
.30;

''7a '1072
$WER~R-72~3O

RSAC D4.R5t-0RATE

iNV~STIGATI0N OF JHbcK IiskACb D

INORATO SEVC

/Plolk V .21181

77S., \ 1
777, 7r

A~ v(l f5 65.'

Pi. id

.Y 
A'



, DISPOSIT INSTRUCTONS:

D ,(,estroy this 'report when it is n 1o6 longer neede~d. Do
r , not r~turn it to the originator.

N"r

I •;

: DIScPLASITMI

The findings of this report are not to be construed as
' ar pfficial Department of the Army position unless so
designated by other authorized documents.

I /1-

~ Owl%



Unclassified
" U ,socwty clsa.lfca,• ton .. ,

DOCUMENT CONTROL DATA.R&D i
4(Scurity Claseificatien of tile, 60 of abstect and indextnj mnnotetlot atio be raNtred when the overall report is dlae*ssIldj

1. OR4G1NATING-ACTIVITY (CoqpONae SUMh, 2&_RKPOmR SECURITY CLASSI FICATION

UniVersity of Wisconsin UCASFE
Dept. of Mechanical Engineering and Dept.U•,$atist.ics ,

I. REPORT TITLE

INVESTIGATION OF THE .INTERACTION OF WEAPON-AMMUNITION SUBSYSTEMS (U)

4. 0ESCRIPTIV9 NOTES (Type of tspet and Inahmlve date*)

1. AUTN)RIS) ( SAt aea, . hawI, lastsnas)

s.M. Wu

.. REPORT oATE ,,. TOTAL NO. OF PAGES 7b. NO. O.RE.S

May 1972 204 7

S& CONTRACT OR GRANT NO. 90. ORIGINATOR'S REPORT NUMOURIS)

DAAF0370CO073
b. PROJECT NO.

DA 1W562604A607 _
,. 06. OTHER REPORT Not$) (Any o~ter'isbm . t.a.,,y he .•o,,d,

AMS Code 552D.11.80700.02 Ole repo)

at ,SWERR-TR-72-30
10. OISTRIlUTION STATEMENT

Approved- for public release, distribution unlimited.

II. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

U. S. Army Weapons Command
Research & Engineering Directorate
Rock Island, Illinois 61201

16. ADSTRACT

The initial phase in a systematic analysis of weapon-ammunition inter-
action has "been accomplished.u the-guiýnce of the Research
Directorate, Weapons Laboratory at Rock Islan- .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 design procedures based on facto-
rial or fractional factorial approaches are included for use in tests
to identify the controlling parameters in weapon-ammunition inter-
actions and to determine whether these parameters can be identified
from ammunition acceptance-test data.(/ Some preliminary correlation
analyses are included for comparison o %ressure measurements by means
of crusher gages and piezoelectric gages. (U) (Wu, S. M.)

S D O ,M 73 REPLACES DOD FORM 147". 1 JAN 04. WHICN isDD ,oovN eel547 OSSOLETE FOR ARMY US. Unclassified
-... dw. c..s- .icauO.



Unclassified

14. Scurity Cj858fieston LINK A LINK, II LINK C
KEY WORDS .

ROLE WYT •oil- WY ROLE WT

i. Weapon-Ammunition Interaction -

2. Small Arms

3. Ammunition

4. Weapon Dynamics

5. Mathematical Synthesis

6. Statistical Analysis

S-

securiky Clessiftcation



ADj

RESEARCH DIRECTORATE

WEAPONS LABORATORY AT ROCK ISLAND

RESEARCH, DEVELOPMENT AND ENGINEERING DIRECTORATE

U. S. ARMY WEAPONS COMMAND

TECHNICAL REPORTj

SWERR-TR-72-30

INVESTIGATION OF THE INTERACTION
OF WEAPON-AMMUNITION SUBSYSTEMS

May 1972

DA 1W562604A607 AMS Code 552D.11.80700,.02

Approved for public release, distribution unlimited.



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

A developed for use in the selection of weapon-test ammunition.

I Statistical experimental desigin procedures based on facto-

rial or fractional factorial appruaches are included for use in

tests to identify the controlling parameters in weapon-ammunition

interactions and to determine whether these parameters can be

I 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.

II



FOREWORD

This report was prepared under Contract DAAF37060073 by

Professor S. M. Wu, Department of Mechanical Eng.;neering 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 Smlall 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 quantit.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 4nd 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 report. 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 a basis for the selection of gun-test armunitiion.

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 Islaiid) 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 thu latter objective,

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

mathematiczl 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

Ammunition and weapon need to be compatible. Ammunition tests

are performed to ascertain that the ballistic characteristics of ammunition

are consistent with the gun design requirements. The tests are useful

only if the responses provide meaninc" tl 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 infoirmation obtained.

Ccpper crusher forms the present method of acceptance testing.

The control limits u...sed for acceptance are based upon specifications which

may o0 may not represent the real capabilities 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

characteristics, similarly weapon tests are needed to evaluate weapon per-

formance, which must lie within specified limits. Since the ammunition lots

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.
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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 deternmining proper number of tests to

be conducted at each stage of data generation and detection of changes in

ammunition characteristics at different stages of manufacture. The latter

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 solutions of which are likely to lead to considerable

savings to the government.

It is felt that a theoretical understanding of the internal ballistic

mechanism involved would be very useful in the interpretation of the results

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

Jply 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

crusher and piezo data for the same propellant lot are also

yavalJable.

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 prodaction 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 show 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 crusher 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 mqethods (semi aver-

ages, cumulative sum and moving averages) have been employed

to estimate the underlying process behavior. In 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 pressures to be quite

close to each other. The chamber pressure variance is found

to vary considerably (118 x 104 psi2 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 psi 2) for ammunition
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from Twin City as compared to (17.6 x 105 psi 2) 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, a method based upon empirical cumulative

distribution function has been developed to obtain control

Jltmts for ammunition production processes. The control

limits are based upon 99 percentile point of the empirical

c~mulatJve 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-

tng 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 alone 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 1).9on 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 procedure to determine

the number of tests necessary to estimate ammunition para-

Tetes, 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 acceptance test results, for the same propellant

lots from B.A.A.P., Lake City, and Twin City show the test

results to be almost identical, indicating no change in

propellant properties during 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 of guns. Appendix

3: contains an initial attempt toward building an empirical-

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, 111 and IV. Computer programs neces,

sary for the analyses are included in Appendix V.
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2. COMPARISON OF COPPER CRUSHER AND

PIEZO METHODS OF. TESTING

i~l~ppr ruserafd p"Iezo methods are currently use tocndc

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

century and is in use even t6day as the sole' standard method of pressure

measurement. The piezo gage, even though known for a considerable period

of time, is still not adopted as a standard method of pressure measurement.

As a result, relatively small amounts of piezo d1,ta is available compared

to the large amroufit of copper crusher data adcumulated over past ye&rs.

In this section, the two methods are compared regarding their relative use-

fulness.

2. 1. Purpose of Testiny

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 ocontinuous pressure-time curve for the particu-

lar section along the barrel (usually mid chamber position for chamber

pressure measurement) where it is located. One 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 tendency to reduce the pressure. Eventually the powder burns off and

as a result of these interacting causes, the pressure reduces. The pres-

sure curve, therefore, exhibits an unimodal maximum.

Piezo transducer has a time constant of the order of 10-9 seconds

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

2.3 Copper Crusher Response and its Relationship with Piezo Response

In standard acceptance testing for measurement of chauber pressure,

the pressure inside the gun chamber is transmitted to the copper cylinder

through a rigid steel piston. The pressure acting on the copper cylinder

is the same as in Fig. I. 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.

.71
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Piezo Rt. on!see

6 = Ignition delay

6 = Slope
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2.4 Methods of Choosing the Accelptance Test Criteria

Gun body may fail if the burning conditions are severe. One way

to estimate the limiting condition is by means of the maximum stress pro-

duced in the gun walls which fs a function of the maximum pressure devel-

oped. The peak piezo chamber pressure is perhaps a suitabla indicator

for this type of failure. Another possibility is Im~apt failure, which appears

more realistic for the present situation. Deformatibn of copper cylinder is

one of the ways of measuring impact energy. Hoerever, the best indicator'

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 the type of information
A1

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

ne...ly, standard acceptance test data, special ammunition test'data supplied

by Badger Army Ammunition Plant (B.A.A.P.). These arj listed in Appendix I1. j
I ~I i

2.5.1 Standard Acceptance Test Data

Pertinent results in this category are summarized below:

(1) Chamber Pressure has no correlation with velocity from velocity

barrel. (Fig. 2)

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

(Fig. 3).

-I
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2.5.2 Special Amimunition Test Data

Twenty pieces of special ammunition test data were obtned

from Frankford Arsenal. Limited information available is as follows:

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

and velocity. (Fig. 4)

(2) Peak chamber pressure is uncorrelated with peak port pressure.

(Fig. 5)

(3) Pressure-time integral is uncorrelated with velocity. (Figs. 6(a),

6(b))

2.5.3 B.A.A.P. Data

Copper crusher and piezo transducer 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. 7)'

(2) Plot of coating date against chamber pressure reveals no trend.

(Fig. 8)

(3) Plot of coating date against velocity from pressure barrel has a

slight trend. (Fig. 9)



it... 
' , 

. . ... . I 
: + :•

' t" 
" "' .. 

.

I 
I 

' 

, '" 
...

: : __ ... 

, 
.. 

.i+ 
+/

... 
. :,,- 

•.. 
.,..'.. 

. . . ."....... 

.. 4..-. 

..

, 
• . . .. I 

.i 
... 

*

+- .- -. • .. ..- _. ....... ..
F 

"I-.- ..-

_ . .. '. .i ..

- .. •. .... . • .- ' •I. , 
. ... . ., ... .I

-

, IE

...

t. 

.. 

; 
.1.

. . I

I... ..... 
1 " 

" ',...
, +. ... 

. .. . .... .
-

.. K :.. 
;.,j 9 . .

S. .. 
.. .*. 

.. 
_... . ...... 

. .. .. . .

S. 

....... 
4 :4.. 

.

.;1 

+'I

, 
•.-- , 

! 
-4 

I 

': . I+

,+ 

.

0•',.' 

. . .. ..I._ 
_ _ _........__"

* (-,3. ')0
K .

,
-" 

!I 

-- 

'



.1i

"~ "2w.t*

c -17.~qj~



) 314

44;4

E4

4'-41

.I4e

7~ H

N4 (q0 ) -
M (n el



1E-

$4$
00

$4 W4

~~4J

r- . )C 0

Ex N
0 $4

p 4 x

00

-A
:040

-r4 o.

I' -4 w 4-k

H4) 4J
(13 0 0

(J C*4 '-4
(Y)TO N r



16

00

4)

4 4

040

in

aasaa- 0qo -04



F 1ol

a49

. IW

to 90

9n 0 tn %

09 0 r- %n
CTsd 4,-In



18

(W) Piezo Method

(1) Peak chamber pressure and velocity are correlated (Fig 10)

•,(2) Plot of coating date against .peak chamber pressure reveals

a time trend. (Fig. 11)

(3) Slope of-pressure-time curve is negatively correlated with

ignition delay (Fig. 12) and is positively correlated with veloc-

ity (Fig. 13) and peak pressure. (Fig. 14)

Ao

Similar correlative structure is observed in the case of Hand

Blends.

2;. 6 Evaluation of CoDper Crusher

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

.measurement. It is possible that the crusher deformation is a good estimate

oi impact energy. From Figures 7 and 10 it can be seen that the crusher

,,dicates the same trend as piezo does, but indicates a larger variability.

Coating date against copper crusher chamber pressure plot does not show

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

ireyeals 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 Informationrfrom 'PiezorTransducer

Piezo transducer suppliea more information as ityields the entire

pressure-time curve rather than 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 integrals to obtain a better understanding of ammunition

properties.

A

• T . .. . ... .. .. . ... . .. . . .
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4, ~~3. ANALYSIS.O?; ACCEPTANCE "IEST~DT' .

Acceptance test daýt for 5-56ffmm. Btll M-i9i3 ammurnition fiinm

five mandfacturers (Lake City., Twin City, Rbmiingt6n, Fedeial and'

XWinchfestr)6as well as for 5.56mm. Tracer M-196 ammunition from three

manufacturers (iAke City, Tevin City arid Winchester)'wee made available

by Rock 'Islaýd Arsenal for investigation. The data were subsequently up-

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

acceptance test data contain the following information:

(1) Ammunition lot number and date testing

(2) Propellant lot number

(3) Average charge weight used for the ammunition lot

(4) Chamber pressure - which is the average of 20 chamber pressure read-

ings per ammunition lot

(5) Maximum value of these 20 readings

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

ammunition lot

(7) Muzzle Velocity - which is the average of 20 velocity readings per

tmmunition lot

(8) Standard deviation for chamber pressure, port pressure and velocity,

This is computed from-the corresponding 20 individual readings.

(9) 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 poteSre barrel number and, velocity barrel number

3. 1 Preliminary Study of the Data

Graphical method was used to obtain a visual picture ýf the data.

Figures 15 to 22 show the plots of chamber pressure, poit pressure 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 also

plotted against the corresponding ammunition lot numbers and the resulting

plots are given in Figures 22 to 27.

A visual examination 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 show production trends, in particular, .he chamber pressure

data from Lake City and from Twin City show a marked shift.
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(3). Int additiog1'4to the-,differencesin'.sth .trend, ,thereý appear tobedif-

ferences in the range (range = maximum-minimum);.of thedata

°from ,thei-five manufacturers.. ,

(4) Mean chamber pressurefor Ball ammunition is lower than that for

Tracer ammunition while muzzle velocity for Ball ammunition is

higher than that of the Tracer ammunition.

A quantitative analysis of the standard testing data is now con-

"ducted.

3.2 Determination of the Point of Shift

It has been noted that the chamber pressure data reveal the existence

of a shift, after which the data assume a relatively stationary pattern The

large variability in the observed data makes it difficult to determine the

point where the underlying process shifts. Methods are therefore needed to

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 made. Three methods of estimating ths underlying process would now be

considered. These methods would also serve 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*)bSuccessiv et.obser.vations ;onichamberipressureare assumind to be:

.indeperideltt . ., -' - - - 0

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

Xt N (lit, C2

where

Mean chamber pressure

•+For the t th lot

orthet/A Expected value of X

0 Variance of Xt

-t wiil be observed that for the data under consideration, second

assumption'is fairly well justified; but the first one is not exactly true since

the, successivet-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

K1 observations. If ft can be assumed constant over the K1 observations, then

the average of each group is an estimate of chamber pressure for those K

lots and Is distributed as N('t, a2/K2). 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
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of the group average. Thiiii-sltghj pfl6t presints a better visual picture

of the underlying process. From Figures 28 and 29 it can be seen tat

large value of K results in greater,smoothening ard a -better visual. pic-'

ture. However, excessive smoothening might lead to a loss of information.

An optimum value of K is, therefore, necessary.' Point'of shift 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
(X0i - K 2) m -- 1, 2 --- n

plotted against 'i'. Here

X= chamber pressure of the Ith lot

n = total number of lots considered

and K2 = reference conatant

The shape of the plot changes with the different values of constant

K 2 Two plots of the cumulativa sum (cusum) are shown in Figures 30 and 31.

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

Mean Level = K + Change in the cumulative sum
2 Change in M

In particular, an estimate of the mean chamber pressure for a particular lot
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Figure 28
CHAMBER PRESSUR
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Figure -9

4M5OM . -- CHAMBER PRESSURE

"'~ TWIN-'CITY
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47500.0

4700.0.

%,

4S50f0.0-

11$or iUW GROUP NO.



46

is given by the slope of cusum plot at that lot plus K2 . 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 K2 is one that

gives the best indication of change ir. process level.

3.2 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, K3 should be an

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 reduction 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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SFigure 31

CHAMBER PRESSURE
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- 'A•l1 the' h ew niieidd' ý s•ive'thepupose dof e )mtingwtIe und~r-

, lying process.by rpducing the random fluctuations about it. If the suc-

cessive values of'chamber pressure can be assumed 'to be uncorrelated,

hri'oumf ionstants K '1'nd "2 aa'-3 can'jie I týerinzted. For1 2' 3

emple, ithe method oif m' ing averages, the uhide lyinq process can be

estimated-for any partidular hlue of"K '. The deviation of the obisevatfoins3* I

from this uznde=tng prressi canhbei coiMputbd.' T65 "vlue of K3 should be

so chosen thatthe variance of these dviatlirins is equal to the average

internal (within lot) variance' of the mean chambber pres sure. This has not

been &ctuallycarried qut since the Vhamber pressure'readings are found to

cdnstitute a tine serirs of' corielated observations.

The purpose of determing the point of shift (the date on which theK

shift Occured is •temed 'the 'cutoff date') is to be able to consider only

the stationary p~art df the data. Contrbl limits based upon data after the

cutoff date are expected to be narrower'than the present c6nitrol limits. If
IM

the dat" 'are plotted a rough estimate of the 'point of shift canbe obtained

visually. Referring to Figures 28 through 33, it is' 'observed that the point

of shift ist best detgrmined by the cumulative sum plot. A good value for the

reference constant K seems to be the mhean of the entire series of data

because this .value of reference constant gives a large change in slope at

II
*
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the point of shift. This procedure'wilY bi used,,1n!CliNpter 4.to' obtain the

cutoffdatfor,"the chambpr pres;ure dataefor Ball and Tracer ammunition.

3. 3 StatLonarity of Lake City Chamber Pressure Data After Cutoff
45

It is to.be determined if the chamber pressure series is stationary

after cutoff. The.chamberpressure.data consist of a time series of obser-

vations •hich are means of 20 chamber pressure readings. Strict station-

arit demands, that-all these readings come from the. same distribution, In

part-c1rlr, they have, te, same mean end the same variance.

Lake City che'mber pressure variance can be considered to be approx-

Imately constant (it#is not exactly constant, as will be seen later) and has

4 ~2 *a mean value of 1760806 (psi) . The variance of mean chamber pressure is,

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

average internal (within 4 lot) variance of the mean chamber pressure. A

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

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

2cutoff. This is found to be 4620,00 (psi) . If all the chamber pressure read-

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

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

88040) is of the order of 60, hence chamber pressure data after cutoff is still

nofns.t~tnary.
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3.4 NonNormalitt of aie City Chambr Oreissure Data

It is of interest to see if the chamber pressure readings constitute

observations from a normal distribution. Figure 34 shows the histogram for

Lake City chamber pressure data. The best possible normal distribution to

fit the data is found to be N(462, 12.72). Table 1 shows the Goodness of

Fit test to determine if the data fit this normal distribution. Since the cal-
2

culated chi-square value of 23.76 ts greater than X (=16.9),
12-3, 0.05 (1.)

normality assumption is not Justified at 95% level of confidence. Figures

35 to 38 show histograms of chamber pressure data (after cutoff) from Twin

City, Winchester, Re•mington, 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.

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 it the data fit the estimated normal distribution.

The calculated chi-square value is 113.4 and is greater than

the critical value 18.3 (X2 005 8.3). Normality assump-
tn1 3 3  00o

tion is not Justified at 95% level of confidence.
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Goodness of Fit Test for Lake City Chamber Pressure Data

(After Some RegroUping)

Expected no.
of occurances

Xnterval Observed no. n8i ( n) 2k I00 psi o If oo~urances Pittd-nomil)
* N(462,12.7)2 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

• e

1*
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Figur 35

HISTOGRAM OF .OBSERVRTIONS
Twin City
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Figu 3re t

HISTOGRAM-•OF OBSERVATIONS
Winchester
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________ igui* -37-,ý
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Figure 38

HISTOGRAM OF OBSERVATIONS
Federal
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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.

S..
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Figure 39

H15TOGRRM OF OBSERV:TION5
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TABLE 2

Goodness of Fit Teat, for Lake City Port. Pressure Data

(After Some Regrouping)_

Expected No. 2
Interval Observed No. of Occurances .i-neýi
x 10 psi of Occurances nOi nOi

ft Fitted Nornima
N(1533, 36.6 )

1300 to 1390 6 1 25

1390 to 1426 5 2 4.5

1426 to 1444 8 5.6 1.0

1444 to 1462 13 17 1.0

1462 to 1480 35 45 2.2

1480 to 1498 41 91.4 27.8

1498 to 1516 146 146 0

1516 to 1534 217 164 17.1

1534 to 1552 236 185 14.0

1552 to 1570 135 139 0.1

1570 to 1588 44 84 19.0

1588 to 1606 41 41 0

1606 to 1660 15 21 1.7

Total = 942 Total = 942 Total = 113.4
V

( i .
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TABLE 3

Comparison-of Mean and Variance of

Chamber, Pressure from Five Manufacturers

(Data after Cutoff Date)

Manufacturers Chamber Pressure (Ball) Chamber Pressure (Tracer)-
Mean Variance 2 Mean Variance 2

x 100 psi x 10, 000 psi x 100 psi x 10 O00,0psi

Lake City 462 462 488 321

Twin City 461 217 490 236

Winchester 461 629 499 140

Remington 474 118

Federal 474 238

VA
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3.7 Time Series Analysis of Lake City Data after Cutoff

Time Series Analysis was carried out on Lake City Chamber

pressure data after cutoff. A total of 942,observations were

considered. The model was found to exhibit a nonstationary !

seasonal behavior. The fitted model is

22 23
2- 2B 23B )(1 -B)Zt = (1 - 0lB)at'

where Z is the chamber pressure at tth lot.
t

The estimated parameter values are
A

022 = -0.05613
A

023 = 0.1307
A

= 0.6651

The parameter confidence intervals are

-0.1169< 022 < 0.0046

0.0704 < ý23 < 0.1910

0.6161 < 0 < 0.7142

Even though the confidence interval on ý22 includes zero,

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

tained by its inclusion.

The correlation matrix is

_ 22 023 1

0.0319 1.0

0.0309 0.0312 1.0

The error autocorrelations and X test indicate the model

to be adequate.
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1-,• I ,

3.8 Analysis 'of Chamber Pressure Variance (LAke City and Twin City)

Chamber pressure variance withir each lot for Lake City and for

"• Twin City is plotted in Figures 42 and- 43,!ýqspoctively. The average value

o ftin o ainefrLk iyii1686(s)adfrTi iyi

2905842 (psi)2 Lake City,, therefore, haqs-i-sma•"•t~ o hme

pressure variance as compared to Twif;.ý,City.. If it were possible to assume

L that identical ball powder is supplied to both the plants, then this difference

in variance should, be attributed to variation in components and/or standard

testing procedures.

The method of cumulative sum is now employed to determine the under-

lying process. The results are shown ifl Figures 44 and 45. In both cases,

the trend is found to be toward a reduction of within-lot variance. This

'indicates the overall improvement in produption and testing processes, Twin

City shows a larger reduction as compared to Lake City.

AP

I IN
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S..... ......... Figure 43
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Figure 44
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I~¶. ~,diFigure 45
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4. CUTOFF DATE AND CONTROL LIMITS

4.1 Method of Approach

Pre sent control limits for ammunition production are wide 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 ba-ed upon

chamber pressure values after the process changes are completed (i.e.,

after the cutoff date), narrower control limits can be obtained.

Cumulative sum 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 limit.. 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

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

in process rather than to cyclic or chance variations.

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

process changes intended to.reduce the chamber pressure were

introduced. If the observed point of shift corresponds to

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

date.

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

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

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 plotb 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 shft is observed in the data from Winchester (Fig. 48).

Cusum plotting is now 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 sacisfy 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 o0 ±ots 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

plof. is known as the empirical cumulative distribution function

tempirical c.d.f.).

Only one sided (upper) control limit need to be calculated for

the 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 597

through 64. The calculated control limits are given in Table 5.
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Figure 54
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TABLE 4

Cutoff Date for Ball and Tracer Ammunition

_ _Manufac'_urer Cutoff Date
vnrBall Tracer

Lake City June 21, 1968 J.:•'uary 30, 1970

Twin City March 10, 1969 '.'ril 15, 1969

Winchester February 22, 1967 Nil

)• Remington Nil

• Federal Nil X
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Figtire 57
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Figure 59-
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Figure .60
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Figure 61
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Figure,62
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Figure 64
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", :,'':'*'• • TABLE 5

Control Limits for Ball and Tractir ("1.ambqr Pressure.

Manufacturer

Bal Tracer.

Lake City 49700 nsi 50500 psi

Twin City 49200 psi 51200 psi

Winchester 51000 psi 51600 psi

Remington 49800 psi X

Federal 50600 psi X
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5.1. Method of Approach

The capabilities,,pf c9ontMpora munton ~dcto r uh

that differences exist between different aminunition lots. Gun perfor-

mance is influenced by ballistic properties of ammunition,, therefore,

selection of proper ammunition loto for weapon testing is of Importance.

The ammunition responses that determine gun performance are not,

yet known. The present analysis aosumes that gun performance is governed

by chamber pressure and port pressu~re. The analysis of armn rition pro-

duction process indicates the presence of a cutoff date. Since the consider-

ation of ammunition lots from the production paxiod before the cutoff date leads

to more severe gun rqirent, ammunition lots from the production period

after the cutoff dote alone have been used to develop the selection criterion.

The analytical approach is to use a' pibabilisti6-c vlawpoint in select-

Ing those ammunition lots from normal prmductiora that are likely to give a

large variation in weapon performance. The analyeis is first detailf.4 Zor

ammunition from Lake City Ammu~rz3.tion Plant and a similar armlysis is then

carried out for Twin City Ammunition Plant.* The cutoff date for Lake City

is July 21st 1968 and for Twin City is October 3rd 1969.~ The anialysis for

Lake City is based upon a total of 942 lots,, covering a period from July 21st

1968 to January 1st 1971. A total of 411 lots covering a period krom
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October 3rd 1969 tb u 97 be]n~uset~i let~mminition

from Twin City.

5.2 Skaidtildri B&Wl-i'Von h&7*itbbr Pids66W1(Rd' bito)

Cha'ier Pressure from standardttests Lis assumed to control the

gun performance. Figuire 65 is the plot of Lake City chamber pressure

against the corresponding ammunition lots covering the period after the

n.*1 ý Q1114,11 '; '1 0 " il- - 4-
cutoff date. The &nge of chamber pressure readings (range = max.

chamber pressure - min. chaniber pressure) is subdivided into twenty

equal parts and the numiber of lots belonging to eachý subgroup is calcula-

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

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

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

Em'pirical c.d .f, is a plot of the cumulative sum of these probabilities,

plotted against the corresponding chamber pressure. The entire sequence

of calculations is tabulated in Table 6.

'I'66itaiber pressure 'controls the gun performance, then a large

variation in gun responses would be obtained by selecting lots with chamber

pressuie toward the high and the low ends of the spectrum. To these cate-

gories of High and Low lots another category of Medium lots is added to

determine gun performance that will be most frequent ly. met in practicet.
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~ TABLE_6-

HISTOGRAM AND CUMULATIVE DISTRIBUTION FUNCTION

LAKE CITY CHAMBER PRESSURE

Serial Number of Cumulative
Number Interval 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

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 13.168

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 donea.ording•tgtthe fogqWyiyg probabilistic-poiit 9f •ieVw. -A Iot Is

cia ~sisfied=.pFltgh tif,+he) p rpbabij~ity;+of gp~tting: a ,cham~be.r pres s~.ure• highier

than ýthe .qhaMbeK,,pressre,.of that; parýticular lot isj q%. Similarl4y, If the

probability of~gettingj a. chamber press sure lower than th4at of a pa ticuar

lot is 5%, the lot is classified as Low. Medium lot is one that is most

probable. High and Low lots, therefore, correspond to the 95 and 5 per-

centiles of the empirical c 4d. f. Medium lot corresponds to the mode of

the histogram. Another statistic that could be used to classify Medium

lotsis 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: 4415 0 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 Pressure (Lake City)

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

it is assumed that port pressure alone, governs weapon performance.
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FiguiM "68 is th-1fpl6t 6flo rt pre'sbire, dagnst',mifiuhitionth 'covering

thefpeod-,o ffhumitidfn prbdtction aftet, the •utbff date. Figure 69 -is

the histbg rao-f 'port prdesure, and -FIg .- 70 is the ermpiricl c.d.f.. - The

calculationsI are 'deitad, in -Table -8. ' The critical values of port pressure

for 6l•'ssifidatfoh 'intd the thteb-grouos are as follows:

High: 15921 psi

Medium: 15430 psi

Low: 14738 psi

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

dfiticaIlvalues.

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

k 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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T&BLE 7

Lot Selection (Based on Chamber Pressure Alone)

Lake Cit_

High Medium Low

Chamber Chamber Chamber
Lot Pressure Lot -Pressure Lot 'Pressure
No. psi No. ps.1 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

1-204 45300 1-1742 44300
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TAMS 8

"HISTOGRAM AND CUMULATIVE DISTRIBUTION FUNCTION

LAKE CITY PORT PRESSURE

Serial Number of Cumulative
"Number Interval Occurences Probability Probability

1 1300.0'0 to 1318.00 I. .001 .0.'01
2 1318.00 to 1336.00 0. .000 .001

3 1336.00 t6 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. .002 .008

7 1408-0'1 to 1426.0.0 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 1570.0.0 135. .143 .894

16 1570.0.0 to 1588.00 44. .047 .940

17 1588.00 to 1606.00 41. .043 .984

18 1606.00 to 1624.0'0 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

I
I
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Lot Selectigo"i-(aisl-'oe-dPort-'Pressure Alone)

-- , -Lake City_, .... .. ..

In.

40 !igh Medium I ow

Port ' Por,,' TPort
Lot,,.. Pressure. , Lot Pressure v *, Lot Pressure
No. psi No. psi " N6. psi

1.3,1:8 15870 1-359 1541.0 1-297 -214800

1-311i 15970 i' 1-338 15450 1-w2876 14900

1-308 15940 1-296 1539§ 1-285 14720

1l,9,8 15970 1-281- 15410, 1-261 1.4870

12247 15930 1-274 15440 l 1-217 14830

1-265 15410

1-250 15420.

1-239 154310

1-204' 15400

* r . 1-158 1543,0
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" (2)•..Gu..:•L~e.•r~n~nc..,,ism9Meikelyeto,(,bwcontroledibyohelret$,

n contro dqbythe parametersj

•,, iS,!9tp~m #sr•.er..time qUSV#•:it: is.Po~siblserthat• foMi'dferent• ., .,-.

>.: 1psureutime 9p .uryesvthe same chamber: pres sure valuedsobtained .oi

Se•¢anme tsaid'crsgardtng ithe! portleslsurew It 41s p.'therefore, -rither

,u)kelyt#hat gunrponrmanCewould: bedetermined by chamber proessure

alorwprpor pr.psurep.lone,.:. 4,

5.5 Selection Based Upon Chamber Pressure Port Pressure (Lake City)

It is considered more probable that gun performamce is govem~d

jointly by the chamber pressure and the port pressure. The final selection

is, therefore, based upon both the chamber pressure and the port pressure.

Table 1 9IO.s•..the biriate h~istogramobf chamber pressure ead p0t pressure

excluding the, utlays. Thiqqomputer generated table gives the, number of

lots belonging.to a certain chamber pressure range and a.certaiia port pressure

range. Forexampie, there.are 26 lots that have a chamberpressure between

45800 psi and 46100 psi and a port pressure between 15400,pst and,155,00 psi.

In this table theogroup width (A 1 ) along the, port pressure axis is-equal

to hagf, standard dev*aton (S.D.) and alongithe, chamber pressure axis

(A 2 ) is equal tc o9,e S..D,. :of chambertpressure. (The mean value of S.D.

is 1330 psi Jiqence, S..D,.omean chamber pressure =:1330/ 20k •300 psi).

The selected frequencies are enclosed in small rectangles inTabld 10.

Medium lots are the most probable, hence the central rectangle is so placed
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as t~oe~h ilu~'o

lots is pIaflMcrtbn.'Tee *lave

the. k i*I;[rt prs ua la~e~2~i~D. ~~hIMdt lotk'b~tý;thfkPham-

tion' the chamber- pressamr rsmnge is 2 S. D~afid-Iork"Tight Se1~dtti6ri

(shown by shaded rectangles) the chamber pressu~re range is 1 S.D.. -

Table I gkires the critical values of chamber pressure and port pressure in

12'ivi fiiseleicted lots ,for Tight Selection and 7h
5,, 6 Selection Based, Uvon Chamber Pressure ari otPesr Twin City)

to wirksimlinvapprobch is-hOw, uged-for 1Twin City d~iit&-,"Te T*ifi'-Cftk'

ch-pros sure~an&tport pres sure '*folrthe 1peridtf of, normal produc~tion are

it.plotted 4n.wFiquxres41-,ahd 12. F Ig' 73 givbs the histograirft-bfT1*1A Cltý

o.ýcW~nib6rfPrei~sur6(drfd UFiý);4<AthWe plot! of empfricel c.dCf. . Theiantitir;'

sei~enae-of ccalculations,. iWshown in 'Table 14. -The bivarlate histogram

of chamberjpressure~afid 'port-pre~ss1e is ý-shown in'Thble 15. , Table 16 in-

dicat-esl thei.crIticai~valubs for Normal and Tight.;Selectioni. The selected'

OIlotwfor Tight Sebdtion and -Normal Selection are included in Tables 17 and

Mire~!'sectivelyý
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"Figure 71

49% Ci'T•YB R ,P-RE.S3URF

5-4.6• - , -

4 -7 f! I

Cn- 4S_

44 0 .'0
H

'I,'-

C;') 4"7R, '

41 3 ..Ii.. I

.4.

•'4 2!.'0 P

* -

S,,, ,I, LLLLLIJJLLJ, _LL.. LLLLL','IL.'LLiLLLLJ.L...JJ
ItI. .. -,,.•300,.0 4004!,41, i -L. 1, I

3 4Ok



117

- F154gure 72 __
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"Figure"7 3
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F igure 74
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- TABL E.

HISTOGRAM AND CUMULATIVE DISTRIBUTION FUNCTION

TWIN CITY CH ER 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 1 50 12. .029 .910

16 482.50 to 4b/.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=411 Total=1

i9
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5. 7 Design 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 performance is governed by the copper crushev:chomber

pressure and port pressu e cha6ceterstics of he 7ammuuniti6) lot. Thi's

is not known to be true. iThe true ammunition parameters that 'contiol'

gun performance need to be deteri ined.1. iOicethe'se :paameters ar. known,

they can be substituted for chamber pressure and.port presgsure and ,the

analysis repeated to obtain proper'.ammunittonrrlots for wea'pontests.

Lacking a complete thedretical analysib at the present time, tfue

ammunition parameters can only, be determined expeimbentally.. To minimize,

experimentation, proper expertmental design technice s .have to be used.

One such experimental procedure is now illustrated.

Let us suppose that the effect of chamber-pressure and port pressure

on cyclic rate is to be determined. Figure 75 shows a-replicated 2. factorial

design with cyclic rate a's response. For tests at each of the four, points, two

ammunition lots are selected with their chamber pressure and port pressure

within the indicated ranges.. Since these ranges are"tw•o standard deviations

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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of chamber pressure-po t~oaction~oncyolic 1 rte lojust eight experi-

13 ments.

Such factorial and/or frectiona! factorial desigr~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.

F
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Figure 75

(Lake City)

3

14

N

1Chamber Pressure 2

Test Poi•tp C ritical Pressure. Ranges for Test Lots

Chamber Pressure Range Port Pressure Range
(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

V•I;
,i*N-,~



129

6. DETERMINATION OF PROPER NUMBER OF TESTS

FOR ESTIMATING AMMUNITION PARAMETERS

6.1 Method of Awppoach

To obtiing6od 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 Lests are conducted, the parameters would be estimated with

large variance. On the other hand, conducting more than necessary

number of tests involves unnecessary expenditure. There is a need to ob-

tain an appropriate 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

desired precision is r = 1 and the experimental error is known to
12

be 02 , then the required number of tests 'n' to get the desired precision

is given by

n = 02 / a 2

The chamber pressure is then estimated by the mean of these n
2

readings. The mean has an error variance of a1 which is a prespecified

value. The only unknown quantity is 02 -- the error variance for each test.
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2
Hence a has to bexiermentally.detdriminfebihe experfmental error is

a function of the foioWvfng; ..

(1) The parameter or parameters to be estimated, i.e,. the error in-

volved inp the measutement of chamber pressure can be different

from tho-error In-the measurement of port pressure.

(2) Expermqntal setup which Includes variables like barrels, measur-

ing,,devices, (copper crusher, piezo) cartridges from different

manuýfct.rers etc.

(3) Inherent variability of the manufacturing process in producing a lot

of ammunition. Table 13.indicates that lots belong to the HIGH

,,cMtegor have a somewhat larger chamber pressure standard

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

If the pbpulation of ammunition lots is considered to be homogeneous,

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 _S2uential Procedure for Estimation of Experimental Error

A sequential procedure is now illustrated by which an estimate of

experimental error can be obtained. Figures 76, 77. and 78 are based upon
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20 individual copper crushr 'chamber •ossure r=diqgs per lot. Tho data

were obtained from B.A.A.P. Figures 79 and 80 are based upon 10 individ-

ual piezo peak pressure readings obtained from Frankford Arsenal. Tho 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 tests. 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 variance

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. In view of the analyses conducted above,

this estimate of standard deviation has a large variance asco-

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,'stPies An the manufacturing process.t 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 a given ammunition.

7.1 Time Series Analysis of Prblellant 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 arm ob-

tained by adjusting the charge weight to obtain muzzle velocity close to

325 0 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 pressam 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 of the first difference of the original series

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

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

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

model is, therefore, identified as*,i
Ii
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Yt-Yt-t I (I-0B)at = at -Gat_

Where

mYt vhamber presvure ifr th6 th 'lot'

.. , ,.•. •: ... a w=NID.(9,o 2 )

'J, = parameter to ibe estimated

The value 6f 0 is found by no*nlinear estimation and is 0.8892.

Fig, 85 shows the plot of the residual aI s. 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

Yt - Yt-1 = (1-0.54253)at

where

Yt = charge weight for the tth lot

a t-.NM (0, 02).

These models are subject to the following limitationx

(1) Testing is done using components from five different manufacturers.

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 de:strdent characteristics. If it can be assumed that the

_ successive propellant lots are used at-the ammunition plants, the depen-

dencyo.between propeilant lots would cause, to a small extent, the suc-

cessive ammunition lots to show correlated charactertstics.

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

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

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

-ir4anufacture. 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

compa!1sox. of the two results wuuld indicate the changes in powder proper-

ties during t.e elapsed time.

Table 19 gives the propellant lot acceptance test results from

B.A.A.P., conducted with Lake City components. Table 20 gives the cor-

responding results from Lake City. Table 21 is the subtraction of Table 20

from Table 19. Tables 22, 23 and 24 give similar results with Twin City

components. It can be observed that the quantities in Tables 21 and 24 have

small magnitudes and random variations in signs. The conclusion is that

powder properties, in terms of the riepon*es considered, do not seem to

change during the period of few m•onths between the two testing dates.
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_ _ _ _ _ _Figure 82(a)
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Figure 82 (b)

SAMPLE PPRTIAL CORRELAiTION
FOR THE SERIES OF CHAMBER PRESSURE DATA FROM BAAP
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Figure 84 (a)

SAMPLE RUTOCORREL.RTION
FOR THE FIRST DIFFERENCE OF THE SERIES OF

CHAMBER PRESSURE DATA FROM BAAP
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Figure 84 (b)

SSAMPLE PARTIPL CORRELATItON
FOR THE FIRST DIFFERENCE OF THE SERIES OF CHAMBER

PRESSURE DATA FROM BAAP
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Figure 07 (a)

SAMPLE :UTGCCRREL-AT1ON
FOR THE SERIES OF CHARGE WEIGHT DATA FROM

BAAP
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Figure 87(b)

8f"SAMPLE P:lRTIPL CORREL.TCNG,
FOR THE SERIES OF CHARGE WEIGHT DATA FROM BAAP
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Figure 89 (a)

SAhMPLE R UTOC 0RREL. PT OiN
.FOR THE FIRST DIFFERENCE OF THE SERIES OF

CHARGE WEIGHT DATA FROM BAAP
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TABLE 19

PROPELLANT LOT ACCEPTANCE TEST RESULTS FROM BAAP

Corrected Corrected
Charge Corrected Chamber Port

Date Propellant Weight Velocity Pressure Pressure
Fired Lot No. (Grains) (fps) (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 46-100 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 4*5900 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
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TAOLE 19 Cont'd

corrected Corrected
Charge Correfted Chamber Port

Date Propellant Weight Velocity Pressure Pressure
Fired Lot No. (Grains) (2-s) (psi) (psi)

3-23-70 46520 27.2 3255 47000 15100

5-12-70 46529 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 15'500
27.59 3246 46240 15588
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TABLE 20

PROPELLANT LOT ACCEPTANCE TEST RESULTS

FROM LAKE CITY AMMUNITION PLANT

Corrected Corrected
Charge Corrected Chamber Port

Date Propellant Weight Velocity Pressure Pressure
Fired Lot No. (Grains) (fps) (psi) (psi)I 1970

2- 6 to
2-13 46362 27.9 3237 45440 15600

1-30-70 46364 27.95 3252 47000 15400i

1-26 to 46366 28.0 3271 47200 15700
1-30

3-31 to 46412 27.8 3244 46022 15500
4-8
2-26 to
3-3 46414 27,75 3249 45677 15380

2-13 to 46416 27.9 3223 44700 15310
2-17

4-8 to 46418 27.7 3238 44955 15510
4-15

4-29 to 46425 27.8 3242 45444 15300
5-16
2-17 to 46427 27.8 3243 44477 15530
2-24
3-5 to 46430 28.1 3243 46360 15350
3-10
3-10 to 46881 27.85 3240 45833 15370
3-13

5-7 to 46883 27.8 3257 45625 15440
5-13

3-16 to 46886 27.8 4356 45622 15610
3-24

3-24 to 46890 27.0 3240 45211 15320•<"i 3-30

4-15 to 46893 26.9 322 8 45325 15370
4-21

"•4-22 tO 46900 26.9 3250 45566 15440
"4-28

I '
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TABLE 20. Cont 'd

Corrected Corrected
Date Charge Corrected Chamber Por

Fired Propellant Weight Velocity Pressure Pressure
11,]70 Lot No. (Grains) (fps) (psi) (psi)

5-14. to154
5-19 46507 27.5 3234 44488 154465-19

5-21 to 46508 27.5 3246 45420 15271
5-26

5-27 to 46514 27.7 3245 45400 15387
6-14

6-5 to 46515 27.3 3253 45666 15310
6-11

6-12 to 46516 27.1 3237 46033 15116S~6-26

6-18 to 46517 27.2 3234 46300 15080
6-24

6-29 to 46520 27.1 3250 46636 15150
6-30

6-30 to 46529 27.6 3258 46009 15350
7-13

7-14 to 46607 27.9 3248 46212 15300
7-22

7-22 to 46609 27.7 3242 46044 15250
7-27

7-27 to 46611 27.3 3243 45588 15480
7-31

27.59 3244.5 45700 15374

RP1
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DIFFERENCE IN SULT AN1
UE CITY ABU NPLANT RSULTS

(BAAP - LA"KE CITY)

Difference Difference Difference Difference
Time in charge in in chamber in port
Lag Propellant weights Velocities Pressures Pressures
(Months) Lot No. (grains) (fps) (psi) (psi)

6 46362 0 7 340 100

5 1/2 46364 -0.05 -9 -300 300

5 1/2 46366 -0.10 -31, -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 46893 -0.1 22 -125 230

3 1/2 46900 0 -5 134 -240

3 1/2 46507 0 18 2412 -416

3 1/2 46508 -0.2 -2 -120 329

3 46514 -0.1 3 1100 313

3 1/2 46515 -0.1 -6 -66 390

3 1/2 46516 -0.1 10 2767 -16

"3 1/2 46517 0 10 1600 520

3 46520 0.1 5 364 -50

2 46524 0.2 -10 -609 350

1 46607 -0.1 -4 488 200

S1 46609 0.2 3 -244 550
1/2 46611 0.1 12 1412 20



TABLE 22

PROPELLANT LOT ACCEPTANCE TEST RESULTS FROM BAAP

Corrected Corrected
Charge Chambor Port

Date Lot Weight Velocity !Pressure Pressure
Fired Number (Grains) (fps) (psi)1  (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 15400

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 156Q0

7-28-70 .46617 26.9 3244 46400 15200

7-2-70 466*18 27.1 3253 45700 15100

8-4-70 46620 27.3 3254. 46500 15600

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 46.958 27.2 3251 46300 15400
2r7~9 T2-T6 47F 59



156-A

TABLE 2L

PROPELLANT LOT ACCEPTANC? TEST RESULTS

FROM TWIN CITY AMMUNITION PLANT

Corrected Corrected
Date Charge Chamber Port

Fired Lot Weight Velocity Pressure Pressure
1970 Number (Grains) (fps) (psi) (psi)

6-1 to 46522 27.4 3243 45920 15484
6-11

6-15 to 46524 27.2 3242 45500 15162
6-22

6-22 to 46527 27.3 3246 46180 15432
6-29

6-30 to 46528 27.0 3248 46400 15170
7-9

7-12 to, 46530 27.4 3244 46100 15207
7-15 t

7-16 to 46610 27.3 3234 45200 152407-27

7-30 to 46612 27.3 3252 46150 15360
7-31

8-4 to 46613 27.3 3241 45740 152548-12

8-13 to1508-19 46617 27.1 3232 46475 151508-19

8-21 to 46618 27.0 3248 45220 15272
8-31

8-31 to 46620 27.3 3241 45325 15375
9-8

9-8 to 46621 27.4 3257 46300 153859-16

9-17 to 46624 27.8 3237 44425 15648
9-23

10-2 to 46625 27.5 3251 45300 15490
10-8

9-24 to 46938 27.4 3244 44575 15815
9-30

10-12 to 46940 27.5 3249 44750 15460
10-15
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TABLE 23 Cont'd

Corrected Corrected
Date Charge Chamber' Port

Fired Lot Weight Velocity Pressure Pressure
1970 Number (Grains) (rps) (psi) (psi)

10-16 to 46942 27.3 3241 46000 15270
10-26

10-27 to 46944 27.4 3255 46225 15245
11-3

11-4 to 46945 27.7 3248 44400 15605
11-10

11-17 to 46946 27.7 3248 46220 15382
11-18

11-19 to 46948 27.5 3243 46400 15205
12-1

12-1 to 46949 27.2 3244 45900 15425
12-11

12-12 to 46953 27.0 3242 46180 15140
12-17

12-21 to 46956 27.2 3234 46125 15223
12-23

12-28 to 46958 27.4 3243 47133 15217
12-30

27.34 3244.28 45765 15342
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TABLE 24

DIFFERENCE IN BAAP RESULT AND.

TWIN CITYAMMUNITION PLANT RESULTS

(BAAP - TWIN CITY),

Difference Difference
SDifference Differende in corrected in cOrrected

Time in charge in Chaniber Port
Lag Lot weight Velocities Pressure Pressure

(Months-) Number (grains) (fps). (psi) (psi)

2 46522? 0 14 180 -84
2 46524 -0.1 0 900 -62
2 46527' -0.3 8 -980' -32
2 46528 0.1 -6 2100 -70

1 1/2 46530 -0.1 0 -1300 293
1 46610 0.4 11 300 560
1 46612 0.i 2 -950 340
1 46613 -0.1 4 860 346

1/2- 46617 -0.2 12 -75 50

1 466.8 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
1 469,40 0 -1 -450 240
1 1.46942 0 +7 -1300 -70
11 46944 0.2 2 275 255
1 46945 0.2 -7 600 195

1 1/2 46946 -0.1 +3 1180 -82
1 1/2 46948 -0.1 7 -1200 195

2 46949 -0.2 11 -2000 -125
1 1/2 46953 0.1 -2 -1680 -240

2 46956 0.42 20 -25 377

2 46958 -0.2 8 -833 183
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8. CONCLUSIONS AND SUGGESTIONS

8.1 Summary and Conclusions

(1) 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.

(2) Copper crusher deformation can be considered as a

weighted integral of piezo pressure-time curve.

(3) Different responses from piezo and copper crusher

are correlated. The correlative structure is given

in Section 2.5. Correla.ion 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 which crusher data fail to show. This time trend

could be significant from process control viewpoint.

(4) Acceptance test data are found to contain time trends,

in par •icular, there seems to exist a 'point of shift'

after which the data become relatively stationary.

(5) Method of cumulative sum, with reference constant

equal to the mean of the series of data, is found to

give the best visual picture of fhe point of shift.
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(6) Data after the point of shift are found to bp non-

stationary and Qt.erefore, nonmormal. They are also

autocorrelated.

(7) Analysis of chambeL pressure data from different

manufacturers indicates the mean chamber pressure

to be quite alike. The chamber pressure variance

varies considerably, from 118 x 104 psi2 for Reming-
4

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-

'.arce for Twin City is 29 x 105 psi2 and for Lake

5 2City is 17.6 x 10 psi In both cases, the trend

is toward a reduction in variance, indicating con-

i tinued improvement in production and testing proc. 3es.

(8) The cutoff date and the corresponding control limits

fur the data from five manufacturers are given in

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

control limits are found to be lower than the standard

control limit of 52000 pqi, by about 2000 psi.

(9) It is round that different lot selection can result

if aamuni.ion selection for weapon tests is based on

chamber pressure alone or port p- ssure alone. Lot

select.on is therefore based cn the bivariate histo-

gram of chamber pressur,. and port p essure.
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(19) The selected ammunition lots f.rom Lake City are

given in Section 5.5 and the selected lots from

Twin City are given in Section 5.6,

(11) In acceptance testing, stadard, deviation is

determined from twenty tests. It is found that

twenty tests are too less for a proper estimate

of experimental error.

(12) Propellant lot characteristics are found to be

serially correlated.

(13) Comparison of ammunition data from B.A.A.P. and

loading plants indicate no change in propellant

characteristics di.ring the elapsed period between

the tests.

(14) The model building approach of Appendix I appears

to be the correct way to interpret interior ballis-

tic phenomena.

8.2 Recommendations for Future Work

(1) To compare copper crusher and piezo m4ethods as a

means of standard testing, following analysis should

be conducted.

(a) Cost analysip for the two mnethodc should be

carried out. 'his would involve hhe deter-

mination of proper nu)ber of tests to be

conducted by each method. Approach of

K h i ', •



161

Chapter 6 can beused for thls purpose.

(b)* An analytical expression for copper crushei

deformation should be obtained to see if it

is a good estimate 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 pessure inside the barrel. Such a mea-

sure could then replace the present measure

of crusher deformation.

(2) 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.

(3) Analysis in Chapter 6 indicates that 20 tests are not

sufficient for proper estimation of experimental error.

F'urther analysis should be conducted to determine the

proper Aumber of tests necessary for acceptance testing.

V -• (4) Extensive data analysis should be undertaken to deter-

mine if identical results ire obtained at P.A.A.P.

and Loading Plants. For this purpose, 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 aoceptance testing.
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(5) Efforts directed at building a model for interior

ballistic of guns are likely to be fruitful. Such

a model would help explain the observed ballistic

,,henomena and suggest likely changes for improve-

ment in the weapon system.

It

-OM

K.II
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APPENDIX I

EMPIRICAL-MECHANISTIC MODEL FOR INTERIOR BALLISTICS OF GUNS

Introduction

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

Models for physical systems can be classified into three

broad categories - theoretical, mechanistic and empirical.

Theoretical models are based entirely on theoretical consider-

ations and presently do not seem feasible for interior ballis-

tics. Mechanistic models assume a considerable knowledge

about the system so that the functional form of the model

can be derived. The parameters of the model are then



164

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 empirical-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-

ques 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 mode]. 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 results
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analyzed using response surface methods. But the experi-

mentation 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, so the flow is one dimensional.

V, A (3) Coulomb friction between projectile and barrel asv%. well as the resistance due to compression of air

ahead of the projectile is neglected.

V-W
(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.

•4
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B. 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. Gases and powder are trapped between the sealed

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

ource8 inside the volume behind the piston (Fig. 1). The

motion of the piston and the pressure changes constitute

the objects of the solution to this problem.

Barrel Projectile

" - /" /* 7." / // .- / ,
S... / , / , '- /

Figure 1

C. Method of Solution

The Lagrangean approach is used for the solution of this

problea. That is to each fluid particle, the Lagrangean

coordinate x is assigned to be its distance from the sealed

end at time time t = 0. Then at any instant of time, t,

its location is given by the function R(x, t). The funda-

mental equations governing the motion of gases are the

equations (W) through (5).
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Fluid Equations:

(1) 3R = U Velocity ýquation

(2) au -Vo Momentum Equation

S(3).t -p + Energy Equation

(4) V = V Continuity Equation0•x

(5) E = f(p,V) = PV 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, V is the reference specific volume. These equations

can be directly used in the case of instantaneous burning

but they used certain modifications for finite burnipg rate.

These equations of fluid motion are combined with the

equation of motion of the projectile, given by

2
d R P P-A

m

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

sectional area.

J o
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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 placed

at a known distance from one another.

•i I ~A Projectile
94

r./.

Io cn. , I Q

Chamber Barrel Time

° Fig. 2 (a) F•y 2 (b)
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In terms of the experimental data, the'present model

building problem is to determine an appropriate functional

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 burns before

the projectile starts to move (instantaneous burning).' The

resulting pressure-time history is shown in Fig. 3, curve

(i). Obviously this model does not explain the experimental

data. As a matter of fact the curve (i) suggests a model

for Q such that only a portion of the explosive burns before

the projectile starts to move, and that the rest of the powder

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-

;, jmental 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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pressures in the beginning suggests the use of slower burn-

mina -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

proportional to the surrotinding pressure; and this looked to

be an ideal functional form for Q because initially the pres-

sures are low so a smaller burning rate would be obtained and

as thelpressure starts building up, the burning rate would

become higher. The resulting pressure-time curve is shown

in Fig. 3, curve (iii). It is apparent by observing the

similarities in this curve and the experimental curve that

by suitably estimating the proportionality constant, the

experimental curve can be explained except for the portion

near the peak. The discrepancy shows that Q 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 ar4a of the powder should go on reducing. It was also

known that a deterrent coating is applied on the powder and

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 (1-a) x 100% of powder has burned

= HP x RMBC' x P x surface area, for the remaining portion

of mass.
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RMBC and RMBC' are suc~h that the two equations yield

the samne Q when transition takes place. HF and P are res-

pectively .he calorific value and the pressure. The result-

ing pressure time %.urve is given in Fig. 3, curve (iv). It

is apparent that this curve explains the basic nature of the

experimentaj cqrve. Now it was thought worthwhile to esti-

mate the parameters a, RMBC, and the Primer energy (taken

as the small amount of energy instantaneously available at

the start ot combustion) to get the best possible fit. In

Fig. 4 the five available experimental curves are sketched.

On the assumption that the errors are NID(Q, a2), 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-

Smined. Figure 5 shows the pressure variation along the

length of the barrel. Figure 6 shows the breach pressureK 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.

h The figure also shows the variation of projectile velocity

along the length of the barrel. The predicted muzzle velocity

is found to be much lower than the actual muzzle velocity.

The "driation of breach pressure and projectile 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

a = 0.3491 PRIMER = .1504 x 10-11 RMBC = 2.385

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

RMBC : (2.378 to 2.392)

Correlation matrix a PRIMER RMBC

1.0 -. 38 -. 19

1.0 .06

1.0

Analysis of Variance

# of obs, = 41 x 5 202, # of parameteps = 3

Residual sum sq. = .27845 x 1016, d. f. = 202

Puze error sum sq. = .02649 x 10 1 6 , d. f. = 4 x 41 = 164

Lack of fit sum sq. = 0.24856 x 1016, d. f. = 38

Therefore,

F statistic = .24856 x 10 /38 40.6 (38,164 degrees

.02649 x 1016/164 of freedom)
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looking into F tables, for 10% significance level the

corresponding F value is approximately 1.30. The model is

found to be inadequate.

Analysis of Residuals, Diagnostic Checking

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

quate, as also seen from the 1 test. Additionally, the trend

in residuals shows where the inadequacy lies and how to im-

prove upon it.

(a) The fitted values are consistently lower in the

initial part of the curve. This may mean

(1) higher initial burning rate

(2) increased engraving force

(3) Increased priier 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 nres-

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

vance to the experimental conditions because of

the possibility of some time lag.

(c) The fitted values have a large curvature near the

peak pressure as compared with that of the experi-

mental data. A smaller burning rate near this

point would remedy this situation.

(4) The effect of the assumption of lack of heat trans-

fer and the energy equation used should be examined

further.
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(e) The above modifications are expected to also

take care of the onq sided residuals in the.

I position of the curve where the pressure is
dropping.

Note on Estimation Procedure

It is more realistic to take the errors to be correlated

when data is obtained from one experiiental curve. However,

from one experimental curve co the nemt experimental curve,

the errors can be assimed 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

g3ocedwre followed so far. This is because when the estima-

tion is done with the pressure response alone, the expected

velocity corresponding to the best fit is about 15% smaller

than the observed velocity. Hence if the estimation is carried

out with only the response velocity, a disjoint confidence

region 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%." in

several ways. Some cf the uses are based upon the fact that

the model explains observed data.' Others stem from the me-

chanistic aspects of the model that permit meaningful extra-

polation.

(I) The model can be used to simulate the interior ballistic

performance of a weapon for any given, set of initial

conditions. This is especially useful in situations

where actual experimentation is difficult, as in eva-

luating the effect of holding force.

(2) The model is useful for process optimization. For exam-

pie, burning characteristicscan be optimized to Yield

the desired muzzle velocit, with small internal pressures.

An anticipated problem in this regard is the development'

of a suitable objective functi6n 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

disturbances entering the systcm, the process would

c continually deviate from the optimum necessitating an

efficient testing procedure. Such a testing'procedure

should detect changes quickly and also point out Ossignr

"able causes.

1 0The empirical-mechanistic model can be used to esta:4i~sh

such a testing procedure. The effect of different
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process vari1les on (say) piezo pressure-time cur"e

can be ,simulated using this model. The observed

pre.sure-time curve would then indicate the process

variables :that need to be,*adjtisted. It is possible
tha.t several process variables might influence the

piezo curve"in the same fashion thereby making ietect-

ion difficult, This difficulty mg.qht be circumve•nted

by considering multiple responses that distinguish

between the effects of different process va-iailcs.

1(4) The empirical-mechanistic model can be used to make

small scale replicas of large weapons, thereby reducing

cost of weapon testing.

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

radically different experimental weapons or powders.

For example, the effect of encapsulation or of propel-

lants with lo~ver molecular weights or of multiple charges.

can be studied with this model. The model can be used

to determine process changes that would lead to increased

velocity. Such inferences 4-':e possible only because

the model is based upon mechanistic consieerations.

'5
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S~183
COPPER CRUSHER AND PIEZO DATA FROM FRANKFORD AND B.A.A. P.

F4ANKFORD ARSENAL TEST DATA

Special Ammunition Tests

Cartridge - 5.56mm (Ball)
0

Temp. - 70 F

Pressure
Peak Pbrt Peak Chamber Time Action

Round Pressure Pressure Velocity Integral Time
# (x100p~i) (x 100psi) (fps) Slope (psi-sec) (MS)

. 139 465 3161 3.376 27.93 1.16
Lot
LC12604 2 %30 490 3207 4.165 27.40 1.237

(3i_•) 3 125 465 3158 3.376 28.79 1.191

4 130 500 3192 3.606 29.43 1.148

5 2125 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

8 X30 475 3180 3.487 29.04 1.29

9 1120 485 3176 3.376 29.20 1.164

10 130 495 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

4 120 495 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 28.90 1.316

10 125 515 3225 3.376 28.68 1.244

.- - -
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APPENDIX II (B)

BADGER DATA (COPPER CRUSHER)

COMPOSITES

COMPONENT - TWIN

_CX.IBER - 5.56 MH (BALL)
TEMPERATURE = 700F

Velocity Velocity
from from

Chamber Velocity Pressure Charge
Coating Pressure Barrel Barrel Weight

Date Ccposites (xl00psi) (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 27.6

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

7-21-70 254 432 3253 3182 27.5

7-21-70 255 479 3246 3189 27.6

7-21-70 256 420 3239 3179 27.9

7-22-70 260 438 3255 3215 28.1

7-22-70 261 455 3241 3216 28.3

7-27-70 263 453 3245 3200 28.3

7-27-70 265 435 3247 3187 27.7

7-30-70 264 483 3253 3213 26.5

7-31-70 267 482 3249 3221 28.0

8- 4-70 266 479 3254 3272 28.0

8- 4-70 268 489 3254 3216 2d.5
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Velocity Velocityfrom from
Cbamber Velocity Pressure Charae

Coating Pressure Barrel Barrel Weight
Date Ca~pcaites (xl00psi) (fps) (fps) (Grains)

8- 4-70 269 449 3239 3201 26.5

8- 4-70 270 491 3250 3213 28.0

8- 4-70 271 461 3240 3230 28.3

8- 7-70. 272 461 3254 3210 28.1

8- 7-10 273 447 3252 3199 27.9

8- 7-70 27t 439 3242 3198 26.5

8- 7-70 275 419 3255 3192 27.9

8- 7-70 277 485 3254 3235 27,8

3-10-70 276 460 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 27.9

8-24-70 289 455 3250 3206 25.9

8-24-70 290 428 324A4 3214 27.8

8-24-70 291 467 3249 3227 27.3

8-24-70 292 447 3254 3214 27.9

8-26-70 293 448 3242 3222 27.5

8-26-70 294 499 3246 3231 26.0

8-31-70 296 441 3252 3233 28,0

! & 8-31-70 298 449 3249 3216 27.8

9- 3-70 297 467 3241 3222 27.6

9- 3-70 300 487 3246 3235 27.5

9- 4-70 301 474 3249 3130 26.2
0

9- 4-70 302 444 3252 3.128 27.8

"9- 4-70 303 459 32-43 3240 "'7.9

0"
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Velocity Velocity
'ýfrom, from

Chamber Velocity Velocity Charge
Coating Pressure' Barrel, Barrel Weight

Date CPpositas. (xl0opsi) (fps) (fps) (Grains)

9- 4-70 304_ 477 3242 3242 27.8
9-- 4-70 308 432 3245 1234 27.8

9- 9-70 309 477 3240 3233 27.1
'9-9-70 314 444 3245 3212 27.5

9-11-70 306 473 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

9-23-70 315 457 3240 3199 28.2

9-23-70 316 432 3256 3204 25.9

I 9-23--70 324 443 3245 3213 27.6
9-24-70 320 453 3251 3241 28.5

9-24-70 326 451 3250 3234 27.9

9-25-70 317 538 3252 3246 26.1
9-25-70 319 F03 3252 3230 27.6

9-25-70 335 462 3238 32224 26.1

MEE.
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BADGER DATA (Piezo Transducer)

Composites

Component - Twin

S... .. Caliber - 5.56nmm (Ball)

Charge Weight Sames As In Copper Crush

(x 100 psi)125"

Coating Peak Chamber Velocity Velocityo Peak Chamber
date cEmposites Pressure (fps)700 (fps) 125 Pressure

7- 3-70 244 504 501

7- 7-70 241 545 3256 3295 550

7- 9-70 243 504 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

7-14-70 250 535 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 $26

7-22-70 260 520 3239 3281 535

7-22-70 261 505 3229 3288 531

7-27-70 263 510 3227 ý284 521
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(xc 100 p;si)70 0  N ( 100*psi)1250

Pea• Chamber Velodity~. .Velocity0  Peak-Chamber
-4(Ifps),70 (fps12S5 Presgute

7-27-70 265 498 3206 3274 525

7-30-70 264 494 3225 3260 513

7 31-70 267 516 3216 3274 546

8- 4-70 266 519 3252 3289 525

8- 4-70 268 494 3194 3263 53-1

8- 4-70 269 505 3204 3303 567

8- 4-70 270 501 3179 3244 529

8- 4-70 271 488 3206 3267 538

8- 7-70 272 469 3149 3264 533

8- 7-70 273 493 3182 3245 521

8- 7-70 274 501 3198 3270 539

8- 7-70 275 492 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 31i8 3258 522

8-17-70 284 481 3175 3217 504

8-17-70 285 492 3206 3251 510

8-21-70 286 499 3170 3271. 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

8-24-70 292 502 3188 3245 566

,
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ýZW.sq 001 (x 100 psi)70° P (x 100 psi)125"
"Cdat1g .. s Peak 'Chamiber IVeoloditk, Velocity0  Peak Chamber

Dflate! Co Mosi.teS Pressure (f sa70 (fs)125 - Pressure

8-24-70 292 515 3207 3225 535.

8-26-70 293• 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-;0 304 548 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

9-14-70 313 519 3218 3314 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 3,244 3315 595

9-25-70 319 536 3229 3297 585

9-25-70 335 490 -1214 3293 578
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'APPENDIX, it(D)__

BADGER DATA (Piezo Trans ucer)

COMPOs.9TE.,

COMPONENT - TWIN

"CAIRIER - 5.56 (BALL)

TMPERATURE - 70OF

'Cqmposites Slope "!•gnition

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

Ij A
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BAWEBR DATA (coni1rswCRUSHER)

For Twin Cit'

Caliber - 5.56mm(Ball)

Temp. - 70OF

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

§



APPENXý 1. (F), 9192
BADGER Da&A' :'4•)PPER. CRUQHER)

Hand Blends-.

For Lake Cityv

Caliber - 5.56nmm(Ball)

Temp. - 70°F

"Char'ge Velocity Chamber VelocitySample Coating Weight (Vel. Barrel) Pressure (Pressure Barrel)

No. Date (gratne). (fps) (psi) (fU2)

HB-646 7- 7 28.0 3240 440 3230
HB-647 7- 7 27,.9 3251 472 3232

HE-648 7- 8 26.90 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 477 3254

HB-667 7-30 27.8 3248 464 3209
HB-679 8-10 28.2 3248 454 3222

HB-688 8-21 27.4 3249 461 3250

HB-695 8-27 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 28.0 3245 455 3256

HB-730 10-2 27.4 3245 462 3265
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Hand Dlendxph,,

:19

2 For Twin Citv

Caliber - 5.56(Ba11)

Temp. - 70°P
Charge Weight Same

as for Copper Crush

. . P..eak. Chamber Pressure-time
Sample Coating Pressure Velocity Integral Ignition

SNo. Date (psi) (fps) (psi-sec) Slope (ms)

i HB-644 7- 2 547 3250 27-773 2.111 0.23

HB-657 7-16 540 3232 25-420 2.179 0.24

11HB-662 7-24 514 3215

SHB-663 7-27 481 3168 x x x

I HB-666 7-28 514 3224 x x x

11HB-674 8- 4 483 3180 26-470 1,625 0.29

! HB-678 8- 6 489 3172 26-456 1.516 0.30

HB-680 8-17 491 3200 26-940 1.799 0.25
ZB-692 8-25 525 3220 26-039 2.050 0.30

HB-697 8-31 530 3216 26-287 1.927 0.30
111-717 9-18 511 3237 25-420 1.958 0.29

HB-719 9-93 537 3233 26-955 2.267 0.28

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

J

J
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BADGER DATA (PIEZSO TRANSDUCER)

Hand Blend .

For Lake City

,~.,Caliber U.5mm (dift)

Temp. -70
0 PF

•Charge oweight Same
$ as for Copper Crush

Peak Chamber Pressure-time Ignition
Sample Coating Pressure Velocity Integral Delay
No. Date (si).. (fps) (psi-sec) Slope (me)

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 29-307 1.884 0.19

HB-652 7-13 542 3243 28-813 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

HB-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



Appendix III

Data for Sequential Varilan'jce'tstidmation

Ch•,•essurq Data from-SAAP Piezo Data from (psi)
,Si) .. .Prankford Arsenal

Serial Lot r Lot, Lot
Number 46881 46893 46626 LC12604 LC12594

1 4d460 45000 43700 46500 48500

..w j 2 4J5.00 44300 43200 490001 !50500

"3 43600 42900 44900 46500 51000

4 45200 44900 44700 50000 49900.

5 45600 44600 43600 48500 52000

6 46600 44700 43800 49500 51000

7- 45800 45300 45700 48500, 51000

81, 46400 44500 45100 47500 51500

9 44700 45200 44300 48500 51500

10 48100 44700 45900 49500 51500

11'ý 46300 42700 45500

12 44000 44400 43800

13 46100 44200 42800

14 47100 45700 42800

15 45400 44900 46700

16 45200 42700 45700

17 47500 43200 44100

18 43800 43300 45100

1, 19 43800 43400 43800,

20 47000 46100 42800

I
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PROPELLANT' CHARGE WEIGHT AND CHAMBER

---- PESWM.EDATA-F.R43AA.M

:. ý'f 'tiCharge Corrected MeaA,
Date, k.-'t~. "J'.weigIht. ChamIberPressure

* Fired-. Lot No, -Component* (Grains) x 100 psi

12-31-68 4 574 7 LC 26.9 479

1-10-69 45748 TW 26.8 475
1-14-69 45749 TW 27.2 490
1-16-69 4575,0 LC 27.3 492
1-16-69 45750 FA 27.0 495.
1-22-169 45751 TW 27,2 467
1-27-69 45,752 TW 27.3 479
2- 7-69 45753 TW 27.2 476

12-"11-69 46ý94 T1¶ 27.3 471
2-13-69.' 46,195 LC 27.2 489
2-17-69 46196 TW 27.6 482
2-18-69, 46196 LC 27.9 480

2-21-69 4619,8 TW 27.4 467
2-22-69 46199 LC 27.6 473
2-24-69 46200 LC 27.p 482
2-26-69 46201 TW 27.3 4 471
2-28-69, 46202 TW 27.3 472
3- 4-69 46203 LC 27.1 458
3- 5-69 46204 TW 27.2 456
3- 6-69 46205 TV 27.0 445
3-12-69 46206 LC 27.0 488

S3-17-6p 46.207 TW 26.9 445
• 3-18-69 46208 TW 26.9 457

3-20-69 46209 LC 27.2 455
3-21-69 146210 TW 26.7 449
3-24-69 46211 TW 27.1 450
3-25-60 46212 LC 27.3 469
3-27-69 46213 TW 26.6 462

S"

i',



-~- X97

Date69' KM : "", •,'Weight Chamber Pressure
Fi-t~dLbtqnb. C.c, ponents-.,'Grains) x 100 psi

4- 7-69 4621 26.8 4716'

4- 7-69 46215 TW 26.7 4'55

4- 9-69 4606 TW 26.5 4'82-
4-10-69 46hi TN 26.8 481

4-11-69 4 LC 27.1 480,

4-16-69 46219 TN 26.8 470

4-17-69 4612 LC 27.3 448:

4-22-69 46221 TW 27.0 478

4-24-69 46222 TW 27.3 463

4-25-69 46223 TW 27.2 473
4-28-69 46266 LC 27.3 458
4-29-69 46267 TW 27.0 458

5- 2-69 46268 TW 27.2 447

5- 2-69 462"68 FA 27.8 469
5- 2-69 46269 TW 27.0 503

5- 6-69 4670 TW 26.7 490
5- 9-69 46211 LC 27.2 455

5-12-69 46272 TW 26.9 451

5-12-69 46273 LC 27.6 450

5-14-69 46278 TW 26.9 465

5-16-69 46275 LC 27.3 460

5-19-69 46276 TW 27.0 470

5-21-69 46278 TL 27.3 461

5-22-69 46279 TN 27.5 455

5-27"69 46280 TW 27.7 439

5-27-69 46281 LC 28.1 464

6- 3-69 46282 LC 27.5 457

6- 4-69 46283 Tw 27.Z 466

6- 5-69 46284 Tw 27.6 467
6- 9-69 46285 LC 28.0 453



198

We iight Chbe~zjr Preasuxo
id: riot t Co. 'Cponenh ((lrza~ns) x 00 psi

6-10-69 46286 Tw ,9 450
6-13-69 46287 LC 21,19 445
6-16-69 46288 LC 27.4 A55

6-17-69 46289 Tw 27.3 462
6-17-69 46290 LC 27.6 449
6-23-69 46337 LC 27.7 448
6-18-69 46338 TW 27.2 445
6-20-69 46339 LC 27.3 471
6-24-69 46340 TW 27.4 481
6-30-69 46341 LC 27.0 458
7- 1-69 46342 ILC 27.6 451
7- 1-69 46343 LC 27.8 453
7- 2-69 46344 TW 27.0 477
"7- 3-69 46346 TW 27.6 460
7- 7-69 46346 TW 27.5 442
7- 7-69 46347 LC 27.8 473
7- 8-79 46348 TW 27.4 465
7-10-69 46349 LC 27.6 473

i 7-14-69 46350 LC 26.9 466
7-16-69 46351 Tw 27.5 469
7-17-69 46352 Tw 27.8 481I 7-23-69 46353 LC 27.9 498
7-24-69 46354 TW 28.0 479
7-28-69 46355 LC 28.3 467
7-28-69 46356 Tw 28.20 469
8- 5-69 46357 Tw 27.3 482

8 8- 8-69 46358 LC 27.8 467
8-11-69 46359 Tw 27.5 4568-12-69 46360 LC 27.5 470
8-13-69 46361 TW 27.6 462
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, , Charge Corrected Mean
Dadtd'ý-'' 'Weight Chamber Pressu1re

Fired-to'-o.' Componehts (Graii.sV x i0o psi.

8-14-69 463S62 LC 27.9 451

8-15-69 463163- TW 27.8 459
8-18-69 463A:-4' LC 27.9 467

8-19-69 4636! TW 27.9 461

8-19-69 463'66 LC 27.9 468

8-20-69 46411 TW 27.7 458

8-21-69 46412" LC 27.9 475

9- 2-69 46413 TW 27.6 475
9- 3-69 46414 LC 27.8 461

9- 8-69 46415 TW 27.6 493

9-10-69 46416 LC 28.0 466

9-11-69 4641-7 TW 28.4 491

9-15-69 46418 LC 27.5 442

9-16-69 464-19 LC 28.1 456

9-19-69 46420 LC 28.6 478

9-22-69 46421 LC 28.3 426

9-22-69 46425 LC 27.6 445

9-23-69 46424 TW 27.8 455

9-25-69 46426 LC 27.8 458

9-26-69 46422 LC 28.4 455

9-26-69 46423 LC 28.3 453
9-30-69 46427 LC 27.9 452

10- 2-69 46428 TV 27.5 486

10- 7-69 46429 TW 17.6 472

10-10-69 46430 LC 28.3 477

10-20-69 46422 LC 27.9 462

10-20-69 46,.23 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 TW 27.7 460



200

......Care Correct( Mean
Dateh Chaiiber -Pr'esre

Fizz ý'Lqt 'ýWT (Grains) x 100 psi

10-30-69 46883 LC -.27;9 458

11- 7-69 46886 LC 27.6 459
11-17-69 46888 TW 27.0 440

11-21-69 46890 LC 27.1 -447
12- 8-69 46891 LC 26.9 452

12-11-69 46892 TW 27.0 451

12-16-69 46893 LC 26.8 452

12-17-69 4689'4 TW 26.2 443
12-22-69 46895 TW 27.2 442

12-29-69 46896 TW 26.6 *4612

11-18-69 468'89 TW 27.3 463

1- 5-70 46897 TW 26.5 460

1- 7-70 46898 TV 26.3 458

1- 8-70 46899 TW 27.1 460

1-13-70 46900 LC 26.9 457

1-15-70 46506 TW 27.1 435
1-29-70 46507 LC 27.5 469

2-11-70 46508 LC 27.3 453

2-19-70 46509 LC 26.5 401

2-19-70 46510 Lc 26.3 481

2-20-70 46511 LC 26.5 461

2-20-70 46512 LC 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 TW 26.7 440



oo 0 201.

nzem bDErjlV)' p
L, q . Charge Correcteo 1mhii''

Date -q in × • Weqij'it: •hner " esu~e
Fr-ie-d--Lo-t .-- •M-en•- • d) it. '1y 1-60#1

4- 1-70 46522 TW r 7 27,4 46&.

4-13-70 40S23 LC 27.1 "463

4-22-70 46524 TW 27.1 464

5- 4-70 46526 FC 27.2 436

5- 4-70 465.27 TW 27.0 452

5- 7-70 46528 TW 27.1 485

5-12-70 46529 LC 27.8 -454

5-22-70 46530 TTW 27.3 448
6- 2-70 4b604 RA 28.0 489

6- 3-70 46605 wW 27.9 422

6- 5-70 4C606 WW 28.2 434
G-17-70 46*607 LC 28.0 467

6-18-70 46608 WW 28.3 449

6-25-70 461609 LC 27.9 458

4-23-70 46525 LC 27.1 471

6-26-70 46610 TW 27.7 455

7- 7-70 46612 TW 27.4 452

7- 8-70 46611 LC 27.4 470

7-17-70 46613 TW 27.2 466

7-20-70 46614 LC 27.4 468

7-20-70 46615 LC 27.3 466

7-21-70 46616 TW 27.1 459

7-28-70 46617 TW 26.9 464

7-29-70 46618 TW 27.1 457

7-3C-70 46619 LC 27.5 452

8- 4-70 46620 TW 27.3 465
8- 4-70 46621 TW 27.8 460

8- 7-70 46622 TW 27.6 466

8-13-70 46623 lC 27.8 492

8-2C-70 46624 TW 27.6 456



202

* Charge Corre't6a ilean
Dats •Weight Chamber Pressure

Fired Lot No. Componen's (Graink) x 100 psi

8-24-7C 46625 TW 27.5 455,

8-31-70 46626 LC 28.1 443

8-31-70 46627 WK 28.1 437

9- 2-70 46628 LC 27.4 164

9- 2-70 46938 TW 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 TW 27.3 447

9-21-70 46943 LC 27.2 456

9-23-70 46944 TW 27.6 465

9-30-70 46945 TW 27.9 450

9-30-70 46946 TW 27.6 474

10- 5-70 46948 TW 27.4 452

10- 9-70 46949 TW 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

10-15-70 46952 LC 27.4 470

10-22-70 46953 TW 27.1 445

10-27-70 46954 LC 27.5 464

10-27-70 46955 LC 27.3 485

10-27-70 46956 TW 27.4 461

10-29-70 46951 LC 27.3 473

10-30-70 46953 TW 27.2 463
11- 5-70 46959 WW 27.2 4A4

11- 9-70 46960 TW 27.1 452

11-10-70 46961 LC 27.0 490

11-10-70 46962 TW 27.4 462

11-12-70 46999 LC 27.0 481
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~ -- 'r Charge Correctedd MeanDatejeq • f-" Weight Chamber PreesureFired flqNb.- Compbnento°., (Graina)c:, x 100 -psi

11-17-70 47.00 TW 27.0
11-17-70 47,001 LC 27.0 451
11-24-70 4•7',02 TW 27.1 4,.
12- 1-70 470 03 LC 27.0 455
12- 4-70 476004 TW 26.8 458-
12- 8-70 4-,005 LC 26.0 489
12-10-70 47006 TW 26.5 480
12-10-70 47-007 LC 26.2 480
12-15-70 4,7008 Tw 26.5 466
12-18-70 47009 TW 26.3 464
12-22-70 47410 LC 26.3 441
12-23-70 47011 TW 26.3 447
12-23-70 47012 LC 26.5 467
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APPENDIX V

COMPUTER PROGRAMS

In 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 K1

AK(II) = different values of constant K2

KK(I) = different values of constant K3

X (I) = observed values of input variable

ti (e.g., chamber pressure)

Output: Plots of estimated process behavior b&sed upon the three

methods of estimation.



1 TREND
C TREND DETERMI'NATION IN TIME SERIES 205

DIMENSION X(1000),XBAR(1000),Z(1000),SUMC1000),XXBAR(1000),

READ INP(I(J), J = 193)
1 FORMAT(4110)

READ 2,(AK(l) *, I = 193)
2 FORMAT(3F10*0)

READ 3, (KK(I), I= 1#3ý
3 FORMAT(3110)

READ9(X(I)o Is 19N)
4 DO 4 1 a 1,N

4 X(I). X(I)*1.OO.

5 Z(I) I

C METHOD OF SEMII AVERAGES
DO 100 J =l13
Y = K(J)

L =NWK(J)
DO 6 mF' -i19 L
Sx = 0.

JJJ = JJ+K(J)-1
DO 7 I = JJtJJJ

7 SX = SX+X(I)
P XBAR(M) = SX/Y

6 JJ = JJ+K (.J')
CALL GRAPII(Z,3HLINýXI3AR,3HLINL,4HNONE,5HSOLID,
12H$$,2H$S,4HAXES,2H$S94HFULL,4HNULL)

k 100 CONTIN.JE
C CUSUM CHART

DO 200 J =1#3
S o.
DO 8 I1 1,N
s S+X(I)-AK(J)

8 SUM(I) =S
CALL GRAPH(Z ,3HLINPSUM,3HLINN,4HNONE,5HS0LID,
12H$S,2H5S,4HAXES,2H$$,4H4FULL,4HNULL)

200 CONTINUE
C METHOD OF MOVING AVERAGES

DO 300 J =193
YY KK(J)

KKK =KK(J)
SS=0&
DO 9 1 =19KKK

9 55 bS+x(I)
XX8AR(i) = SS/YY
NN =N-I(K(J)+1
DO 10 I = 29NN
LL =I+KK(J)-l
sS5= 0.
DO 11 M aIoLL

11 SS =SS+X(M)
XX9AR(I) =SS/YY

10 CON4TINUE
CALL GRAPHf(Z ,3HLINXXBAR,3HLINNN,4HNONE,5HSOLIO,
12HlS5,2HS$S4HAXES,2HS5,4HFULL,4HNULL)

300 CONTINUE
CALL ENDPLT
END
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o"--

HISTOGFUM AND CUMUIATIVE DISTR'IBUTION FUNCTION,

Purpose: To obtain one dimension histogram and cumulative distribution

function.

Input:

Z (W) = observed values of input variable

(e.g. Chamber Pressure)

N = Number of values of input variable

IX = Number of groups in which the variable range is

divided to obtain the histogram.

Output: Plots of histogram and cumulative distribution function



IFO~~l HSTO207
SUBROUTINE. HISTO(N .Z)
DIMENblONZi(5OOO)tY(5O).X(50ohAY(50).BY(5O) * EC
DIMENSION*FEL( 16) EC
DATA FEL / 6HHISTOG96HRAM OF%6H OBSER,6HVATIONt6HSS$ , * FELCH
16HOBSL~RV961HATIONS96H$$ t6HNUiMEER96H OF OC96HCURENC96HES$S . * FELCH
26HHISTOG961 1AM PoF,6 RESID96HUALS$SS/* FELCH
N6=1
JX =20
CALL URSRCH(OsNtZ9IbI~,B90vDUMMY) **FELCH

CALL URSR.Cfl IOV9 !t,ZpSMA?;S. QDUMMY)* FELCH
RANG=Z(IBIG)-Z(ISMA)i

PRINT 50tZ(IBIG)tZ(ISMA)
50 FORMAT(IOF1O.3)

AJX=JX
DEL=RANG/AJX
X(1)=I(ISMA)

Y(IB= 90OOUtOOOOE+00
jx =Jx+l
IF(JX.LTol) GO TO 90
DO 80 1=29JX
Y(I)= 0.OOOUOOOOE+O0

70 XC I)=X(1-1)+DEL
80 CONTINUE

X(JX) = Z(131G)
90 CONTINUE

PRINT 509 RANG*DELtX(1) tX(JX)
IF( N oLT. N6) GO TO 160
DO 150 I N61N.
IF( JX eLT.1) GO TO 130
DO 12) K =29JX
IF(X(K)) liv., 1109 100

100 IF(Z(I)-X(K)) 1409 1409 120
110 IF(Z(I)-X(K)) 140s 140# 120
120 CONTINUE
130 CONTINUE

GO TO 150
140 Y(K)=Y(K)+ 1.OOOOOOOOE+00I
150 CONTINUE
160 CONTINUE

C*******HOLLERI TH*CONSTANT*LONGER*THAN*6*CHARACTERS*************
PP = 00
IF(PP)2792' .28

27 CONTINUE
CALL INITPLC9910e8)

C*200 C.ALL bRAPHl(X9YJX96HbIX6 96HAUTO 932HHISTOGRAM OF OBSERVATIONS&
C* 1e ,16HObSERVATIONSo. 924HNUMUER OF OCCURENCES..

200 CALL (aRAPH(X,1,Y,1,JX,4HNONE,5HSOLIDFEL(6),FEL(9),1,FEL(1),7.5rlO** ?ELCH

281C*O;NTINUE 
EC

230 FORMAT(1H1)
290 FORMAl(1OXF7o291X93HTO tF7*2911XF6,0,/)
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300 FORMIATCI5X,8HINTERVAL,16X,2OHNUMBER OF OCCURENCESv//)

C **

WFR1NT 300
DO 999 1 29JX
J = 1-1

999 Y(J) =Y(I)
Jx=Jx-1
DO 201 I 1,JX

201 AYHI) =Y(I)/N
SY~i) = AY(l)
DO 2021 =2,JX

202 BYC(VH BY (1--1 i+AY (11-
CALL GRAPII(.X,3HLINBYt3HLINJX ,4HNONE.5HSOLID.
1 'OBSERVAT;I,QNS,$' 'CýýUMUI..ATIYE PROF3AB1LITY$$,'.I
14HAXE591EMPERICAL CUMULATIVE DISTRIBUTION FUNCT1ONi$l p7o5t

* 110.0)
CALL ENDPLT
IF( JX *LT.1) GO TO 340

DO 330 I=1,JX

320 PRI~NT 2909X(I)9X(I+1)qY(I)
320 CON tTINUE
330 CONTINUE

C**1
PRINT 400

400 FORMAT(IOX,,11HPROBAt3ILITY,10X,22HCUMULATIVE PRQBAbILITY,//)
DO 402 1 = 19JX
PRINT 401#AY(1),BY(X)

401 FORMATC8X*F10o6sl6X9Fl0*6)
402 CONTINUE
34U PRINT 230

RE (URN
END
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2O9

BIVARIATE HISTOGRAM

Purpose: The program generates a two dimensional frequency table of

chamber pressure and port pressure values. This table is a

representation of the two dimensional histogram.

Input:

N = Number of chamber pressure values also equal to the

number of port pressure valu6s I

K Number of groups in which the chamber pressure range

is divided

M Number of groups in whiich the port pressure range

is divided

XMIN = Minimum Chamber pressure value

XMAX = Maximum chamber pressure value

XXMIN = Minimum port pressure value

I XXMAX = Maximum port pressure value

D One standard deviation of chamber pressure

DD =Half a standard deviation of chamber pressure

Z(I) Chamber pressure values

ZZ(I) = Port pressure values

Outk .. Two dimensional table, where the entire set of chamber pressure

and port pressure values are grouped into groups one standard

Li



ht , , . -210

is j.I'

I 4.*

deviation wide albng the chamber pressure axis and

half a standard deviation wide along the port presbure

axis.
I I

I * I



C1 O qIVARIATE HISTOGRAM
DIMENSION Zf1000),ZL41O00),y(5OQ05)9X'50o)XXf5Oi 211
READ 20tN*K9M

20 FORMAT(311U)
READ 30#XMINoXMAX*XXMIN*XXMAXv,09DD

30 FORMATW610.0)
READ ls(Z(I)g I1=1N)

1 FORMAT (7F1O-0)..O)-
READ 29(ZZ(I,)o I =19N)

2 F0RMAT(7Fl9O}*
DO 9 1 1N

9 ZZ(I) o1*ZZ(I)
DO 5U I a 19M A

DO 51 J m1,K
51 Y(IJ) =0o

50 CONTINUE
X(1) =xmIf,
X(K)= M;.
XX(1) =XXMIN
XX(M) =XXMAX.
KK =K-1

* DO 3 1 = 29KI(
3 X(I) =X(I-1)+6

MM = M-1
DO 15 1I 2*MM

15 XX(I) =XX(I-1)+DD
DO 4 I 29M
DO 5 11 19N
IFCZZ(Il).LE.XX,(().AND.ZZ(II).GT.XX(I-1)) G0 TO 6
GO TO 5

6 DO 7 J =29K
IFCZAII)-X(J)) 89897

7 CONTINUE
8 Y(IJ) =Y(ItJ)+1.
5 CONTINUE
4 CONTINUE

DO 10 J =29K
PRINT l1,(Y(19J)t I 29M)

11 FORMAT(2X#24F490)
~ I 10 CONTINUE

END
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AUTO AND PARTIAL CORREIATIONS (MENTIFICATION)

Purpose: For a given series of data, the program calculates auto correlation

and partial correlation functions. These functions are used to

identify the form of the tentative time series model. The same

program is also used in diagnostic checking of residuals.

Input:

N - Number of data values

Z(I) = 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.



%40JBROUTINE AUT0(NqZtKKtAR0jtAP02) 2313

DIMr'~I~N(100)~PLT(100),IPLOT(1000),C (.'))tRC99)qSCLIMS(2)t
lý,P'SI~T5 5,VR9)SSR9)SSI9!STSR2(99),IPLOTV(
2§9q'bTPL6T(50h9VAjT(5ý),STSP(5~j) STSP1Býj) ,TSP2C50) ,UC5O) ,S(99)

-KKFix-Kk

V3AR=O.

DO-102 I =l,
102 Z0AR=4Z3AA-R+ZCI)

ZDAR=,ZSAR/XNl
cO=00
DO 103 .I=19N

103 C 0= C 6+(f i YI-Z8A R *2
CO=CO/XN

C CALCUCATION OF, R
RP LOT C1) =0.

RPLOT (2hio.-
'ýPLOT(3)=0.
IPLOTM()=0
IPLOT(,2)=0
IPLOTC 31=0
DO 104 K=1,KK
CC K) =O.
N N= N - K

105, J=' O-N
.105 C(K)=C(K)+(L(J)-BýAR)*(ZCJ+K)-ZýAR)

CCK)=C(K)/XN
R(K)=C(K)/CC
J=3*K+l
IPLOT(J)=K
RPLOT( J) =3.
J=~J+i.
IPLCTJ'(J)=K
.'PL^CT(J)=R(K)
J=J+1.
IPLOT(J)=K
?f'LOT (JI 0.

104 C XllT IN U E

APOI=R (2)

K KLAG =3 *K K

SCL IMIS(2) = I
c CA'!.CrULA'TION- OF 7

I~CK-50) 106,1306, 107

107 K 0-1I
CC TO 109)

106 KKK'iK.<-1
10'-) T(lol)=R(1)

T(2*1)=TC1,1)-T(29,2)X.T(1,1)
DO 2'03 K2:K<

DO 232 J=191K



22A= A+T(hKj) XiR(K+1-J) 214

DO 2-03 J1s,K

C CALCCULATICN 10F VAR~ AND VART
IPLOTV( l)=O
VAR ( 1)=1./X10
STSR~(1)=$or'rVARC1L)

A= 2. X N
* DO) 234 K=2,K(

] ITPLOTV(l)=K-1
TPLTS(2)=$ol A:*f

T(K)=R(K) /32,(K-;O 204
A= 1 0 / ( - K)
V A RT(K)=A

~T' P (K) i 96$f-QTýT(

J (K) = (KK) /-ýT2:1 (K)

J=3* K+l
TPLOT( JkJ.

TPLUCT(CJ) =T CKK

TPLOTCJi=O.
20$ CONT INUE

PR~INT 300

PR INT 301
3'GAI (ZjX t 1 AUTC0\C0r-Fý 1 E![ F 5X t2V~H ON I F 1r L COEF IC I tNT /
3 ~ Ii 3v2 I FC\'I ,:T () ,2C),I1

P;ý I -NT 302t (J~,~

363 FOMIAT( iJX t19h :*EP%~ CzF THý- ý)E!R!eb F14,4/ lUX,
1ZH VRIAt4Cr c CF 1' -tII NL" ~t$ Fl".4)
2'!NT 304
.~'+ ~;~;;I (1H//b.,, -7H A'4'LL PARTIAL (.UkrLATW If)

PRlINT 335

r ' 7r \T-C L I1 95X92kr i J ýU FrICic



"PRINT 302v (I1 T(II)* U(I), lzl*KKK) 2.5
KK :KKFIX
RETURN
END

; I

3 I

4
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ESTIMATION AND DIAGNOSTIC CHECKING

'. - ' - ~ 1 - r ?,- % - 'f

Purpose: 'The prograrm estimates the parameters in the proposed

, ,time series-model:by the method of nonlinear least

squares- -Thertestofor the adequacy of the model is

done by considering the autocorrelation and the par-

tial correlation functions of the series of residuals,

and a chi-square statistic based on the autocorrela-

tion function.

• Input:
Int A general time series model can be written as

(1-1B-I. .•.pBp' (1...-0'B-; .. *'BP') (l-Bs)d 1(1-B)d(Ztt-P)

=10o+ (1-6 1B-..,.OqBq(~ B-...eq B ql)at

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' +sd 1 + d

NP = Number of parameters to be et timated

NRD =d

NSD

NSEA = d 1

INC(J) = One dimensional array of size 6. It
contains the information regarding the
number cf parameters of each type as
specified by the model.
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IOPK(3')-- -oili -diafil:61tinAl atray of. -size NP.* It
speciflea the powers of R associated
with each parameter in the model, in

V'ilAh.Tthsequence fraw-left to right.
I •?A.(J). = One-,dimensional array of. size NP,

specifying the initial estimates of
the parameters in,,sequence.

Special Subroutine Used:

The subroutine UWHAUS supplied by the University

of Wisconsin Computing Center is used for the

nonlinear least squares estimation of the parameters.

Output:

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 progrim also prints the autocorrelations,

the partial correlations of the series of residuals

and a chi-square statistic based on the autocorrela-

tions .

1P
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T 1j *E1 ,7 -

Xn,10) ,CLL(?0O,10) ,CU~k.(2C0,-1O) DIFF(50) ,SIGNS(';O') RHOt'50,1O),STEr5O

COMMON /TWO/NflPNR0%NS;D,'TF~A
NFOn
NT0%=O
NLOGWO
NAIDr-

MC971 n
MP=1A

FLAM=.OI

NL~ci
RFAfl 19 IJPFPNDR

I FORMAT (?n14)
on0 7n NN=19NRFD
READ Is MAXINP
PFAI) It NRD9NSDNScA

C (1-B)**NRD 9l8*IF)*S
IF (NY *Eo* n) 60 TA '5
READ ?o MYI)o 1=19NY)

5 CONTINUF
RFAr) It UINC(T)o T=196)
RFAr) 1, UOPA(I), 1=1,NP)

2 FORMAT(7Floon)
RFAI) P, PIA(T)t T=1,NP)
IF (NTO PO,') n) nt TI) 10
OFAP It (NT(I), I=1,PNTA)

In ('ON T INLJ
NOS=Nr)Q-MAXI
IF (NL *FO. 0) GO) To 1'

r)TFF(TI)=n0n5A
Ii I CONTINUF

NO TM m '=*NP+2#NP **2+7 #N0R+NOR*NP
N PP ARNN
CALL FSTTM(NPR0RAN0RZPAtrIleFSTGNSsFPS1,FPS29,VATFLAMFNUSCRA
XTCNDIMSNLOG, TNC, I0PANRDNSDtNSEANLNADRHOSTEEMCF,?IOP)

r CONT TNUF
-~~ IFT W' .FO, n) Go~' rn 2m

?n 20 NTtNUF
F Nn

r cllSPnlIT INF I
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SUBROUTINFP STTM(NPROBBNORYYPA.OIFP.SIGNSEPSIEPS2,SJTItFLAMF:
XNUSCRATCNf~JMSNLOtTCIPNANRNCNLNAORH0,$TgE,tMCFMýP)
DIMENSION A(9Qq),Z(qQ9),C(q9q),Y(9)Q9) PA(50),IOPA(5O),!NC(6).DIFF(

X50),SIGNS$5O),RHO(NL,1O),.STE(NL,1fl),E(.~o)SCPATC(NDIMSI),Q(999),YY(

COMMON AZNDRIODATNCM1AX1I ,MPONRD,?ISDNSEA
FXTFRNAL TS;MOI)
CKsO
NR DuN A
N"=lNR
NSF AuNC
no 1 U9
TNc(.J)=1((J)
KK=KK+INC(J)
TF(INC(*J) *LT* n) A0 TO SS
CONTMOtF'
TF(NSCA *LT. 0) GO TO 59

IFU(INC(P) *NF* 0 *OR* NSF) *NE* 0) *OR* TNC(6) eNEe 0)M?~1=
1 ,:(MM *FO. I *AND* NSFA eLce 1)GO TO 55
TF(NP!) *LT* 0 oOR. NSD *LT* 0) GO TO 55
TF(INCel) *';Te I .O'R. IN4C(4) *GT. 1) GO TO SS
IF(NRf) *GT. 0 *AND* TNCM~ *FQ. 1) GO TO 55
IF(NSn o6T* 0 eAND* TNC(l) sPO. 1) GO TO 55
NP=KK
IF(NP *LE9 0 *OR* NP *GT. 50) GO TO 55
r00 5) .1=1 q

1OPA(J)=1P(,J)
TF(TODA(J) *LT. 0) r0 TO SS

IF'(NL eLF. n *OR. t4onf *Lr. 0) Sn TO 51;
IF(NAr) *LT* n a0R* NAD *GT. 1n) GO TO SS
MAXjWN~fl.NSFn*NSFA
'KKTNC(l)
IF( INC(l) *NF*-0f)MAX~mMAXI+TODA(KK)
KKKKI+ INC ( P
IF(INC(2) *ME. O)MAXI=MAX1+IOPA(KK~)
NDP=NOR~+MAXI
TF(NJDR *GTe Q99) GO TO) 55
IK~cK+INC('1)+INC(4)+TNC(q)
%IAX?=n
TF'(INC(S) .~e. O)MAX~~uTOPA(KK)
IF(TNC(6) .NF. O)M4AX~mMAX2+1OPA(NP)
MAOvMAXI
TF(MAX? e6T* MAX1)MROuI/AX2
IF(NDR eLE. MRO *OR* MBO .GT. 100) GO TO 55
MAX IJMAX 1+1
W) 6 Jul *Nfl
7.(juyy(j)
IF(NLAsG *mF. 0) Z(J)zLnG(7.(J))
fl0 10 JaMAX11,NflR
1C*.-MAX I

In Y(K)u7(J)
nn 1? JslqMA-X1

1? A(J)un
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CALL t)WHAtjS(NPRORTS;MODNORYNPPADIFTSTCN~,EPSlEP.S2 ,MlTFLAM,
XFN09'sr-RArr)
no 14 T=MAX119NDR
j~-MAXI

IN14 C(J)=A( I
PRINT 17

17 FORMAT(1H1 ,4'X,?5HRFSTDUAL AUYOCORRELATIONS//)
CALL ACOR (CNLNOMt~fl,~RHO,';TFF*MCEMP)

D0 ?0 I=MAX11,NnR

rTV,=N(lA*( NOR-NP)
VARAA=SUM/flIV
TNSTr=ARS (F (l)) /SOPT(VAFRAR)
PRINT 23,TNST')

73 FORMAT(///lOX,40HMF.AN nF ORIGINAL SERIES OF RESIDUALS IS ,F6*3,31H
X qTANr)ARD DPV1ATTONC FPOMi 7Fno.)
rno PA J=1,NhP

26 P(J)=A(J)
A40 To 60

qA FOPMAT(lHl,1OXP4HDAQAMAETFP rRROP IN FSTTM)-
60 QFT(JPN

C 1;1 193ROH ITN F 2

.SIj'ROlITINF TSMOO)(NPPOR,9PAFN('PNP)

X) ,CF( 100 ) D( 10, 10) ,D;( 10, 100 ),W (099)
COMMON A,7,NflPIOPATNC9tAAX11,0,ONRN';,*NSFýA
CY)MMON /0N$:/CrC~
NO 'A ~I=tmqo

C (.)) =M
r C~j)=n

TF(NRn oFo.0 frl)0 TO 17
L=NRD
r)( 1 9 1 )= - I ,
IF(NPn *FO. 1) 40O TI A

NO 4 I=P,N~r)

A no 11 J=l,NPO)
no 11 K=?,N0r)
TF(K r4T, J) (V) To 10

r0 TO 11
In r)(J*Khzo
11 CONTINUF

N0 Iq K=1,NQr)

~017 TF(N.Sr oF~.) 0) (it To 4A~
mAXt:Nen*NrA
On ?n J1,tNSO
NO 'JO I(=) MAX
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t4IN=P*NqFA
1F(N~r) *FO. 1) GO TA 28
DOA 74 Jw2,l4qD

24 r)S(JNSEA).fiS(J-1tNSEA)-l~o
78 fib 1. Jal*NSfl

flo 331 K=MTNoMAX#N.IFA
IF((I(/NSFA) *GTo J) GO To in
flS(JK)3DS(J-1,K)-D'(J-1,K-NS.EA)
An TA 11

10 flS(JtIO=fl
I? rON T TNUF

I =N'SFA*N~r
nO 17 M=lNP()
TCM)&T Cm) +C CM,
nO 17 J-NSEAtLNSF'A
IF(M oEQo I)T(J)zT(J)+DS(N.SDJ)
N~J+Ni

17 T(N)=T(N)+C(m)*DS(N'r),J)
L=L+NPD

MAX =0
nn 6n 1=196
TF(TNr(I) *FO. n) An TO 60
I4AX=MAX+TNCUl)
IFCT *EO. I *OR# I eF0. 4) GO TO 60
DO 4A M=MINMAX
KwIOPA(M)
T(K)uT(K)-PA(M)
IF(L *EOo n) GO TO 48
no 4S~ J19L
IF(M .F'O. MIN *AND*. I *LEo 2)T(J)UT(J)+C(J)
IFr(M oE~o MIN *ANv. f *Efo. 6)T(J)aT(J)+CFIJ)
NwJ+!IfWAM)
TF(1 oEQ. 6)T(N)wT(N)-PA(M)WCF(J)

49 !F(I *LEo 7)T(N)=T(N)-PA(M)*r'(J)

LwL+?OPA( MAX)
On Sl Jwl9L

TF(7 *LF. 2)C(J)=T(J)
51 T(J).fl

rFCI oF0, 2)L-0
An mIN=MIN+TNC~(T)

nO 66 Jul 0490
CF(J)u-CF(J)

66 r J)-r(J 1

no 70 Jul ,Nfl
W(J)=Z(J)

70 TF(INC(I) *Oof) 1)7?J)27(J)-PA(KK)

KK=KK+INC(4)
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IF('(NC(4) *FOO l)C0NcT=PA(KK)

De) 79 K=MAX1 I NflR
A(K)=7(1t9-CONST
TF(K .GT* MROM) 60 TO 76
IKKK-1
on 74 J=! ,KK

74 A(K)=A(Id-C(J)*Z(K-J)+CF(J)*A(K-J)
(;A TO 79

76 DO( 7IA J=1,MRO
7A A(K )uA(K)-C(.j)*?( K-J)+C'Ftj)*A(v-J)
7q CONT1NUC

nO Al J=ItNfl9
81 7(J)=W(J)

N¶AXI~mAXl 1-1

LL=J+mAX1
A'~ FAJ)=7(LL)-A(LL)

OFTUJPN
FNO)

C SURROUTTNF I

SUAROIITINE ACOR (ZKKNNDRSTS;REMCE,'AP)

DVA9T(IO),STS(9q9) U(101),SU01 ) ,F(5' 5)oA(01t)R~n

COMMON /TWO/NDRNRDN.SDNSFA
7RAR=n.
XN=N

107 74AQ=79AP+7.(1)
7R A P =7 BARI X hI
F(1)=7HAR
rO=no

101 CO=CO+(7(l;-?RAP)**?
r ALrHLATTON OF P
n0 104 K=19KK

NN=M-V

ins~ C(K)uC'(K)+(7(J)-ZARAP[*(Z( J+i )-78AR)

104 CONTINIJF
r ALCOLATION OF T
lF(KK-50)1069I0691O7

107 KKK=St)-1
K GO TO Ing

l06 KKK=KK-1

A=O,
00 202 J=19K
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AaA+T(KtJ)*R(K+1-J) K

T(K+1,K+1)=A/fl
no 201 JwlqK

201 T(K+lJ)=T(KJ)-T(K+1,K+1)*T(KK-J+1)
C CALCULAT TON OF VAR ANfl VART' -'

VAR ( I *I ./XAI
STSRf1)=ciOfT(VAR(U))
S( I)*R(l ) /.STSR( I
A =~*/ XN
flO 204 K=79KK
VAQ(K)=VAR(K-1)+A*(R(W-1)**7)
STSR(K)=cSORT(VAR(K))

2n4 C')NTTNUP
IcgKKKKK+l
no 205 IC=1I 9KK
A=lo/(N-K)
VAPT(K)uA
STSPiK)=SOQT(A)I U(K)=T(KK)/STSP(K)

2n,; rONTINUF
r PRINT OUT

-v PRINT 3fl0
300 FORMAT (IHI///1OX#36H SAMPLE AUTOCORRELATION rOEFFICIENTS/I)

PRINT 3011
30]j FORMAT (POX917H AUTO-C,6EFFICTF'NT #94.20H UN'IFfFr) C0OEFFICIFN i)

PRINT in?, (j9RIT)*9 S/ ),T=19KK)
-f)7 FORMAT (lSXlsFl*1cl X~fl';4)

4nf0 CHISO0=CHTS0+R(TJ*Rf'T)
XXN=SN0R-NRD-N';D*NSFA
CHTS0=CHISQ*XXN
PRINT 4019 CHISO

401 FORMAT(//,5X9'CHI S'OUARE STATISTIC BASED ON 30 AUTOtORRELATI'ONS =

4 c0(0n/XN
PRINT 303, 7RA ,CO

3 n 1 FORMAT( lOX',] ýH MFAhl OF THF SFRTFS *F14@4/ý lOx.
II4H VARIANCF/OF THF SFpJF5 9F10-4)
PRINT 304

J. l4 FORMAT (IHI///IOX927H %AMPLF PARI~TAL COPRRLATIO)N /
OPTNT InS

-4cO' FORMAT (POXI7HPART-CORRELATION q~~q0 UNIFIED COFFFIýIFNT/)
PRINT 3029 (1, T(II),U(I)t T1=1KKK)
QFTORN
FNfl


