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ABSTRACT

The initial phase in a systematic analysis of weapon-
ammunition interaction has been accomplished under the guidance
of the Research Directorate, Weapons Laboratory at Rock Island.
Acceptance-test data for five manufacturers' production of 5.56mm
ammunition were analyzed through time-series modeling, an
empirical cumulative distribution function was formulated, and
a bivariate histogram of chamber pressure and port pressure was
developed for use in the selection of weapon-test ammunition.

Statistical experimental desigun procedures based on facto-
rial or fractional factorial apprvaches are included for use in
tests to identify the controlling parameters in weapon-ammunition
interactions and to determine whether these parameters can be

identified from ammunition acceptance-test data. Some preliminary

correlation analyses are included for comp' rison of pressure

measurements by means of crusher gages and piezoelectric gages.
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FOREWORD

This report was prepared under Contract DAAF37060073 by
Professor S. M. Wu, Department of Mechanical Engineering and
Department of Statistics, University of Wisconsin, Madison, under
guidance of the Research Directorate, Weapons Laboratory at
Rock Island, with W. L. Dahl as Project Scientist.

The U. S. Army Small Arms Systems Agency supported the work
as part of the Army Small Arms Program task entitled "Define
Weapon Factors in the Broad Spectrum of Ammunition."

The testing of developmental weapons has often been limited
to the firing of available quanti‘ies of ammunition for which
little information may be available regarding either the specific
characteristics of the test ammunition or its relationship within
the spectrum of production ammunition.

Definition of the ammunition characteristics that are im-
portant in the operation of differing gun mechanisms wnd identi-
fication of the ranges of the variables will permit more meaning-
ful tests of the weapons. These tests will, in turn, enable the
establishment of more realistic boundary conditions for analysis
by parameter variation with computerized mathematical models.
Such improved analytical techniques will provide better pre-
dictions of weapon-armunition interaction and better estimates
of system reliability during the earliest stages cf the develop-

ment process.
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Results of the first phase in an analysis of 5.56mm weapon-
ammunition interaction are described in this repor:.. This por-
tion of the work has been focused on the development of methods
for the identification of groups of sequentially manufactured
ammunition-production-lots that apparently fall within single
distributions of statistically normal production. The unique
control limits, associated with these distributions, are being
explored as & basis for the selection of gun-test ammunition.

In addition, some statistical experimental des-.gn techniques
are outlined for use in the next phase of the work. The forth-
coming effort will determine (through coordinated tests at Frank-
ford Arsenal and Rock Islaand) whether the ammunition acceptance-
test crusher-pressure data on which this report is based are
sufficiently difinitive for determination of the "gun-powering"
characteristics of the ammunition. Toward thuv latter cbjective,
some preliminary correlation analyses of pressure data acquired
by means of piezoelectric and crusher gages are included in this
report.

One of the appendices contains a description of a preliminary
mathematic~l model, "Empirical=Mechanistic Model for Interior
Ballistics of Guns," formulated through cooperation between the
University of Wisconsin and the Badger Army Ammunition Plant.

Although that model was not developed under the Research Directorate
contract, it was contributed by the University as a possible

means by which the technology may be advanced.
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1. INTRODUCTION

Emmunition and weapon need to be compatible. Ammunition tests
are performed to ascertain thet the ballistic characteristics of ammunition
are consistent with the gun design requirements. The tests are useful
only if the responses provide meaninc il information toward this end. The
present methods of testing, namely copper crusher and piezo methods,
need to be compared to determine the extent of useful information obtained.

Ccpper crusher forms the present method of acceptance testing.

The control limits :sed for acceptance are based upon specifications which
may or may not represent the real capabiiities of the present production
process. Additionally, the control limits may be only indirectly related to
the functional requirements of automatic weapons. It is therefore possible,
that unnecessarily severe requirements for versatility might have been im-
posed on the weapon. Analysis of acceptance testing data is required to
determine more realistic control limits.

Just as ammunition tests are performed to evaluate ammunition
f};racteristics, similarly weapon tests are needed to evaluate weapon per-
formance, which must lie within specified limits. Since the ammunition l.ots
are not identical in their ballistic properties, a criterion has to be established
to select ammunition lots for weapon testing.

The first step toward the establishment of such a criterion is to de-

termine the ammunition characteristics that influence weapon performance.

TN
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The capability of ammunition manufacturing process can then be analyzed
in terms of these characteristics to evaluate the differences between
ammunition lots. Lots that would give a large variation in weapon perfor-

mance would be selected for weapon testing.

| Related to the analysis of ammunition manufacturing process and

weapon testing are the questions of determining proper number of tests to

be conducted at each stage of data generation and detection of changes in
ammuniticn characteristics at different stages of manufacture. The latter
f would help explain the final ballistic characteristics attained by the am-

munition., It is felt that sufficient attention has not yet been give to these

questions, satisfactory solutionsofwhich are likely to lead to considerable

e i L RS, - 5 3 " 2 ; i
AT R Z B EIAAR sl L R T A e Sy
on TR AR IR T R R A N S A T R e e SRR

savings to the government,

s

§ It is felt that a theoretical understanding of the internal ballistic
{’ mechanism involved would be very useful in the interpretation of the resuits

obtained.
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SUMMARY

The analyses in this report are based upon acceptance
test data for 5.56 mm. Ball M-193 and 5.56 mm. Tracer M-196
ammunition from five manufacturers (Lake City, Twin City,
Remington, Federal and Winchester) covering a period from
July 1968 to March 1971. Additionally, special ammunition
test data from Frankford and ammunition data from B.A.A.P.
have bee!.. analyzed. Acceptance test data from B.A.A.P.
covers a production period of the past three years. Copper
crysher and piezo data for the same propellant lot are also
available,

The purposes of these analyses are many fold. They
include a comparison of copper crusher and piezo methods of
testing, the determination of more realistic control limits
for ammunition production and selection of ammunition lots
for weapon testing. Chapter 1 brings out the importance of
such analyses.

Piezo transducer gives more information regarding pres-
sures inside the barrel. Maximum pressure at the gage loca-
tion as well as ignition delay and slope can be determined.
These are indicators of propellant characteristics. Crusher
deformation can be considered as a weighted integral of
piezo pressure-time curve and could be a good estimate of
impact energy. Analysis in Chapter 2 points out that copper
crusher indicates similar pressure-velocity relationship

as piezo does (Figs. 7 and 10), but it has larger variability.
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Coating date against copper crusher chamber pressure plot
does not shLow any pattern {(Fig. 8}, whereas plot of piezo
peak chamber pressure versus coating date reveals a time
trend (Fig. 11). The time trend would be lost if only cop-
per crushexr data are examined.

Chapter 3 contains a detailed analysis of standard
test data. Chamber pressure data from standard tests are
found to exhibit marked trends. Three methods (semi aver-
ages, cumulative sum and moving averages) have been employed
to estimate the underlying process behavior. 1In particular,
the point of shift after which the trend is less predominant
is determined. The method of cumulative sum is found to
give the best visual indication of the point of shift.

The chamber pressure data are found to be nonstationary
(Lake City data) even after the point of shift. The data
are also found to be autocorrelated. Therefore, time series
models have been obtained to explain the nature of correla-
tions. Analysis of chamber pressure data from different

manufacturers shows the mean chamber pressuces to be quite

close to each other. The chamber pressure variance is found

to vary considerably (118 x 104 p512 for Remington to 629 x

104 psi2 for Winchester) from manufacturer to manufacturer.
The mean chamber pressure of Ball ammunition (46600 psi) is
lower than that of Tracer ammunition (49200 psi).

Analysis of chamber pressure variance shows a larger

value of within lot variance (29 x 105 psiz) for ammunition
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from Twin City as compared to (17.6 x 105 psiz) ammunition
from Lake City. In both cases the trend is towards a
reduction in variance, indicating continued improvement in
production and testing processes.

In Chapter 4, z method based upon empirical cumulative
distribution function has been developed to obtain control
limits for ammunition production processes. The control
linits are based upon 99 percentile point of the empirical
cumulative distribution function. To narrow the control
limits, data after ‘cutoff date' alone have been considered.
The conditions under which cutoff date can be taken as the
date corresponding to the point of shift, are given in
Section 4.2, Cutoff date and control limits have been cal=-
culated for Ball and Tracer chamber pressure data from the
five manufacturers. On the average the control limits have
been reduced by 2000 psi from the existing ones.

In Chapter 5, a criterion has been developed for select-
ing ammunition lots for weapon testing. It is based upon
the bivariate histogram of chamber pressure and port pressure
from standard tests. The inadequacy of basing the selection
on chamber pressure or port pressure alcone has been discussed,
The selected lots have been classified into High, Medium and
Low. Medium lots are based upon the mode and the High and
the Low lots are based vwpon the approximate 90% confidence
limits of the bivariate histogram. An experimental procedure,

using fractional factorial or factorial designs, has been
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suggested to determine ammunition parameters that control
weapon performance.

Chapter 6 contains a suggested precedure to determine
the number of tests necessary to estimate ammunition para-
meters, The procedure is based upon the desired precision
of estimates and the experimental error involved. The se~
quential method for estimation of experimental error shows
that twenty readings do not give a proper estimate of ex-
perimental error in copper crusher testing and ten readings
are not sufficient to obtain a good estimate of experimental
error in piezo testing. The current practice in standard
testing is to obtain an estimate of standard deviation based
upon 20 tests. The implication of this analysis is that the
estimate so obtained is likely to be modified considerably
if it is based on sufficiently large number‘of tests,

Chapter 7 deals with the analysis of data at different
stages of manufacture. Analysis of propellant lot charac-
teristics from B.A.A.P. indicates the lot characteristics
(charge weight and chamber pressure) to be serially correlated.
Comparison of accertance test results, for the same propellant
lots from B.A.A.P., Lake City, and Twin City show the test
results to be almost ‘dentical, indicating no change in
propellant properties auring the time period between the
tests.

During the course of the project, need was felt for a
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model for the interior ballistic system cf guns. Appendix

1 contains an initial attempt toward building an eémpirical-
mechanistic model, using a Lagrangean formulation of the
hydrodynamic system, Piezo pressure~time curve and velocity
have been used as responses. The model is shown capable of
iterative improvements. Several possible uses for the model

have been outlined.

The data used in different analysis in this report are

given in Appendices II, III and IV. Computer programs neces

sary for the analyses are included in Appendix V.

PRIy




3 '::?«é‘%??’r:un‘{&«if’:’;"G“‘fcmflf?‘%%i?:rﬁ‘&ﬁﬂjmg?'W;‘,F;{'@W‘. RS P AR ;;.{,?\F,,':‘,, SFEBRES

N B e, VGG TR R K TR TR

CATAESIYE ¢

Y1) 2

2. COMPARISON OF COPPER CRUSHER AND
... . .. PIEZO METHODS OF TESTING

v

Copper crusher and piezo methods are currently used to conduct

g ammunition tests. The crusher gage has been in vogue for almost a

century and is in use even today as the sole standard method of pressure

measuremefxt. The piezo gage, even though known for a considerable pei'iod
of tfme, ‘is still not adopted as a standard method of pressure measurement.

As a résu'l‘t, I}elétivély éméll amounts of piezo data is available compared

to the large amount of éoppef"émsher daté accuinulated over past years.,
In this section, the two methods are compared regarding their relative use-

fulness.

2.1, Purpose of Testing

Purpose of testing is two fold: as a means of acceptance testing
and as a tool for process control. Comparison is p:imarily based upon the
former function of the testing method. Where an ammunition lot is tested

for acceptance, it is necessary to determine whether the powder can impart

desired velocity to the bullet and whether the gun can withstand the pres-

sures generated,
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2.2 Description of Piezo Responses

—

Piezo response is a‘--éontinuﬁus pressﬁi'eétﬁne curve for the particu-
lar section along the barrel {usually mid chamber position for chamber
S S BT < ‘ o

pressure mgasurempnt) where it is located. Ope typical curve is shown

in Fig. 1. There is an initial portion of 'ignition delay' during which the

_burning rate is small. Next there is a rapid rate of rise of pressure due

to increased burning rate. The expansion of gases behind the bullet has
a ,tlendency to reduce the pressure. Eventually the p_owder burns off and
as a‘res_ult of these interacting causes, the pressure reduces. The pres-
sure curve, therefore, exhibits an unimodal maximum.

Piezo transducer has a time constant of the ordér of 10~? seconds

and is quite widely used to obtain the pressure-time history.

2.3 Copper Crusher Response and its Relationship with Piezo Response

In standaré acceptance testing for measurement of chan.ber pressure,
the pressure insidg the gun chamber is transmitted to the copper cylinder
through a rigici steel piston. The pressure acting on the copper cylinder
is the same as in Fig. 1. If the elastic and plastic behavior of the copper
cylinder is known, the crusher deformation can be expressed as a weighted

integral of the piezo pressure-time curve.

e

- o i s

A ¥




A g L Y W T A T S T Y W A DT N S T AR T

>
H o]
i [
- o
‘ =
(o]
fur
4+ [0)] \
sl Qu
) = (o} 7
. o ~ s/
_. b ] w
1] fl .
©w o
- [}
_ & ‘
" o \\\
m; \ ¥
& (]
\.\‘\ o
9 . 5
S . 3
o)
ay \ < 2
<9
/JI
M /l/ @ .
//dl i
Tow
e e I
g
, n
. ~ o
» v
] .
-
* e v G5l S o Shea .«whnﬂ

N AR o . e .
R E Lt LS X Sk HOTR ST IARSP A



S S

O

T
R, ;‘:xy,;?*;. oy

AT i 0 A Y R P B R A S A S s
R T VRIS T SR,

!

2.4 Methods of Choosing the Acceptance Test Criteria ‘ 5

Gun body may fail if the burning conditions are severe. Pne way
to estimate the limiting condition is by means of the maximum stress pro-
duced in the gun walls which is a function of the ma:éimum pressure de|ve1- |
oped. The peak piezo chamber pressure is perhaps a suitablé indicator . !
for this type of failure. Another possibility is impact falilure, which abpeax:s
more realistic for the present situation. Deformation of copper cylinder is ~

one of the ways of measuring impact energy. However, the best mdicatorl

of impact energy can only be determined by a detailed solid mechanical

analysis of the gun body. : !

2.5 Correlation Analysis '

Correlation analysis was conducted to determine ghe type of information . -
. !

that can be obtained from the data. Three major sets of data were ﬁsed, i

ne_.ely, standard acceptance test data, special ammunition test’ data’supplied
' | 1

by Badger Army Ammunition Plant (B,A,A,P,)., These aro listed in Appendix II,
1

t

2.5.1 Standard Acceptance Test Data , ’

i
1

Pertinent results in this category are summarized bplow:
(1) Chamber pressure has no correlation with velocity_ from velocity

barrel. (Fig. 2)

!
(2) Chamber pressure and port pressure have a slight negative correlation

(Fia. 3).
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(1) There is a positive correlation between peak chamber pressure

e Tm - Ty

11

2.5.2 Special Ammunition Test Data

Twenty pleces of special ammunit.ion test data were obizinad
from Frankford Arsenal, Limited informatic;n available is as follows:
and velocity. (Fig, 4)
{2) Peak chamber pressure 1s uncorrelated with peak port pressure.
N (Fig. 5) |
(3) Pressure-time integral is uncorrelated with velocity. (Figs. 6(a),

6(b) )

2,5.3 B,AA.P, Data

Copper crusher and piezo trapsdueer data for composites and hand-
blends were supplied by B,A.A.P. Results are summarized below: |
(a) Copper Crusher Method
(1) Chamber pressure and velocity from pressure barrel are correlated.
(Fig. 7y
(2) Piot of coating date against chamber pressure revsals no trend.
(Fig. 8)
(3) Plot of coating date against velocity from pressure barrel has a

slight trend. (Fig. 9)
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(b) Piezo Method

i’:i (1) Peak chamber pressure and velocity are correlated. (Fig. 10)

. ; .

o z (2) Plot of coating date against peak chamber pressure reveals

;‘5;; a time'trend. {Fig. 11)

f:% (3) Slope of:pressure-time curve-is nagatively correlated with

“z,. ignition delay (Fig. 12) and is positively correlated with veloc~
| ity (Fig. 13) and peak pressure. (Fig. 14)

y; Similar éorrelativé structure is observed in the case of Hand
élends. “

H

st

2.6 Evaluation of Copper Crusher

Copper crusher has been found to be a reliable method of comparitive

_'mfeasurement. It is possible that the crusher deformation is a good estimate

o:f impact energy. From Figures 7 and 10 it can be secn that the crusher

',ir:ndicates the same trend as piezo does, but indicates a larger variability,

doating date against copper crusher chamber pressure plot does not show

any pattern, whereas plot of coating date versus piezo peak chamber pressure

reveals a time trend. This time trend could be a significant factor in pro-

¢

duction process control and would be lost if only copper crusher data are

examined.
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2,7 _Additional Information:from Piezo Transducer

~

Piezo transducer supplies more information as it yields the entire

DAY >
i

pragsure~-time gurv’efq_thex"‘;ha'n a single deformation value. An exact
weighted integral can be calculated to compute impact energy. ‘The maxi-
mum pressure is also indicated. It is also possible to compute the slope
and pressure-time intagrals to obtain a better understanding of ammunition

properties,
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3. ANALYSIS.OF ACGEPTANCE TEST-DATA! < & fuie .

“Acéeptarice test data’ for 5-56mm. Ball M-193 ammunition from |

five manufactiirers (Lake City, Twin City, Remington, Federal and'

Winchestér) as well as for 5.56mm. Tracer M-196 ammunition from three

manufacturers (Lake City, Twin City and Winchester) wese made available

by Rock Tsland Arsenal for investigation, The data were subsequently up-

dated to cover a production period from July 1968 to March 1971. The h

acceptance test data contain the following information:

(1)
(2)
(3)

(4)

(s)
(6)

(7)

(8)

Ammunition lot number and date testing

Propellant lot number

A'verage charge weight used for the ammunition lot

Chamber pressure - which is the average of 20 chamber pressure read-
ings per ammunition lot

Magximum value of these 20 readings

Port pressure - which is the average of 20 port pressure readings per

ammunition lot
Muzzle Velocity - which is the average of 20 velocity readings per

ammunition lot

Standard deviation for chamber pressure, port pressure and velocity.
This is computed from-the corresponding 20 individual readings.

Correction for chamber pressure and velocity
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(10) Accuracy - which is a measure of how accurate the flight of the
bullet is

(11) The data also contain information regarding the reference lot used,
number of bullets fired using the test pressure barrel and velocity
barrel, reference velocity and reference chamber pressure as well as

the oreez ‘re barrel number and velocity barrel number

3.1 Preliminary Study of the Data

Graphical method was used to obtain a visual picture -of the data.
Figures 15 to 22 show the plots of chamber pressure, port pressuré and muz~

zle velocity against the date of testing. The plots include Ball ammunition

‘data from five manufacturers and Tracer ammunition data from three main

Chamber factories. Pressure, port pressure, and muzzle velocity were &lso
plotted against the corresponding ammunition lot numbers and the resulting
plots are given in Figures 22 to 27.
A visual examinatici of these graphs reveals the following:

(1) Testing is not done At regular time intervals. It appears, therefore,

that plotting based upon lot numbers provides a better representation

of the time sequence of the production process,
(2) The data shiow production trends, in par.ticular, .he chamber pressure

data from Lake City and from Twin City show a marked shift.

O
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;; (3). Inradditionsto the-differences:in the trend, there appear to:be:dif-
' ferences in the range (range = maximum-minimum):of the -data
from the;five manufacturers: . - . o T IR b
(4) Mean chamber pressure for Ball ammunition is lower than that for
; Tracer ammunition while muzzle velocity for Ball ammunition is
higher tha-n that of the Tracer ammunition.
1 A quantitative analysis of the standard testing data is now con- "
‘ ducted.
E 3.2 Determination of the Point of Shift
|
¢ It has been noted that the chamber pressure dsta reveal the existence
W
of a shift, after which the data assume a relatively stationary pattern. The
; large variability in the observed data mal;es it difficult to determine the f
point where the underlying process shifts, Méthods are therefore needed to l
produce a visual picture reflecting the underlying process and minimize the
“ random fluctuations about it, Any such method would depend upon certain
assumptions regarding the process and would be only good within the assump-
! tions mhde. Three methods of #stimating the underlying process would now be
considered. These methods would also gerve to determine a unique answer for
the point of shift rather than differing answers that would result by eyeball
estimation,
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The assumptions made are:

{1):5 Successive; observations;onichamber :pregsure are ‘assuniéd to be-
B.MGPQﬁdeﬁtur” AR ATE B o @y . B

(2) The observations are assumed to have -the:following ‘distribution:

. "L -—‘ (l“-: v 21
Rl

Xt = Mean chamber pressure

For the 1:th lot

By = Expected value of 5{—t

ol

Variance of .)-(t

S,

Jt wiil be observed that fqr the data under consideration, second
-assumption is fairly well justified; but the first one is not exactly true since

- the:successive-observations are found to be correlated.

3.2.1 Method of Semi-Averages

The entire set of data is subdivided into equal groups each containing
Kl observations, ‘If [44 can be assumed constant over the Kl observations, then
the average of each group is an estimate of chamber prassure for those Kl
l_gts and is distributed as Ny . oZ/Kl) . This group average is plotted against
the serial number of that group. The effect of this grouping is to smoothen out

the original series of observations as is evident from the reduced variance

gt g A o O D e i prersc e an « e e e
%uw_ z = :
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of the group average. The resul"inq plot presents a better visual picture
‘r’ T a' } :M

of the underlying process: P:rom Fiqures 28 and 29 it can be seen that
large value of K, results in greater. smoothening and a better visual. pic- B
ture. However, excessive smoothening might Le_ad to a loss of information.
An optimum value of Kl is, therefore, necessary. Foint of shiﬁ is the lot

number after which the group averages stabilize,

3.2.2 The Method of Cumulative Sum

This is a plot of successive partial sums
m

111 (Xi-Kz);m=1,2---n

plotted against 'm', Here
X1 = chamber pressure of the ith lot

n = toial number of lots considered

a2
~
]

9 reference constant

The shape of the plot changes with the different values of constant
Kz. Two plots of the cumulative sum (cusum) are shown in Figures 30 and 31.

The mean level over any portion of the cusum plot is given by

_ Change in the cumulative sum
Mean Level = KZ + Change in M

In particular, an estimate of the mean chamber pressure for a particular lot

- ety amse w =
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is given by the slope of cusum ,plgti. at that lot plus Kz. A change in slope,

therefore, signifies a change in the process level and forms a criterion for

the determination of the point of shift. An optimum value of K, is one that

2
gives the best 1ndicat;on of change 11 process levei.

3.2,3 Method of Moving Averages

Moving average is another technique used to produce an approximation
to the underlying process. The plot is obtained as follows: An average of
first K3 observations is computed (K3 = period) and is plotted at the mid-
period position, Now the first observation is deleted and (K3 + 1) th
observation is added to get a new average. This is plotted at the mid point of
this period and the process is repeated till all available observations are -
exhausted,

Each point on the curve is an estimate of chamber pressure for that

lot. Since plotting is done at the mid-point of a period, K, should be an

3
odd number so that the plotted point would correspond to an actual lot. Two
such plots, with K3 equal to 5 and 15 are shown in Figures 32 and 33. It
can be observed that the longer the period, the more reducticn in fluctuation.
As the length of the period increases, there is a tendency for the moving
average to 'iron out' the underlying process. It is prudent, therefore, to

use as short a period as possible consistent with a reasonably smooth moving

average,
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A the thr%e methdds s% tixe“’}’:dfpose of eiitimating the undér-

’ vt . . lying process by reducinq the rendom ﬂuctuations %’3“‘ it, If the suc-
o cessive wl;;s ot 'ch;;ber press{rre cen be a;s;r;xe; 'to be uncorreletedv

i then optimum yailes of‘éofistents Kl' K;‘,' end“Ké ¢ail'be determined. For

; ’ exariiple, ‘fri the method 6f inoii’i‘n’g_ averages, the underlying process can be

é b estimated-for any ,pe'rticulyervalue of‘;Kél The deviation of the observations
’ ' from this unde:” 7ing' process can'be 'c'oiﬁ:.)utéd.‘ The value of K, should be
j ! 3 so chosen that/the variance of:these déviations is equal to the average

? iﬁte’rriai (within-lot) variarnice of the mean ’éhambe,i'*pre‘s'sure. This has not
been éoti‘xell"}"c&rri'ed out sinoe thé chamber pressure readings are found to
. 1 constitute & time series of correlated observations. |

| ; ‘ The purpose of determing the point of shift (the date on which the
: ! j shift occured 18 termed the 'cutoff date') is to be able to consider only

9 :

' | the stationary part of’ the deta. Contrd! limits based upon data after the

, cutoff dete are 'e'xpected"to be nerrower'then the present control Mmits. If
- ’ | ~ ‘ the data are plotted a ro'u‘gﬁ estﬁnete of the point of shift can'be obtained

| visually. Referring to Figires 28 throti'gh 33, itis 'observe’ci that the point
g ' k : | of shift 18 best detertnined by the cuimuletive sum plot. A good value for the
; ‘ ! reference constant X, seems to be the rieai of the entire series of data

,‘ ' ’ . because this value of reference constant gives a large change in slope at
4. ' : '
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the point of shift, This procedure'xmn*fb'”e’:.usod;in‘-_ledpten 4:to' obtain. the.

cutoff date for the chamber pressure data for Ball and Tracer ammunition,

3.3 “S:ia'tidnarigz:of Lake .éim: ‘Chamber i’mgm Pata After Cutoff
(L YR el B

~dt 18.t0.bs determined if the chamber pressure series is stationary
after cutoff, The chamber pressure data consist of a time series of obser-

_ vations which are means of 20 chamber pressure reedings. Strict station-
arity, dqn;atxda, thé{t-gll these readings come from the same distribution, in
partizular, they have the same mean and the same variance.

.- ., Lake City chamber pressure variance can be considsred to be approx-

‘imately constant (it 18 not exactly constant, as will be seen later) and has
a mean value of 1760806 ‘(.psi)z. The variance of mean chamber pressure is,

therefore, equal to 88040 (psi)2 (= 1760806/20). This is a measure of the

average internal (wit};m 3 lot) variance of the mean chamber pressure, A

measure of varjzance between the mean chamber pressures of different lots can

be obtained by calculating the variance of the chamber pressure series after

cutoff. .This is found to be 462000 (psi)z. If all the chamber pressure read-

ings had the same mean, then the variance between lots would be approxi-

. mately the same as variance within the lot. In reality this ratio (452000/

88040) is of the order of 50, hence chamber pressure data after cutoff is still
nonstationary.
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3.4 NonNormality 9? fa’ﬁ”e/Cigz" %h&m P“r'e:ug?e Data

It is of interest to see if the chamber preé‘sure readingé, constitute
observations from a nomial distr:lbution; Figure 34 shows the histogram for
Lake City chamber pressure duta. The best possible normal distribution to
fit the data 1s found to be N(462, 12,79, Table 1 shows the Goodness of
Fit test to determine if the data fit this normal distribution., Since the cal-
culatgd chi-square value of 23,76 is greater than x212_3’ 0.05 (=16.9),
normality assumption i3 not justified at 35% level of confidence. Figures
35 to 38 show histograms of chamber pressure data (after cutoff) from Twin
City, Winchester, Ramington, and Federal, The histograms are clearly

seen to be nonnormal. Because of the presence of trend even after cutoff,

the underlying normal distribution of each observation is distorted. The

result, is, therefore, not unexpected.
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3.5 Normality of Lake City Port Pressure Data

Histogram of port pressure readings after cutoff is
shown in Fig. 39. Table 2 shows the Goodness of Fit test to
determine if the data fit the estimated normal distribution.
The calculated chi-square value is 113.4 and is greater than
the critical value 18.3 (x§3_3' 005 = 18.3). Normality assump-
tion is not justified at 95% level of confidence.
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P MABLE 15 ¢
Goodness of Fit Test for Lake City Chamber Pressure Data

(After Some Regfoﬁﬁing)

i

Expected no.
of occurances

p n
kx?ggrggi o?bgﬁgxginggé FittegiNormalN (fi'“ei)z
' i N(462,12.7)4  “ne;
372.0 to 430.95 4 6.6 1.00
430.95 to 437.5 9 17.9 4.35
437.5 to 444.05 48 51,0 0.18
444,05 to 450.6 . 97 99,0 0.04
450.6 to 457.15 ° 204 162.0 10.90
457.15 to 463.7 186 - 188.5 0.03
463.7 to 470.25 177 177.0 0.00
470.25 to 476.8 105 127.0 3.80
476.8 to 483.35 69 70.0 0.16
483.35 to 489.9 28 . 30.0 0.13
489.9 to 496.45 9 10.3 0.17
496.45 to 503.0 6 3.0 3.00
Total=942 Total=942 Total= 23.76
—
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Figure 35
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Figure 38
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Since the chamber pressure and port pressure data are not normally
distributed, an.empirical approach has been used for the calculation of

control limits as well as for ammunition selection for weapon tests.

3.6 Comparison of Chamber Pressure Data from Different Manufacturers

Table 3 shows the mean and variance of chamber pressure data
from different manufacturers, Data after the cutoff date alone have been
used for this comparison., The variance (between lots) of chamber pressure
is seen to vary considerably from manufacturer to manufacturer. Means
are observed to be quite close to each other. The mean.chamber pressure

for Ball ammunition is lower than that for Tracer ammunition.
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0.1

19.0

0
1.7

Total = 113.4
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TABLE 3

Comparison of Mean and Variance of
Chamber. Pressure from Five Manufacturers

(Data after Cutoff Date)

i
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e

TP L N CUPUUPE SNSRI PP S

Manufacturers Chamber Pressure (Ball) Chamber Pressure (Tracer)
Mean Variance Mean Variance 1
x 100 psi x 10,000 psi x 100 psi x 10,000 psi
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T an S e D

Lake City 462 462 488 321
Twin City 461 217 490 236
Winchester 461 629 499 140

Ramington 474 118
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3.7 Time Series Analysis of Lake City Data after Cutoff , !
s !

% Time Series Analysis was carried out on Lake City Chamber
fn pressure data after cutoff. A total of 942.observations were -
g ‘ considered. The modél was found to exhibit a nonstationary
%@ ‘ seasonal behavior. The fitted model is |

% | (1~ 05,872 = 93823 (1 - BYZ, = (L - 8;B)a,

ég where Zt is the chamber pressure at tth lot. ! .

? The estimated parameter values are ‘

% 6,y = =0.05613

f 053 = 0.1307

9 8, = 0.6651 !

ii The parameter confidence intervals are

% -0.1169 < ¢,, < 0.0046 ‘

. 0.0704 < ¢, < 0.1910

;% 0.6161 < 6, < 0.7142 | }

% Even though the confidence interval on 959 includeslzero,

i? it was decided to retain it because a much better fit is ob-

%g tained by its inclusion.

i The correlation matrix is !

3 %22 ¢33 %1 | |

b 1.0

7

0.0319 1.0 . |
£ 0.0309 0.0312 1.0

il

The error autocorrelations and X2 test indicate the model

to be adequate.
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v ' 3,8 Anaiysis'of Chamber Pressure Variance (Lake City and Twin City)

i | . | : . ' :
'5 Chamber pressure va'riance,withm' each lot for Lake City and for
? . : .
5: , Twin City is plotted in Figures 42 and 43~:respectively. The average value ;
§ , ' - of within lot variance for Lake City is 1760806«(psi) and for Twin City is
23 i
b 2905842 (psi) . Iake City, therefore, has~a smalist’ Withm lot chamber ;
p! x’ 4
p o N ] 1 !
E: ' pressure variance as compared to Twin'C:lty If it were possible to assume 4
bl . . [ A
b 3
§ 7 . that 1dent1cal ball powder is supp}.ied to both the plants, then this difference 45
E ) ' 3
’L ' in variance should: be attributed to ,variation in components and/or standard j
B¢ testing procedures! - : | :
g ! The method of cumula,tive sum is now employed to determine the under- g g
;’f" : ! l ! : } 'g
2 lying process. The results are shown in Figures 44 and 45. In both cases, !
?‘.x ; i ’ . | ?:ls
9 L ’ : b
53 the trend is found to be toward a reduction of within-lot variance. This i 3
*’7 indicates the overall improvement in production and testing processes, Twin ; 13
’\ ; } | é
City shows a ldrger reduction as compared to Lake City. | %‘;
v ' : i
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Figure 44

CEAMBER PRESSURE VARIANCE
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4. CUTOFF DATE AND CONTROL LIMITS

4.1 Method of Approach

Present control limits for ammunition production are wice leading
to severe gun design requirements. Attempts are therefore to be made to
narrow the control limits.

It is observed that the chamber pressure plots show a downward
trend., This can be attributed to drastic process changes or the initial
experimental stage. If the chamber pressure control limits are based upon
chamber pressure values after the process changes are completed (i.e.,
after the cutoff date), narrower control limits can be obtained.

Cumulative su‘m technique with reference constant equal to the
mean of the series is used to determine the cutoff date. An empirical
approach using cumulative distribution function is then employed to obtain

the control limits. These control limits are based upon data after the cut-

off date,

4,2 Cutoff Date

The cutoff date should satisfy the following requirements:
(1) It should be possible to narrow the control limits when based upon
observations after the cutoff date. This implies that the chamber
pressure data after the cutoff date should be sufficiently smaller in

magnitude than the data before the cutoff date.
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(2) This reduction in magnitude should be maintained for a considerable

Y 34
o

past period of time so that it could be attributed to an improvement

s

in process rather than to cyclic or chance variations,

A VAT B
RS

s

(3) Information might be available regarding the date on which

Py
AR

process changes intended to.reduce the chamber pressure were

introduced. If the observed point of shift corresponds to

O S B

this prior information, then it may be taken as the cutoff

2573
S ot

date.
Method employed to determine the cutoff date is as follows: Com-

L

Yy
3
%

puter plots of available chamber pressure data are obtained. Thz plots are

Vi sk s
2 QS el 2

updated as more data become available, Usually the visual picture
indicates whether a point of shift exists; for example, Figures 46 and 47
show the tracer chamber pressure plots for Lake City and Twin City respec-
tively. (These plots are updated over those given in Figures 20 and 21),
A careful examination of these plots shows a point of shift approximately
80 lots away from the initial reference value in both cases. No such down-
ward shift is observed in the data from Winchester (Fig. 48).

Cusum plotting is ncw employed to quantify the point of shift. The
resulting cusum plots for Ball and Tracer ammunition from different manu-
facturers are shown in Figures 49 through 56. It is assumed that these

points of shift satisfy the conditions necessary for cutoff date. The point

ot shift gives the lot number where the shift occurred. Cutoff date is the

corresponding date given in the standard lot testing results, Cutoff dates are

tabulated in Table 4,
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4.3 Control Limits

Control limits are based upon data after the cutoff date. The

following procedure is used to determine control limits.

The range of chamber pressure readings (range = maximum
chamber pressure - minimum chamber pressure) is subdivided into
twenty equal parts and the number of lots belonging to each sub-
group is calculated. These numbers are then divided by the total
number o: 10ts to obtain an estimate of the probability of belong-
ing to each subgroup. Cumulative sum of these 'probabilities is
plotted against the corresponding chamber pressure. The resulting
plo’. is known as the empirical cumulative distribution function
iempirical c.d.f.).

Cnly one sided (upper) control limit need to be calculated for
ine chamber pressure data. This is taken as the 99 percentile of
the empirical c.d.f.

Plots of empirical c.d.f. for chamber pressure data (Ball and
Tracer) from the different manufacturers are given in Figures 57

through 64. The calculated control limits are given in Table 5.
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TABLE 4
Cutoff Date for Ball and Tracer Ammunition
v Manufac.urer Cutoff Date
Ball Tracer

Lake City June 21, 1968 j»~uary 30, 1970

Twin City . March 10, 1969 +prril 15, 1969

Winchester February 22, 1967 Nil

Remington Nil X

Federal , Nil X
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LAKE CITY CHAMBER PRESSURE

S 11.1_‘&1111]-:3'{_/_"111_[!111115,

30.u

CUMULATIVE DISTRIBUTION  FUNCTION

}

A0 42000 440.0 46000 4300 5000

OBSERVATIONS




e 2t 13 A o
ERLNR S et 1y £

-

LI R A I W )

AP Rt S e

T Rt N T et AN

D IR T b ae

Figure 58

87

AT T e TN % v 33

TY

t——t

BABI

1.00C

- 90

.80

.70

.50

-50

.40

-30

210

/

”

—t—i__1

YN I N D OO

FMPERICAL  CUMULRTIVE DISTR[BUTION FUNCTION

00

410.0

430.0

452.0 470.0

UOBOSERVATIUNS

TWIN CITY




.;-; e e e _ - ———

- 88
Figure 59 .
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Figure 61 . : ' B o
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Figure 64
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A TABLE 5
Control Limits for Ball and Tracer {.amber Pressure
Manufacturer _
Contrel Limits
Ball Tracer

lake City - 49700 nsi 50500 psi
Twin City 49200 psi 51200 psi
Winchester : 51000 psi 51600 psi
Remington 49800 psi X
Feder_al 50600 psi ' X
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5.1 Method of Approach
The capabilities; of contemporary ammunition production are such

A N

O FIRENE PRATIA IS

that differences ex_igst’ Qqﬁyggp giffgrent amipunition lots, Gun gerfor-
mance ig\ ?Pflgs{gc@ by };;:ailg{sgic gmgextiqs qf ammuniti}o'n, thex"efo_r*e,.
selectiqn of proésr am_mgmitipn lqta for weapon testing 1s o; importance.
The gsmmunition regponges that dst@mﬂng gun performance &re not
yet known, —’.rpe prespn; &mlﬁyais agsumes that gun performance is governeg
by chamber pre?ssure ;nd port pressure. The analysis of anmmunition pro-
duction process indicates the prasence of a cutoff date, Bince the consider-
ation of ammunition lots from the production psriod before ths cutoff date lesds
to more severe gun requirements, ammunition lots from the production pariod
after the cutoff date alone have been used to davelop the selection criterion.
The anelytical approach is to use wohabiiistic viewpeint in selsct-
ing those amr;xunition lots from noymal productica that are iikely to give a
large variation in waapon perf.ormmm, The analysis is first detailed for
ammunition fri:m pgke City Ammunition Plant and & similar analyesis is then
carriad out for Twin City Ammunition Plant. The cutoff date for Lake City
is July 21st 19€8 and for Twin City is October 3rd 1969, The analysis for
Lake City is bz}sed upon a total of 942 lots, covering a psricd from luly £lst

1968 to January lst 1971, A total of 411 lots covering a period from
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October 3rd 1969 & JaRGARE ST 971 ‘have besn iséd télssiett ammunition

from Twin City. i AL dworte
_ D77IEGN Lu T

5.2 S#lection Based:Upon ‘CHatiber Préssire  (Iiike b‘ii_z’ ) - ONF S

«vfsmq TS IS 0 WA TR P P 1 1+ THRBI VLIS - SR SVA TS SN 13 C AL T RO Y P T L
mber Pressure from standard tests is assumed to control the

L ey =Yt ATy 5 1 R01 (1 GRS LR b T T U (G A
gun perforrtnax{é’e. “Figura 65 is the plot of Lake City chamber pressuie

Loeswrad 10 BL gt e A
against the corresponding ammunition lots covering the perlod aft er the

Fro ©~3E @OTAYE o v nIteen

cutoff date. The r range &f chamber pressure readings (range = max.

Tt

SN A L LT T N ” 4 .
chamber Sressure - min, chambér pressure) is subdivided into twenty

equal parts and the number of lots belonging to each subgroup is calcula-

2

ted Pigure 66 shows "the resulting histogram. Figure 67 is a plot of em-

drigal sro

pirical cumulative distribution function (empirical c.d. f ). This is ob-

Bl B ay,

tained by first calculating the probability of belonging to each subgroup.

Einpirical c.d.f. is a plot of the cumuiative sum of these probabilities,
plottg 'agains'tﬁ the 'correspo‘ndi'ng cliamber pressure. 'l“he entire sequence
of calculations s tabulited in Table 6.

mlg‘ chamber br(essure"controls the gun performance, then a large

el b a0 L : .
vax:lafi‘on an gun responses would be obtained by selecting lots with chamber

Jit'r 3

pressure toward the high and the low ends of the gpectrum. To these cate~

gorie's”o’f Hi‘gh and Low lots another catagery of Medium lots is added to
1 vyt

determite’ gun performance that will be most irequent ly met in practice:.

)

L
thes
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HISTOGRAM AND CUMULATIVE DISTRIBUTION FUNCTION

LAKE CITY CHAMBER PRESSURE

N

Serial . Number of Cumulative
Number Intervél Occurences Probability Probability
:
1 372,00 to 378.55 1. .001 .001
2 378.55 to 385.10 0. .000 .001
3 385.10 to 391.65 1. .001 .002
4 391.65 to 398.20 0. .000 .002
5 398.20 to 404.75 0. .000 .002
6 404.75 to 411.30 1. .001 .003
7 411.30 to 417.85 0. .000 .003
8 417.85 to 424.40 1. .001 .004
9 424,40 to 430.95 0. .000 .004
10 430.95 to 437.50 9. .009 .014
11 437.50 to 444.05 48. .051 .065
12 444.05 to 450.60 97. .103 .168
13 450.60 to 457.15 204. .216 .384
14 457.15 to 463.70 186. .197 .582
15 463,70 to 470.25 177. .188 .769
16 470.25 to 476.80 105, 111 .881
17 476.80 to 483.35 69. ,073 .954
18 483.35 to 489.90 28. .030 .984
19 489,90 to 496.45 9. .009 .994
20 496 .45 to 503.00 6. .006 1.0
Total=942 Total = 1
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The classification of lots into High, Medium, and Low categories
is done.according ;to; the following; probabilistic-point of view. .A lot.is
clagsified-as High df.the; probability:of getting a.chamber pressure. higher,
than the chamber, pressure.of that; particular lot ig, 5%.,Similarly, if the
probability, of;getting; a. chamber pressure lower thanjthat of a particular ..
lot is 5%, the lot is classified as - Low, Medium lot is one that is.most
probable, High and Low lot‘s_, therefore, correspond to the 95 and 5 per-
centiles of the empirical c.d.f. - Medium lot corresponds to the mode of
the histogram. Another statistic that could be used to classify Medium
lots is.mean.. However, mode.appears more appealing, because it would
lead to the determination of most frequent gun performance rather than the.
average gun performance as determined by the mean.

The calculated critical values of chamber pressure are given below:

High: 48300 psi
Medium: 45488 psi
Low: 44150 psi

Table 7 gives the selected ammunition lots, These lots have chamber pressure

values close to the critical values.

5.3 Seiection Based Upon Port Pregsure (Lake City)

The lot selection can also be based solely on port pressure, where

it is agssumed that port pressure alone, governs weapon performance,

o
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R TR O S 111 K W A
Figuie ‘68 45 theé plot of Port preseure dgainst ammunition .lots; covering
thé* period of ammunition production aftst thie cutoff date.- Figure 69 -is

the histograri-of port préssure and Figi 70 is the empirical c.d.f..  The

R St S SN s GRS e

&l

iee!

calculationsiare défailéd in Table -8, -~ The critical values of port jressure

for cla§sification into the three-groupd’are as follows: '

T S A R S R R PR B

High: 15921 psi
- Medium: 15430 psi
Low: 14738 psi

Table 9 gives the selected lots that have port pressure-values close to the

critical-values,

5.4 Discussion of the Two Methods of Ammunition Selection

Both the methods of selection are extremely simple to use, however,

|
!
} they suffer from the following disadvantages:

(1) A comparison of Table 7 and Table 9 reveals that classification

based upon chamber pressure alone and based upon port pressure |
alone leads to different lot selection. For example, lots L-1-204

and L-1-158 are classified as Medium based upon the port pressure

but are classified as Medium and Low respectively, based upon the

. .chamber pressure., It is, therefore, necessary to determine whether

it is the chamber pressure or it is the port pressure that controls gun

performance.
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TABLE 7

Lot Selection (Based on Chamber Pressure Alone)

Lake City

High MecGium Low

Chamber .. Chamber Chamber
‘Lot Pressure Lot Prassure Lot "Presgﬁre
No. psi No. PSi No. psi

L~ L- ) L-
1-43 48300 1-288 45400 1-284 44200

1-41 48400 1-287 45300 . 1-79 44200
1-26 48400 1-275 45400 1-177 44100
i-15 48200 1-216 45300 1-174 44100

1-211 45400 1-158 44200 i
1-204 45300 1-142 44300 f
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g0t
TABLE 8
HISTOGRAM AND CUMULATIVE; DISTRIBUTION FUNCTION
., . LAKE CITY PORT PRESSURE |

Serial : Number of Cumulative
Number Interval Occurences Probability Probability

1 1300.00 to 1318.00 1. .001 ..001

2 1318.00 to 1336.00 - 0. .000 - . .001 -

37 1336.00 to 1354,00 0. .000 - 001~

4  1354.00 to 137.2.00 2. .002 . .003

5  1372.00 to 1390.00 3. .003 .006 "

6  1390.00 to 1408.00 - 2. L002 . .008

7 1408.C) to 1426.00 3. .003 . ,012

8  1426.00 to 1444.00 8. © 008 .020

9  1444.00 to 1462.00 13, .014 .034

10 1462.00 to 1480.00 35, .037 .071

11 1480.00 to 1498.00 41, . 044 115

12 1498.00 to 1516,00 146, . 155 .270

13 1516.00 to 1534.00 217, .230 .500

14  1534.00 to 1552.00 236. . 250 .750

15  1552.00 to 1570.00 135, .143 .894

16  1570.00 to 1588.00 44, . 047 .940

17  1588.00 to 1606.00 41, .043 .984

18 1606.00 to 1624.00 12, .013 .997

19  1624.00 to 1642.00 2, .002 .999

20  1642.00 to 1660.00 1, .001 1.0

Total=942 Total=l

[ TRPRAN
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(2),»Gun,performance, is, more 4ikelystorbe: controlled.by:the parameters.;
-+ s0f plago p.m&ﬁut.e:.timezmézngtsiuzpoaaibhz'.thatafopdtffemmz .
-~ ;;prassurestime curves.the:sama chamber: pressure walus:is cbtained .~
. annl;elyj;that gun jperformance-would: berdetermined by -chamber: presaure
310%9!3&975 pressureialone,. .. . - o . vaan g LT
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5.5 Selection ﬁased Upon Chamber Pressuré and Port Pressure (Lake City)

Loonh R, (15'14\'&(;‘ A5

It is consid;exred mgre probable that gun perf(mnance is governed
jointiy by the chamber pressure and the port pressure. The final selection
is, therefore, based upon both the chamber pressurs and the port pressure.
Table 10:1s.the bivariate Histograi:of chmbér pressure and port pressure
excluding thezpixtlg}{s. - Thig.computer generated table gives.the number of
lots belonging to a certain chamber pressure range and a-certaiu: port pressure
range,. For-example, there.are 26 lots that have a chamber pressure between
45800 pst and 4@100 psi and a port pressure between 15400+psi and 15500 psi.
In this table the.group width ( Al) ,along the, port pressure.axis is-equal
to half standard deviation (S,D.) and along:the: chamber pressure axis
( Az) 18 equal tc one 8.D...of chamber;pressura. (The:mean value of S.D, .
is 1330 psi. Hence, S.D.of.mean chamber pressure =:1330/ 20% 300 psi).
The selected irequencies are enclosed in small rectangles in:Table 10,

Medium lots are the most probable, hence the central rectangle is sc placed
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as tacovemthe maxiniure Aufiber: ofilots/{sThe Helectionof of Higho8nd tow' "
lots is pﬂmgifﬁab;doirérﬁadﬁﬁs&memhémberfprésst_im? critetion’” Thesehave
the sumiaiport pressure ratige (255783 D, ): ag the! Mediuii lots' but-thie*tham-
baripressufeorarige s isituated-around the: highifand low: riticalsvalue’s’
sdsterminadi by usingtchamber-pressire: criteriontalorie . ‘For- ‘Normall Selec-
tion' the chamber pressure range is 2 §,D.2and-for"Tight Selection'

(shc'mz by shaded rectangles) the chamber pressure range is 18S. D. .

N . Lo, o - ]
% Paonar e VY ire K 0@ Lo e
PEEN ‘ Jg"”?, LR Mo LS IRTD LR sl JErIN

Tabie 1 givea the critical values of chamber pressure and port presgsure m

L e

both the c&s@s. ' Table 12 gives the selected lots for Tight Selection and the

é%lac&a& 168 Fof Normal Selection are given in Table 13 )
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Port Pregsure (Twin City)
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5,6 Selaction Based’U ’n.Cha “ber4Pressur and,

[N M R N e

to el simiisr-approach is-now. used-for:Twin City éﬁté».’”'rhe Twin City

o smhamber-:pmssure;;an&ﬁport;pressure?:for; the: period of normal producétion are
suplotied -iml?iggr_esw?lar’sd 72.* F1igi 73 gives the histogram-of Twin City -

rechambéripressurbenid Fiys~74:4a the plot'of empiiical c.d\f.. The entife |
sequencesoficalculations: ie ‘shown in Table 14, The bivariate histogram

of chamberspreasure:and ‘port piessure i8'shown in Table 15, ‘Table- 16 in-

dicateri the: critical.valugs for Normal and Tight Selection. The selected
. {lotsifor Tight Selyction and Normal Selection are included in Tables 17 and
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Figure 71
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+TABLE 14
HISTOGRAM AND CUMULATIVE DISTRIBUTION FUNCTION
TWIN CITY CHAMBER PRESSURE
Serial . Number of Cumulative
Number Interval Occurences Probability Probability
1 415.00 to 419.50 2, .005 .005
2 419.50 to 424.00 2. .005 .010
3 424.00 to 428.50 1. .002 .012
4 428.50 to 433.00 9. .022 .034
5 433.00 to 437.50 6. .015 .049
6 437.50 to 442.00 19, .046 .095
7 442.00 to 446.50 17. .041 .136
8 446,50 to 451.00 44, .107 .243
9 451,00 to 455.50 34. .083 .326
10 455,50 to 460.00 50. .122 .448
11 460,00 to 464.50 65. .158 .606
12 464.50 to 469.00 42, .102 .708
13 469.00 to 473.50 40, .097 .805
14 473.50 to 478.00 31. .075 .881
15 478.00 to ¢ 50 12, .029 .910
16  482.50 to 457.00 17. .041 .951
17 487,00 to 491.50 10. .024 .976
18 491.50 to 496.00 6. .015 .990
19 496.00 to 500.50 3. .007 .998
20 500.50 to 505.00 1. .002 1.0

Total=41l1 Total=1l
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5.7 Desgign of Experiments to Obtain the Effect of Ammunition
Characteristics on Weapon Performance

In selecting ammunition for weapon tests, it has been assumed

that the weapon performsnce is governed by the copper cm’sher» chember
| e oo - -

pressure and port pressut{e chamctedstics of thexammunitiom lot This

.a-‘lw'~&~-'~ \:

is not known to be true, ;The true ammunitton parameters thst control

gun performance need to be determined. ,”Once these parameters sw known,
! l
they can be substituted for chamber pressure and. port pressure snd the

analysis repeated to obtain proper ammunition’ lots for weepon tests.

(
R

Lacking a complete theff:reticé"i analysis st the present.time, true
I « 4 ,v . ! ~
ammunition parameters can only be determined experiméntally. To minimiZe

experimentation, proper experimental design teohnic‘{ue’s have to.be used.

One such experimental procedure is now 1llustrated.

Let us suppose thet the effect of chamf)er-pressure and port pressure
on cyclic rate is to be determined. Figure 75 shows s-repliceted 22 factoriai
design with cyclic rate as response. For tests at eash of the four points, two
ammunition lots are selected with their chamber pressure and port pressure
within the indicated ranges. Since these ranges sre‘two standard devﬁations
wide, the lots are considered identical. The two tests at each of the four
points are, therefore, replicates. This design enables the determination of

the main effects of chamber pressure and port pressure as well as the effect
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AN $70 A {

L

of chamber pressure-port.interaction on cyclic rate 4n just eight experi-

o v s e s
.

ments * . \5‘}:{ “,‘.‘:; PR |

Such factorial ang/or fractional factorial desigt}’s can be employed
to determine ammunition parameters that show significant effects on weapon
responses. These parameters can then be said to control weapon perfor-

mance and would be used to select ammunition for weapon testing.
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. 415"\l7=“ *

Critical Pressure Ranges for Test Lots

s Chamber Pressure Range Port Pressure Range

4 (psi) (psi)

,

. 1 44000 to 44600 14950 to 15250

2 47900 to 48500 14950 to 15250

3 47900 to 48500 15550 to 15850
4 44000 to 44600 15550 to 15850
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6, DETERMINATION OF PROPER NUMEBER OF TESTS
FOR ESTIMATING AMMUNITION PARAMETERS

6.1 Method of Appfoach

To 6btain good estimates of ammunition parameters such as
chamber pressure, port pressure, peak chamber pressure, velocity, etc,,
proper number of tests have to be conducted. If smaller than necessary
number of .ests are conducted, the parameters would be estimated with
iarge variance. On the other hand, conducting more thian nscessary
number of tests involves unnecessary expenditure, There is a need to ob-
tain an appropridte number of tests to be performed.

This number would be determined by the desired precision with which
the parameters are to be estimated and the experimental error involved, For
example, in the measurement of chamber pressure by standard tests if the

desaired precision is r = 1 and the experimental error ig known to
01 2
be 02, then the reguired number of tests 'n' to get the desired precision

is given by
n = 02 / 02
1
The chamber pressure is then estimated by the mean of these n

readings. The mean has an error variance of 012 which is a prespecified

value., The only unknown quantity is 02 -~the error variance for each test.



130

> [T 2N

Hence ¢ has to vbarfe:':pfetirrientally-determinedi‘; The -experimental error is

t.

a function of the follawing

(1) The parameter or parameters to be estimated, i.e. the error in-
volved in the measurament of chamber pressure can be different
from the-error in-the measurement of port pressure,

(2) Experimental setup which includes variables like barrels, measur-
ing-devices {copper crusher, piezo) cartridges from different
manufacturers etc.

(3) -Inherent variability of the manufacturing process in producing a lot
of ammunition. Table 13.indicates that lots belong to the HIGH

.+ - category have a somewhat larger chamber pressure standard

deviation as compared to the lots belonging to the LOW category,

1f the population cf ammunition lots is considered to be homogeneocus,
then the average value of standard deviation of chamber pressure (e.g. 1330
psi for lake City) is a good estimate of standard error in copper crusher
testing, for the measurement of chamber pressure. However, differences
exist amongst the ammunition lots. It is, therefore, necessary to conduct

experiments to determine the experimental error,

6.2 Sequential Procodure for Estimation of Experimental Error

' A sequential procedure 18 now illustrated by which an estimate of

experimental error can ba obtained. Figures 76, 77, and 78 are based upon
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20 individual copper cmaher cﬁamber progsure readirws per lot. Tho data
were obtained from B.A. A P. Figures 79 and 80 are baged upon 10 individ-
ual piezo peak pressure readings obtained from Frankford Argonal. The en-
tire set of data is given in Appendix III.

The figures illustrate sequential estimation of variance of obsor-
vations using 2,3,4, ... number of testa. As can be observed, the estimate
of variance fluctuates considerably in the beginning but tends to stabilize
as the number of observations increases. The value about which the varience
stabilises is the estimate of experimental error. The figures indicate that in
all cases the variance has not stabiliscd . The conclusion is that 20 readings
are not sufficient to estimate experimental error in copper crusher testing

and same is true about ten readings in piezo testing.

It should be noted that the current practice in standard
acceptance testing is to conduct 20 tests to obtain an estimate
of standard deviation. 1In view of the analyses conducted above,
this estimate of standard deviation has a large variance asgo-
ciated with it. It is suggested that sufficiently large number
of tests be conducted to obtain a stable estimate of experimen-
tal error.

Once such an estimate of experimental error is available,
necessary number of tests to obtain parameter estimates with

desired degree of precision can be determined.
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7. ANALYSIS OF DATA AT DIFFERENT STAGES OF MANUFACTURE

Data are generated at different-sts-Jes in the manufacturing process.
An analysis of these data would indicate changes in ammunition character-
. istics during the process of manufacture. Such an analysis would help

explain the final ballistic characteristics attained by & given ammunition.

i 7.1 Time Series Iinalysié of Propellant Lot Characteristics from B.A.A.P.

Since the propellant lots are produced sequentially, a relationship
may be expected between successive lots. The ballistic results are ob-
tained by adiusting the charge weight to obtain muzzle velocity close to
3250 f.p.s. Changes in lot characteristics would be reflected in the set
charge weight and the resulting chamber pressure. These two responses,
therefore, have been used to represent the properties of the propellant lots,
The series of charge weight and chamber pressure are given in Appendix IV,

Plot of chamber pressurs data is shown in Fig. 81. Fig. 82 shows
the plot of the auto correlation function and the partial auto correlation function

. for the original series. A plot qf the first difference of the original series

is shown in Fig. 83 and the corresponding auto and partial correlation functions

are shown in Fig., 84, The plots indicate that the first difference of the

i chamber pressure data is stationary and follows an MA (1) process. The

’ ! mode! 1s, therefore, identified as:
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Y, - Yo = (1- OB)at =8 - 0 3, _,

5
- . e

" where
Yy = thamber pregsure for thé t-th ot -
i ., =NIDAS, )

'@ = parameter to be estimated

The value of 8 i3 found by nonlinear e'étimation and is 0,.8892,

Fig, 85 shows the plot of the residual a,'; 8. The model is found to be

adequate.
Fig. 86 through 90 show a similar analysis for the charge weight

series and the time series model for this data is found to be

Yy - ¥y = (1- 0.5425B)a,

where

Yt = charge weight for the tth lot

a, ~ NID 8, o).

These models are subject to the following limitations:
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(1) Testing is done using components from five different manufactuiers.
The differences in components are likely to influence the results.

(2) Lots do not strictly represent the time sequence of powder production
process because they are obtained by blending fifteen preblends not

necessarily in the order in which the preblends were produced,
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Within these limitations, the successive propellant lots can be
said to exhibit deperident characteristios, If it can be assumed that the
successive propeliant lotg are used ‘at“tbe ammunition plants, the depen-
dency-between propeilant lots woulci cause, to a small extent, the suc-

cessive ammunition lots to show correlated characteristics.

7.2 Comparison of Acceptance Test Resgults, for the Same Propellant Lots,

s

from B.A.A.P., Lake City and Twin City

Each propellant lot produced at B,A.A.P. is in effect tested for
acceptance twice, once at B.A.A.P. and then at the place of cartridge
wanufacture. There is a time lag of a few months between the two testing
dates. If it could be assumed that the testing equipments are alike, then a
comparisci. of the two results would indicate the changes in powder proper-
ties during ihe elapsed time.

Table 19 .gives the propellant iot acceptance test results from
B.A.A.P., conducted with Lake City components. Table 20 gives the cor-
responding resuits from Lake City. Table 21 is the subtraction of Table 20
from Table 19. Tables 22, 23 and 24 giva similar results with Twin City
components. It can be observed that tha quantities in Tables 21 and 24 have
small magnitudes and random variations in signs. The conclusion is that
powder properties, in terms of the ruaponses considered, do not seem to

change during the period of few nionths between the two testing dates.
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- Figure 82(a)
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Figure 82 (b)

| . SAMPLE PARTIAL CORRELATION

FOR THE SERIES OF CHAMBER PRESSURE DATA FROM BAAP
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Figure 84 (a)
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Figure g4 (b)

OAMPLE PARTIAL CORRELATION

FOR THE FIRST DIFFERENCE OF THE SERIES OF CHAMBER
PRESSURE DATA FROM BAAP
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Figure %7 (a)
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Pigure 87 (b)
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* Figure 89 (a)
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Figure 89 (b)

| | SOMPLE PARTIAL CORRELATION

! FOR THE FIRST DIFFERENCE OF THE SERIES OF CHARGE
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PROPELLANT LOT ACCEPTANCE TEST RESULTS FROM BAAP

TABLE 19

154

Corrected Corrected
Charge Corrected Chamber Port
Date Propellant Weight Velocity Pressure Pressure

Fired Lot No. (Grains) (f£ps) (psi) (psi)
8-14-69 46362 27.9 3244 45100 15500
8-18-69 46364 27.9 3243 46700 15700
8-19-69 46366 27.9 3240 46800 15400
8-21-69 46412 27.7 3255 47500 15500
9~ 3-69 46414 27.8 3251 46100 15500
9-10-~69 46416 28.0 3241 46600 15500
9-15-69 46418 27.5 3242 44200 15500
9-22-69 46425 27.6 3248 44500 15600
9-30-69 46427 27.9 3241 45200 15800
10-10-69 46430 28.3 3245 47700 15700
10-28-69 46881 28,1 3249 48000 16100
10-30-69 46883 27.9 3242 45800 16800
11- 7-69 46886 27.6 3242 45900 15200
11-21-69 46890 27.1 3240 44700 15700
12-16~69 46893 26.8 3250 45200 15600
1-13-70 46900 26.9 3245 45700 15200
1-29-70 46507 27.5 3252 46900 15300
2-11-70 46508 27.3 3244 45300 15600
2-24-70 46514 27.6 3248 46400 15700
2-25~70 46515 27.2 3247 45600 15700
2-27-70 46516 27.0 3247 48800 15100
3~ 9-70 46517 27.2 3244 47900 15600




154-A

TABLE §§. Cont'd

Corrected Corrected

e T T ey .

Charge Corredted Chamber Port
Date Propellant Weight Velocity Pressure Pressure

Fired Lot No. (Grains) {fps) (psi) (psi)
3-23-70 46520 27.2 3255 47000 15100
5-12-70 48529 27.8 3248 45400 15700
6-17-70 46607 28.0 3244 46700 15500
6-25~70 46609 27.9 3245 45800 15800
7~ 8-70 46611 27 .4 3255 47000 15500
27.59 3246 46240 15588
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TABLE 20

i PROPELLANT LOT ACCEPTANCE TEST RESULTS
R FROM LAKE CITY AMMUNITION PLANT

s v_‘g
14 . Corrected Corrected
S Charge Corrected Chamber Port
- Date Propellant Weight Velocity Pressure Pressure
3 Fired Lot No. (Grains) (f£ps) (psi) (psi)
1970

TSt 46362 27.9 3237 45440 15600
1-30-70 46364 27.95 3252 47000 15400
1728 o 46366 28.0 3271 47200 15700
aal to 46412 27.8 3244 46022 15500
2726t 46414 27.75 3249 45677 15380
2T 46416 27.9 3223 44700 15310
PR 7 ST: 27.7 3238 44955 15510
529 % 46425 27.8 3242 45444 15300
aoan T deaz 27.8 3243 44477 15530
33050 46430 28.1 3243 46360 15350
30t 4esmn 27.85 3240 45833 15370
a7k 46883 27.8 3257 45625 15440
Soas T 46886 27.8 4356 45622 15610
o2t 46890 27.0 3240 45211 15320
1023 B0 46893 26.9 3228 45325 1537¢
4~22 to

4-28 46900 26.9 3250 4556¢ 15440




TABLE _ 20.

Cont'd

154-C

Corrected Corrected

Date Charge Corrected Chamber Por
Fired Propellant Weight Velocity Pressure Pressure
1670 Lot No. (Grains) (fps) (psi) (psi)

2:{3 to 46507 27.5 3234 44488 15446
a2 to 46508 27.5 3246 45420 15271
o271 to 46514 27.7 3245 45400 15387
o3 ke 16515 27.3 3253 45666 15310
o-12 to 46516 27.1 3237 46033 15116
618 to . 46517 27.2 3234 46300 15080
6-29 to 46520 27.1 3250 16636 15150
33 to 46529 27.6 3258 46009 15350
7-18 % 46607 27.9 3248 46212 15300
7722 vo 46609 27.7 3242 46044 15250
772 o 46611 27.3 3243 45588 15480

27.59 45700 15374

3244.5
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TEBLE 21 155
DIFFERENCE IN BAAP RESULT AND
LARE CITY AMMUNITION PLANT RESULTS
(BAAP - LAKE CITY)
_ Difference Difference Difference Difference
Time in charge in in chamber in port
Lag Propellant weights Velocitieas Pressures Pressures
. {Months) Lot No. (grains) {fps] (psi) (psi)
6 46362 0 7 340 100
5 1/2 46364 -0.05 -9 -~300 3¢H
5 1/2 46366 -0.,10 -3 ~400 ~300
7 46412 ~0.10 11 1478 0
6 46414 +0.05 2 423 120
4 46416 0.1 18 1900 190
6 46418 ~0.2 4 -755 -10
7 46425 -0.2 6 -944 300
4 1/2 46427 0.1 -2 723 270
5 46430 0.2 2 1340 350
4 1/2 46881 +0.25 9 2167 730
6 1/2 46883 0.1 -15 175 1360
4 1/2 46886 -0.2 -14 453 -410
4 46890 0.1 0 -511 380
4 46593 -0.1 22 -125 230
31/2 46900 0 -5 134 ~-240
3 1/2 46507 0 18 2412 -416
31/2 46508 -0.2 -2 ~120 329
3 46514 -0.1 3 1100 313
31/2 46515 ~0.1 -6 -66 390
o 31/2 46516 -0.1 10 2767 ~16
”% 31/2 46517 0 10 1600 520
: 46520 0.1 5 364 -50
o " 2 46524 0.2 -10 ~609 350
) 46607 -0.1 -4 488 200
46609 0.2 3 ~244 550
1/72 46611 0.1 12 1412 20




TABLE

22

PROPELLANT LOT ACCEPTANCE TEST RESULTS FROM BAAP

L3536

Coqrecfed Corrected

Charge Chamber Port
Date Lot Weight Velocity :Pressure  Pressure
Fired Number (Grains) (f£ps) (psi), (psi) ,
4-1-70 46522 27.4 3257 46100 15400
4-22-70 46524  27.1 3242 46400 15100 !
5-4-70 46527  27.0 3254 45200 115400 | |
5-7-70 46528  27.1 3242 48500 1510Q |
5-22-70 46530  27.3 3244 44800 13500 ;
6-26-70 46610 27.7 3245 45500 15800 ‘
7-7-70 46612  27.4 3254 45200 15700
7-17-70 46613  27.2 3245 46600 15600 :
7-28-70 46617  26.9 3244 46400 15200 ?
7-2-70 46618  27.1 3253 45700 15100 .
8-4-70 46620  27.3 3254 . 46500 15500’ ;
8-4-70 46621  27.8 3249 46000 15900
8-20-70 46624  27.6 3247, 45600 15600’
8-24-70 46625  27.5 3247 '45500 15700
9-2-70 46938  27.4 3252 46800 . 15600
9-1-70 46940  27.5 3248 ' 44300 15700
9-17-70 46942 27.3 3248 44700 ' 15200 -
9-23-70 46944  27.6 3257 46500 ' 15500
9-30-70 46945  27.9 3241 45000 15800 '
9-30-70 46946 27.6 3251 47400 15300
1 -5-70 46948  27.4 3250 45200 15400
10-9-70 46949  27.0 3255 43900 15300 |
10-22-70 46953  27.1 3240 44500 14900
10-27-70 46956  27.4 3254 46100 15600
10-30-70 46958  27.2 3251 46300 15400 |

27.39 J238.96 §5788 A1 413

|
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PROPELLANT LOT ACCEPTANCZ TEST RESULTS

TABLE 23

FROM TWIN CITY AMMUNITION PLANT

156-A

Corrected Corrected
Date Charge Chamber Port
Fired Lot Weight Velocity Pressure Pressure
1970 Number (Grains) (£ps) (psi) (psi)
eI 46522 27.4 3243 45920 15484
635 t° 46524 27.2 3242 45500 15162
§-22 to 46527 27.3 3246 46180 15432
8730 to 46528 27.0 3248 46400 15170
712 to 46530 27.4 3244 46100 15207
TS to 4ee10 27,3 3234 45200 15240
7739 to 46612 27.3 3252 46150 15360
71,5 46613 27.3 3241 45740 15254
ST13 to 4ee17 271 3232 46475 15150
S-21 t° 6618 27.0 3248 45220 15272
sTat o 46620 27.3 3241 45325 15375
aoict°  4as621 27.4 3257 46300 15385
o ga SO 46624 27.8 3237 44425 15648
1072 to 46625 27.5 3251 45300 15490
o203 T 46938 27.4 3244 44575 15815
10-12 to 44949 27.5 3249 44750 15460

10-15
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156~-B

TABLE 23 Cont'd
Corrected Corrected

Date Charge Chamber ' Port
Fired Lot Weight Velocity  Pressure Pressure
1970 Number (Grains) (rps) (psi) (psi)
1028 to 46942 27.3 3241 46000 15270
10727 %0 46940 27.4 3255 46225 15245
11-4 to
11100 46945 27.7 3248 44400 15605
11-17 to
1i0s O 46946 27.7 3248 46220 15382
11 06948 2715 3243 46400 15205
12-1 to
121,50 4e9e9 27.2 3244 45900 15425
12-12 to
12712 %0 46953 27.0 3242 46180 15140
12-21 to
1223 S0 46956 27.2 3234 46125 15223
12-28 to .
12728 0 46958 27.4 3243 47133 15217

27.34 3244.28 45765 15342

e oo o o g
E=—t— -1
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| : |

. TABLE 2 |

DIFFERENCE IN BAAP RESULT AND -
TWIN CITY AMMUNITION PLANT RESULTS
b - (BAAP - TWIN CITY).

i

t

+

: : ' Difference Difference
I Difference Different¢e in corrected 'in corrected
Time | ., in charge in . Chamber Port
Lag Lot weight Velocities '~ Pressure Pressure

(Months) Number (grains) (fps). ' . (psi) (psi)
o2 46522 o ' 14 180 -84
2 46524 ~0.1 0 900 - 62
2 46527 . -0.3 8 ' . -980° ~32
o2 46528 0.1 -6 2100 =70
11/2 , 46530 0.1 0 1300 293
1 46610 0.4 11 ~ 300 560
1 46612 0.1 2 -950 340
1 46613 -0.1 4 860 346
1720 46617 1 =0.2 12 -5 50
1 46618 0.1 ‘5 480 -172
1 46620 0 13 1175 225
1 46621 0.4 -8 =300 515
1 46624 -0.2 10, . 1175 -48
2 46625 0 -4 200 210
1 ' 46438 0 8 2225 -215
1 46940 0 -1 -450 240
1 46942 0 +7 ~1300 -70
Y 46944 0.2, 2 275 255
1 46945 0.2 -7, ' 600 195
1172 46946 ~0.1 +3 1180 -82
1172 ' 46948 ~0.1 7 -1200 195
2 46949 -0.2 1 ~2000 -125
11/2 46953 0.1 -2 -1680 -240
2, 46956 0.2 20 -25 377
| 2 ' 46958 -0.2 8 -833 183
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8, CONCLUSIONS AND SUGGESTIONS

8.1 Summary and Conclusions

{4

(1)

(2)

3

(4)

(5)

Piezo method of testing gives better information re-
garding pressures inside the barrel than copper crush-
er method of testing. Piezo gives the maximum pressure
at the gage location, It also gives ignition delay

and slope which are indicators of propellant character-

istics.

Copper crusher deformation can be considered as a

welghted integral of piezo pressure-time curve.

Different responses from piezo and copper crusher

are correlated. The correlative structure is given

in Section 2.5, Correlaiion analysis is found to

help present a better visual picture by effecting

data reduction. Copper crusher and piezo data are
found to exhibit similar pressure-velocity relation-
ships, however, copper crusher has larger variability.
Piezo data indicate a time trend in the coating pro-
cess vhich crusher data fail to show. This time trend

could be significant from process control viewpoint.

Acceptance test data are found to contain time trends,
in par:cicular, there seems tc¢ exist a 'point of shift!

after which the data become reiatively stationary.

Method of cumulative sum, with reference constant
equal to the mean of the series of data, is found to

glve the best visual picture of the point of shift.

R aor s Tt B
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(6) Data after the point of shift are found to be non-
stationary and therefore, nonuormal. They are also

autoccrrelated.

(7) Analysis cf chamber pressure data from different
manufacturers indicates the mean chamber pressure
to be quite alike. The chamber pressure wvariance
varies considerably, from 118 x 104 psi2 for Reming~
ton to 629 x 10° psi” for Winchester. Mean chamber
pressure of Ball ammunition (46600 psi) is lower
than the mean chamber pressure for Tracer ammunition
(49200 psi). The within lot chamber pressure var-
lance for Twin City is 29 x 10° psi? and for Lake
City is 17.6 x 105 psiz. In both cases, the trend

is toward a reduction in variance, indicating con-

tinued improvement in production and testing procs ses.

(8) The cutoff date and the corresponding control limits
for the data from five ranufactursrs are given in

Tables 4 and 5. respectively. On the average, the new

control limits are found to be lower than the sténdard

control limit of 520060 psi, by about 2000 psi.

GG ¥
BT e
¢ﬁ§?f ‘

(S) It is found that different lot selection can result

\
L2

if a.municion selection for weapon tests is based on
chamber pressure alone or port p» "ssure alone. Lot
select.on is therefore based ¢n the bivariate histo-

gram of chamber pressur. and port p essure.




an

(12)

(13)

(14}

The selected ammunition lots €rom Lake City are
given in Section 5.5 and the selected lots from

Twin City are given in Section 5.6.

In acceptance testing, standard deviation is
determired from twenty tests., It is found that
twenty tests are too less for a proper estimate
of experimental error.

Propellant lot characteristics are found to be

serially correlated.

Comparison of ammunition data from B.A.A.P. and

loading plants indicate no change in propellant

characteristics during the elapsed period between

the tests.

The model building approach of Appendix I appears

160

to be the corxect way to interpret interiocr ballis-

tic phenomena.

8.2 Recommendations for Future Work

(1)

SE T g Y “ [N

T e A§Y o -, D - L

To compare copper crusher and piezo wetheds as a

means of stancard testing, fnllowing analysis should

be conducted.

(a) Cost analysis for the tyo metiiods should be

carried out. Ihis would involve the deter-

mination of proper nuwsber of tests to be

conducted by each method. Approach of

I
B e x Y - S, 0 .@\’:mﬁé@»b—m

S el e



(2)

(3)

(4)

Sl ed
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.Cpaptsr b can be used for this purpose.

(b) * .An analytical expression for copper crushe:
deformation should be obtained to see if it
is a good estimage of impact energy.

(c) From the viewpoint of gun design, efforts
should be made to obtain a suitable weighted
integral of pressure-time curve as a measure
of pgessure inside the barrel. Such a mea-
sure could then replace the present measure

of crusher deformation.

Designed experiments, as suggested in Section 5.7,
should be carried out to determine the ammunition
factors that control gun performance. These factors

can be used to refine ammunition selection criteria.

Analysis in Chapter 6 indicates that 20 tests are not
sufficient for proper estimation of experimental error.
Further analysis should be conducted to determine the

proper number of tests necessary for acceptance testing.

Extensive data analysis shculd be undertaken to deter-
mine if identical results 1re obtained at B.A.A.P.

and Loading Plants. For this purpese, it would also
be necessary to evaluate the experimental facilities
at different loading plants and B.A.A.P. Tf the
results are identical, then there is a possibility

of reduction in the extent of acceptance testing.



(5)

Kfforts directed at building a model for interior
ballistic of guns are likely to be fruitful. Such
a model would help explain the observed ballistic
wshenomena and suggest likely changes for improve-

ment in the weapon system.

162



Pogy oelor 4 P e wrrT o o ST AR

163
APPENDIX I

EMPIRICAL-MECHANISTIC MODEL FOR INTERIOR BALLISTICS OF GUNS

Introductior.

Over the past several decades, considerable effort has
been directed toward the theoretical analysis of interior
ballistics of guns., The complexity of the phenomenon has
made a complete theoretical analysis impractical. Develop-
ment of interior ballistic models in the past was hampered
by lack of analytical as well as experimental methods and
computer facilities. As a consequence, several simplifying
assumptions were made. In view of the current emphasis on
high velocity weapons and the considerable improvements in
the field of solid propellants (ball powder, improved deter-
rent coatings, etc.), the solutions obtained are no longer
adequate. With today's computer facilities and the recent
advances in hydrodynamics and statistical model building
techniques, improved interior ballistic models appear feasi-

ble.

Models for Physical Systems

i Models for physical systems can be classified into three
°',i broad categories - theoretical, mechanistic and empirical.
%f%; Theoretical models are kased entirel.y on theoretical consider-
;ﬁfﬁ; ations and presently do not seem feasible for interior ballis-

tics. Mechanistic models assume a considarable knowledge

about the system so that the functional form of the model

]

can be derived. The parameters of the model are then
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estimated from the data. Empirical models are not based
upon a physical understanding of the process. Here a
functional form is devised and parameters estimated to
explain the observed data. For the interior ballistics
system an €mpirical-mechanistic approach seems necessary,

since only parted information is available about the system.

Empirical-Mechanistic Model

To build a mechanistic model there is a need to know
'how the system works', Since exact information about the
system is not available, true functional form of the model
cannot be determined. However, based upon partial informa-~
tion several models can be proposed and statistical techni-
gques used to identify the most probable functional form of
the model. From experimental results the parameters of the

model can be estimated. The model is then diagnostically

checked for adequacy of fit. This three stage iterative

procedure of identification, estimation and diagnostic check-

ing will lead to an adequate empirical-mechanistic model.
Once the model is available it can be used to predict

the process behavior under different conditions or for opti-

mization of the process. These aims can also be achieved

entirely experimentally using empirical models and response

surface techniques. For example, optimum burning rate can

be determined by making powders of different composition

(by varying process variables) and the experimental resulis

Ted VAN

© L e gar SR
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analyzed using response surface methods, But the experi-
ﬁentation involved would be rather expensive.

Apart from optimization, the important advantage of
this approach via mechanistic models is that the model is
useful in the development of new processes since meaningful
extrapolation is possible. Thus the ballistic performance
of radically different experimental weapons or powder can
be simulated using these models. The model would, therefore,

be of considerable use in developing new concepts in weaponary.

Mathematical Model for the Gun

As a first step a simplified model is assumed. This

is based upon the following assumptions.

A, Assumptions

(1) Products of combustion are assumed to obey ideal
gas law.

(2) Gases of combustion are assumed to have negligible
viscosity and thermal conductivity. Boundary layers
are assumed absent, sco the flow is one dimensional.

(3) Coulomb friction between projectile and barrel as
well as the resistance due to compression of air
ahead of the projectile is neglected.

(4) Wal' s of the gun are assumed perfectly insulated,
so there is no energy loss by heat transfer.

(5) Effect of chambrage is neglected.
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3. ©Statement of the Simplified Problem

In short the problem considered is as follows: There
is an insulated tube sealed at one end and open at the
other end. Gasss and powder are trapped between the sealed

end and the piston; and there are heat, mass and volume

sources inside the voiume behind the piston (Fig. 1). The
motion of the piston and the pressure changes constitute

the objects of the solution to this problem.

Barrel Projactile
’ } S . s s
s ; 7 .
U DV A S N e /L
] | ¥
i {
v’;
!
e e - ‘/ -’ Ve p) .
e o
g . // /’ / s /, /’
i
Figure 1

St ——

C. Method of Solution

. The Lagrangean approach is used for the solution of this
problem. That is to each fluid particle, the Lagrangean
cocrdinate x is assignod to be its distance from the sealed
end at time time £ = 0. Then at any instant of time, t,
its Jocation is given hy the function R(x, t). The funda-
mental equations governing the motion of gases are the

equations {(1j through (5).

|
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Fluid Equations:

(1) %% = u Velocity kyuation

(2) g% Vo %5 Momentum Equation

)

(3, ¢ = P3p+0Q Energy Equation
JR N .
4y VvV =V, g" Continuity Equation
X
(5) E = £(p,V) = BV Equation of state.
y-1

Here, V, u, p, E are the specific volume, the fluid velocity,
the pressure and the specific energy respectively. Q is the
rate of liberation of energy and y is the ratio of specific
heats, Vo is the reference specific volume. These equations
can be directly used in the case of instantaneous burning
but they used certain modifications for finite burning rate.
These equations of fluid motion are combined with the
equation of motion of the projectile, given by

2 p - pA
dR= . A
2

(5)

-

b m

where m is the mass of projectile and A is the cross-

sactional area.
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D. Numerical Integration of the Set of Differential Equations

Since an analytical solution of the system of differen-
tial equations is impossible, a numerical procedure is em-
ployed. The scheme is taken from 'Difference methods for
initial value problems' by Richtmyer and Morton. Certain
modifications have been made to take care of the finite

burning rate.

Description of the Experimental Data Used

A piezo gauge was mounted at the mid chamber position
(point A in Fig. 2(a)) and the pressure-time history was
recorded for various rounds. A typical pressure-time curve
is shown in Fig. 2(b). Each time the terminal velocity of
the projectile was measured by clocking the time taken by
the projectile to travel between two magnetic screens pl aced

at a known distance from one another.

bl
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———- X |8 g ‘

| gl @ /

A Projectile | o '

—— l 0 M /

T ﬁ m! /

| LV -

£ N T S .
Chamber Barrel PE Time

Fig. 2(a) Fig. 2(b)
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In terms cf the experimental data, the present model
building problem is to determine an appropriate functional i

form of Q so that the calculated pressure-time curve and

terminal velocity 'match as closely as possible' with the

corresponding experimentally observed responses, |

Iterative Model Building Procedure

It was first assumed that all the explosive purns before
the projectile starts to move (instantaneous burning). The !
resulting pressure-time history is shown in Fig. 3, curve
(1) . Obviously this model does not explain the éxperimental
data. As a matter of fact the curve (i) suggests a model
for é such that only a portion of the explosive burns before
the projectile starts to move, and that the rest of the powd;r
continues to burn while the projectile is being accelerated.
This will then avoid the excessive pressure build up in the
chamber. So the next simple model was to assume that the
powder burns at some constant burning rate until &all the
powder has burned. The resulting pressure time curve is

shown in Fig. 3, curve (ii). Although it is a substantial
improvement over the first model, it still does not explain‘
the experimental curve adequately. The main differences

being that the model exhibits a sharp peak wheras the experi-
mental curve shows a smooth variation of pressure near the

peak pressure and that the model predicts toc high a pressure

in the initial portion of the curve. Requirement of lower
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preséures in the beginning suggests the use of slower burn-
tine —-ate to start with and an increasing burning rate as

time proceeds.

A study of the burning characteristics of the explosives,

in the mean time, revealed that the burning rate should be
'propbrtiongl to the surrounding pressure; and this looked to
be an ideal functional form for Q because initially the pres-
’surés'are low so a smaller burning rate would be obtained and
as the pressure sta;ts'building up, the burning rate would
Become higher. The resulting pressure-time curve is shown

in Fig. 3, enrve (iii). It is|appérent by observing the
similarities in this curve and the experimen£a1 curve that

by suitably‘e;timating the proportionality constant, the
experimental curve can be explained except for the portion
nea; the peak. The discrepancy shows that é should be such
that after a portion of the powder has burned, the burning
rate should reduce. This was then taken care of in the next
model. It was known that the powder is used in the form of

sperical granulations. So as the burning proceeds, the sur-

face area of the powder should go on reducing. It was also
" known that a deterrent coating is applied on the powder and
o f the effect of this was assumed to nullify the effect of

|
; change . surface area. So the new model for Q is

/‘:‘ .

Q

HF x RMBC x P, until (l-a) x 100% of powder has burned

Hf x RMBC' x P x surface area, for the remaining portion

of mass.

W o T sl
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RMBC and RMBC' are such that the two equations yield
the same é when transition takes place. HF and P are res-
pectively che calorific value and the pressure. The result-
ing pressure time curve is given in Fig. 3, curve (iv). It
is apparent that this curve explains the basic nature of the

experimental curve. Now it was thought worthwhile to esti-

mate the parameters o, RMBC, and the Primer energy (taken
as the small amount of energy instantaneously available at
the start of combustion) to get the best possible fit. 1In
Fig. 4 the five available experimental curves are sketched.
On the assumption that the errors are NID(G, 02), least
squares criterion is used and parameters estimated using
UWHAUS. The fitted curve is also sketched on Fig. 4.
(Note: the data was discretized by taking 41 points from
each curve).

Using these estimated values of parameters, pressure and
velocity histories along the length of the barrel were deter-
mined. Figure 5 shows the pressure variation along the
length of the barrel, Fiqure 6 shows the breach pressure
and projectile base pressure variation as a function of the
distance travelled by the projectile. Breach.pressure is

always found to be higher than the projectile base pressure.

The figure also shows the variation of projectile velocity
s ° along the lengtih of the bLarrel, The predicted muzzle velocity
1s found to be much lower than the actual muzzle velocity.

7 § The variation of breach pressure and proiectile base pressure
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as a function of time is indicated in Fig. 7. This breach
pressure curve is the one that is being compared with the
piezo pressure~time curve. Finally, the variation of pro-

jectile velocity and distance with time is shown in Fig. 8.

Results

In appropriate units, the parameter values and their

confidence intervals are

« = 0.3491 PRIMER = .1504 x 10~} RMBC = 2.385

a: (.2917 to .4064), PRIMER x 10°0: (-.84 to .87)

RMBC : (2.378 to 2.392)

Correlation matrix o PRIMER RMBC

1.0 -.38 -.19
1.0 .0%
1.0

Analysis of Variance

$¢ of obs, = 41 x 5 = 202, # of parameters = 3
Regidual sum sq. = .27845 x 1016, d. £. = 202
Pure error sum sq. = .02649 x 1016, d. £. = 4 x 41 = 164
Lack of £fit sum sq, = 0.24856 x 1016, d. £. = 38

Therefore,

¥ statistic =

6
:24856 x 10 /38 = 40.6 (38,164 degrees
.02649 x 10%6/164 of freedom)

IS
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tooking into F tables, for 10% significance level the

correspending F value is approximately 1.30. The model is

found to be inadequate.

Analysis >f Residuals, Diagnostic Checking

A look at the residuals tells that the model is inade-

quate, as also seen from the I' test. Additionally, the trend
in residuals shows where the inadequacy lies and how to im-
prove upon it.
fa) The fitted values are corsistently lower in the
initial part of the curve. This may mean
(1) higher initial burning rate
(2) increased engraving force
(3) Increased primer energy
(b) By bodily translating the experimental curves to
the right, a better fit for the initial part of
the curve (i.e. the portion during which the wores-

sure is increasing) is obtained. This has a rele-

vance to the experimental conditions because of

,ﬁ% the possibility of some time lag.

§§§» (c) The fitted values have a large curvature near the
fé peak pressure as compared with that of the experi-
{% mental data. A smaller burning rate near this

!;3 point would remedy this situation.

Eiﬂé (d) The effect of the assumption of lack of heat trans-

P&;ﬁ fer and the energy equation used should be examined

s e

" further.
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(e) The above modifications are expected to also
take care of the one sided residuals in the.
position of the curve whece the pressure is
dropping.

Note on Estimation Procedure

It is more realistic to take the erroré to be correlated
when data is obtained from one experiwmental curve. However,
from one experimental curve :o the next experimental curve,
the errors can be ass med uncorrelated. Then one can think
of an estimation criterion similar to the one described by
Box and Draper in their paper "The Bayesian Estimation of
common parameters from several responses," which will be more
appropriate for the present problem,

The velocity has been totally ignored in the estimation
procedure followed so far. This is because when the estima-
tion is done with the pressure response alone, the expected

velocity corresponding to the best f£it is about 15% smaller

than the observed velocity. Hence if the estimation is carried

out with only the responge velocity, a disjoint confidence
reglon for the parameters would result., So it does not seem
necessary to carry out a multiresponse analysis with the
present model.

The confidence interval of the parameter PRIMER does
include the point zero. However, because of some physical
conditions, it was chosen to retain it in the estimation

problem.
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Uses of the Empirical-Mechanistic Model

The fitted empirical-mechanistic model can be us.u in
several ways. Some of the uses are based upon the fact that
the model explains observed data.' Otﬁers stem from the he—
chanistic aspects of the model that permit meaningful extra-
polation. o
(1) The model can be used to simulate the interior ballistic

performance of a weapon for any given, set of initial

conditions. This is espepially ﬁseful in s?tuatipns
where actual experimentation is Qifficult, as in eva-
luating the effect of holding force, ' ;

(2) The model is useful for process obtimization. Fo£ exam-
ple, bufning characteristiés,can be optimized to yield
the desired muzzle velocitv with smali internal pressures.
An anticipated problem in this regard is the;develapmenﬁ
of a suitable objective function for internal pressures
to be minimized. |

!

(3) Once process optimum is defined, it can be attained by
| .

suitable changes in process variables. Because of the

1

disturbances entering the systcm, the process would
' . |

éontinually deviate from the optimum necessitating an

efficlent testing procedure.l Such a testing procedure
should detect changes quickly and also poiqﬁ out assignr
able causes. \

The empirical-mechanistic model can be used to estanlish

such a testing procedure. The effect of different
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process variables on (sa;) bieéo pressure-time curvs
' can be,simulaééd using éﬁis model. The observed

,pressure-time‘cufﬁe'wpﬁid then indicatg‘the process
variables that need to be adjusted. It is possible
that several process variables might influencé the
pi;za curve'in the same fashion thereby making autect-
ion difficult, This difficulty might be circumv:nted
by considering mﬁltiple responses that distinguish
between the effects of different process variables,

,(4) The émpirical-mechanistic model can be used to make
small scale replicas'of large weapons, thereby reducing
coét of weapon testing.

(5) The model can be used to evaluate the performance of

'radically different.experimental weapons or powders.

i Foélexample, the effect of encapsulation or of propeil-
lants with lower molecular weights or of multiple charges.
can be studied with this mcdel. The model can be used
to determine process changes that would lead to increased
velocity. :Such inferences ace possible only because

!

the model is based upon mechanistic consicerations.

PP




APPENDIX 11 (A)

COPPER CRUSHER AND PIEZO DATA FROM FRANKFORD AND B.A.A.P. 182
FPRANKFORD ARSENAL TEST DATA
; | Special Ammunition Tests
Cartridge - 5.56mm (Ball)
) Temp. - 7001’
Pressure
‘Peak Port peak Chamber Time Action
Round Pressuxre  pressure  Velocity Integral Time
$#  (x100pai) (x 100psi) (fps) Slope (psi-sec) (MS)
s H 139 465 3161 3,376  27.93 1.16
§8§2504 2 130 490 3207 4.165 27.40 1.237
(High) 3 125 465 3158 3.376  28.79 1.191
4 130 500 3192 3.606 29.43 1.148
5 125 485 3181 3.487  29.40 1.163
6 125 495 3203 3.732 28.98 1.261
7 130 485 3177 3,376 29.18 1.235
) 130 475 3189 3,487 29.04 1.29
3 120 485 3176 3.376  29.2 1.164
10 139 495 3193 3.606 29.23 1.265
Lot
LC12594
(Low) 1 120 485 3172 3.172  29.92 1.238
2 125 505 3193 3.271 28,23 1.225
3 120 590 3237 3.487  28.70 1.184
4 129 495 3172 3.271 28,98 1.227
5 120 520 3221 3.078 29,07 1.184
6 125 510 3222 3.867  28.57 1,155
7 125 510 3185 3.078 29,26 1.152
8 125 515 3237 3.867 28,96 1.165
9 125 515 3223 3.487  28.9¢ 1.315

10 125 515 3225 3.376  28.68 1.244




APPENDIX II (B)

BADGER DATA (COPPER CRUSHER)

COMPOSITES
COMPONENT - TWIN

JALIBER ~ 5,56 MM (BALL)
TEMPERATURE = 70°F

Velocity Velocity
from from

Chamber Velocity Pressure Charge

Coating Pressure Barrel Barrel Weight

Date Cowposites {(x100psi) (fps) (fps) (Grains)
7- 3=-70 244 429 3251 3204 27.9
7- 7-70 241 517 3245 3226 27.6
7- 9-70 243 469 3258 3230 27.7
7- 9-70 246 499 3250 3240 25.8
7- 9-70 245 450 3243 3234 z7.6
7-10-70 242 424 3240 3192 26.1
7-14-70 248 469 3255 3235 27.5
7-14~70 250 524 3246 3234 27.3
7-14-70 252 479 3254 3234 27.7
7-17-70 251 472 3252 3273 26.5
7-17-70 253 446 3245 3226 27.5
7-21-70 249 447 3250 3250 27.4
7-21-70 258 416 3254 3158 26.4
7-21-70 259 459 3250 3192 28.0
7-21-7C 254 432 3253 3182 27.5
7-21-70 255 479 3246 3189 27.6
7-21-70 256 420 3239 317% 27.9
7-22~70 260 438 3255 3215 28.1
7=22~7T0 261 455 3241 3216 28.3
7-27-70 263 453 3245 3200 28,3
7-27-70 265 435 3247 3187 27.7
7-30-79 264 483 3253 3213 26.5
7-31~790 267 482 3249 3221 28.0
§= 4-76 266 479 3254 3272 28.0
8- £~70 268 489 3254 3216 28.5

N e A s P el 4B i



. 185
Velocity Velocity
from from
Chamber Velocity  Pressure Charce
Coating Pressure Barrel Barrel Weight
Date Compcsites  (x100psi) (£ps} (fps) {(Grains)
8- 4-70 269 449 3239 3201 26.5
8- 4-70 270 431 3250 3213 28.0
8- 4-70 271 461 3240 3230 28,3
8~ 7-70. 272 461 3254 3210 28.1
8~ 7-70 - 273 447 3252 3199 27.9
8- 7=70 27¢ 439 3242 3198 26.5
8- 7-70 275 419 3255 31¢2 27.9
8~ 7-70 277 485 3254 3235 27 .8
8-10-70 276 4690 3251 3202 28.0
8-10-70 278 499 3246 3200 28.2
8-13-70 279 440 3247 3189 27.7
8--13-70 280 467 3247 3182 26.2
8-13-70 281 488 3258 3202 28.4
8-17-70 283 420 3244 3166 28.0
8-17-70 284 478 3242 3172 27 .4
8-17~70 285 425 3250 3170 28.4
8§-21-70 286 439 3241 3174 26.3
8-21~70 288 446 3246 3223 27.8
8-24~70 289 455 3250 3206 25.9
8~24-70 290 428 3244 3214 27.8
8~24-~70 291 467 3245 3227 27.3
8-24-70 292 447 3254 3214 £7.8
8-26-70 293 448 3242 3222 27.5
8-26-70 294 493 3246 3231 26.0
8-~-31~70 296 441 3252 3233 28.0
® : 8~-31-70 298 449 3249 321a 27.8
‘ ? 9~ 3-70 297 467 3241 3222 27.6
-7 9- 3-70 300 487 3246 3235 27.5
S 9~ 4-70 301 474 3249 3730 36.2
»:& 9- 4-70 302 444 3252 3228 27.8

9- 4-70 303 459 3243 3240 27.9
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T Velocity Velocity

- from . from
Chamber Velocity Velocity - Charge
Coating Pressure’ Barrel ' . Barrel Weight
Date Cgwposites.  (x100psi) (fps)  (fps) (Grains)
9~ 4-70 304 | - 477 ' 3242. 3242 . 27.8
9. 4-70 308 T 432 T 3245 3234 27.8
9= 9-70 309 477 3240 3233 27.1
Y7 Qe 970 . 314 444 3245 3212 27.5
9-11-70 306 4713 3256 3240 - 26.0
9-14-70 307 481 3240 3196 27.3
9-14-70 310 483 3253 3198 27.6
9~14~70 313 427 3249 3179 27.5
5~-23~70 315 .- 457 3240 3199 28,2
802370 318 432 3256 3204 25.9
9=23-70 324 443 3245 3213 27.6
92470 320 453 3251 3241 28,5
Se2g=-70 328 451 3250 3234 27.9
4~25~78 317 538 3252 3246 26.1
g=-25-790 319 503 32352 3236 27.6

8m25-70 335 482 3238 32224 26.1
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APPENDIX II (C) . 187
BADGER DATA (Piezo Transducer)

i COmposites
ﬂ 'COmponent ~ Twin
C e .. caliber - 5.56mm (Ball)

Charge Weight Sames As In Copper Crush

(x 100 psi)125°

Coating - . Peak Chamber Velocity Velocity Peak Chamber
date . Composites Pressure (fps)70° (tps)125 Pressure
7- 3=70 244 504 501
7- 7-70 241 545 3256 3295 550
7= 5=70 243 504 3243 3272 526
7- 9-70 246 518 3225 3269 542
7- 9-70 245 501 3225 3245 500
7-10-70 - 242 498 3209 3267 529
7-14-70 248 , 521 3248 3282 527
7-14-70 280 535 3253 3275 537
7-14-70 252 527 3261 3295 545
7-17-70 251 509 3229 3285 541
7-17-70 253 505 3213 3256 528
7-21-70 249 507 3246 3284 532
7-21-70 258 503 3223 3283 542
7-21-70 259 506 3226 3272 520
7-21-70 254 515 3238 3271 530
7-21-70 255 524 3252 3283 544
7~21-70 256 526 3265 3269 526
to 7-22-78 250 520 3232 3281 535
,ox T-22~70 261 505 3229 1z88 531

7-27-70 263 £10 3227 3284 521




o 188
o (% 100 psi)70° o .. {(x 100 pei)125°

i

&@a&timﬁ o - - Peal Chamber *vélééivi‘:;taj\’relocityo Peak .Chamber
Gake- yCompositer.  Prossure (£ps)70" (fps)125™ - Presgsufe
FodF=T0 265 198 3206 32714 525
T-30=T78 86 494 3225 3260 513
7 31»?? 267 i 515?J 3216 3218 546
§on éw?§~ 256 519 3252 3289 525
3~ 470 268 594 3194 3263 531
: 8- 470 258 508 ;ibé 3303 567
8- 4«$§ 270 501 3179 3244 529
8- 4-70 271 488 3206 3267 538
8- 7-70 272 . 469 3149 3264 533
8- 7-70 213 493 3182 3245 521
8- 7-70 274 501 3198 3270 539
8= 7-70 275 452 3198 3259 538
8= 7-70 277 520 3237 3259 538
8-10-70 276 498 3214 3255 521
8-10-70 278 508 3212 3252 528
8-13-70 279 495 3198 3241 515
8-13-70 280 491 3185 3241 521
8-13-70 281 497 3212 3242 513
8-17-70 283 488 3168 3258 522
8-17-70 284 481 3175 3217 504
8~17-70 285 492 3206 3251 510
8-21-70 286 499 3170 3272, 590
8-21-70 288 543 3211 3257 571
8-24-70 290 510 3176 3217 551
8-24-70 291 513 3189 3240 558

8-24-70 292 592 3188 3245 566




381 ' 189
YEsillag 004 (x 100 psi)70° L Tt (x 100 psi)125°
dsbiigrass |, i isvPeak 'Chamber Velogity, Velocity Peak Chambér
B utes ;- Compositas - Préssure (£ps) 70 -0 (fps).xsz . Presgure

8-24-70 292 | 515 3207 3225 535.
§-26-70 293 501 3195 3244 543
8-26-70 294 523 3186 3211 549
8-31-70 296 531 3232 3215 543
8-31-70 298 533 3201 3228 551
9- 3-70 297 538 3243 3252 560
9- 3-70 300 534 3226 3275 578
9- 4-70 301 551 3242 3286 588
9- 4-70 302 558 3280 3311 569
9- 4-70 303 557 3266 3300 578
9~ 4-70 304 548 3262 3288 568
9- 4-70 308 534 3238 3306 582
9- 9-70 309 529 3215 . 3281 584
9~ 9-70 314 534 3249 3283 576
9-11-70 306 577 3272 3308 599
9-14-70 307 547 3241 3331 600
9-14-70 310 560 3243 3299 584
9-14-70 n3 519 3218 3324 566
9-23-70 315 553 3225 3272 570
9-23-70 316 548 3223 3273 597
9-23-70 324 524 3239 3270 565
9-24-70 320 511 3249 3298 577
9-24-70 326 480 3209 3257 560
9-25-70 317 534 3244 3315 595
9-25-70 319 536 3229 3297 585
9-25-70 335 490 2214 3293 578
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BADGER DATA (Piezo Transducer)
COMPOSITE .
COMPONENT - TWIN
© " 'CALIBER - 5.56 (BALL)
" TEMPERATURE ~- 70°F
: ] ;(EQmposites éiépe ' “Ignition
T T belay (ms) °

241 6.08 0.18
242 4.0 0.30
243 5.31 0.20
244 4.66 0.28
245 4,08 0.26
246 4.79 0.27
248 4.24 0.27
249 4.7 0.22
250 5.78 0.24
251 3.88 0.32
252 5.08 0.23
253 4.7 0.24
254 4.92 0.25
255 5.32 0.23
256 4.74 0.26
258 3.9 0.29
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APPENDIX II {E)

BADGER DATA (COPPER CRUSHER)

' Hand' Blends

For Twin City

191

Caliber -~ 5,56mm(Ball)

Temp. - 70°F
Charge _ Velocity Chamber Velocity

Sample Coating Weight . (Vel. Barrel) Pressure (Pressure Barrel)
No. Date (grains) (£fps) (psi) (fps)
HB-644 7~ 2 27.1 3249 459 3232
HB~-657 7-16 27.1 3249 452 3205
HB-662 7-24 27.0 3244 460 3187
HB-663 7-27 27.5 3241 . 449 3183
HB~666 7-28 27.6 3239 480 3211
HB-674 8- 4 27 .4 3246 447 3199
HB-678 8- 6 27.3 3249 460 3208
HB-680 8-17 28.1 3242 462 3184
HB-692 8-25 27.3 3248 478 3239
HB-697 8-31 27 .4 3251 457 3224
HB-~717 9-18 27.2 3244 460 3219
HB-719 9-23 27.6 3248 488 3253
HB~-720 9-23 28.0 3254 465 3230

Se -

et o




APPENDIX I (F)
BADGER DATA '{GUDPER- CRUSHER)

192

Hand Blendg.- i o -
For Lake City - .=
Sk R Caliber - 5.56mm(Ball)
. Temp. =~ 7¢°F
"
‘ "Charge Velocity Chamber Velocity

Sample Coating Weight (Vel. Barrel) Pressure (Pressure Barrel)
No. Date {grains). (fps) (psi) (£ps)
HB-646 7~ 7° 28,0 - 3240 - - 440 323¢
HB-647 7= 7 27.9 3251 472 3232
HE-648 7~ 8 26.9 3247 456 3214
HB~652 7-13 27.5 3242 466 3245
HB-653 7-13 27.3 3251 . 476 3250
HB-661 7-23 27.6 3240 4717 3254
HB~667 7-30 27.8 3248 464 3209
HB-679 8-10 28.5 3248 454 3222
HB-688 8-21 27.4 3249 461 3250
HB~-695 827 27 .4 3242 443 3226
HB-701 9- 3 27.9 3247 477 3232
HB-713 9~16 27 .1 3238 464 3253
HB-715 9-17 27.0 3252 469 3241
HB-719  9-23 27.6 3248 488 3254
HB-726 9-28 28.0C 3245 455 3256
HB~730 10-2 27.4 3245 462 3265
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i APPEN®SIK 1t (G)
BADGER DATA |(FIES0; TRENSDUEER) ;. 193

Hand Blendg:... .. -
Por Twin Ciey . .. . .

T S BN SN Caliber - 5.56(Ball)
R SRR Temp. ~ 70°F
Charge Weight Same |

. as for Copper Crush ’

TUeYLE 1 Baesoan: . .
- - Paak éhamher ‘Pregsure-time

Sample Coating Pressure Velocity Integral Ignition
No. Date (psi)’_ (fps) (psi-gec) Slope (ms)
HB-544 7~ 2 547 3250 27-773 2,111 o0.23
BB=~657 7=16 540 3232 25~420 2.179 0.24
HB-662 7-24 514 3215
HB-663 7=27 481 3168 X X X
HB~666 7-28 514 3224 X b4 X
HB-674 8- 4 483 31890 26~470 1.625 0.29
HB-678 8~ 6 482 3172 26-456 1.516 0.30
HB-680 8-17 491 3200 26-940 1.799 0.25
1B-692 8~-25 525 3220 26-039 2.050 0.30 ‘
HB-697 8-31 530 3216 26-287 1.927 0.30 :
HB-717  9-18 511 3237 25-426 1.958  0.29 |
HB~719 9~-23 537 3233 26-955 2.267 0.28 ’

HB-720 9-23 555 3268 28-697 2.117 0.25

’s
-
L
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APPENDIX 11 (H)

194

o BADGER DATA (PIEZ0 TRANSDUCER)
Kand Blends s
e E‘or Lake c:lty
ST T T ider s, S6mm (Bat1)
_ (Temp - 70 °p
B ~Charge- Weight Same
as for Copper Crush
Peak Chamber Pressure~-time Ignition
Sample Coating Pressure Velocity Integral Delay
No. Date (psi). (£ps) (psi-sec) Slope (ms)
HB-646 7= 7 532 3224 28-167 1.67 0.19
HB~-647 7= 7 536 3225 _27-877 1.646 0.19
HB-648 7- 8 532 3210 29-3907 1.884 0.19
HB-652 7-13 542 3243 2@-813 1.828 0.20
HB-653 7-13 536 3233 28-467 1.854 0.18
HB-661 7-23 509 3245 x x 0.19
HB-667 7-30 519 3252 X X 0.16
KB-679 8-10 520 3264 28-806 1.754 0.19
HB-688 8-21 554 3248 28-827 2,028 0.21
HB-695 8-27 | 522 3216 28-~136 1.896 0.23
HB-701 9- 3 532 3256 x x 0.21
HB~-713 9~16 536 3265 27-819 1.961 0.20
HB-715 9-17 539 3265 27-627 2.002 0.20
HB-719 9-23 538 3255 28~67 2.158 0.25
HB-726 9-28 465 3121 X X x
HB-736 10-2 447 3104 x X X

st ekt O
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Data for Sequential variance' Estimation
T P

SRR

:'?%

“Chambex ‘53-59“1'%;‘5, ata from BAAP ~Plezo Data from
. i;g‘(psi)‘ - : . Frankford Arsenal

Serial Lote” Lot . Lot b |
Number ~‘468’81 46893 46626 ILC12604 LC12594

(psi)

|

o .
B HE R I P A

TUU40400° 45000 43700 46500 48500 . i
44500 44300 43200 . 49000 50500 ,

‘ BN :
- _ 43600 42000 44900 46500 54000 |
‘-9 ‘ 45200 44900 44700 50000 : 49500,
45600 44600 43600 - 48500 52000 B
1y

46600 44700 43800 49500 51000 P

45800 45300 45700 48500 51000

46400 44500 45100 47500 51500

44700 45200 44300 48500 51500

48100 44700 45900 : 49500 51500

. 11e 46100 42700 45500 °© ° ‘ L

12 . 44000 44400 43800 . .
13 46100 44200 42800 . Lo | »
14 47100 45700 42800 L *

15 45400 44900 46700 _

16 . 45200 42700 45700 ~ o :

17 47500 43200 44100 :

18 43800 43300 45100

19 43800 43400 43800

20 . 47000 46100 42800

\
S ‘;ﬂ&i“a‘;{

W 0 N 6o 1 & W N -
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) SR APPENDIX IV
'PROPELLANT ' CHARGE WEIGHT AND CHAMBER
-- —-BRESSURE: DATA- FROM.-BAAP

3

ER TS AR e e e | LRy ee oy
- . o v . Y
LR SRRl N 1 -

Date, I B B

ez WCharge

Corrected Mean-
vuni. -Weight . .Chamber ‘Presgsure

Fired. . Lot No.-‘;Component$ .{Grains).. .x.100 psi .

€ e s

i

!

v

479

b Frue

12-31-68 45747 1c 26.9 )
1-10~69 ' 45748 ™ 26.8 475
'1-14-69 45749 ' ™ 27.2 490
1-16-69 45750 Ic 27.3 492
'1-16-69 45750 ' Fa 27.0 495
' 1-22-69 45751 ™ 27,2 467
1-27-69 45752 T ' 27.3 479
' 2-7-69 45753 ™ | 27.2 476
1241169 46194 T™H 27.3 471
| 2-13-69.1 46195 LC 27.2 489
2-17-69 46196 T™w 27.6 482
| 2-18-69+ 46196 LC 27.9 480
. 2-21-69 46198 ™ 27.4 467
. 2+22-69° 46199 LC 27.6 473
2-24-69 , 46200 ,  LC 27.9 482
2-26-69 46201 27.3 477
2-28-69. 46202 ™ 27.3 472
: 3- 4-69 46203 LC 27.1 458
{ 3~ 5-69 46204 ™ ' 21.2 456
B | 3-6-69 46205 W 27.0 445
N 3-12-69 46206  'LC 27.0 488
ol 3-17-69 46207 TH 26.9 445
I 3-18-69 46208 ™™ 26.9 457
P 3-20~69 ' 46209 LC 27.2 155
15 3-21-69 146210 W 26.7, 449
;%- 3-24-69 46211 TW 27.1 450
44 ! 3-25-69 46212 LC 27.3 469
1& 13-27-69 46213 W 26.6 462
p
{
3
13
!

B = -
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3 o AAT utae amAA AT
- T -~€ha:ge-~m~(!orr\scted»ﬁean-—m~ -
Dagesii fors el o .5 UWeight Chambex Pressure
Fir%&bot‘}’ig;@gdponenﬁg :‘(Gra}?ﬂ .. X200 psi raa
E 4- =69 46214 T TEe T T4 T T T T
g 4- 7-69 46215 ™ 26.7 455 ,
g 4- 9-69 46216 W 26.5 Yoz’
3 4-10-69 46217 ™ 26.8 481
» 4-11-69 46218 I - 27,1 480 '
‘i 4-16-69 46219 ™ 26.8 470
§ 4-17-69 46220 Ic 27.3 448’
k- 4-22-69 46221 W 27.0 478
g 4-24-69 46222 TW 27.3 463
R 4-25-69 46223 ™ 27.2 | 473
3 4-28-69 45266 LC 27.3 458
g 4-29-69 46267 ™ 27.0 458
: 5- 2-69 46268 ™ 27.2 447
k. 5~ 2-69 46268 FA 27.8 469
;. 5- 2-69 46269 W 27,0 503
k- 5- 6-69 46270 ™ 26.7 490
1 5- 9-69 46271 IC 27.2 455
3 5-12-69 46272 ™ 26.9 451
3 5-12-69 46273 IC 27.6 450
3%; 5-14-69 46274 W 26.9 465 |
3% 5-16-69 46275 LC 27.3 460 |
5 5-19-69 46276 ™ 27.0 470
i 5-21-69 46278 ™ 27.3 461
3 5-22-69 46279 ™ 27.5 455
r 52769 46280 ™™ 27.7 439
K 5-27-69 46281 Lc 28.1 464
¥ 6- 3-69 46282 c 27.5 457
. 6- 4-69 46283 ™ 27.3 466
- 6~ 5-69 46284 ™ 27.6 467
6- 9-69 46285 Lc 28.0 453
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Corrected Mean

s T
Date - L -+ Weight Charper Precsuzs
E":i.réd: Lot No. Components . (frains) x 130 psi
€-10-69 46286 ™ 7.9 R
6-13~-69 46287 e ei.8 445
€=-16-69 46288 IC 27 .4 £55
6-17-69 46289 ™™ 27 .3 362
6=17-69 46290 e 27.6 449
6-23-6% 46337 LC 27.7 448
6-18-69 46338 'y 27.2 485
6-20-69 46339 LC 27.3 47}
6-24-69 46340 ™ 27 .4 481
6-30~-69 46341 c 27.0 458
7~ 1-69 46342 LC 27.6 451
7- 1-69 46343 LC 27.8 453
7~ 2-69 46344 ™ 27.0 477
7- 3-69 46346 ™ 27.6 460
7~ 7-69 446346 ™ 27.5 442
7~ 7-69 46347 LC 27.8 473
7- 8-79 46348 ™ 27.4 465
7-10-69 46249 ne 27.6 473
7-14-69 46350 L.C 26.9 466
7-16~-69 46351 ™ 27.5 469
7-17-69 46352 W 27.8 481
7~23-69 46353 LC 27.9 498
7-24-69 46354 ™ 28.0 479
7-28-69 46355 C 28.3 467
7-28-69 46356 T 28.2 469
8~ 5-69 46357 ™ 27.3 482
8- 8-063 46358 LC 27.8 467
8~11~69 46359 ™ 27.5 456
8-12-6% 46360 e 27.5 470
§~13-69 46361 W 27.6 462

et o e oyt < Al
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4?0‘;‘:""‘?“:"’35 A & Charge Corrected Mean

Date: T °' ' Weight =~ Chamber Pressure

Fffﬁiﬁrﬁg ?19."* c_tqmpg;xg:n@ (Grdins)” _ x 100 psi ‘
8-14~-69 46352 LC 27,9 451
8-15-69 46363 ™ 27.8 459
8-18-69 46364 LC 27.9 467
8-19-69 46365 ™ 27.9 461
8-19-69 46366 LC 27.9 468
8-20-69 4641 W 27.7 458
8-21-69 46412 1C 27.9 475
9- 2-69 46413 ™™ 27.6 475
9- 3-69 46414 LC 27.8 46l
9- 8-69 46415 ™ 27.6 493
9-10~69 46416 IC 23.0 466
9-11-69 46417 ™ 28.4 451
9-15-69 46418 LC 27.5 442
9-16-69 46419 LC 28.1 456
9-19-69 45420 LC 28.6 478
9-22-69 46421 IC 28.3 426
9-22-69 46425 LC 27.6 445
9-23-69 46424 ™ 27.8 455
9-25-69 46426 LC 27.8 458
9-26-69 46422 LC 26.4 455
9-26-69 46423 I 28.3 453
9-30-69 46427 C 27.9 452
10- 2-69 46428 W 27.5 486
10- 7-69 46429 ™ 27.6 472
10-10-69 46430 LC 28.3 477
10-26-69 46422 LC 27.9 462
10-20-69 46423 LC 28.0 465
10-21~69 46884 LC 27.9 476
10-22-69 46885 LC 27.8 465
10-28-69 46881 LC 28.1 480
10-29-69 46882 ™ 27.7 460
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-~ e o e fherge  Corrected Mean
Date.. , .. . o~. ~ Weight  Chamber Pressure
Fized Lot Ne. Components., {(Grains) x 100 psi
AR LS R T
10-30«69 46883 c- -- -27: - 458
11~ 7-69 46886 1c T 27.6 459
11-17~69 46888 ™ 27.0 440
11-21-69 46890 LC -27.1 . 447
12- §-65 46891 LC 26.9 452
12-11~-69 46892 ™ 27.0 451
12-16-6% 46893 IC 26.8 452
12-17-6% 46894 ™ 28,2 443
12-22-69 46895 ™ ) 27.2 442
12-29-69 46896 ™ 26,6 462
11-18-69 46889 ™ 27.3 483
1- 5-70 46897 ™ 26.5 480
1- 7-70 4€898 W 26.3 458
1- 8-70 46899 ™ 27.1 460
1-13-70 469060 IC 26.9 457
1-15-70 46506 W 27.1 435
1-29-70 46507 L 27.5 469
2-11-70 46508 Lc 27.3 453
2-19-70 46509 LC 26.5 481
2-19~70 46510 LC 26.3 481
2-20-70 46511 LC 26.5 461
2-20-70 46512 IC 26.6 465
2-20-70 46513 LC 26.8 465
2-24-70 46514 LC 27.6 464
2-25-70 46515 LC 27.2 456
2-27-70 46516 LC 27.0 488
3- 9-70 46517 LC 27.2 479
3-11-70 46518 LC 27.1 462
3-17-70 46519 LC 27.0 475
3-23-70 46520 LC 27.2 470
3-26-70 46521 ™ 26.7 440
oy -
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nge¥ hedonaxinl, »p:elJ
. 3FWRSIT usdions  ILL-T cpayge Corrected M
pate %9 81 ¥ Ve sLD waight's Chamber Pressuie’
E‘“ﬁé’d"“ﬂé‘ii_:ﬂ:é. Compone:zthsh (Graing) X 100 $EL
4~ 1-70 46522 ™ .. 27 .4 461 .
4-13-70 46523 e . . 27.1 - 463
§=-22-70 46524 ™ . -« 27.1 464
5- 4~70 46526 FC o 27.2 436
S- 4-70 46527 ™ 27.0 452
5=~ 7=70 46528 ™ 27.1 485
5-12=-7¢ 46529 IC « 27.8 454
5-22-70 46539 W - 27.3 448
6~ 2-70 46604 RA 28.0 489
6- 3~-7Q 46605 WW 27.9 422
6- 5~70 45606 WW 28.2 434
6=17-70 46607 Ic 28.0 467
6-18~70 46608 ww 28.3 449
6-25~-70 46609 LC 27.9 458
4-23~-70 46525 LC 27.1 471
6-26-70 46610 ™ 27.7 455
7~ 7-70 46612 ™™ 27 .4 452
7~ 8-70 46611 LC 27.4 470
7-17-70 46613 ™ 27.2 466
7-20-70 46614 ic 27.4 468
7-20~70 46615 nc 27.3 466
7-21-70 46616 ™ 27.1 459
7~-28-70 46617 ™ 26.9 464
7-29-70 46618 TW 27.1 457
7-3C-70 46619 LC 27.5 452
8- 4-70 46620 ™ 27.3 465
8- 4-70 46621 ™ 27 .8 460
8~ 7-70 46622 ™ 27.6 466
8-13-70 46523 C 27.8 492
8-20-70 46624 ™™ 27.6 485
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o Charge Corrected Mean
Dets “ Weight Chamber Pressure
Pired Lot No. Componen:s (Grain:) - " x 100 psi
8-24-7" 46625 ™ 27.5 455-
8~31-70 46626 LC 28.1 443
8«31=70 46627 WW 28.1 437
9~ 2~70 46628 1C 27.4 464
9- 2-70 46938 ™ 27.4 468
9~10-70 46939 LC 27.9 481
9-10-70 46940 TW 27.5 443
9-14-70 46941 LC 27.7 500
9-17-70 46942 ™ 27.3 447
9-21-70 46943 Lc 27.2 456
0-23-70 469%44 ™ 27 .6 465
9-30-70 46%45 ™ 27.9 450
9-2G-70 48946 TW 27.6 474
10- 5-70 46948 ™ 27.4 452
10- 9-70 46949 W 27.0 439
10~ 9~70 46947 Lc 27.9 428
10-12-70 46950 RA 27.4 445
10-14-~70 46951 LC 27.3 469
19-15-70 46952 ic 27.4 470
10-22-70 46953 W 27.1 445
10-27-70 46954 LC 27.5 464
10-27-70 4€£555 LC 27.3 485
10-27-70 46956 w 27.4 461
10-29-70 4695/ Lc 27,3 473
10-30-70 46953 ™ 27.2 463
ll- 5-70 46959 WW 27.2 4.4
11- 2-70 46960 ™ 27.1 452
11-10-70 46961 LC 27.0 490
11-10-70 46962 W 27 .4 462
11-12-70 46999 LC 27.0 481
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A e vemema = -

ssel padoadac EEPUYS Chaé;é- ‘éo;recteﬁ ﬁ;é;""

Datevee21d adusd: Ldri-ov  Welght Chamber Preagure
Fired !&otiNb. Comptnents: (Grains): x 100 psi ,
11-17-70 470900 ™ 27.0 - 476 . ~-
11-17-70 - 42091 LC 27.0 45X . ‘
11-24-70 47002 ™ 27.1 85y
12- 1-70 47003 c . 27.0 . 455 :
12—~ 4-70 47004 ™ - 26.8 - 458
12- 8-70 47005 LC 26.0 " 489 .
12-10-70 47006 T™W 26.5 480
12-10-70 47007 LC 26,2 480
12-15-70 47008 T™w 26.5 466
12-18-70 47009 W 26,3 464
12-22~70 47010 LC 26.3 441
12-23-70 47011 W 26.3 447
12-23-70 47012 LC 26,5 467
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APPENDIX V

COMPUTER PROGRAMS

Ir this appendix, different programs used for calculations in this

report are included. The programs are written for UNIVAC 1108 computer.

TREND

Purpose: To estimate the underlying process from a given series of
observations using Semi Average, Cumulative Sum, and

Moving Average techniques.

Input;
K(I) = different values of constant K,
AK(II) = different values of constant K,
KK(I) = different values of constant Kq
X (I) = observed values of input variable

(e.g., chamber pressure)

Output: Plots of estimated process behavior based upon the three

" methods of estimation.




N
%
i ..
A
o ¢
B
.%
3
¥
AN
N
:ﬁi

¢

C

C

| TREND
TREND DETERMINATION IN TIME SERIES

DIMENSIGN X(1000)9XBAR(1000)+2(1000)sSUM(1000) 9XXBAR(1000)

1K.(:5) s AK(5) 9KK (5)

READ 1sNofh (J)s J = 143)
FORMAT(4110)

READ 29(AK(I) .9 I = 143)
FORMAT(3F1040)

READ 39 (KK(I)e I= 143}

FORMAT(3110)

READs(X(1)s 1I= 14N) T
DO 4 1 = }l4N

Xt1) = X(l)*lOOo

0035 "l mity N

2{I) = 1

CALE: i AINEFTPL(9.910%8)

METHOD OF SEMI AVERAGES
DO 100 J = 1,3

Y = K{(J)

Jd = 1

L = N/K(J) )

DO 6 M-=1oL

SX Oe

S$S Ve

JJJ = JI+K({J) -]

DO 7 I = JJedJJ

SX = 5X+X(I)

XBAR (M) SX/Y

JJ = JJ+K‘J)

CALL GRAPIH(Zs»3HLIN:XBAR»3HLINsL» 4HNONE’5HSOLID’
12HSS s 2HSS 9 4HAXES 9 2ZHSS o 4HFULL 9 GHNULL )

100 CONTINJE

CUSUM CHART

DO 200 J = 1,3

S = 0o

DO 8 I = 1N

S = SHX({1)1=AK(J)

SUM(I) = §

CALL GRAPH(Z s3HLINsSUMo3HLINSN s 4HNONE » SHSOLID»
12HSS 9 2HSS 9 4HAXES 9 2ZHSS 9 4HFULL 9 4HNULL)

200 CONTINUE

11
10

METHOD OF MOVING AVERAGES
DO 300 J = 1,3

YY = KK(J)

KKK = KK{J)

55 = Ve

DO 9 I = 1,KKK
SS = SS+X(1)

XXBAR( L) = SS/YY
NN = N-KK(J}+1
DO 10 1 = 24NN
LL = I4KK(J)=1
SS = G,

DO 11 M = 1oLl
SS = SS+X(M)
XX8AR{I) = SS/YY
COWTINUE

CALL GRAPH(Z +93HLINsXXBAR»3HLININN+4HNONE s 5HSOLID

12H$$ 9 2HSS 9 4HAXES 92HS S 9 4HFULL 9 4HNULL)

300 CONTINUE

CALL ENDPLT
END

205
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HISTOGPA2 AND CUMULATIVE DISTRIBUTION FUNCTION

Purpose: To obtain one dimension histogram and cumulative distribution

divided to obtain the histogram,

function.
Input;
: Z (I) = observed values of input variable
g (e.g. Chamber Pressure)
: N = Number of values of input variable
,, X = Number of groups in which the variable range is
Y

Gutput:  Plots of histogram and cumulative distribution function

S £ AR 2 t&’é‘m«x%v x’t




B 'FORsSI HISTO 207
£ B SUBROUTINE. HISTO(N»2)

DIMENSIONZ (50001 Y (50)sX(50) sAY(50)sBY(50)
DIMENSION ‘FEL(16) ## FELCH
DATA FEL / 6HHISTOGI6HRAM OF 6H OBSER)6HVATIONs6HSSS o #% FELCH
16HOBSERV »6HATIONS s 6HS S »6HNUMBERs6H OF OCy6HCURENCS6HESSS s  *# FELCH .
26HHISTOGo632AM OF.6H RESlbo6HUAL$$$ / #% FELCH |
N6=1 N - , -
JX = 20 !
CALL URSRCH(OoNoZoIBIboBoOyDUMMY) , *# FELCH !
CALL URSRGH{1pNsZ9s15MA S 0 9sDUMMY ) ** FELCH
RANG=Z(IBI1G)~-2{ISMA) ‘ i

g £ CH% LRI T I IR 36 36U 353063 KX ******************************%%

PRINT 5092(IBIG)sZ(ISMA)
50 FORMAT{10F1043)
AJX:JX . ‘s
DEL=RANG/AJX
| &8 X(1)y=2(1sMA)
- O T R Y N R I Y I TS R TR R T 2
Y(1)= UeQOOO0UCO00E+0QU
JX = Jx+1
IF(UXeLTel) GO TO 90
DO 80 I=2sJX
Y(1)= Ve000VOOQ00E+00
70 x(1)=X(1=-1)+DEL
80 CONTINUE
X{JX) = 2(1316)
i 90 CONTINUE
AN R e R s e S E R SR s e
PRINT 50y RANGsDEL o X (1) #X{JX)
IFC N oLTe N6) GO TO 160
DO 150 1 = N6sN,
IF( JUX oLTel) GO TO 130
DO 12) K = 29JX
IF(X(K)) 11V, 110y 100
100 IF(Z(I)=X(K)) 140s 140, 120
110 IF(ZCI)~X(K)) 140¢ 140y 120
120 CONTINUE
130 CONTINUE
GO TO 150
140 Y(K)=Y(K)+ 1.00C00000E+00
150 CONTINUE
©. 160 CONTINUE
o' | CHARERARHOLLERI TH*CONSTANTHLONGER# THAN#O*¥CHARACTERS# # %33 33 438 34 3%
PP = 00
IF(PP)2742%+28
27 CONTINUE
CALL INITPL(9+10.8)
1C#200 CALL URAPHL{XsYsJX96HOXE s6HAUTO 932HHISTOGRAM OF OBSERVATIONS.

e le » 16HOBSERVATIONSee  924HNUMBER OF OCCURENCESee )
200 CALL ORAPH(X 919Vl oJX9s4HNONE ySHSOLIDIFEL(6) sFEL(9) 91 sFEL(L)97e5¢10%% FELCH
4 1,9) *% FELCH

28 CONTINUE
230 FORMAT(1H1)
290 FORMAT (10X sFTc291X93HTO 9F7e2911X9F6009/)

Yt e g ey

RSkl
3 “
- [




300 FORMAT(L15Xs8HINTERVAL 216X s 20HNUMBER OF OCCURENCESs//) 208
c** 9************* 3536 5 3 e P I 6 3 K Ik 5 3 I3 34 3 B3 205 96 30 30 30 A 6 36 96 36 I 3F I 3 36 3 3 3 A % K H
pR?NT 300
DO 999 [ = 2,JX
J = 1=1
999 Y(J) = Y(I)
JX=JdXx=-1
DO 201 I = 14X
201 AY(1) = Y{I1)/N
RY(1) = AY({1l)
DO 2021 = 24JX
202 BY(I) = BY(I=1)y+AY(T) - -
CALL GRAP“(X93HLIN93Y93HLIN’JXQQHNONE’5HSOLID’
110BSERVATIONSSS! » "CUMULATIVE RROBABILITY3S! .
14HAXES s TEMPERICAL  CUMULATIVE DISTRIBUTION FUNCTIONDD! 97455
11v.0)
CALL ENDPLT
IF{ JUX eLTel) GO TO 340
DO 330 [=]14JX
C 33 ] QW% 39 3336 3 93 A 3 35 3 3 36 38 36 3 Je b3k % 36 9 % A9 3036 3 3 2 96 I I I 2 3 W I W K W 33 %
310 PRINT 290’X(I)9X(I+1)9Y(I)
32C LONTINUE K
330 CONTINUE
C** 11********************ﬁ*******‘,******************************
PRINT 400 :
400 FORMAT{10Xsl1HPROBABILITY»10X922HCUMULATIVE PROBABILITYs//)
DO 402 I = 1sJX
PRINT 401,AY(1)sBY(])
401 FORMAT(BXsF1l0o6s16XsF1046)
402 CONTINUE
34y PRINT 230
RE fURN
END

TR
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BIVARIATE HISTOGRAM - !

Purpose: The program gencrates a two dimensional frequency table of

Input:

Out, ..

' | ' !
chamber pressure and port pressure values, This table is a

representation of the two dimensicnal histogram,

}

N = Number of chamber pressure valués also equal to the

number of port pressure valﬁes |

K = Number of groups in which the chamber plress'ure range
is divided o |

M = Number of groups in w}iich‘the port pressure range . '
is divi&ed |

i
i

¥MIN = Minimum Chamber pressure value ! ' ;
XMAX = Maximum chamber pressure value '
XXMIN = Minimum port pressure value:

XXMAX = Maximum port pressure value - ’ '

D = One standard deviation of chamber pressure ' :
! . | ,

DD = Half a standard deviation of chamber pressure -

Z(1) = Chamber pressure values

2z(1)

Port prassure values

Two dimensional table, where the entire set of chambeér pressure

and port pressure values are grouped into groups one standard




I

i
\
i
LA
oo
i
i
1
y
1 )
|
1
|
1}
|
] i
) }
I
1
!
)
1
|

1 ' th e .
deviation wide along the chamber pressure axis and

'

half 2 standard deviation wide along the port pressure

axis.

210




C

20

0B

BIVARIATE HISTOGRAM

DIMENSION 2(1000)522(1000) oY (50:50)s%{50}¢XX(30)
READ 20sNosK9sM

FORMAT(3110)

READ 309XMINsXMAX s XXMIN»XXMAXsDsDD
FORMAT{6F1060)

READ 1s(2(I})s I=1¢N)
FORMAT(7F1060).:~  .-¢ o .
READ 29(22(1)y I = 19N}
FORMAT ( 7F10.00.).
DO 9 I = 19N
2Zt1) = HJ1%22(1)

[

.

DO 50 1 = 1oM Lo

DO 51 J = 1eK
Y{IsJ) = 0o

CONT INUE

X(1) = XMIPM

X(K) = XMA)

XX(1) = XXMIN

XX(M) = XXMAX

KK = K=~1

DO 3 I = 24KK

X(I) = X(I=1)+D

MM = M=l

DO 15 I = 2¢MM
XX{I) = XX(I-1)1+DD
DO 4 I = 2M

DO 5 11 = 1N
IF(22011)eLEoXX(1)aANDe2ZZ(11)eGTeXX(I-1)) GO TQ 6
GO TO 5

DO 7 J = 2K
IF(2(I1)=~X(J)) Be8s7
CONT INUE

YiIed) = Y(I9J)+le
CONTINUE

CONTINUE

DO 10 J = 24K

PRINT 11s(Y(Ilsd)s I = 2oM)
FORMAT (2X+24F440)
CONTINUE

END

211
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AUTC AND FARTIAL CORREIATIONS (IDENTIFICATION)

Purpose: For a given series of data, the program calculates auto correiation
and partizl correlation functions. These functions are used to
identify the form of the tentative time series model. The saime

program is also used in diagnostic checking of residuals.

Input:
N = Number of data values
Z(1) = One dimension array of ordered observations
KK = Number of auto correlations or partial correlations

required + 1

Output’ Plots of auto correlation function and partial correlation function

with the respective significance (2 sigma) limits,

a3

Db rm memime v o mmmat =



102

164

(@)

103

UBRQJTIME AUTO(N.?¢KK.AR01’A‘02) 213
DIMENSINSNZ (10000 sRPLOTI(LC00 Do IPLOTI1000)sC (27)sR(99)sSCLIMS(2) )
l\fPARS(IO)sTtsd,Su);VAR(99),STSR(99)’5T5R1(99 s STOR2(99) 9 IPLOTV I
2997, TPLOTI50) s VART(52)sSTSPI53) sSTSPLI52)9STOHP2(50),U(50) +5(99)

. KKFIX=KK

KK=KK~1
ZBAR=0,

’XN N

00102 I=1.N
2Z3AR=2BAR+Z(1)
Z5AR: ZJAQ/Xm o
CO=04 ' ) .
Do 103 I=1sN

CO=CO* (21 1=ZBAR) #%2
C0=CO/XN

CALCULATION OF R- - !
RPLOT(1)=0.

RPLOT(2)=1le , . . . "
RPLOT(3)=0e

IPLOT(1)=0

IPLOT(2)=0

IPLOT(3)=C

DO 104 K=1sKK

C(K)=Do»

NN=N-K

CO 10% J=13HN :
c(K)—C(r)+(£(J)—/BAR)*(Z(J+K)-ZNAR)

CIRY=C(KIZXN .

R{K)=C(K)/CC

J=3#K+1

IPLOT(J) =K

RPLOT(J)=0.

J=J+1

IPLOT(J) =K

APLOTLJ) =R(K)

J=J+1

IPLOTIJ) =K

RPL OT(J)‘Oo

CONTINIUE

AROl= ?(1)

ARC2=R(2)

KEKLAG=34#XK

SCLIMNG 1)==1.

SCLIMS(2)=1.

CALCULATION OF 7

Ic(rk-,0)106.106,107

Cu TO 102

KKK=rR-1

Tiis1)=R(1)
T{2s2)=(RE2)=R(1I#¥u2)/{1e~R(1)#2D)
T(291)=T({191)=T(252)%T(1sl)

DI 203 K=297KK

B'—'O.

AzDe

DO 202 J=1XK
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c.

~&~-J+T(K9J)*R(J)

—

A=A+T (K9 J) 2R (K+1-J) eyt L, . . 214

A=RIN+1)-A
d=10'5
TIK+1sK+1)=Ar2
00 203 J=1,sK
TIZ+HL1oJ) =T Ky D) =T (K+1 K+ ) RT (K9K~U+1)
CALCULATICN OF VAR AND VART
IPLOTV(1)=9
VAR(1)=14/XN
STOSR{1)=GGRT(VAR(L))
5(1)=R(1)/5T5P(1)
STSRI(L)=1+76%5TSR(1)
ST 2(1'=‘lo°6* TSR(1)

D0 204 K=29KK

VAR(K) =VAR(K=1)+A% (R{K-1)%%2)

[IPLOTV (¥ =K~1

STSRIKI=CORT(VAR())

oT3u1(k)‘l 25%5ToR(K)

TOR2(K)==3TSR1(K)

r( )=R(K)/5TIRIK)

COWTIWUE

KKL=KKK+1

TPLOT(1)=3.
TPLOT(2)=1.

TPLOT(2)=Ce
00 208 K=lslln4

A=1./(N-<)
VART(K) =

bTSP(K)-JJR.(A)

STOPLIK)=Le26#5TUO (K}

STOP2{K)==5LT5PY (K]

JIKI=T(XsK)/ZTSP(K)

J=3% K+1

TRPLOT(J)=0e

JsJ+l

TPLOT(U)=T(Kax)

J=d+1

TPLOT(Ji=0.

CONTINUL

Ka XL AD=34KKK

PRINT CUT

PRINT 502

FORMAT (IN1/77200As36H SAAPLY AUTZCORRELATION COzkeICIeNTS//)
PRINT 301
FCRﬂ' 2UXs 2 7H AUT&—COcF‘IQ'F“f 96Xs2uH UNIFIcL CORFEICIENT /)
PRIMNT 302y (TaR(IYyc(1)yl=14%

FORYAT ilBXleoFlS.ﬂ;QXoFlﬁcﬁ)

PRINT 333 ZUARLLUL

FORVAT( 102Xe190 HEAN OF THE SERIEs  sFlbel/ 10Xy
z“h VARIANCL CF THE LURIES  2F10e4)

RINT 304

PQRHAT (LHZ//7/71uxy2TH CAvPLE PARTIAL CURRELATION e
PRINT 30¢

FoOIAT (20A0 L TP ART=Corzbnl Tuy 95Xy 2ur uNIrlz0 COckrlCianT/)




<
$'PRTNT 302y (Is TU(IsIdy ULI)s [=19KKK)

KK=KKFIX
RETURN
END

~a
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ESTIMATION AND DIAGNOSTIC CHECKING

.y

R ‘\:" Lyt . DD G inv'}"n"’r\ ('Y 1 e |{i Wy,
aedesnnnn A 1o Casoag add soapiioag?
PN s R L AU N MR IS

Purpose: 'The program estimates.the parameters in the proposed

+ tdme senles model*by the method of nonlinear least

T e Sarte L Lt o, -

squares. .Thertest for the adéquacy of the mcdel is
done by considering the autocorrelatlon and the par-

tial correlation functions of the serles of resxduals,

Lol . .ol PR ARt

and a chl—square statlstic based on the autocorrela-
T . t .

tlon function.

Input:
A general time series model can be written as

(1-61B-+ ..9,8P (1-0, 'B ...¢p'sp')(1-Bs)d1(1-s)d(zt-u)

> -y - - P q i '.. -
=10+ (1=01B=. .. =8 BY) (1-8y 'B-...-0 BI)a,

q;

NREP = Number of models to be fitted

NDR = Number of observations in the data series
Z(I) = One dimensional array of data values
MAXI =p + p! +sd1 +d

NP = Number of parameters to be et timated

NRD = d

NSD = 8

NSEA = dl

INC(J) = One dimensional array of size 6. It

contains the information regarding the
numper cf parameters of each type as
specified by the model.

N -
e 15
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Chreoalga, X T T L 0 e
IOPA (7) = One diménsional array of.8ize NP, It
specifies the powers of B associated
, with each parameter in the model, in
« ¢ r:2 o srtheosequence from left to right.

» >7PA{J) = One.dimensional array:of. size NP,

specifying the initial estimates of
~{+  ~ . . .the parameters in-.seguence,

§Subfoutine'vaed:
| mﬁe subroutine UWHAUS supplied by the University
of Wisconsin Computing Center is used for the

nonlinesr least squares estimation of the parameters.

The final estimates of the parameters, 95% confi-
dence limits on the parameter (on linear hypothesis)
and the correlation matrix of the parameters are
pointed, The program also prints the autocorrelatiomns,
the partial correlations of the series of residuals

and a chi-square statistic based on the autocorrela~

tions,
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PR P S ,‘.u‘fy"?EG,AQ,«V,»’:, e RN AT LT ' i
! f-" ",\l ':‘

-1' A SRR TR i 1% PR T U &r-"*.".~“J¢¢ Tt e
l?-l;'\‘ Ae;hlz' QG\QbOIOl "'!’\)“"1'7:.'”"1 T e SO i, a
" DIMENSTON ATSE5 15210980 s PATS0) »TOPAI50) 4 INCIB)SNTL10T»Y(100) 2P (20
XOOIO).CLL(?OO.IO)oCUg(ZO 910)QDIFF(50)9SICNS(90)yRHO(SO.IO}osTEISQ
Xe10)sF{10), 9CRATC(605h).?T°OO7 ‘
COMMON /7TWO/NDR JNRDWNSDsNSFA
NF=0 s
NTO=0
NLOG=0
NAD=Nn
ND=NAD
MCF=1n
MP=1n ] ‘
NY=nN
MIT=R0
FPSt=,0n1
CpS?:FQOBM
FLAM=,01
FNU=10.
NL=50 ,
RFAD 1s NRFPyNDR * ‘
READ 2y (Z2(1)y I= loNOR) )
FORMAT (2014)
NO 20 NN=z=14NRFP
READ 19 MAX14NP
PFAD Y9 NRDINSNJNSFA
(1-BY#%NRD o (1-B*x¥NMGFA)¥%#MSD
IF (NY oEQe N) GO TN 6
READ 249 (Y(1)s I=1,4NY)
CONT INUF
RFAD 1s (INC(T)y I=
RFAD 19 (TOPA(I)s 1|
FORMAT(7F10e0)
RFAD 2y (PA(T)s I=14NP)
IF (NTO (FO, N) GO TN 10
OFAD 1y (NT{I)s I=14NTN)
CONTINUF
NOR=NNHR=MAX 1
IF (NL oFNe N) GN TO 18
DO 11 T=1eNP
SIAGNS(T)=Nn,
NDIFF(T)=NeNN5K
CONT INUF
NDTMSaGHNP+2#NP ##2 42 #NOR+NNRXND
NPROR=NN
CALL FSTIM(NPRORsASNORSZ sPAINIEF 9sSTGNSoFPS1sFPS29MIToFLAMIFNU»SCRA
XTCoNDIMSoNLOGy INCoTORASNRD 9y NSDoNSEASNL s NADsRHO 3 STE 9 E ¢ MCE 4 MP)
CONT INUF
TF (NF oFQe N) GN TN 2N
CONTINUF
FND

Te6) *
= 'Np)

SURROUTINF 1
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SUBROUTINF FSTIM{INPROBsBsNORsYYsPAIDIFF ¢SIGNSeEPS19EPS24MIT(FLAMF
XNU’SCRATCON“IMSONLOG’1C’IP'NA’NB’NCONLONADORHQOSTEOEQMCE)?P}
DIMENSION A(999)92(999)+C{099) 3Y(999) yPAIST) s IOPA(SO) 9 INCI6) sDIFFI
X50)GS{GNSSGO”RHO(NLQIO)9¢TE(NL010)QE(10’oscﬁﬁTC(NDlMS)93(999)9YY(
X999 s IP(A0)41C(A)-

COMMON AyZ 9sNDRs I0OPA, !NCoHAXlloMﬁO;NRDONQDoNSFA
FXTFRNAL TS™Mob

KK=0)

NRD=NA

NSN=NR

NSFA=NC

NO 3 JUsleh

INCLUY=1C(D)

KK=KK+INC(J)

IFCINC(J) oLTe N} G0 TN 88§

CONT INUF

IFINSFA oLTe 0O) GO TN K5

MM=0

IF((INC(?2) oNFo 0O ¢NRe NSD oNEs 0) eORe INC(6) oNEo 0)tiM=1
1FIMM GFN, T ¢ANDe NGFA LFe 1160 TO 8§

IFINRD oLTe O oORe NSD oLTe 0) GO TO 65
IFCINC(3) oATe 1 «NRe INC(4) oGTe 1) GO TO &5
IF(NRD oGTe O «ANDs INC{3) oFQe 1} GO TO 55
[FINSD o6Te 0 ¢ANDe INC(3) oFQe 1) GO TO 58

NP =K K

IFINP oLEe 0 aDRe NP GTe 50) GO TO 55

NN § I=]14ND

INPA( N =IP )

TF(TINPA(JY oLTe 0) AN TO &5

CONT INIIF

TFINL oLFo 0 o0ORe HOR (LFe N} GO TH 56

IF(NAD «LTe 0 o0ORe NAD o«GTe 1n) GN TO 55
MAX1aNRDENSHENSFA

KK=INC(1)

TFUINC(1) oNFe- NDIMAX ) eMAXI+TINDA(KK)
KK=KK+INC(?)

IFLINC(2) oMEe OIMAXI=MAXT+IOPA(KK)
NDR=NNR+MAX ]

IFINDR o«0GTe 999) GN TH 55
KK=KK+INC{R)+INC(4)Y+INC(S)

MAX?2=0

IF(INC(S) oNFe OIMAXZ=IQPA(KK)

IFUINC(6) oNFe OIMAX?=MAX2+INPA(NP)

MRN=MAX ]

IF(MAX?2 (GT, MAX1)IMRO2MAX?

IF(NDR oLFEe MRO 20Re MBO «GTe 100) GO TO 55
MAX11=MAX1+1

NN 6 Jxl14NDP

72.(J)=YY (D))

IFI(NLNG oNFe 0) Z2{ N =LOGIZ2(4))

NO 10 JsMAX1] 4NDR

K2 )=MAX]

Y(K)=7(J)

PO 12 Ux]eMAX]

Al{J)=0
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CALL UWHAUS({NPROR»TSMODsNORoY NPy PAoDIFFoSTGN%oEPSl,EPQZoWTTbFLAW» 5
XFNU$SCRATC)

NO 14 T=MAX114NDR
J=T<MAX1
14 CUJY¥=A(1)
PRINT 17
17 FORMAT(1H1943Xe25HRFSTINUAL AU:OCORRFLATIONS/I)
CALL ACOR(CoNLINDRGMANGRHO s STF 9gFeMCE 4 ¥P)
SUM=n
NN 20 I=MAX11sNDR
20 SUM=2SUMS(A(T)=F(1))*+?
NTV=NOR® { NNR-NP }
VARAR=SUM/DTV
TNSTN=ARS(F(1))/SORT(VARAR) . :
PRINT 23,4 TNSTH
23 FORMAT(///10Xs40OHMEAN OF ORIGINAL SERIES OF RESIDUALS IS slF6e¢3921H 1
X STANDARD DFVIATIONS FRPOM 7FRnN,) ‘
NN 2A J=14NNP - !
26 R(J)=A(J) .
GD T 60
56 DORINT &R
AR FORMAT(THY 410X+ 24HDARAMETFR FRRNAR IN FESTIM) -
60 RFTUPN
ENh

c SURRNUTINF 2

SURRNOUTINF TSMON(NPRORGPAF 4 NNR GNP
NDIMENSION PA(%O)vF(QQQ)oA(99°)’7(999)QIOPA(ﬁﬁ)9INC(6)QT(100)9C(100
X)oCF(10N)sD(1N0,10)4DS{10+100) 44 (999)
COMMON AQ?QanvTophoTNCQMAXII9”909NQ79NQE’NSrA
COMMON JONF /C 4T F
NN 2 =1 4¢MRN
Ti{JYy=n
ciJ)y=n
2 CF(JY=n
L=0
TF{NRD FNe 0OY GO TNH 17
L=NRD
N(lelle==1en
TFINRN L,FNe 1) RO TY A
. \ NO 4 J=2 ¢NRD
= 5 4 ISR BRERINEAER RS ¥,
. R NN 12 J=1,NRN
- NO 12 K=2 4NRPH
. . TF(K +GTe J)Y GO TO 1n

ND(JeKI=N({JmT g ) =D ( J=T 4K=1) j
nnTN 13 z

1n ND(JsK)=n i
12 CONTINUF i
PO 156 K=1yNRN §

. 18 C(K)=D{NRDyK} !
o 17 TFINSD oFQe 0) GN TO 43 ;
4 MAX=NSDENSF A i
i NN 20 J=1,4NSD !
NN 70 Kz1 4MAX {
!

§

ey
Dea .
e i
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20 DS{Jek)=0 -
NS{1sNSEA)IR=1,4,N
MIN=2#NSFA
IFINSD «FQe 1) GO TN 28
PN 24 J=2 4NSD
24 DS(JeNSEA)=DS(J=19NSEA)=14D
2R DO 23 Je]l oNSD
DO 33 K=sMTNoMAX ¢NSFA
IFLIK/NSFA) «GTe JY GO TO 130
DSLJsX)=DS(JI=19K)=D5{J=19K«NSEA) -
GO TH 39
30 DS(JeK)=0
3?2  CONTINUF
L=NSFA%NSD
NO 37 M=1,NRD
TIM)ET(M)4C(M]
NO 37 J=NSEASLINSFA
IF(M oEQe 1)T(J)=T(J)+DSINSDsJ)
N=J+M
37 TIN)=T{N)+C(M)I®DS(NSDJ)
L=L+NRD
NN 40 J=1tL
C()i=T(N
40 TiN=0
43 MIN=]
MAX=0
NO AN T=146
TFUINT(I) «FQe N) GO TO 60
MAXeMAX+INC(T)
IF(T oeEQe 3 eORe I oFQe 4) GO TO 60
DO 48 M=MINy,MAX
K=]OPA(M)
T(K)2T(K)=PA{M)
IF(L oEQe N} GO TO 48
NN 68 Jalel
IFIM oEQe MIN oANDe T oLEo 2)T(J)2T(J)+C()
IFiM oENe MIN ¢ANDe T oENe &IT(IIBT(YI+CF ()
N=J+INPA(M)
IF(] oEQe 6ITI(NIBT(MNI=PA(M)NCF(J)
45 IF(T oLEe 2)TINI=T(N)PA(MINC(Y)
48  CNONTINUF
LaL+TOPA(MAX)
NN &1 J=lel
IF{T oGFy SICF{JIeT(.)Y
IF(T «aLFs 2)1CLUI=T ()
51 T{J)=n
TF{1 oFQe 2)L=0
AN MINaMINGINC(T)
NN A6 J=l ¢MRO
CF(J)==CF(J)
66 C{ N =2=C(L)
KK=INC(1)+INC(2V+IN" ()
NO 70 J=14NDR
WiJ)=eZ(J)
70  IF{INCU3) oFQe 1)172(J)22(J)=PA(KK)
KK=2KK+INC(4)

e e e ———————
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74
76
78
79

81

R2

102

1013

105

, 1n4

107

104
109

TF(INC(4) oFQe 1)CANGTSPA(KK)
IFCINC{4) oFQe 0)CONST=0

NN 79 K=MAX119NNR

A(K) =7 (K)~-CONST

IF{K «GTe MRN) GO TO 76

KK=K=1

NO 74 JaloKK ~
A(K)=A(K’~((J)*7(k-J)+CF(J)*A(K J)
GO TN 79

PO TR J=]lsMBRN
A(K)2A(K)=ClJ)*¥Z(K=JI+CFIJ)*A(K=])
CONT INUF

NO R1 J=]1NDR

70(0)=W(L

MAX1=MAX1]1=-]

NN K3 J=1+NNR

LL=J+MAX1

FlJy=7(LL)-AlLL)

PFTHRN

FND

SURRNUTINF 13

SUBROUTINE ACOR (ZsKKsNeNDsRsSTSReEsMCE94P)
DIMFNSION Z(QQQ)oC(lOl)vR(lOl)9T(57950)oVAR(1”1)'STSR(lﬁl)o

TVART(80) s STSPIS0) sUISN)sS{10T) 9F(8)
COMMON /TWO/NDR oNRD4NSDeNSFA
7R8AR=0,

XN=N

NO 10?7 T=14MN
7RBAR=7RBAR+72 (1)
Z2BAR=7BAR /XM
F{1)=7RAR
{0=0,

NN 1N T=14N
CNA=CO+(Z2(1)~ZPAP) %>
CALCUHLATION OF R
PO 1N4 K=1eKK
r‘K"—'ﬁo
NN =M~¥
NO 1N8 J=1 4NN
CIK)=C(KI+(7(J)=2RARY#(Z (J+K ) =~7BAR)
R(K)=r (K} /CO
CONTINUF
CALCULATION OF T
IFIKK=50)10As10691nNn7
KKK=5Nn~}

GO TO 109
KKK=KK~1]

T{1e1)=R( 1)
T(202)a3{P(2)=R{T)#%2)/(1e=R(1)%%))
T(201)=2T(191)}=T(292)%T{191)
NO 202 K=y KKK
Q=0,

A=n.

DO 202 J=14K

\ e o s

o S - eI
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AZA+T (K J) ¥R (K+1=J) R S P
02 Ra2BLTIXs J)#R(J)} . IR RS SO S .
AsR(K+1)=A , : Sty
R=l,4-R oo '
T(K+14K+1)=A/R I S C
NO 203 J=1eX o
203 T(K+1oJ)aT(KoJ’-T(K+1.K+1’*T(K.K-J+1) T T '
C CALCULATION OF VAR AND VART R Ty e A
VAR(1)=14/XN : '
STSR{1)=SORTIVAR(1)) B
S{1)=R(1)/STSR{1) o e - !
Ax? o /XN i . :
NO 204 K=?4KK o e
VAR(K)=VAR(K=1)+A¥(R(K=1)%%2) . ' '
STSR(K)1=SORT(VAR{K)) . ' P
S(¥)=R(K)/STSRI(K) * 3 ! !
2046  CONTINUF .
KKK =KKK+1 ; .
NO 205 K=1,KKK :
Az) o/ (N<K) ‘ !
VART(K)=A I , ’
STSP{K)=SORT(A) ' ,
ULK)I=T(KsK)/STSP(K)
208 CONT INUF '
C PRINT OUT b
PRINT 300
300  FORMAT (1H1///10Xs36H SAMPLF AUTOCORRELATION COEFFICIENTS//) i
PRINT 1301
301  FORMAT (20Xs17H AUTn{;OEFFI\IFNT 95K 9 20H UNIFYFD COEFFICIENT /)
{

PRINT 3N2y (TeR(T)eS{1)el=1eKK) \
302  FORMAT (16X912+F1564¢9XsF15¢4) | -
CHISO=0s .
NO 400 1=1s20 !
4nn  CHISO=CHISQ+R(T)I*R¢T)
XXN=NNDR=NRD-N5D*NSFA : ‘
CHTISO=CHISQ*XXN ’
PRINT 401» CHISO
401  FORMAT(//95Xs*CHI SQUARE STATISTIC BASED ON 30 AUTOCORRELATPONS =1
XeF120%977)
CO=CO/XN ' , i

S 5 ik % e A V. Ty S| P e,
R T S e e 2 e AN

PRINT 303, 7RARSCO ;

303 FORMAT( 1nx~5;ﬁ MFAN OF THF SFRIFS sFl4e4/ 10X
123H VARTANCF /0F THF SERIFS  sF1044) !
PRINT 304 k

304 FORMAT (1H1///10Xs?7H SAMPLF PARTTAL CORRELATION /7'
PRTINT 305

305 FORMAT (20X»17HPART-CORRELATION . »6X920H UNIFTED COFFFICIENT/)
PRINT 302s (Is TUIsI)e ULI)s I=1sKKK)
OF TURN
FND

T
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