtained using 2000 1b. load cells accurate to 0.1%
of the full readings, and subtracting the weights of the two handling rings,
each known to an accuracy of 0.2 lb.

7.1.4 FOURTH STAGE

T.1.4.1 Static Firing Instrumentation

X258 motors are static fired at simulated altitude conditions at
AEDC and sea level conditions at ABL. The most recent X258 static firings
(at AEDC) were conducted with the motor spinning at 200 rpm to simulate the
radial forces on the motor during flight. At the present time, only ABDC
pressure and thrust data have been utilized for flight performance analysis.
The AEDC instrumentation system is discussed in Paragraph T7.2.

T.1.k.2 Weighing

The X258 motor assembly and component weights are derived from a
series of weighings conducted during the motor processing at ABL. These
weighings are conducted using 500 1lb. load cells and scales. A breakdown
of the weighings and accuracies is shown on the following page.
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One sigma

gpercentz

Chamber weighing 0.052
Post embedment chamber weighing 0.074
Nozzle assembly weighing 0.014
Igniter assembly weighing 0.048
Chamber-propellant assembly weighing 0.032
Propellant weight 0.034
Total motor assembly weighing 0.04L

The chamber weighing is conducted upon receipt of the chamber from
the vendor. This weighing is performed on scales accurate to 0.0l 1lb. The
nozzle assembly weighing is also conducted upon its receipt from the vendor
using scales accurate to 0.0l 1b.

The chamber is then prepared for hydrotest and subsequent casting
by adding a barrier coat of epoxy resin and a layer of embedment resin and
casting powder. This assembly is weighed on scales accurate to 0.0l 1b. The
assembly is then cast and cured, and after machining the chamber grain assem-
bly is weighed on scales accurate to 0.5 1b. The propellant grain weight is
obtained by subtracting the inert chamber weight from the chamber-grain
assembly weight. The inert chamber weight is obtained by subtracting the
weight of embedment powder from the post-embedment chamber weight. The total
propellant weight is obtained by adding the igniter propellant weight to the
propellant grain weight.

The total loaded weight of the motor is measured prior to shipping
the motor. This weight is obtained using two 500 lb. load cells, each of
which is accurate to 0.1% of the applied load. The weight of the two handling
rings, which is accurate to 0.0l 1lb. per ring, is subtracted from the measured
value to give a total motor weight.

7.2 ARNOLD ENGINEERING AND DEVELOPMENT CENTER INSTRUMENTATION

Practically all measurement transducers are of the strain gage
type, the exceptions to this rule are in temperature sensing and the basic
time correlation generator. Temperature sensing is accomplished by the stan-
dard thermocouples method and with & Pace 150°F reference junction.

The various pressures are monitored by units manufactured by
Teledyne or Stathem depending upon the pressure range required. If the pres-
sure is equal to or greater than 50 psia, a Teledyne bonded strain gage unit
is used; but if the pressure is equal to or less than 50 psia, then a Stathem
unbonded strain gage unit is used. By going to the bonded strain gage for
the higher pressures, a high frequency response with a very small, if any,
loss in sensitivity is achieved; however, for the small pressure ranges, some
frequency response is sacrificed by using the unbonded strain gage but a
higher sensitivity to pressure changes is achieved. All of the pressure
transducers are calibrated before and after each test in the Calibration Lab
against standards which are checked by the NBS on a periodic basis.
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Thrust levels are measured by strain gage load cells manufactured
by Revere or BLH and a minimum of four cells is used per test run. The load
cells are also calibrated before and after each test firing. This is accom-
plished under simulated conditions of the test firing. The actual test motor
is installed on the cradle in the test cell and the cell pressure is reduced
to the test altitude to simulate the actual firing conditions. Test weights
are used on the end of a balance arm with a 10:1 ratio from the balance point,
and this calibration force is applied directly to the motor cradle with the
motor installed. The weights are calibrated by using a special load cell in
place of the test load cells. The special load cell is precalibrated by NBS
weights. This special cell has its own force readout gage and therefore is
a self-contained force measuring device. At the time the test cell load
weights are being calibrated with the special load cell, the force of the
weights is applied, through the balance arm, directly to the special load cell.
After the weights have been calibrated, the load cells to be used during the
test firing are installed and electrically as well as mechanically connected
for the test. By applying the force of the calibrated weights to the motor
cradle the entire system is calibrated. The estimated maximum difference or
delta between the pre- and post-run calibrations is 0.05% of meximum range.

The temperature monitoring system has a very small series resistor
in the line to provide e means of calibrating the monitoring equipment. By
applying accurate current steps through the series resistor and monitoring
the voltage drop across the resistor, the entire temperature circuitry is
calibrated and also checked for continuity. No actual calibration of the
sensor and monitoring system is performed using heat or cold applications to
the thermocouple. The standard temperature versus voltage characteristics of
the thermocouple is used for date reduction. The voltege calibrations are
used only to define the gain or sensitivity of the recording system.

Motor weighing is performed on a platform type scale with a stated
accuracy of 0.25%. The weighing is done before the motor is placed in the
test cell and also after the test run when the motor is removed from the test
cell.

An individual power supply is used for each measurement channel
reducing the problems of cross-talk, ground loops and power surges.

The data received from the measuring sensor may be recorded on a
CEC oscillograph, strip chart or tape recorder. The oscillograph and the
strip chart record the analog data in real time and are useful for quick
look analyses or to define the time some instantaneous event occurred.
This method of data reduction is less accurate, however, than the rate pulse
tape recorder method which feeds directly into the 7074 or 1102 computers
for data analyses. The oscillograph has the least accuracy due to problems
of sensitivity and readability. This accuracy will run a little over 1.0%
in most cases. The strip chart units have a better readout ability and
greater sensitivity, and therefore the accuracy will be about 50% better
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than that of the oscillograph. The taepe recorded data, since it is adaptable
to a direct computer routine without manual interpretation, is definitely the
most accurate method of data recording.

A high degree of accuracy is accomplished at AEDC through the use
of multiple, redundant, measurement sensors for all critical measurements.
The calibration data received from the pre-test and post-test run calibrations,
for each of the redundant sensors, are fed into the computer and examined for
abnormal deviations among the data from each sensor. Abnormal values are re-
Jected and the remaining date from each sensor is smoothed by integration. The
smoothed data from all sensors are compared by the computer. The best average
curve -is then defined, plotted, and the computed accuracy is provided according
to the amount of scatter in the data from each sensor and the differences in
smoothed date between sensors.

The actual test run data are handled in the same way as the calibra-
tion data in the computer. The data are examined for abnormal deviations among
the data from each sensor. Any abnormal deviations are compared with any in
the original calibration date as well as with any in the data from redundant
sensors used for the same measurement. Through this comparison technique, the
outlying deviations in the data can be defined as a real excursion of perfor-
mance or as a discrepancy within one sensor system. If the deviation is not
real, then it is rejected and the remaining deta are smoothed by the computer.
The computer then integrates all redundant measurement data and again takes
the statistical average of the data as being the actual data information.
Again, the computer is fed all calibration as well as test data and an accuracy
is defined for the measurement.

The accuracy of the AEDC test facility has been represented
(Reference 5) by one sigma errors of 0.15% in thrust integral measurements end
0.13% in pressure integral measurements when in-place calibration is used.

7.3 SCOUT VEHICLE TNSTRUMENTATION

7.3.1 TELEMETER

The telemetry system is an 18 channel PAM-FM-FM system.

PAM commutation consists of a double deck 30 x 5 switch. Cross-
strapping of switch points is used to provide sampling rates for the required
frequency response. The range of response is from 1 to 5 ¢ps for the
functions monitored.

Functions monitored primarily for motor performance evaluation
are:
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Commutated Channels Contin. 8CO

Measurement Deck A Deck B Chans. (KC) Location
Head-cap Pres. - 1 1 30.00 Lower "B" Trans.
1st Stage

N, Pres., 2nd Stage - 1 Transition "B"
N, Pres., 3rd Stage - 1 Upper "C" Trans.
0, 1/2 & Full Scale

Calib. - 5 Transition "D"
Head-cap Pres. 3 - 40.00 Lower "C" Trans.
2nd Stage

Headcap Pres. 3 - Head-cap Adapter
3rd Stage

Long. Accel. - - 1 14,50 Transition "D"
N2 Amb. Temp. 1lof 4 30.00 Upper "C" Trans.

Calibration curves are provided for end instruments, sub-carrier
oscillators and other telemetry equipment. Copies of calibration curves are
supplied with each telemetry system. End instrument signal simulators, to
provide three-point calibration of measurement data channels and to simulate
OFF-ON functions (relay and switch) actuations, etc., are provided for use
in systems tests and pre-launch checkout.

7.3.2 TRANSDUCERS

7.3.2.1 Heed-cap Pressure

Head-cap pressure transducers are the absolute pressure, bourdon-
tube type. The response time to 63% of the applied pressure is 50 milliseconds
or less. The specified error limits are:

Error Source Error Limit
+ of 800 psi Range

Static pressure 0.9
Temperature, 0-165°F 2.0
Vibration, 16-35 "g," 25-2000 cps

Peak (except resonance) 1.0

Peak (resonance) 2.0
Acceleration Sensitivity

(% per "g")

Lateral and Transverse Axes 0.05

Longitudinal Axis 0.004
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7.3.2.2 Loggitudinal Acceleration

Longitudinal acceleration transducers of a -4 "g" to + 20 "g"
range have the following accuracy characteristics:

Error Source Error Limit

Output AC ripple 1% rms or less of full scale

Linearity 1% or less of accel. span
(vest straight line)

Hysteresis 0.1% or less of accel. span

Resolution Continuous

Balance control + 10% or more of full scale from
zero "g" condition

Natural frequency 135 cps nominal

Demping 60% to 85% at 75°F (nominal)

Cross talk 0.010 G/G

7.3.3 COMPARISON OF HEAD-CAP PRESSURE WITH LONGITUDINAL ACCELERATION,
TELEMETRY DATA

Both head-cap pressure and longitudinal acceleration are related
to the total vacuum impulse delivered by a motor in flight. Head-cap pressure
integrals should vary from motor to motor by no more than can be attributed
to actual variation in 1) throat area, 2) characteristic velocity, 3) propel-
lant weight and 4) average error in head-cap pressure measurement throughout
burning time. Longitudinal acceleration integrals should vary among vehicles,
for a given stage, by no more than the actual variation in 1) vacuum specific
impulse, 2)variation in stage mass, 3) thrust misalignment, 4) aerodynamic
and Jet vane drag, 5) ambient pressure at the nozzle exit, 6) propellant
weight and 7) error in measurement of longitudinal acceleration throughout
burning time.

A limit on the amount of actual variation in the head-cap pressure
integrals can be estimated conservatively by assuming that characteristic
velocity varies as much as specific impulse, and combining this variable with
the variations of throat area and propellant weight. The Algol and the
Castor both afford sufficient date for investigation:

Estimate of Actuanl Variation
Variable Algol Castor
g,% ©6°  0,% o°

Specific Impulse 0.18 0.031 0.094 0.01
Throat Area 0.38 0.1k4 0.56 0.31
Propellant Weight 0.23 0.053 0.20 0.0h
Sum 0.2 0.38
Pressure Integral 0.48 0.60
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The variation in integral values of head-cap pressure acquired by
telemetry is illustrated in Figures 42 and 43 . Allowing for the actual
variation in pressure data, the error in measurement can be estimated:

Variation in Head-cap Pressure

Mode | - L%Algag% - Cgstaob'

Measured 1.87 3.50 1.89 3.57
Estimate Actual 0.48 0.23 0.60 0.36
Difference 3.27 3.21
Estimated Error 1.8 1.8

The error in measurements of longitudinal acceleration has not been
estimated in this same manner. However, the acceleration data have been a
basis for calculating a vacuum impulse value for flight motors, and an allow-
ance for variation in actual vacuum impulse will net an estimate of the error
in such calculations of impulse:

Variable Estimate of Actual Variation
Algol Castor
g, _g°c _0,% gc
Vacuum Specific Impulse 0.18 0.031 0.09% 0.01
Propellant Weight 0.23 0.0 0.20 0.0k
Sum 0.0 0.05
Vacuum Impulse 0.29 0.22

The variation in vacuum impulse, calculated from longitudinal
acceleration telemetry, is illustrated in Figures 44 and 45 . The error
contribution to the apparent variation is estimated to be:

Mode Variation in Vacuum Impulse
Algol Castor
o,% cc 0,% o<
Apparent 2.47 6.10 2.07 4.28
Estimated Actual 0.29 0.08 0.22 0.05
Difference 6.02 E.23
Estimated Error 2.5 2.06

Some portion of this error combination is not assignable +to error
in measuring longitudinal acceleration. The contribution of errors in the
attributes (previously numbered 2, 3, 4, and S)has not been esteblished.
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8.0 SPECIAL STUDIES
8.1 FIRST STAGE
8.1.1 EFFECTS OF PROPELLANT WEIGHT VARIATION
The propellant weight for 18 Algol motors is correlated with the
total impulse and with the pressure integral in Figures 46 through 48 .
Also, the total impulse is correlated with the pressure integral in Figures L9

and 50 . The theoretical or predicted values for the parameters follow the
deshed lines. The results are summarized below:

STANDARD DEVIATION - PERCENT

STATIC FLIGHT
Propellant Weight Lb 0.085 0.227
Total Impulse LBF-Sec 0.537 2.053
Pressure Integral PSIA-Sec 0.826 1.253

DATA SOURCES: 8 STATIC TEST MOTORS

10 FLIGHT MOTORS

These results indicate that the measurement of pressure integral
for static and flight motors is accomplished with about the same accuracy.
However, the measurement of total impulse of flight motors shows four times
the error in measurement of total impulse for static motors.

8.1.2 PROPELLANT WEIGHT VERSUS PROPELLANT DENSITY

The propellant weights for 21 Algol motors are compared with the
average propellant densities for the motors in Figure 51 . The variation of
the weight values is almost four times that of the density values. Also,
there is very little correlation of the data with the theoretical line.

8.1.3 STATIC TEST SPECIFIC IMPULSE VERSUS CHAMBER PRESSURE

The specific impulse values for the staticelly tested Algol motors
are correlated with the web average pressures of the motors in Figure 52
The best-fit line through the data is also the theoretical relationship for
the parameters. If this relationship were used to predict the specific im-
pulse of the static test motors, the standard deviation of the measured
specific impulse values would be 0.53 1lbf/lbm, one sigma, and the coefficient of
variation would be 0.2u4%.

8.1.4 ACTUAL VARIATION IN SPECIFIC IMPULSE (VACUUM)
The factors which contribute to a variation of vacuum specific im-

pulse are listed in Table 6. The standard deviations about the nominal
values of these factors were determined from experimental data wherever
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TOTAL IMPULSE LBF—SEC X 10-3

5,000 g

PRESSURE INTEGRAL PSIA-SEC.

Eq*rj:.-* ] 22
4,800 [jiticaeEetet:
4,600 =4
4,400% :
! : =N 1 '_I.:L'."! e st sebais 1
] STANDARD DEVIATIONS — PERCENT
PRESSURE INTEGRAL  0.826 Jid it
: TEGRA .537 | E
jaob T [THRUSTATEGRAL 057 e
‘ ...... ‘H:'F;i —E_, a i ‘:::.1-
4,000 Meiatti L LB Rt il ) ) il L i e e
28,500 29,000 29, "500 30,000

FIGURE 49 ALGOL 1A TOTAL IMPULSE VS PRESSURE INTEGRAL =~STATIC TEST DATA
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possible or were selected to represent the expected maximum variation of the
parameter. The resultant one sigma percentage effects upon specific impulse
are tabulated. A root-square-summation of these contributing effects yields
0.17%, one signa.

This value of 0.17%, one sigma, is comparable with the observed
experimental value of 0.24%, one sigma, for static test data mentioned
earlier, since the experimental value also includes weight, thrust, and
pressure measurement errors. See Section 7.0, Instrumentation Systems. If
the variances of the weight and thrust measurement error are subtracted from
the variance of the experimental value, the resultant standard deviation
estimated for vacuum specific impulse corrected for the effect of sea level
embient pressure is 0.18%, one sigma.

10 a?
Experimental I 0.24% 0.0576
(minus) Weighing error 0.06% 0.0036
(minus) Thrust error 0.14% 0.0196
0.034%
1/2 . s
(0.0344) = 0.18% Igp variation, one sigme
TABLE 16
AIGOL II
ANALYSIS OF VACUUM SPECIFIC IMPULSE VARIATION
Contributing Factors Nominal One Standard Data Source One Sigma
Deviation Percentage
Effect, %
Propellant Temperature 77°F + 5°F Experimental + 0.0024
Nozzle Expansion Ratio 7.135 +0.027 Experimental + 0.0300
Nozzle Half-Angle 17° + 0°20! Theoretical  + 0.0800
Chamber Pressure 550psia + 20 psia Theoretical  + 0.0490
Inert Weight Consumed 216 1lb. + 35 1b. Experimental + 0.0820
Propellant Ingredients
Oxidizer Weight Specifi~ + 0.5% Theoretical + 0.0740
cation
Aluminum Weight Specifi- + 0.5% Theoretical + 0.0740
cation
Specific Impulse
(vacuum) Root-Square-Summation + 0.17
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8.1.5 RETEST OF BURNING RATE EXPONENT AND TEMPERATURE SENSITIVITY
VALUES FOR ALGOL IIB PROPELLANT

8.1.5.1 Introduction

A series of twenty 10KS-2500 test motors was fired at temperatures
of 40, 80, and 120°F and nominal pressures of 350, 550, and 850 psia to obtain
burning rate exponent and temperature sensitivity values for the Algol IIB
propellant.

Burning rate exponent and temperature sensitivity values are required
in the prediction of Algol II motor performance in flights of the Scout
launch vehicle. The values are used to correct burning rate data for deviations
in the motor chamber pressure and motor temperature. The values are applied to
Algol II motor performance data and also to 10KS-2500 test motor burning rate
date in constructing burning rate prediction correlations. The values in use
on the Algol program were determined five years ago from propellant tests
using XS-500 test motors. The present Algol program utilizes 10KS-2500 test
motors to measure propellant burning rates. The change from 3KS-500 test
motors to 10KS-2500 test motors was made some time ago to utilize the more
accurate burning rate measuring device.

An investigation of the Scout Motor Performence Analysis and Predic-
tion Study disclosed reason for doubt of the validity of the established
values as applied to current propellant mixes and to 10KS-2500 test motor data.
An error, in either the burning rate exponent value or the temperature sensi-
tivity value, in representing a true value for a current propellant in a
10KS-2500 motor would contribute to errors in the Algol II motor performance
prediction. This test program was conducted to confirm the values of the
coefficients now being used and to provide a needed burning rate comparison
between the round bore and keyhole bore configurations of the 10KS-2500 test
motor.

8.1.5.2 Test Methods

The 10KS-2500 test motors were fabricated in accordance with AGC
Drawing No. 383773 and the process and inspection procedures for 10KS-2500
motors. The propellant for all of the motors was mixed in one full-scale
2,200 pound batch, using the propellant formulation and process and inspec-
tion procedures identical to those used in the manufacture of Algol IIB
motors. Of the twenty motors, fourteen were P/N 383773-9 neutral burning
keyhole configuration motors and six were P/N 383773-19 progressive burning
motors. The nozzle throats were specially sized, not in accordance with the
drawvings, to produce the nominal web average chamber pressures shown in Table
17. The motors were conditioned at three temperatures (40°, 80° and 120°)
and were fired at the conditioning temperature. Oscillograph record data
were collected for each test firing and reduced to complete the Test Data
Sheet (Form AGC3-100-611) in the same manner as normally employed for
10KS-2500 test motors used on the Algol II-B production program. The
pertinent portion of the data is summarized in Table 17 . The data were
reduced by the method given in Paragraph 4.1.2.1.
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TABLE 17

ALGOL ITB 10KS-2500 TEST MOTOR PATTERN

" GRAIN NOMINAL
RUN TEMP. PRESSURE
°F psia
3 40 350
L Lo 350
11 4o 550
12 Lo 550
17 4o 850
18 Lo 850
8 80 550
9 80 550
5 120 350
6 120 350
13 120 550
1k 120 550
19 120 850
20 120 850
1 80 350
2 80 350
T 80 550
10 80 550
15 80 850
16 80 850

TOTAL WEB EFFECTIVE WEB BURNING
PRESSURE AVERAGE WEB BURN LENGTH RATE
INTEGRAL. PRESSURE TIME
psia-sec psia sec in. in/sec
KEYHOLE BORE MOTORS
4822 391 11.937 2.160 .1809
4903 392 12.108 2.171 .1793
6747 588 11.107 2.157 .1942
6794 591 11.128 2.175 .1955
9500 866 10.619 2.180 .2053
9512 873 10.547 2.152 .20k0
6850 609 10.888 2.174 .1997
6824 613 10.776 2.158 . 2003
487k 416 11.341 2.186 .1928
L4892 hoy 11.248 2.177 .1935
6748 613 10.656 2.174 . 2040
6690 621 10.428 2.137 .20k49
9L 88 940 9.771 2.170 . 2221
9365 915 9.907 2.181 . 2201
ROUND BORE MOTORS
3092 372 7.938 1.434 .1807
3117 381 7.813 1.440 .1843
Lk 57k 7.344 1.450 L1944
Lho6 ST7 7.326 1.448 L1977
6015 838 6.855 1.449 L2114
5989 835 6.849 1.445 .2110
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8.1.5.3 Results

The slope of the line through the burning rate versus pressure data
is the burning rate exponent, n.

=((lnrp-inpg) / (In Py - 1n Pl) ) (1)

where r] and r, are the calculated burning rates of the
propellant under pressure conditions Py and Pp for a
constant propellant temperature.

The value of n vas determined to be 0.17 utilizing the keyhole bore
test motor date in Figure 53.

The temperature sensitivity coefficient, 1rK, is defined as:
g =200 ( (lnrp - 1n rl)/(T2 -Ty) ) =%/°F (2)

where ri and rp are the burning rates of a motor at
temperatures T1 and To. The data are for a constant
K, condition.

At the nominal 8)0 psia, rp = .221, r; = 0.205, Ty = l F and
Ty = 40°F. Thus, Mk = 10C ( (1n 0.205 - 1n .221)/(120- uo§ ) = o %/ °F.

8.1.5.4 Discussion

The established values for n and Ty which have been used to date on
the Algol II program are 0.22 and 0.11%/°F, respectively. The measured values
are 0.17 and 0.10%/°F. Use of the new values yields converted burning rate data
which differ only slightly from converted data computed with the established
values. For exemple, in a typical calculation to convert an Algol burning
rate at S00 psia to a burning rate at 550 psia, the standard condition:

(ro/ry) = (Po/P)"

if r{ = 0.210 in/sec, P; = 500 psia, and Pp = 550 psia
0.210 (550/500)0:22 = 0.214 in/sec at 550 psia
0.210 (550/500)0-17 = 0.213 in/sec at 550 psia

using n = 0.22, ro

or using n = 0.17, ro

Also, in a typical calculation to convert an Algol burning rate at
60°F and 550 psia to & burning rate at 80°F and 550 psia, since WK is defined
at a constant Kp condition:

K (Tp - T1)

rp = ry (e)
K (T - T
Pp = P1 (e) (T2 - T1)
and r3 + rp (P3/PR)"
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if r; = 0.210 in/sec, P; = 550 psia, P3 = 550 psia,

T, = 60°F and Tp = 80°F

Using g = .11%/°F rp = 0,210 (e)0+00LL (80-60) _ o 215 4pn/gec
Pp = 550 (e)0-001L (80-60) _ oep o oig

and ry = 0.215 (550/562)°°%2 = 0.214 in/sec at
550 and 80°F

Or using My = .10%/°F rp = 0.210 (e)0.0010(80-60). 0.21h in/sec

Pp = 550 (e)o.001o(8o-60) = 561 psia
and ry = 0.214 (550/561)°°22 = 0.213 in/sec at
550 and 80°F
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8.2 SECOND STAGE
8.2.1 ACTUAL VARIATION IN SPECIFIC IMPULSE

The reproducibility of the specific impulse of solid propellant

rocket motors has been the subject of much controversy in recent years. The
relatively small real variation of specific impulse and the relatively large
inaccuracies normally encountered in the measurement of specific impulse have
resulted in estimates of excessive impulse variability. These estimates are
often many times as large as the real impulse variation. Many studies have been
conducted in an attempt to estimate the true impulse reproducibility. Normally,
these studies have used one or both of the following approaches:

1. A statisticael analysis of static test data where controlled tests
were conducted using the best instrumentation available.

2. A theoretical analysis of each known contributor to impulse variation
using statistical techniques to combine the factors.

The Thiokol Chemical Corporation conducted a study in 1961 using the
first approach to evaluate the reproducibility of impulse (Reference 6). 1In
this study data from epproximately 420 motors, representing eight different
motor programs, with a range of propellant weights from three pounds to 5900
pounds were collected and evaluated. The motor programs selected for this
study utilized modern data recording techniques. Strain gauge thrust trans-
ducers, high speed magnetic tape, and digital data systems were common to all.
Dual channels of thrust and pressure instrumentation were available for all
motors.

The derived standard deviations of specific impulse within the various
motor programs ranged from 0.20% to 0.70%. In an attempt to determine if these
estimates of impulse reproducibility were indicative of the real variation of
specific impulse, a correlation was made between the characteristic velocity,
C*, and specific impulse. The basis of this approach was that two independent
measurement systems, pressure and thrust, were involved in deriving C* and im-
pulse data. Therefore, agreement between the two parameters would indicate
that the observed differences in impulse were real. The impulse/C* relation-
ship was uncorrelated and, thus, represented measurement error with no
reccgnizable amount of real variation among motors. The conclusion drawn from
this study was that the basic propellant varisbility is too small to isolate
from experimentel error, even with instrumentation and test controls of high
accuracy.

A theoretical analysis of the contributors to the ballistic vari-
ability of large solid propellant rocket motors was conducted by Thiokol in
1964 (Reference 7). The report presenting the results of this study quotes a
standard deviation of specific impulse of 0.22% under sea level test conditions.
The variation of vacuum specific impulse would be expected to be considerably
smaller since the effect of chamber pressure on the thrust coefficient is
eliminated in a vacuum test situation.
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The variation of specific impulse of the Castor I motor has been cal-
culated by two methods. The first method consisted of calculating the standard
deviation of the specific impulse measured for a series of sea level static test
motors. Figure 5S4 is a plot of the measured specific impulse versus the web
average chamber pressure of fourteen statically tested Castor I motors. Specific
impulse was plotted as a function of pressure in order to account for the effect
of chamber pressure on the thrust coefficient. Where motors were tested at other
than 77°F, the specific impulse derived was adjusted to 77°F based on an estimate
of the temperature sensitivity of C* (.005%/°F).

A standard deviation of the measured specific impulse of 1.04% was
calculated from these data. It should be noted that the collection of data
shown in Figure 5i was obtained over a six year period using analog data
reduction techniques. The estimate of specific impulse variability obtained
by this approach is believed to be primarily a measure of the measurement and
data reduction errors, and is unaccepteble as an indication of the real vari-

ability of specific impulse.

The other means of estimating the variability of the specific impulse
of the Castor I motor consisted of estimating the effect of each contributor
to impulse variations and statistically combining these effects. Since the
Castor motor of the Scout vehicle operates under near vacuum conditions in its
flight environment, only those factors which contribute to a variation of
vacuum specific impulse were considered. Table 18 1ists the contributing
factors to variations of vacuum specific impulse and shows the effect of each
factor. The standard deviation of vacuum specific impulse is estimated to be
0.094% by a statistical combination of the impulse deviations shown in
Table 18 . This is believed to be & reasonable estimate of the true variability

of vacuum specific impulse.
TABLE 18

VARIATION OF VACUUM SPECIFIC IMPULSE

Contributing Factor Mean Standard Data % Effect of
Deviation Source Standard Deviation
on Specific Impulse
Propellant Temperature, 77 5 Experimental 0.0250
-]
F
Nozzle Expansion Area 15.642 0.0873 Experimental 0.0271
Ratio
Nozzle Divergent Angle 21°L1°' 0°01! Dwg. Dim. 0.0051
Inert Material Consumed,lb 131 10.2 Experimental 0.0697
Effect of Propellant Thermo-
formulation Differences 5063 2.33 chemical 0.0460
on C*, ft/sec Calculation
Effect of Chamber 5063 1.06 Thermo- 0.0210
Pressure Variation on chemical
C*, ft/sec (P, = Calculation
507 + 15)
Vacuum Specific Impulse Root-Square-Summation 0.09k4
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8.3 THIRD AND FOURTH STAGE

8.3.1 VARIATION IN POWDER/SOLVENT RATIO

The Powder/Solvent Ratio is a ratio of the amount of casting powder
put into the rocket chamber prior to casting to the amount of casting solvent
introduced into the powder-filled chamber during the casting operation. A
series of test motors (20 total) were utilized in determining if any ballistic
variations were caused by the variation of the Powder/Solvent Ratio. These
motors were static fired at 60°F;.a plot of percent solvent versus burn time
is shown in Figure 55 . The results show no significant effect of solvent
percent on burn time.

8.3.2 VARIATION IN PROPELLANT DENSITY

An investigation was conducted at ABL to determine what variation
exists in the propellant density between individual X259 end X258 rocket motors.
Since only a limited amount of data was available for density calculetions,
the pre-machining propellant weight and the weights of the casting powder were
used in determining the densities. The actual volume of propellant could not
be used to determine density since not all the necessary dimensional data were
available. A total of thirteen X258 motors and fifteen X299 motors were in-
vestigated. The determined densities are shown in Tubles 19 and 20 . Shown
below are the results of the statistical analyses of the data shown in Tables
19 and 20.

Group of Powder Lot Average Density % Variation
Motors (1bs/1n3) (one sigma)
13 X258 Z21-143 0.06278 0.18
10 X259 241-193 0.06385 0.20

4 X259 Z1-169 0.06298 0.25

All X259 -——- 0.06358 0.66

Because of the method used to calculate the densities, it was neces-
sary to check the weighing system and casting powder density and solvent
density calculations to determine the precision of the results in Tables 19
and 20. The total variation (one sigma) for the X258 and X259 (each powder
lot) motors is +0.18% end +0.22%, respectively. These total veriations are due
to the weighing errors and errors in density determinations of the casting
powder and solvent. Most of this variation is due to the error in measuring
caesting powder density. The errors involved in this method make up approxi-
mately 90% of the total variation of the propellant density between motors in
one powder lot. However, the variation in propellent density between dif-
ferent powder lots is 0.69% or spproximately three times the other variation.
This is due to the variation in casting powder density. Based on available
X259 ballistic data utilizing different powder lots, no errors in performance
prediction cen be attributed to this difference in densities.

130



¥OLOW 1531 "235 09 TYNINON — (LNIATOS LNID¥3d) OILYY LNIATOS/¥IAMO SA IWIL NiNg S§ 3¥N9IId

IN3JATI0S LN3ID¥3d
0'9 §°9¢C §'s¢C
——T " . T T 19

P InIL
5 NdNg

e e B e e ImlAnl. OO

i
1% _.w.. | C .
e @ e m._(.,...w.,--.a_iia (35)

e ——{29

131



L9€90°0 g06H" T 116°1 €61-12 $HT-0dH
£8£90°0 296" T T16°T €6T-17Z #ET-0dH
LgE90°0 l9sn°T T16° 1 €6T-12 82 T-0dH
0LE90'0 206%°T 16T €61-1Z 22T-0dH
#6€£90° 0 S6en' T T16°1 €6T-17 gTT-0dH
28€90°0 Ench* T 1161 €61-12 LTT-0dH
T6€90°0 864 T TT6° 1 E6T-12Z STT=0dH
807900 £66h'1 116" 1 £61~12 #1T=0dH
0L£90°0 €641 TT6° T €6T-12 90T=0dH
®6£90°0 9GSt T T16° T £61-12 20T-0dH
8TEQ0 0 94Sh" T 6181 691-17 6TT-0dH
4£290°0 TG T 618" T 69T-12 TTT~0dH
L5290°0 9e6h" T 618" T 69T-17Z 60T-0dH
T0£90°0 L6671 6131 691-12 gOT~OdH
ad
S I RS N ) B o B o Ml o

KLISNTQ INVTIAIONd 652X

6T TV

132



00£90°'0 2ean’ 1 6L3°T ENT-12 65-HY
192900 L9SH* T 6.9°1 EHT-12 85~y
£.290°0 £6Gh° T 6.8 T EqT-12 96-Hy
0.290°0 544 A1 6L8'T EHT-12 GS-HY
£9290°0 goon T 6.8°1 EHT-12 Ly-1
¢g290°0 goSH* T 6.9°1T EnT-12 ot=Hd
0g290°0 Gech 1 6191 E+1-T2 Sh-HY
26290°0 TE€eq T 6/8°1T EqT1-T2 Sh~Hy
9L.290'0 onsH' T 6L9'T EHT-12 Th~HY
612900 2T6H' 1 6.8'1 EHT-T2 Oh-HM
16290°0 6hsn° T 618" 1 EqT-12 9E-HY
08290°0 TESH'T, 619°T E+T-12 GE-HY
19290°0 02Gh" T 6L9°T EHT-12 #E-H
cut/sar (9% ) fateueq (/B (19 cwo/us (*9) 401 zequny Terasg
quetTedoxd a%Bvaaay £118usqg quaaTog AL1TSUSg JI9PMOJ — I9PMOJ JO30W

|

AIISNAQ INVTIZIO0Nd g¢eX

oc JIEVL

133



8.3.3 TIP-OFF AND THRUST MISALIGNMENT

Among the factors different in the flight enviromment than in static
test are tip-off and coning and the effects of spin stabilization. Figure 56
shows those factors which contribute to tip-off and subsequent coning. Case I
is misalignment of the nozzle centerline with the geometric centerline of the
chamber. Case II is when there is nonperpendicularity between the motor
attachment plane and the motor payload centerline. Case I1I is misalignment
of the grain 1nside the chamber, which might cause a tip-off effect. Case IV
is off-center ejection of mass from the nozzle during ignition.

Menufacturing tolerances and inspecilior. procedures control the mis-
alignments and keep them mirnimized, and ignition effects are probably most
responsible for tip-off. In the X248, tip-off was & provler and caused coning
of about 3.0 degrees. However, in the X258, tip-off has not been otserved.
The differences in tip-off between the X243 and the X258 probably can be ex-
plained by the difference in ignition systems between the X248 and X258. The
X2u8 utilized a pyrotechnic type igniter which contained pellets and propellant
strips mounted on two sides of a resonance suppressor paddle. The differences
in ignition characteristics on each side of the paddle and the ejection of
pieces of pellet cage and wiring, etc., contributed to X243 tip-off. The X2%¢
employs & single pyrogen igniter on the center line of the motor. This has
apparently eliminated the problem of ignition tip-off.

8.3.4 SPIN AND LONGITUDINAL ACCEL&RATION LFFECTS

Several cases of unusual ballistic behavior have been reported in
rocket motors under the influence of spin-stabilization and/or acceleration
loading in flight, notably in the Sidewinder, the Tartar-Terrier gas generator,
the X248 and the X258. Figure 57 shows a comparison of pressure-versus-time
curves for the X253 in static test and in spin test. In the spin mode the
pressure levels and burn times vary by about 15% from static test. The sub ject
of spin effects on ballistic performance has been controversial and a variety
of test results and conclusions has been reported. Therefore, the literature
was surveyed to gain additional information on the subject. All the motor
contractors--Hercules, Thiokol, and Aerojet--have conducted spin testing or
acceleration testing on propellant grains.

Aerojet tested its 15-inch diameter svherical motors at spin rates
of 900 rpm. Burn times from these tests revealed no change in burn rate due
to spinning. Aerojet has also tabulated burn times on eleven of its
30KS 8000 rocket motors used in flight tests in which spin rates of 600 rpm
were measured. It was Aerojet's conclusion, based on limited data, that the
nominal burning rates of the 15%-inch spherical motor and the 30 KS 8000 motor
showed no significant change wnen operating under these spin conditions.

Thiokol/Elkton Division centrifuged end-burning charges to accelera-
tion loads as high as 7950 g's (Figure 58 and Reference 3). Two propellants
were used--both a conventional and a non-conventional high-burning rate
propellant--and the test data showed that both propellants exhibited an
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increased burning rate when acceleration forces were directed toward the pro-
pellant burning surface. Thiokol/Huntsville Division collaborated with
Douglas Aircraft in test firing its TX-3 motor in a Douglas centrifuge
(Reference 9). The accuracy of the pressure measurement was affected by
instrumentation difficulties, which may have masked some of the acceleration
effects, but the tests demonstrated that those effects were small if present
at all.

Hercules/ABL also conducted extensive testing on a variety of propel-
lants on its ballistic centrifuge (Reference 10). The motors were of an end-
burner configuration and were tested with acceleration forces directed toward
the burning surface and away from it. The centrifuge test results were then
compared with static test results. The following comments apply only to
propellants most similar to X258 and X259 formulation--that is, & high-energy
aluminized double-base propellant--from the combustion of which a relatively
high concentration of solid material 1s exhausted. In these tests which im-
posed acceleration loads of about 40 g's on the grain, chamber pressure was
monitored. Testing here was also limited, but the following observations wvere
made: 1) there were no ignition difficulties caused by 40 g's acceleration on
any of the tests; 2) in the tests where acceleration forces were directed away
from the burning surface, chamber pressures were lower and burning times longer;
and 3) combustion efficiency, as suggested by the discharge coefficient, was
highest when acceleration forces were directed toward the surface and lowest
where acceleration forces were directed away from the surface.

Although the results were inconclusive as to the mechanism of the
effect of acceleration on propellant burning, a plausible explanation was
proposed. In.the tests where acceleration forces were directed toward the
burning surface, chamber pressures and burning rates were higher because of
increased residence time of the non-gaseous combustion products within the
chamber. When exhaust streams are subjected to acceleration forces which deflect
the normal direction of flow, the particle residence time is increased, and com-
bustion goes further to completion within the chamber. See Figure 59.

It was also proposed that increased residence time of the solid
particles near the propellant surface could enhance the burning rate by in-
creasing the heat transfer to the propellant surface.

From the test results surveyed so far, there is one point outstanding,
i.e., that no generalization can be applied to cover all motors and all pro-
pellants. Each propellant and each grain configuration reacts differently to
acceleration forces. For example, a Hercules Bacchus motor, the BE-3, which
is smaller than the X258 and is cast with a different propellant but with a
similar grain configuration, has shown no increase in burning rate while
spinning at 600 rpm.

Since this phenomenon is present in the X258, further studies are
being conducted to investigate it.
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8.3.5 X259 PERFORMANCE VARIABLLS

The X259 motor has two impulse values which are used in predicting
flight performance. These two values are caused by the different nozzle expan-
sion ratios which have been used because of two different classes of burning
rate propellants. When the higher rate propellant was utilized, the nozzle
throat diameter was increased to reduce the chamber pressure to correspond to
that of the low burning rate propellant. The two specific impulse values used
are 278.8 1bf sec/lbw. for the high rate propellant and 281.4 1lbf sec/lbw.
for the normal (or low rate) propellant. The 281.4 1bf sec/lbw. impulse value
was measured at AEDC while the 2/8.8 1bf sec/lbw. impulse value was calculated
from the first value, using the revised expansion ratio. The variation of
specific impulse measurements at AEDC (5 tests) was 0.14% (one sigma). This
variation included thrust measurement errors. Since all of the test values
used for predicting third stage motor performance are derived from AEDC data,
the accuracy and variability of these measurements are dependent on the AEDC
measuring system (see Paragraph 7.2).

Another importent factor in performence variability is the measuring
accuracy in weighing the different motor assemblies and components. In a
recent survey conducted at ABL, the accuracy of the X259 total assembly and
propellant weight is 0.06% (one sigma).

A consumable weight for each X259 motor is derived from propellant
weight plus the inert weight expended during motor operation. The inert weight
expended is a measured value taken from AEDC tests. An average of the before
and after firing weights of these tests was 25 1lbs. with a one sigma standard
deviation of 1.1 lbs.

The total accuracy of the nominal consumable weight remaining value
used in predicting performence (including propellant weight error) is calculated
using a root-square-summation. Tne accurecy was determined to be (one sigma)

0.15%.
8.3.6 X259 BURN RATE VARTATION

The X259 motor burn rate variation is dependent on separating the
motors into two distinct groups. One group contains propellent using casting
powder which exhibits a "normal" (or low) burning rate while the other group
contains propellant using casting powder which exhibits a "high" burning rate.
The burning rates for both groups of propellants are shown below:
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NORMAL RATE PROPELLANT HIGH RATE PROPELLANT

Powder Lot Burning Rate Powder Lot Burning Rate
(in/sec) (in/sec)

Z1-91 0.302 Z21-193 0.323
Z1-109 0.312 Z1-193 0.326
Z1-109 0.304 Z21-207 0.332
Z21-151 0.306
21-169 0.306
21-246 0.300
Avg. 0.305 Avg. 0.327
C.V. (one sigma) 1.3% C.V. (one sigma) 1.4%

Based on the above data, tbe burning rate variation when the propellant
rates are separated is 1.3% and 1.4%. Tne average burning rate for all of the
powder lots together is 0.311 in/sec with a variation of 3.8%.

Since X259 performance calculations are made keeping these powder lots
separate, the error in predicting burn rate is treated by a summation of the
population variances. This gives a 1.8% variation.

8.3.7 X258 PERFORMANCE VARIABLE

The X258 specific impulse waes measured at AEDC during simulated altitude
test firings. The average value measured was 281.2 1bf sec/lbw with a vari-
ation of 0.57% (one sigma). This large veriation in measured specific impulse
could possibly be caused by the different test environments the X258 has under-
gone at AEDC. These different environments consisted of static tests and 200
rpm spinning tests. An extensive study of the X258 propellant and the effect
of spin and longitudinal forces on its performance has been proposed.

The impulse data presently being used were obtained from tests on motors
which are no longer being produced. A number of changes were made to the X258
flight design in an attempt to keep structural integrity in the chamber after
firing and to eliminate a possible sliver of unburned propellant in the forward
dome. Insulation material was incorporated into the cylindrical section of the
chamber and the length of the grain inhibitor tube was reduced. This temporary
fix was incorporated into the "C" motor. A new ver!sion of the X258, known as
the "E" motor, contains a one piece insulator. New ballistic nominals will be
generated for this model of the X258, based on AEDC 200 rpm spin firings at
simulated altitude conditions.

The consumable weight for each X258 motor is derived by taking into ac-
count a possible 4.1 1lb. of unburned propellant and/or undischarged aluminum
when using propellant weight and adding 5.7 los. of inerts consumed. The inerts
consumed is an average of "before" and "after" weight measurements of one static
test and the three 200 rpm AEDC spin test motors. The standard deviation inerts
consumed in these tests was 1.7 lbs. The root-square-summation of propellant
weight accuracy and inert consumption variation calculates 0.36% {one sigma)
for the total consumable weight.
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8.4 VARIATION IN MOTOR TAIL-OFF CHARACTERISTICS

The portion of the thrust curve which appeared to be most variable was
the tail-off transient during which thrust decays. In general, the importance
of unpredicted deviations in the shape of the thrust curve diminish with suc-
cessively higher stages of the vehicle.

As a test of the importance of the errors, the predicted thrust curves
of the first three stages of Scout 5-116 were modified to have alternate shapes,
"fast" and "slow" tail-off rates (Figure 60 ). The modifications of tail-off
were comparable to the extreme deviations that had been encountered in flights.
To assist in the analysis of the test results, the extremes were constructed to
be symmetrical about the nominal tail-off. All three conditions provided the
same impulse, and special weight-remaining data were calculated for the extremes.

These three tail-off conditions for the motors were inputs to a
trajectory computetion and error analyslis. The resultant effect on a two sigma
error allowance for a typical orbital mission i1s:

Altitude Deviation Without With Tail-off

(2 sigma, N.M.I.) Tail-off Error Error
Perigee 30.0 31.4
Apogee 81.0 83.3

The increment of error was considered to ve insufficient justification
for a very difficult, expensive and uncertain effort to predict devietions in
the shape of the analog curves. Involved in such an effort would be the testing
and correleting of interactant effects of 1) mix-to-mix differences in burning
rate, 2) the resultant increments of increased burning surface area, 3) incon-
sistencies among motors in web thickness, 4) differences in the rate of exposure
of inert materials, 5) differences in port flow velocities, and 6) temperature
gradients in the propellant.

8.5 ANALYSIS OF TRAJECTORY PREDICTION ACCURACY

8.5.1 INTRODUCTION

The accuracy of the new procedures for predicting the flight per-
formence of Scout motors is difficult to evaluate. Telemetry data and radar
data are poor bases for measuring the error in predicting the impulse of any
one Scout stage during the boost trajectory. Orbit tracking radar data are
credited with sufficient accuracy, given several measures of the orbit charac-
teristics, to determine the payload injection conditions better than by any
other available means.

This analysis compares predicted boost trajectories, injection condi-
tions and orbit characteristics with the Scout performance as determined from
radar data. Predicted trajectories for Scouts S-113, S-122, S5-123, S-125,
§-128 and $-134 were computed on three bases:
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1. Original preflight predictions of motor performance (past
procedures) and preflight predictions of vehicle weight, drag,
winds, etc. (Referred to as "Predicted, Pre-flight.")

2. Postflight, repredictions of motor performence (new PAPS
procedures), and preflight predictions of the vehicle and flight
conditions. (Referred to as "Repredicted, Pre-flight.")

3. Postflight, repredictions of motor performance, and postflight
measures of actual vehicle weight, drag, winds, etc. (Referred
to as "Repredicted, Post-flight.")

The Scout trajectory computed for each of the three combinations
of prediction inputs is compared with radar based Scout performance at
ignition of the second, third and fourth stages as well as at injection of
the payload into orbit. Also, orbit characteristics are compared.

8.5.2 METHOD

Pre-flight and post-flight trajectories using repredicted motor
data were calculated for each vehicle. These trajectories are compared with
the pre-flight trajectory originelly predicted for each vehicle. At stage
ignition times, trajectory parameters are compared with radar data, when
available; at injection, trajectory parameters are compared with the injec-
tion conditions computed from the orbit data derived from Goddard Space
Tracik Bulletins.

Repredicted pre-flight trajectories incorporate the current second
and third stage control fuel consumption weights of 35 and 4.5 pounds,
respectively. The original pre-flight celculations for some of the earlier
vehicles utilized the then current values of 90 end 10 pounds, respectively.
Vehicle weight changes resulting from differences in total and consumed
weights between predicted and repredicted motors have been included.

Repredicted post-flight trajectories include vehicle disturbances
such as winds and atmospheric deviations, weight changes, and thrust miselign-
ment. To provide the most accurate post-flight trajectory possible, telemetry
records were reviewed to isolate vehicle disturbances, as indicated by dis-
rlacement errors, which may not have been available for the usual post-flight
analysis conducted after launch.

Results are presented as (1) tabulations of velocity, altitude, and
flight path angle for predicted, repredicted, and post-flight trejectories at
stage ignition and injection, and (2) tabulations of orbit data from Goddard
Space Track Bulletins. These tabulations are compared with radar data where
available. Vehicle S-128, which experienced a failure near second stage
ignition, is compared by plots of predicted, repredicted, and radar trajec-
tories during first stage flight.

Trajectory data plots and motor performance curves for vehicle S-125
are shown as typical data. See Figures 61 through T1.

1hk



T

\ . SO IO o .5_122Q._- .

26,000 : -

(a) i
(PREFLIGHT CONDITIONS,

ORIG. PRED. MOTOR PERF.) 25,000
RELATIVE VELOCITY, fps

24,000 SN Y L ———;T—

26,000
(b)
(PREFLIGHT CONDITIONS,

REPRED. MOTOR PERF.) 25,000
RELATIVE VELOCITY, fps

]

i

24,000

-

27 FPS (APPROX.) "

26,000

(c)

(POST FLIGHT CONDITIONS, e iy,
REPRED. MOTOR PERF.) 25,000 f—=t
RELATIVE VELOCITY, fps :

POPULATION;

g S— |' . '5.:‘: . B
:_’5’65_125 S S N TS

t
24,000 |18 {3yt
T FA s AR R A

l..LZ': M L . [T '
24,000 25,000 26,000
RELATIVE VELOCITY, fps (TRACKING RADAR)

FIGURE 61 INJECTION VELOCITY CORRELATIONS

145



(a)
(b)
(c)

1600

_.
........

M..R_ wT.,

1200

CEEL- mr)# _

N wﬂ/.

n.mi. (TRACKING RADAR)

1

Ry

0

80
146

S REES W A

T o

o
Q
N
—

1600
1200
800

‘tw v '3gaLl LY 3390dY 1w U ‘3aNLILY 33904V flw v '3gnLILTY 3390dY
"4¥3d YOLOW "d3¥d "9I¥0 (‘4¥3d YOLOW "d3¥d3y (*4¥3d JOLOW a3y d3Y
‘SNOILIANQD LHOIT4-3¥d) 'SNOILIGNOD LHOIT4-3¥d) ‘SNOILIANOD LH9IT4-1504d)

APOGEE ALTITUDE CORRELATIONS

0
APOGEE ALTITUDE

40

40

FIGURE 62



904 = -
AT IIHII I ML
T A
ik it il PREDICTED PRE-FLIGHT
” *H E~' | i i —g—z::;::mcmo PRE.-FLIGHT
i I : SN O REPREDICTED POST FLIGHT
il il
70 I '[' PME{ ;
it R E
i fi i ﬁhp
RELATIVE FLIGHT PATH €0 Ll e
ANGLE - DEG. l it
i 'W] th}%« l i H
so fll #ﬂ | i
all I
40 ilbiia ;
il ] il
i
20 TR
i it il
] 1 } i e
1 ! | I it 1)
gt [ el et b
iR A ITHIT it 1
it !1! ! 1 il [ sl i
[Ty Bk (it | i :
il | ol e
| o n
RELATIVE VELOCITY ! .;{
- FT/SEC i il i
]
NI E
| el
o b
il }« i | it ;
R TR R i
R T A
i o
N t i
it Tl i u" i i 35
il : L: A it it
' i I
I t ;
GEODETIC ALTITUDE I ekl
-~ 1000 FEET 60 | i i
! 'Fl H [ H
1 ‘__‘l i i n | i E § ;1
N
0 Mﬁ i < i
| i "*
kR A L
20 ‘IIJ}’H ;%,: i Ll
M“% ‘%; i T | 11 Mflm
iy 8 it Il I ikt -
0 Mm' il f |.!!.l 1! A A
0 10 20 30 40 50 60 70 80

FLIGHT TIME ~ SECONDS
FIGURE 63

SCOUT s-128
HISTORY OF TRAJECTORY PARAMETERS — FIRST STAGE

17



90

80

70

RELATIVE FLIGHT PATH
ANGLE - DEGREES 60

50

40

4000

3000

RELATIVE VELOCITY
- FT/SEC

2000

1000

140

! [ DS O K .
———— PRE-FLIGHT ~ PREDICTED
— — — PRE.FLIGHT ~ REPREDICTED
© RADAR

A POST-FLIGHT - REPREDICTED

120

100

80
GEODETIC ALTITUDE

- 1000 FEET

60

40

20

0 10 20 30 40 50 60 70 80

TIME FROM LAUNCH - SECONDS

FIGURE 64
SCOUT S§-125
TRAJECTORY PARAMETERS - FIRST STAGE TIME HISTORY

148



RADAR

[c]
A

—~— — — PRE-FLIGHT ~ REPREDICTED

POST-FLIGHT - REPREDICTED

-

HHETHIN

CIDES WITH SO

130

120

L

yhihi DOTTED LINE COI
T h

[&]
w
o

1

RELATIVE

w
=)
Q
z
<
T
=
<
o
[
X
[C]
-
'S

RELATIVE VELOCITY

- FT/SEC

RErrE— =)
= ===
LMI\M]HI ==

HEmE s s e

o
Q
&

GEODETIC ALTITUDE

- 1000 FEET

o
=]
&

TIME FROM LAUNCH - SECONDS

FIGURE 65

125
SECOND STAGE TIME HISTORY

SCOUT s

TRAJECTORY PARAMETERS -

149



RELATIVE FLIGHT PATH
ANGLE - DEG 12

30§

18000

17000

16000

15000

RELATIVE VELOCITY
- FT SEC

14000 |—;

PRE-FLIGHT - PREDICTED

— ——PRE-FLIGHT - REPREDICTED

O RADAR

& POST-.FLIGHT — REPREDICTED
‘ L

12000 I I Y U 0 [ A S Y S T

13000

11000 -

10000

800F ™

700

GEODETIC ALTITUDE T
- 1000 FEET b

600}

500 f=1—

400 i+

120 130 140 150 160 170 180
TIME FROM LAUNCH - SECONDS

FIGURE 66
SCOUT § -125
TRAJECTORY PARAMETERS — THIRD STAGE TIME HISTORY

150



——— PRE-FLIGHT — PREDICTED
— — — PRE-FLIGHT - REPREDICTED
O RADAR - FPS/16
J  RADAR - DOPPLER
A POST-FLIGHT — REPREDICTED

RELATIVE FLIGHT

PATH ANGLE - DEG.

250001

23000

21000

RELATIVE VELOCITY

-~ FT/SEC

19000

17000

15000

13000

2900

2880

GEODETIC ALTITUDE

— 1000 FEET

i
2860

2840

[HADY

T3 I oy H i L “.- b el Pty
620 630 640 660 670 680 690
TIME FROM LAUNCH — SECONDS

FIGURE 67
SCOUT S-125
TRAJECTORY PARAMETERS — FOURTH STAGE TIME HISTORY

151



SNOILDIAIdd IONVYWNOH¥Id ¥T N/S VII 1091V SZL—$ 89 JAaN9Id
SANODIS 4

oz

PR Dama § Xy e

PERHER Ko

TUNEE IRV B) )

-— 1 1 1. ] 1
1 | N I N I —
R E Bl my pmms b ot R N penien geiwart &
ML SSurry o) i O o I AU SN
bgey s Wi ool SRl patiiel Sty By

[V i milel
g e g o

e =t

N i

.

L9v'esy’s
oyZ'eyy’s

‘d3dd "ORo

gN3937 3SINdW!

0¢

001

:__.Omn

0L 491 4

g0L/91 'ONINIVWIY LHO1IM ITIVWNSNOD

152



SNOILOIQI¥d IONYWAOI¥Id Z81 N/S | ¥OLSYD SZL-$

SANOD3S

v

0

Z

9

1

[4

L

69 3dN9I4

1

H R T

EA

-4}"1{-

- kT Jho
"d3yd-3y ;

T 061°100°2
= 10E£°1002 ‘d3dd 9180
- GN393T 3SINdWI
IR T L
o _ *_ m 1

-0

e

ONINIVWIY LHOIIM IT1EGVYWNSNOD

?

£0L/a

153



SNOILDIG3dd JONYWIOIANTd  9FL—DdH N/S 65X SCL-S 0L Jd¥N9I4
SANOD3S 4
ze 4 74 0z 9 zl 8 v 0
~ _ | _ m m : * i
_ . o _ | i Do |
.¢:....@..; - :V o L ‘!“: x:.&.x..xlf...;. N
. [ T R
bt . VR S [ b . S Y PURRREINS N SRR
[ A R R e
ooy I R
R B .X_!... P P o 1. h: . _ N _
_ 4 w 1 —
m T o98zvIL tg3ddead
i ' 180V "a3dd "9I¥0 -
_ aN3937 3$INdWI
| L
| b
: !
Lo P Lo
2T

0l

Zl

vl

IA:!

£0L/441

00¢

oor

009

008

000l

A

oovlL

0091

008t

0002

00ze

oove

0092

91 “ONINIVWIY LHOIIM 378VYWNASNOD

154



SNOILOIQ3¥d IONYWHO443d SS~HY N/S  8SIX GT1-S
SaNoD3s 4

1L

ER-NIRIE

I

£89'6¢t

990'0rL -

‘a3dd-3y

d3dd

9130}

ASINdWI

oot

002

0o¢

0oy

009

00L

ONINIVWIY LHOIIM 3T9YWNSNOD

’

a1

155



8.5.3 DISCUSSION OF RESULTS

The disagreement (as a bias and standard deviation) in the correlation
of results from each type of pre-flight input and the post-flight inputs with
the results from Goddard data can be compared for an indication of relative
accuracies among the two types of pre-flight inputs and the post-flight inputs.
All the bias and standard deviation values include the small error in the
Goddard data. Also, the values involve a mixture of mission requirements. Egg
bias and standard deviation values are not measures of Scout performance errors.

They are appropriate only for this analysis.

Because complete trajectories were computed, an individual assessment
of each stage is not presented. Injection conditions would be affected by
anomalies in any one of the four stages. The radar data tabulated at stage
ignition provide some basis for estimating stage performance but it must be
remembered that radar data accuracy is often questionable, particularly in the
vicinity of stage ignition or burnout.

Following is a summary of the results obtained for each vehicle.

Vehicle S5-113

The repredicted post-flight trajectory includes a pitch up displace-
ment of 0.8 degree in the second stege.

It is evident from the comparison shown in Table 21 that the predicted
pre-flight trajectory is in much closer agreement with the injection conditions
and orbit data calculated from Goddard Space Track Bulletins than the trajectory
incorporating repredicted engine data.

Up to stage 4 ignition, there is little difference between the pre-
dicted and repredicted trajectories. The largest deviation occurs at stage
3 ignition and radar date appear to correlate with repredicted data. At fourth
stage ignition, predicted pre-flight velocity is approximately 22 fps lower and
altitude is 1.3 n. mi. lower than repredicted pre-flight data. But at injection,
repredicted pre-flight velocity is approximately 149 fps less than predicted
while the eltitude deviation is unchanged. If the velocity decrement between
repredicted pre-flight and post-flight trajectories is applied to the predicted
pre-flight injection velocity and if repredicted post-flight injection altitude
is assumed to be correct (since it appears that the repredicted trajectory is the
more accurate up to stage 4 ignition), the resulting injection conditions would
closely match Goddard data. It may be concluded, therefore, that the repredicted
fourth stage performance is too low.
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TABLE 21
SCOUT VEHICLE S-113

TRAJECTORY AND ORBIT DATA

TRAJECTORY PARAMETERS AT EVENT TIMES

RELATIVE GEODETIC  RELATIVE
TIME VELOCITY ALTITUDE FLT PATH
EVENT TRAJECTORY SEC.  FPS N. MI. ANGLE-DEG.
STG II IGN Predicted pre-flight 92.52 3361.0 25.7 32.431
Repredicted pre-flight 92.52 3353.3 26.0 32.606
Repredicted post-flight 92.47  3359.0 25.9 32.420
Radar (FPS-16) g2.45  3320.0 25.9 32.99
STG III IGN Predicted pre-flight 137.42 9228.6 L7.4 21.607
Repredicted pre-flight 137.42 9319.8 L4 21.568
Repredicted post-flight 137.39 9319.1 47.6 21.910
Radar (FPS-16) 13/.40 9270.0 k7.8 22.10
STG IV IGN Predicted pre-flight 510.54 15894.2 224.8 Lhs
Repredicted pre-flight 510.54 15916.1 206.1 .5h2
Repredicted post-flight 510.54 15880.7 229.3 .T707
Radar ~ not available
INJECTION CONDITIONS
INERTIAL INERTIAL
TIME VELOCITY ALTITUDE* FLT PATH
EVENT DATA SOURCE ~ SEC. FPS N. MI. ANGLE-DEG.
STG IV B.0. Predicted pre-flight 534k.54 25882, 226.9 -0.029
Repredicted pre-flight 539.54 25733. 228.3 0.067
Repredicted post-flight 539.5u 25701.3 231.8 0.155
Goddard Space Track 2586k .4 232.8 0.733
o Bulletins**
ORBIT DATA*
DATA SOURCE APOGEE N. MI. PERIGEE N. MI.
Predicted pre-flight 696.2 226.9
Repredicted pre-flight 601.5 228.3
Repredicted post-flight 592.4 231.4
Goddard Space Track Bulletins** 710.5 227.6
STAGE IGNITION WEIGHT - LB. (INCLUDING PAYLOAD)
STAGE  PREDICTED REPREDICTED POST-FLIGHT
1 38,579.95 38,594.95 38,594.95
2 13,940.32 13,940.32 13,940.32
3 4,190.72 4,190.72 4,190.72
L 807.99 ~ 807.99 807.99

¥Based on mean earth radius

**Computed from average of several bulletins
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Vehicle S5-122

The post-flight trajectory includes atmospheric deviations, weight
changes, and pitch and yaw displacements as determined from telemetry records.
The available wind data, recorded approximately 4 hours before launch, were not
considered a true representation of winds actually experienced by the vehicle
and were therefore omitted from the post-flight analysis. The vehicle dis-
turbances represented by the displacements shown on telemetry records made a
significant contribution to the higher altitude and lower velocity than were
predicted at injection. These displacement errors were all in & pitch up
direction and of magnitudes 1.0, 1.0, and 0.6 degrees for the first, second,
and third stage boost phases, respectively.

Table 22 shows that repredicted motor data provide a closer
approximation to the injection conditions and orbit data derived from Goddard
Space Track Bulletins.

Predicted, repredicted and radar data (compared with post-flight)
compare well up to fourth stage ignition. At injection it is obvious that
the repredicted pre-flight trajectory agrees more closely to Goddard dats
in velocity than does the predicted trajectory. Changes simulated in the
post flight trajectory result, at fourth stage ignition, in a velocity loss
of approximately 66 fps with a corresponding increase in altitude. At in-
jection, post-flight velocity is 6% fos higher than indicated by Goddard
data while altitude is approximately 1.3 n. mi. lower. It is apparent that
the repredicted fourth stage performance is a much better approximation of
the estimated performance calculated from Goddard date than is the predicted
performance. A small decrease in repredicted fourth stage performance would
eliminate the velocity deviation while a more accurate simulation of vehicle
disturbances would correct the altitude deviation. Orbit data essentially
confirm these conclusions.

Vehicle S§-123

The repredicted post-flight trajectory includes winds, atmospheric
deviations, weight changes, and a pitch down displacement of 0.75 degree
during third stage boost.

As shown in Table @23, both predicted and repredicted pre-flight
trajectories agree closely. The repredicted trajectory is the better of the
two when compared with Goddard data. The apparent better correlation of the re-
predicted trajectory to the Goddard data may be attributed almost entirely to
repredicted fourth stage performance which adds approximately 22 fps to injec-
tion velocity. It must be remembered, however, that this increment of velocity
is well within the accuracy usually expected of radar and tracking data.

The pitch down disturbance which was recorded during third stage
boost is the primary cause for the higher than predicted injection velocity
and lovwer than predicted injection altitude, clearly indicated by the post-
flight trajectory data.
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TABLE 22
SCOUT VEHICLE 35-122
TRAJECTORY AND ORBIT DATA
TRAJECTORY PARAMETERS AT EVENT TIMES

RELATIVE GEODETIC  RELATIVE
TIME VELOCITY ALTITUDE  FLT PATH

EVENT TRAJECTORY SEC. FPS N. .MI. ANGLE-DEG .
STG II IGN Predicted pre-flight 85.01 3499.2 25.0 36.662
Repredicted pre-flight 85.01 3502.7 24.9 36.606
Repredicted post-flight &5.01 3480.3 25.3 37.920
Radar (FPS-16) 84.90 3475.0 25.1 37.370
STG III IGN Predicted pre-flight 132.50 9hk32.1 52.6 26,223
Repredi