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PREFACE. This paper demonstrates how accepted statistical techniques
stand to reduce the cost of testing missiles and missile components, These
techniques are not treated in full; however, examples of their use and
references are given, . . .

The subject matter covered is oriented towards practising reliability
engineers., It is hoped that some of their troublesome problems have been
clarified,

ABSTRACT. Describes the need for, and use of factorial designs in
surveying the separate effects of a large number of environmental treatments
with maximum reliability and a minimum number of test specimens. Shows how
information from the factorial experiment can be used to define reliabilizy,
and how this information can be used in tests of increased severity to pre-
dict "reliability-in-use. "

SUMMARY. Reliability is defined.

The need for testing to failure is emphasized by cémparing construction
engineering probiems with missile reliability problems, Methods are given
to convert "safety margins®™ to measures of probability which can be used to
predict "reliability-in-use,”

The advantages of using factorial designs to survey the separate effects
of a large number of environmental conditions are described. Information
obtained from factorial experiments is used to formulate the definition of
reliability in terms of the severest environments, These environments are
used in tests of increased severity, Tests of increased severity are used
to establish the relationship between use conditions and test conditions in
order to predlct "reliabil1ty-in use,”

Detailed examples are given of methods of pzedicidng igh "reliabzlatxes-
in-use" with small sample sizes,

CONCLUSIONS .

1. Any particular component can have many reliabilit y values
simultaneously, There is one reliability value associated with each pos-
sible combination of environmental cond‘txow and measurable functioning
characteristic,
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2. The results of factorially designed environmental experiments
should be used in defining component reliability,

3, Tests of increased severity should be used in combination with
factorial designs to predict ®™reliability-in-use” from test results,

4, Tests of increased severity can demonstrate high "reliabilities-
in-use" with small sample sizes.

RECOMMENDATIONS.,

1, Factorial designs should be used in combination with tests of
increased severity to predict "reliability-in-use."

2. The test condition used should be experimentally determined.

3. Military standards should be revised to permit the experi-
mental determination of the test conditions to be used.

4, The terms on which reliability is defined should be experi-
mentally determined.

I INTRODUCTION

A General

The statistical aspects of reliability are not new. All of the
necessary concepts are adequately treated in modern statistical litera-
ture, The lack of information about measurable characteristics of the
missile system and the environment it experiences in use, as well as
the high cost of test specimens, have created the current problems,

Urgently needed are highly efficient, experimental techniques that
can be uniformly applied by various segments of the same organization and
by different organizations, Highly efficient techniques are required
because of the need to demonstrate very high reliabilities with very small
sample sizes, High reliabilities are required, of course, to assure suc-
cesful functioning of complex systems composed of many components, Only
small samples can be used because of the high cost and/or scarcity of
test speciment, Uniform, standardized procedures are required for the
collection of comparable data.

B Purpose
This paper purposes to do the following:

1, Define component reliability,
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2, Describe how factorial designs can be used to survey the
effects of several environmental conditions {(with minimum sample size)
preparatory to defining reliability in terms of these conditions,

3. Describe how "reliability-in-use" can be predicted from results
of laboratory tests of increased severity,

4., Describe how tests of increased severity can use information
from factorial experiments,

C Scope

The accepted statistical definition of reliability follows:
Reliability is "the probability of successful functioning in use,” This
is a general definition that is applicable to any operating system, To
define component reliability, the general definition must be modified to
include:

a, Environmental conditions under which successful functioning
took place,

b, The component characteristics that functioned.successfully,

This means that every component can have as many reliabilities as the
total number of possible combinations of environmental conditions and com-
ponent characteristics, To have the weapon system reliability meaningful,
the component reliabilities should be defined in terms of the most severe
conditions so that the stated component reliability will be the minimum,

D Background

The techniques described; the most efficient known, are designed to
maximize the amount of information obtainable from a given sample size,
In addition, these techniques are definitive enough to serve as standard
procedures throughout the same or different organizations over an exten-
ded period of time,

The uniform applicability of these techniques is as important as
the efficiency. A large part of the value of experimentally determined
reliability data is their scope of applicability., That is, reliability
data collected by means of standardized procedures are cumulative in the
mathematical sense,. Hence, the precision with which reliability values
are known can be improved with time as additional data are collected.
This makes it possible to collect a reference file of reliability data on
a variety of standard components.

IT STATEMENT OF PROBLEM

In the usual case, the development engineer has one or more items
to test under many different environmental conditions, The items to be
tested may have two or more properties that must be evaluated,
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Objectives of the usual reliability experiments for newly developed items
follow:

1, Determine how well the engineer has succeeded in developing a
reliable item,

2. Obtain an unbiased estimate of the "strength" (i.e., ability
to withstand stress) of the item with minimum cost,

3. Determine the separate and combined effects of the environ-
mental treatments on the reliability of each property measured,

4, Determine the effect of the length of time under the separate
and combined effects of the environmental treatment on the reliability of
each property measured,

5. Predict the "reliability-in-use™ from the test results,

Objective 4 requires life-testing techniques which have been treated

extensively elsewhere. This paper describes other techniques for increasing

test severity,

The multiple properties of an item can be measured simultaneously,

This poses no particular problem, The real problem confronting the engineer

derives from his having different components that must be treated with a
large number of different environments on a very limited budget.

Since most components are unique, they must be treated as separate
problems, There is no known way to combine different kinds of components
into a single integrated experiment, However, a single integrated exper-
iment can be designed for several kinds of environments., As a result,
the problem is one of designing the most efficient experiment for a single
type of item and repeating the process for each type.

It is assumed that in every missile component there exists a true
but unknown "strength,” created by the particular design developed and
used by the engineer in building the component, It is further assumed
that the true "strength"™ is a constant and not a random variable for any
particular design over short periods of time,

The present practice of designing components to pass the current
military standards without failure does not attain the intended objectives
for the following reasons:

1. An unbiased estimate of the true strength of the item cannot
be obtained unless some items fail,

2, Cost prohibits testing all items at the same level of severity,

3. Reliabilities are demonstrated only in proportion to the
number of items tested,
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Testing without failure all items at the same level of severity can
iead to completely erroneous conclusions, For example, in comparing two
designs, there may be available more test specimens of the poorer design,
Tests by military standards result in an equal number of failures for the
two designs. Under these conditions, experimental evidence favors the
poorer design,

Instead of subjecting all test specimens to the same test conditions
regardless of their intended use, the level of severity of the test should
be progressively increased until a failure is obtained, This procedure
will lead directly to an unbiased estimate of the true strength with a
minimum number of test specimens .and establish the correct level of sever-
ity for each type of component at which the failure rate should be deter-
mined. This procedure will correctly differentiate between different
designs.

Experience in the construction engineering field has shown that
assurance that an item will not fail in use requires a large “safety fac-
tor™ to be built into the item, To determine the "safety margin,” the
load applied must be increased until the test item breaks, or fails in
some other manner, This is, in effect, a test of increased severity that
leads directly to an estimate of the true breaking load the engineer is
seeking to determine, The average, and standard deviation of only: a few
(3-6) such results are all that are required, because each value so
obtained is an estimate of the true value, The difference between the
"observed average breaking load" and the "load expected in use" divided
by the "load expected in use" is called the "safety margin" or margin of
safety. The larger this value is, the "safer" the engineer feels in
predicting that the item will do the intended job without failing,

The construction engineer could have elected o load each test
specimen with only the load expected in use, but because he has designed
the item to withstand the load expected in use, this procedure tells
him nothing about the true breaking load. All he learns is what he
aiready knows-~that it will not fail! Now if he wants to "feel safe"
in predicting invariably successful functioning of the item, he must
test many items, Asked to conduct his test in this manner, the engineer
would rebel because he knows, as we do, that--it is far too costly!

In missile component testing, we should simulate the procedure
used by the construction engineer-"load the item until it breaks"™ and
then calculate the "safety margin." To do this, we must shift our
attention from finding the number of items to be tested without failure
at a single level of severity to finding the level of severity that will
cause failure, and then finding the failure rate at that level, That is,

to find the reliability (the probability of success) we must first find
the failure rate (the probability of failure). To do this with smali
sample sizes; we must use a test of increased severity to find the level
that will cause failure,.

Robert Lusser, formerly of Redstone Arsenal, has advocated this
approach of "testing to failure™ for some time (Ref, 1), However, he
neither showed how to "load" missile components until they fail, nor
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predicted the “reliability-in-use" by means of the laws of probability,
He was satisfied with using "margins of safety"” (Ref. 2).

IIT APPLICATION OF PROBABILITY LAWS .

An item will not fail until the applied stress exceeds the item's
"strength." If the "strength®™ is much greater than the stress expected
to be experienced in use, the chance (probability) of failure in use is
very small, and the chance of success (reliability) is very high, It is
in this sense that "high reliability” is defined., That is, high relia-
bility means high probability of successful functioning under actual use r
conditions; it does not mean high reliability under the test conditions. ‘

To translate the reliability demonstrated under test conditions
to a "reliability-in-use" value, the relation between the "use and "test"
conditions must be known. Experience has shown that this relationship
can be adequately represented by frequency distributions, This places
the relationship on a probabilistic basis, and makes possible the use of
the laws of probability,

When the average of the conditions in use is known, the level of
severity required at which items must be tested to demonstrate any given
reliability can be calculated in advance. As a result, relfabilities
can be correctly predicted with small sample sizes without testing to .
failure, Alternatively, when the ultimate strength of the item is desired,
the first failure method described below can be used, Both of these pro-
cedures predict "reliabilities-in-use" with small sample sizes through .
the use of the multiplication law which states that the probability of
simultaneous occurrence of two independent events equals the product of
the probabilities of separate occurrences of the events. Examples of
both of these procedures are given below,

In reliability testing, the two simultaneous events referred to are
test specimen failure and test condition causing that failure. Both the
"failure rate" and the "chance" of the test condition®s occurrence in
“use" can be considered probabilities, By the above law, the predicted
failure rate in use will be the product of the failure rate obtained in
testing and of the chance that the test conditions could occur in use.
The predicted "reliability-in-use" will then be equal to one minus this
product,

When nothing is known about the environmental conditions expected
in use, or when these conditions may vary in an unpredictable way, no
prediction can be made about a unique "reliability-in-use." However,
these methods of testing to failure can still! be used to advantage,
Knowing how much punishment components can take before failing reduces
the number of unknowns, can be valuable in deciding how, and under what
conditjons, a particular missile can be used. This information can be
useful in choosing between missiles for particular purposes. Moreover,
where nothing is known about the conditions in use;, the "most severe
use condition" the item can be subjected to for any specified relia-
bility can be calculated. An example is given below,




Design of Experiments 177

The methods described below show how missile components can be
loaded (tested) to failure through the use of tests of increased severity,
These methods also show how safety margins can be used to predict
“reliability-in-use.”

IV LABORATORY TEST METHODS

It is assumed in these methods that the test item can fail in but
one way; that is, the binomial distribution is applicable.

A Factorial Designs

Plans should be made to conduct the laboratory experiments in two
stages, First, survey the separate effects of the several environmental
conditions of interest in one integrated experiment, The two-to-the-nth
factorial designs or their optimized modifications are the most efficient
for this purpose. These designs can be used to select the treatments
causing the highest failure rates., These treatments can then be used to
define the reliabilities of the test item, If the reliabilities deter-
mined in terms of these treatments are acceptable, the reliabilities of
the test item in terms of any of the other treatments will also be
acceptable, This procedure will reduce the magnitude and complexity of
the experiments conducted to determine and predict reliability. More
importantly, component reliabilities obtained in this manner will furnish
a more realistic basis for calculating systems reliability,

See references 5 and 6 for available designs. These designs are the
most efficient known, Experiments based on these designs may be conducted
without changing the treatment procedure except to arrange for the test
specimens to receive the number and kind of treatments required by the
particular design used, However, the best differentiation among treat-
ments is obtained when the level of severity used will cause 50 percent
of the test specimens to fail,

For the purpose of this application, the two levels of each treate
ment can be the presence and absence of the treatment, Alternatively,
any two levels of the treatments can be used,

The number of test specimens required in the optimized designs is
one more than the total number of treatments used (Ref, 5), The more
versatile fractional factorial designs (Ref. 6) require at least 16 items
for experiments containing from five through eight treatments,; and at
least 32 items for nine through 13 treatments, With twice these numbers
of items, the latter type designs can also measure interactions--how the
effect of any one environment depends upon the others. Interactions
among treatments cannot be measured by any design except the factorial,

Factorial designs permit a type of statistical analysis that
distinguishes between variations due to chance and variations having
assignable causes, and produces more information from a given number
of items than any other known procedure. These designs actually




178 Design of Experiments

increase the effective sample size by making it possible to use each
observation (or measurement) for more than one purpose. In fact, each
treatment effect is determined as though the entire experiment is con-
ducted to determine that particular treatment effect alone., As a result,
the reliability with which each treatment effect is determined can be
based on the total number of items used in the epxeriment, The three-
treatment-design example described below demonstrates this point,

Further advantages in using factorial designs in environmental
testing experiments follow:

a, No control groups are required,

b. Each treatment effect can be determined independently of all
the others. That is, unambiguous conclusions can be drawn about each

treatment effect.

¢c. Complex experiments involving a large number of treatments
can be easily handled with the factorial procedures.

d. This is the only experimental design in which the relatijon-
ship among the treatments can be measured, That is, the factorial
design can determine whether the effect of one environmental treatment
depends upon any of the others. These effects are called interactions,

e. The probability of being right or wrong can be controlled.

f. When the number of treatments used becomes large (three or
more), only a fraction (1/2, 1/4, 1/8, etc.) of the total number of
combinations in the factorial need be used,

~ When multiple replications cannot be used and only attribute (go,
no-go) data are available, these designs can still be used to take ad-
vantage of their efficiency. However, in cases of this kind, the usual
analysis of variance cannot be made. Instead, the usual summations are
made to obtain and compare two binomial proportions (by the Fisher exact
method) to determine the effect of each treatment., See Example No, 1

below,

Results of factorial designs are used as a guide in determining
how to define reliability prior to conducting the test of increased
severity, That is, the factorial experiment surveys all of the envi-
ronmental treatments of interest (with a minimum number of test speci-
mens) to determine the difference, if any, among the environmental
effects. A decision is then made whether to redesign the item. If the
item is considered acceptable at this time, reliability is defined in
terms of the environmental treatment or treatments found to be most
severe, If no differences are found among the effects, reliability can
be defined in terms of d combination of several of the treatmients con« -
sidered most important from an :engineering point of view., ' If reliability
is defined in terms of the most severe treatments, the reliability values
obtained will ‘be smaller than those obtained with the other treatments,
This is a necessary condition if the system®s reliability derived from
the component®s reliabilities is to have meaning.
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Tests of Increased Severity

Results obtained from the factorial experiments can be used to
determine which of the environmental treatments will be used in the
following procedures to predict "reliability-in-use."

B First-Failure Method (Single Factor)

Increase the level of severity after each test result is obtained
until the test item fails, If the test destroys the item, increase the
level of severity used with each succeeding item tested until a failure
is obtained, : . ) o :

The level of severity can be increased in a variety of ways, such
as the following: .

1. Using more extreme treatments (e.g., higher temperatures or
higher G-values). ' :

2, Using two or more treatments on each test specimen.

3. Repeating the same treatment or set of treatments on the same
item, ’ :

NOTE ¢ Increasing the length of time an item is
subjected to a particular treatment is
not used here as a means of increasing
the degree of severity,

By starting at, or near the level of severity expected in use, a failure
should be obtained within five or six trials (or items)., After the level
of severity has been found that will cause failure, three or more items
should be tested to estimate the failure rate at this level,

To determine the predicted-"reliability-in-use,” find the probability
of occurrence in use of the test condition (at which the failure rate was
measured) from a table of individual terms of the Poisson distribution
(such as Table 39 of reference 9), where "m™ is the expected use condition
used, This in effect determines the probability associated with the
"safety margin." The product of this probability value and the failure
rate found under the test condition is the predicted failure rate in use,
The predicted "reliability-in-use"™ is equal to one minus this product.

V  EXAMPLES

A Example No, 1

This example demonstrates how factorial designs can be used in
combination with tests of increased severity. A simple three-treatment-
experiment example is given below., The treatments used in this example
are identified and defined as follows:
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Identification Treatment
A Trans, Vib,
B Flight Shock
C Waterproofness

For purposes of the factorial design, each treatment is considered to
have two levels:

1. Lower level or absence of the treatment (designated by
subscript 1).

2. Higher level or presence of the treatment (designated by
subscript 2).

The total number of possible combinations of three treatments, each at
two levels, is two cubed or 8, These 8 combinations can be written in
the following pattern:

Al A2
i S i P2
C1 (1) b a a+b
C2 c b+ ¢ a+c a+ b+ c

A minimum of 8 items would be required for this plan, each receiving
different treatment combinations as follows:

Itém Number Treatment Combinations
1 None (1)
2 B only
3 A only
4 A+ B
5 C only
6 B+ C
7 A.+C
8 A+B+C
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By using the same letters (A, B, and C) and symbol (1) to represent the
results obtained from testing the eight items, it can be shown symbolically
that the treatment effects can be independently determined, using the total
number of items in the entire experiment for each treatment as follows:

EFFECT OF TREATMENT A

A+ A+b)+U+e)+(A+b+c) -
E +b+c+(b+c)] =aa

EFFECT OF TREATMENT B

B+ (B+c)+ (a+B)+(a+B+c) --
[(1D+c+a+(a+c)] =28

EFFECT OF TREATMENT C

C+(b+C)+(@+C)+(a+b+0C) -
(H+b+a+a+n)] =4

One-fourth of these differences equals the average effect of the respective
treatments. From the above equations, it can be seen that the results ob-
tained from the eight items have been used three times--once for each
treatment, This produces an effective sample size equal to 3 X 8, or 24
items; yet, each treatment has been determined independently of the others,

The above three-factor factorial can be used as an example of a
fractional factorial design as follows:

at P2
Bk ! 2
Cl - b a -
C, ¢ - - a+b+c

A minimum of four items is required in this design, As before, the
separate effects can be determined by a process of summation and subtrac-
tion as follows:

EFFECT OF TREATMENT A

A+ (A+b+c) -(b+c)=2A4A
EFFECT OF TREATMENT B

B+ (a+B+c)-(a+c)=28
EFFECT OF TREATMENT C

C+(a+b+C) -(a+b)=2C
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One-half of these differences equals the average effect of the respective
treatments,

When there is only one item available for each treatment combination,
and only success and failure data are available, the usual analysis of
variance cannot be used, However, the above differences, which will be
binomial proportions in this case; can be compared by the Fisher exact
method for 2 x 2 tables (Ref. 7) to determine the treatment effects, A
very convenient set of tables for this purpose can be found in Ref., 8,
which contains tables of minimum contrasts based on Fisher's exact method.

When it can be determined, from the results of the factorial esper- v
iment, which environmental conditions will be used to define reliability,
the level (or severity) of the condition required to demonstrate a given
“reliability-in-use,” with a small sample, can be calculated in advance
of testing, on the assumption that no failures will be obtained; if the

average condition in use is known.
The test conditions required can be calculated as follows:
R=1-+-PF (ucL)

where:

R = the specified "reliability-in-use.”
P_ = the probability of test conditions’ occurring in use.

UCL = the upper confidence limit (associated with the
specified confidence level) of the failure rate
expected under the test conditions to be cal-
culated below.

When R and UCL are known, Pt can be caiculated from the above

formula. Given P (the probability) and the average use condition (m), .

the required test condition (i) can be found from Table 39 of reference 9,
or from the following formula:

P = m1e°m/

id N
where (e) is the base of natural logarithms,

1 Sample Calculations

Using the same three-factor-experiment example as above gives the
following typical set of results, when one is entered as a "failure" and
zero is entered as a "“success.," It is assumed that a knowledge of the
item being tested has led to the decision that transportation vibration,
flight shock, and waterproofness, in that order, are 'the three environ-
mental conditions most ‘likely fo affect the important functioning char-
acteristic' of this item; this characteristic is contact resistance, .
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The treatment procedure and work-sheet (to record results) for this
experiment would be the following two-entry table,

183

An "X" in the item

column means that the item receives the corresponding treatment, while
a blank means that the item does not receive the treatment.

Treatment Procedure

Order of , Item No,
Treatment 1-41 5-8 19-12 | 13-16 | 17-20 | 21-24 | 25-28 | 29-32
Trans, Vib, (A) X X X X
Flight Shock (B) X X X. X
Waterproofness (c) X X. X X
Results: Replication 1 0 0 1 1 1. 1 ¢ 1
210 0 1 0 1 1 0 0
310 1 1 1 | 1; 0 1
41 0 1 0 1 0 13 0 0
Totals 0 2 3 3 3. 4 0 2

The results of one complete replication should be obtained under a single
set of controlled conditions (e,g., in the same day, same operators, same
instruments, etc.), before going to the next replication,
it possible mathematically to subtract out of the results the effect of

changing conditions,

This will make

By placing these results in the usual factorial matrix, the following

table would be obtained:

A

1

u4o - c4c>c>c>o IJ”

J.\lr—"i—‘t—'b—‘ NIO—‘HOO le

A,

c4c>c>c>o u4c>wﬂhtk- |

NLD'“(D - u4w‘w‘c>w INF
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In preparation for analyzing these results, the usual summing process
would give the following series of two-factor tables:

Summing over A

2!

AC2

Column Totals

Summing over B

<

¢,

Column Totals

Summing over C
B
B

2
Column Totals

Each one of the

afow |

B,y

5
5
11

Row
Totals

8
9

17

Row
Totals

Row
Totals

6

11

17

marginal totals is the sum of 16 observations. The
results can now be analyzed and interpreted as follows:
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Test of
Source Effects Significance —
Main Effects
Trans, Vib, (A) 9/16 vs 8/16 non-significant
Flight Shock (B) 9/16 vs 11/16 non-significant
Waterproofness (C) 8/16 vs 9/16 non-significant
Replication
1 5/8 non-significant
2 3/8 non-significant
3 6/8 non-significant
4 3/8 non-significant
Interactions
AxB 8/16 vs 9/16 non-significant
A xC 4/16 vs 13/16 significant
B xC 8/16 vs 9/16 non-significant
AxBxC 7/16 vs 10/16 non-significant
2 By the Fisher exact method for the 95% (two-sided) confidence level

2 Interpretation (when the above order is used)

(a) None of the effects is significant except the AC interaction,
This means that items which have received transportation vibration treat-
ment are significantly less waterproof than those not receiving transporta-
tion vibration,

(b) None of the treatments taken alone is significant, although
the flight shock effect approaches significance, This result suggests the
need for additional flight-shock tests if this treatment is considered
important from an engineering point of view,

(¢c) The fact that the three-factor (ABC) interaction is not
significant shows the following:

(1) Waterproofness does not change the effect of transporta-
tion vibration on flight shock (AB interaction).

(2) Flight shock does not change the effect of tfansportation
vibration on waterproofness (AC interaction),

(3) Transportation vibration does not change the effect of
flight shock on waterprocfness (BC interaction).

(d) The fact that replication is not significant means that
conditions were under a state of control throughout the experiment,
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These results show clearly that the effect of transportation
vibration on waterproofness is the most severe combination, It would
appear from the results that a decision to improve the waterproofness
characteristics is required, After this has been done, reliability must
be defined, The results of this experiment show that reliability should
be defined in terms of contact resistance (the functioning characteristic
of interest) under the following environmental conditions:

(1) Transportation vibration followed by waterproofness (since
these two conditions interact},

(2) Flight shock (since this treatment effect approaches
significance) .

If the reliability:of the contact resistance under these conditions
is acceptable, the reliability of the contact resistance under the other
conditions will also be acceptable,

If the average transportation vibration condition in use is assumed
to be 5 G's and the required reliability is 0,995, the test condition
required to demonstrate this reliability with a sample of 5 test specimens
can be calculated as follows:

when: R=1 - Pt (ucL)
then: P=1-R )
UCL
when: R = .995 %
UCL = .52 (the upper confidence limit at

the two-sided 95% confidence
level for testing five items
and obtaining no failures)

1 - ,995

en: Po= — 2772 =
then = — 53 .0096

From Table 39 of reference 9 the test condition (i) associated with a
use condition (m) of 5 G's and a probability (Pt) of .0096 is found to be

equal to 10.9 G's. This is the level of transportation vibration required,
followed by the waterproofness test to demonstrate a contact resistance
reliability of 0.995 if no failures are obtained, If failures are obtained,
the test conditions required to demonstrate a reliability of 0.995 with a
sample of five test specimens are as follows:
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Cbserved No,
of Failures in

Sample of 5 Test Condition
Test Specimens % Failure Required, in G's
0 0 10.9
1 20 11.3
2 40 11,5
4 80 11.7

NOTE: It is evident from the above sample calculations that,
for small-sample sizes, the difference in test condi-
tions between zero and anything less than 100% failures
is insignificant, This means that the required test
condition can be conservatively estimates by expecting
a high failure. rate.

B Example No, 2

When the average of the conditions in use is known, very high
values for the "reliability-in-use" can be correctly predicted with very
small sample sizes, if the level of severity is increased until a failure
is obtained:

Given:

Average use conditions {(m) = 5 G's

Found (Using First - Failure Method):

Number of items used to find

test condition to cause first 5
failure

Test condition found (i) 18 G's
Number tested at 18 G's 5
Number of failures at 18 G's 2

The probability (Pt) of the test condition's occurring in use, from

Table 39 of reference 9, when m= 5 and i = 18, is found to be
P = 0.000004. The upper confidence limit {UCL) of the observed

failure rate (2/5) for the two-sided 95% confidence level, from
Table V of reference 8, is found to be UCL = 0.8534,

Since:
R=1 - Pt (ucL)

Then:
R=1 - (0.000004) (0.8534) = 0.9999966, which is the pre-

dicted "reliability-in-use "
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C Example No., 3

When nothing is known about the expected conditions in use, the
"most severe condition in use" an item can withstand can be calculated:

Given:

Required "reliability-in-use" = 0,9999

Test condition used (i) = 10 G's )
Number of items tested = 10 -
Number of failures obtained = none

Since:
R=1 - Pt(UCL)
fo T g

From Table IX of reference 8, UCL for no failures in 10 trials equals
0.3085, for the two-sided 954 confidence level,

Then: “

Pt =1 - 0,9999 = 0.000324
0.3085 .

From Table 39 of reference 9, the "most severe condition in use" (m)
for i = 10 and Pt = 0,000324 is found to be:

m= 2,6 G's

With the given test result and test condition, this is the "most severe
condition in use" under which the item will have 0,9999 reliability.
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MULTI-DIMENSIONAL STAIRCASE DESIGNS FOR RELIABILITY STUDIES

David R, Howes
U, 8. Army Chemical Corps Engineering Command

This paper suggests the need for a sequential staircase procedure
whereby a given contour of response could be traced experimentally without
necessarily defining the entire response surface, Such a method would
have important application in reliability studies, in design and engi-
neering, etc, where the intent is to hold malfunctioning of some type
at some predetermined level,

As an example, suppose that an artillery shell is to be filled with
poison gas and closed with a burster tube (Figure 1, on the next page).
It has been found that the leakage of these shells is affected by two
variables, the interference of the burster tube (Variable A) and a
variable B which is a structural characteristic of the shell body.

Although it may be possible to specify levels of A and B which
will be satisfactory, it is also necessary to know the threshold of
leakage in order to set manufacturing tolerances, filling procedures,
etc, This involves the response surface generated in leakage in the
A.B space, '

Possible Methods

1. Factorial

1t is possible to fit a response surface to the results of the
experiment shown in Figure 2 (see next page) by well-known methods,
The sample size, 1800, may seem excessive for accuracy which cannot
exceed 2%,

2, Confined Factorial and Staircase Method

Staircase methods have been described which permit the isolation

of percentage points of a problem with only one variable; 1,2,3
For a two variable case it would be possible to treat one variable by a
staircase method, and the other factorially, (See Figure 3),

3, Multi-Dimensional Staircase Method

An extension of the staircase method to N variables is possible,
although the methods have not been produced yet, since the theory
doesn’t exist, We would assume that a smooth response surface existed.
and that it would be possible, staircase-wise to follow some response
contour on that surface say 90%, 93%, 99%, etc., Interaction of the
variables is also a possibility,

The factorial approach may be inefficient here since it collects
data not needed merely to trace a contour, It may also be wasteful of
time, materials, and manpower, since the experiment cannot proceed
until a large predetermined number of items are available., It should
also be mentioned that it runs against the strong desire usually found
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among reliability engineers to try something, then try something else.
ince the statistician must live with this, it would seem most desirable
to adopt procedures which resemble to as great an extent feasible, those
used by the reliability and test engineers, The sequential nature of
the procedures has also the advantage of allowing experimentation to
continue, while new experimental vehicles are being fabricated,

Example of a Multi-Dimensional Method:

In this procedure we might try a single sample at a time, and move
over the response surface in accordance with certain rules based on the
previous test result, (See Figure 4),

In this design, we proceed upward one step at a time in A in level
No, 1 until two leakers have been found, then proceed to the next
higher level of B at a level of A, one level below that on which the
first leaker occurred, Then proceed upward in A until again two
leakers have been found and proceed as before. Take the mid-point on
A between the two leakers at each level of B as a point on the 50%
leakage contour. Repeat this experiment as many times as necessary to
get the desired precision of estimate, Instead of taking a single sam.
ple, we might take a sample of n and consider it "“reliable" if no more
than ¢ leakers are found. This would; I suppose, lead to the tracing
of percentage lines, Using a table of random numbers, I was able to
get fairly good results in tracing a 10% contour over a bi-variate sur-
face; good enough results to suggest the desirability of answering the
following questions:

(1) What are the most effective rules to follow when traversing
the response surface?

(2) What confidence can be placed in the results of K trials,
using a sample size n in each trial, with an allowance of ¢ defects as
an estimate of the ¢/n fraction line?

(3) What method of computation or statistic would be used to
obtain the c/n fraction line estimate from the data?
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A PROPOSED RESEARCH PROGRAM FOR PROVIDING
QUANTITATIVE BASIS FOR PREVENTIVE MAINTENANCE POLICIES
ON ORDNANCE EQUIPMENT

Walton M. Hancock
and
Randall E, Cline

This talk contains an outline of & proposed program which can be. used
to aid in the establishment of preventive maintenance policies., The program
represents a general approach applicable to both existing systems and systems
yet to become operational, It is anticipated that this approach should ulti-
mately lead to the simplification of the maintenance of Ordnance equipment,

Since the Ordnance Corps has many different types of equipment, which
vary both in complexity and density, no one PM policy can be applicable to
all types of equipment, The research effort must therefore be oriented
towards developing the proper general approach to the establishment of
preventive maintenance policles for a variety of weapons systems. The
applicability and usefulness of the approach, then, can be demonstrated
by selecting a limited number of weapons systems and evaluating different
preventive maintenance policies for them.

The talk is presented as follows: Part 1 contains a discussion of
work done by others and comments on methods used to develop general solu-
tions, Part 2 presents a general approach to the preventive maintenance
problem, and Part 3 is a mathematical formulation which has been used to

-present, in a compact form, the ideas developed in the general approach,

The fourth part contains a proposed program which will provide information
for the evaluation of preventive maintenance policies on specific weapons
systems in order to serve as examples of the application of this general
approach to establlshxng preventive maintenance policies for other weapons
systems,

1, CURRENT STATUS OF RESEARCH ACTIVITY CONCERNING MAINTENANCE POLICIES.
hn extensive library search and a number of visits have been made in order
to take advantage of work performed by other research groups in the main-

tenance area.l One finds that there has been quite a bit of effort put into
the specific details of establishing preventive maintenance policies for a
particular type of equipment; there are, however, relat1ve1y few people that
are concerned with a general approach

' The areas in which much work has been done include the military
electronics field and the civilian trucking industry. 4n examination of

the approaches used in these areas has proved quite helpful,

In the military electronics field, investigations have been made into
the problems of reliability. The reliability of equipment is directly
related to the amount arnd type of maintenance., Methods of analysis used
in evaluating and improving reliability can also be used in developing
maintenance nprograms. Briefly, the methods have been as follows:

1. A Ixst of the most pertinent books and ar;xcles is given in the
bibliography.
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a, Rather than conduct broad scale studies, particular using units
have been selected for detailed study,

b. Only new equipment or equipment put through major overhaul is
issued to the units to be studied,

c. Detailed records are kept on the life history of the equipment,
The amount of scheduled and unscheduled maintenance, the time
required for repairs, basic causes of failure, parts usage and
the time interval between failures are all carefully documented,

d., The reliability of the equipment is related to the mission that -
is to be performed, and the mean time to failure is frequently
useéd in deriving an expression of reliability. Since the missions
are usually expressed in terms of the number of hours of use per
mission, then the probability that the equipment will perform
the expected mission can be predicted.

e. Emphasis has been placed in the classification of the types of
failures by basic components of the system such as by tube types,
types of resistors, and capacitors. The reliability of the
equipment is then expressed in terms of the reliability of its
components,

Considerable success has been attained by the use of the above methods, -
The most notable of these have been realized by classifying the basic causes
of failure for design purposes, :

Since maintenance is one of the principal costs in the civilian trucking
industry, effort has gone into the solution of their maintenance problems,
The following represents the general methods used by the industry:

a, A detailed life history is kept on each vehicle, These data con:
tain a record of all repairs, including parts usage and costs, and
a record of all maintenance performed. Incidence of breakdowns,
associated costs, and the mileage of the vehicle are recorded for
such events in the life history.

b. By analysis of the life histories, norms are established for the
expected life of each major component. Careful investigations are
then made to determine the causes of failures which seem premature,
Fajlures are also classified as to design deficiencies, improper
maintenance or poor driving. Those that are in the design defi- #
ciency category are used to change the specifications on new equip-
ment, Those caused by improper maintenance are used to modify the
amount, kind, and time interval of scheduled maintenance. The
failures caused by poor driving are analyzed for improved driver
education.

c. The “cost of maintenance per mile" is also derived from the
detailed life history., This is a control technique used by
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administrative personnel to see if the total cost of maintenance
is kept within prescribed limits,

Proper feedback of information and the proper analysis of this
information is considered by most trucking firms to be an absolute neces-
sity., .This applies to commercial trucking fleets, bus fleets, truck and
car rentai fleets, and users of off-the-road equipment, The same approach
prevails regardless of the actual use to which the equipment is put,

2. A GENERAL APPROACH TO THE MAINTENANCE FROBLEM, In order to
develop a general approach that can be applied to all types of weapons
systems, it is first necessary to classify weapons systems in such a
way that their common characteristics as well as their differing char-
acteristics are evident, Preventive maintenance policies will then be
reiated to these characteristics., It appears that all weapons systems
can be classified (for purposes of establishing maintenance policies)
in terms of the following basic parameters:

a, Complexity
b, Density
¢, Mission

Each of these three basic classifications is a vector quantity, or

stated more simply, each can be described in terms of a number of factors.
For instance, the complexity of a weapons system may be defined in terms
of the crew requirements, the number of components, the total cost of the
system, the average amount of time required to locate troubles, the ratio
of time to check out the system compared to the time to complete a mission,
etc, Similarly, density may be expressed in terms of geographical dis-
persion of equipment, travel time from support unit to supported units,
total number of units in the field, etc, Missions can be defined in terms
of the time equipment is required to be operable, the movements of opera-
tions which must be accomplished, the precision with which cperations must
be performed, etc,

Examples of the way these classifications are related to maintenance
policies are as follows: Experience has shown that for electronic equip-
ment an increase in complexity increases the maintenance requirements,

The density of weapons systems affects the organization of maintenance
crews and supporting test equipment, The mission also affects the type

of maintenance. Since many weapons systems are required to perform a num-
ber of different missions, to achieve simplicity of maintenance at a mini-
mum cost, the maintenance requirements may also vary., For example: trucks
that are used on hard surface roads will require different maintenance
than trucks used off the road. One trucking firm that was visited had -
different maintenance schedules for long distance vehicles.than for local
haul equipment, because the cost of a breakdown of a vehicle some distance
from maintenance support was many times higher than for a vehicle used
locaily,
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3. MATHEMATICAL FORMULATION OF A GENERAL APPROACH., Using the
classification of weapons systems introduced in Part 2, a general approach
to establishing preventive maintenance policies will now be considered.

In the analysis of failure data for electronic equipment, the term relia-
bility of a system or a component of a system has been generally used to
denote the probability that a system or component will perform its required
mission under given conditions for a specified operating time, The relia-
bility of Ordnance equipment can be defined similarly. In developing a
model which relates maintenance and reliability, the following assumptions
are made:

a, Reliability is dependent upon the age of the equipment., For
example, tanks, trucks, missiles, etc., tend to fail more fre-
quently as the equipment becomes older,

b. The reliability is also dependent upon past usage of the equipment,
For example, it is expected that the number of failures in trucks
increase as the number of miles traveled increases., Similarly,
the number of times a missile is checked is believed to affect
the probability that the missile will fire,

Since both age and past usage are assumed to affect the reliability
of equipment, it is useful to redefine reliability. Consequently, the
following notation will be introduced., For any given system, let t =
calendar age of the system, i.e., the number of years since the equipment
was issued (new) to the uger, and let x(t) = usage of the system prior
to time t, i.e., x(t) ='f; £(r)dr, where f(T) is some measure of usage.

The reliability of the system will be defined as follows:

The reliability of a system is the probability that the system will
perform its required mission (which includes a specified operating time),
given that the age of the system, t, and the past usage, x(t), and the
preventive maintenance policies are known, The reliability of a system
will be designated by the symbol r[F, x(t)].

It has been suggested that for wheeled and tracked vehicles, x(t) = mileage,
and for missiles, x(t) = number of times certain checks have been made on the
system,

Both scheduled and unscheduled maintenance are related to the relia-
bility of a system, The purpose of maintenance is to increase r[ﬁ,x(ti],
and hence to maintain the reliability above some predetermined minimal
level. The policies regarding scheduled and unscheduled maintenance are
expected to be influenced by the complexity and by the density of the
system, Visual inspections and operational check-out procedures are
designed to ascertain whether the reliability of the system is above this
predetermined level., Since a weapons system may be required to perform
several different missions, we must consider all operations which the
system may be required to perform and the associated performance times.
Classify these missions (that is operation-time combinations) in groups
in such a way that all missions in any given group are roughly equivalent
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in terms of requirements on the system, Such a group of missions will be
called a task. Now order these tasks in such a way that if the system can
perform any given task, then it can also perform all simpler tasks, Desig-
nate these tasks by Tl’ sees Ty (L > 2), where T, indicates the simplest

task and TL corresponds to the most difficult task. Having specified a
given task, say Tk‘ there exists a corresponding probability that the sys-
tem can perform this task. Denote this probability by rk[t,x(tz].

Then for fixed t and x(t), and all k = 2,,.,, 4,

rk[:t:,x(t)]?_rk_}’1 [t,x(t)] .
Now for each task 'I'k and any given maintenance policy, there exists a

surface rk[},x(t)] which represents the reliability of the system relative

to Tk. Such a surface is illustrated in Figure 1,

rk[t,x(t):]

x(t)

Figure 1



204 Design of Experiments

Theoretically, a maintenance policy should be designed in such a way that
for any value of t, 0< t < t*, where t' is that time at which the system
is discarded, and for any usage x(t), the reliability of the system should
be maintained in such a way that for some a, 0< a <1,

(1) rk[t’ X(t)] Z a

for some task Tk. Since it is assumed that the reliability of a system

decreases with both time and usage, then maintenance must be performed in
an attempt to satisfy equation (1). The physical situation is illustrated
in Figure 2 in which the lower surface represents the actual system relia-
bility and the upper surface represents the desired goal of maintenance,

It is to be noted that rk[p,x(tl] may actually exceed a, Conversely, the

effect of inappropriate design on the system may be such that rk[k,x(tﬂ

never attains the desired goal. Finally, it is observed that the goal
may not be constant over the entire expected life of the system and may
be lowered as equipment is phased out,

r, [t.x(e)]

| o |
L o

Figure 2




L ¥}

Design of Experiments 205

The life history of a system can be represented by a curve in the
t,x(t) plane. Associated with this curve is the corresponding reliability,
Such a curve is shown in Figure 3,

r[t,x(t)]
N Reliability curve
N\, corresponding to Life
N History curve,

x(t)

Life Hiwg{ory ~ A
curve Co

() | o~

Figure 3

Observe now that since a collection of similar weapons systems in an Army
unit will not be used in identical amounts, then observations taken from a
particular unit will form a wedge ds illustrated by the broken lines in
Figure 3.

- As mentioned above, maintenance of any typéfis intended to increase
the reliability of the system, Thus, for any maintenance performed at a
given point [t,x(t)], lets

Ark [t 9X(t):[

denote the change in rk[t,x(t)] obtained by performing the maintenance,

The amount of this change is a random variable dependent upon the type of
maintenance performed, the level of skill of the technician performing it,
and the tools or test equipment available to him, Graphically, this may be
illustrated as in Figure 4 for a particular system having maintenance per-
formed at ﬁdih;s Leox(e)], [toex(t)] 5 vonees [}n,x(tnil , where the jumps
in the curve indicate the corresponding changes in reliability resulting
from the maintenance,
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rk[t,x(t)] -
\

x(e) N

yx(tp)

[tz,x(tz)]

[t3,x(t3):|
t
\
N
Figure 4 i

It is to be observed that if not only rk[t,x(t):] and A-rk[t,x(t)] are
known, but also various costs of maintenance associated with Ark[},x(ti],

then measures can be developed which relate costs of maintaining equipment
to the expected loss from having equipment inoperative., Consequently, to
use this approach for evaluating the effects of various preventive main-
tenance policies in terms of the change of the reliability of the system,
it will be necessary to develop techniques for estimating the forms of
rk[t,x(tX] and Ark[i,x(til for various tasks and maintenance practices,

To aid in the estimation of these functions, it is useful to consider
the effects of various components of the system on overall system perfor-
mance., Now any given system can be represented as a collection of major
components (or subsystems)., Associated with each component is a
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corresponding reliability surface again a function of t and x(t).
Assuming these ma jor components are serially connected and statisti-
cally independent, then at any point t,x(t) ,

. tsx(t)] = 7?; T (3 [ng(tﬂ
j::

where there are n major components with reliabilities T (J)[ﬁ,x(ti],

(j=l4.0ssm). By estimating not only rk[i,x(ti] and Arktﬁgx(ti], but also

the corresponding quantities for major components, those components requiring
the most maintenance will be apparent, Thus, concurrent with the collection

of data to be used in estimating the overall system reliability, data on
various components will also be collected, It is to be observed that this
additional component analysis is essential for systems in which ma jor com-
ponents have been replaced,

Continued work on the general formulation will be directed toward
relating the function rk[ﬁ,x(tZ] and Ark[ﬁvx(tn both to the organization
of maintenance in terms of costs, skills, tools, etc,, and to the complex-
ity, density and task ciassifications of weapons systems,

4, PROPOSED PROGRAM FOR FIELD OBSERVATION AND DATA ANALYSIS. To
obtain the information required to develop the curves and surfaces dis-
cussed in Part 59 a field observation program will be necessary, 1t is
necessary that at least two, and preferably three, weapons systems be
selected that represent different points in the complexity-density range,
Since life histories are to be collected, new weapons systems should be
selected whenever practicable, The specific weapons systems that are to
be studied have not been chosen at the present time, A wheeled or tracked
vehicle, 2 missile, and possibly & hand weapon will probably be selected.
In selecting the weapons system and the units to be observed, proper cone
sideration also must be given to the missions that are being performed,

‘Since a main purpose of the research is to quantitatively evaluate
the effect of preventive maintenance practices to permit determination of
the proper amount of scheduled maintenance that should be performed, it
will be necessary, after an initial observation period, to slightly modify
the existing maintenance practices and observe their effects.

Specifically, we will attempt to coilect the following informations

A, Scheduled Maintenance

For each scheduled maintenance or operational check performed,
the following information is desired:

i. Type of scheduled maintenance
2, Frequenty of scheduied maintenance

3. Equipment usazge between scheduled maintenance periods.
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4; Deficienciés found during scheduled maintenance.

5. Parts replaced during scheduled maintenance.

6. Time to repair deficiencies found during scheduled maintenance R
periods.
7. Time to perform scheduled maintenance. ﬂ .

8. The echelons that perform the scheduled maintenance.
B. Unscheduled Maintenance

For each failure requiring unscheduled maintenance the following
information is desired:

1. Frequency of failure
2., Basic cause of failure
3. Elapsed time since specific scheduled maintenance.

4. Usage since specific scheduled maintenance.

5. Parts needed for repair of failure
6. Parts available
7. Time to repair failure
8. Echelon performing the repair
C. Maintenance Organization
For the unit being observed the following information is desired:

1. Skills and equipment available at using unit and supporting
units.

2, Inspeétion criteria at each echelon ; .
3. Work load at each echelon,

We plan to initially place technically qualified field engineers on a
full time basis with the units to assist user personnel in recording the
above information, It is hoped that after approximately three to six months
the cooperating units will be able to provide the necessary information,
and the field staff will be required only to monitor the data collection
program on a part-time basis., This would also free the field staff to
initiate a similar observation program with an additional using unit,
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As discussed in Part 3, the data collection program will be initiated
concurrently with the continuation of the development of the general approach,
As the program proceeds, the level, type and method of data collection may,
of course, require modification, The initial information obtained will aid
in selecting the most pertinent of many possible characteristics of weapons
systems for first consideration in the mathematical formulation, and in
defining the groups of missions required of the different types of systems
studied, Such effort will be needed to further refine the general formula-
tion to insure that the results will have practical significance to the
particular weapons systems under consideration.
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o STATISTICAL ANALYSIS OF VARIOQUS PARAMETERS
AFFECTING THE BURNING CHARACTERISTICS OF FLARE SYSTEMS

Bossie Jackson
Pyrotecnnics Chemica: Research Section
Fyrotezhnics Laboratory
Picatinny Arsenal

The deveiopment of pyrotechnic flare compositions invoives the
investigation of a number of different variables, From the many inves-
tigations conducted previously numerous hypotheses were formed con-
cerning the relationship of such variables as candlepower and burning
rate with flare case coating, loading pressure, and the particle size
of the fuel employed in the system., A better knowledge of the basic
factors governing the burning characteristics of solid mixtures was
desired, ¢t was expected that the results of this investigation would
tend to substantiate the various hypotheses.

Previous data tends to show that candlepower and burning rate are
depended upcn particie size, loading pressure, and are not affected by
flare case coating, The analysis of these relationships was based on
data obtained {rom this study using two stacistical methods, the test
for least significant differences, and in particular the analysis cof
variance, The experimental design for these studies is given in Figure 1.
(See next page.) This configuration was used for four (4) levels of mag-
nesium, M;, MZ’ M3, and MAO The flare case coatings are shown by Cl’ C29

C,s and o Seven {7) levels of loading pressure were studied ranging

ao
from P1 to P,. Five samples were utilized for each combination of pres-

sure, case coating, and magnesium rticlie size,
1

A standard flare composition (Table E)H:Tabies can be found at the
end of this articlej was used for this experiment, This composition
contains 48% magnesium, 42% sodium nitrate, 2% polyvinyl chloride, and
8% Laminac resin, Flare compositions are consolidated in a variety of
cylindricei cases under a specified pressurs to cobiain a cigarette-type
propogating composition rather than one which flashes or explodes. The
use of self-hardening poiyester resins in flare compositions eliminated
the need for consclidating them at very high pressures., Most flare com-
positions are presently loaded at pressures ranging from 4000 pounds per
square inch {psi) to 10,000 psi.

Standard flare compositions each containing diZferent mesh sizes of
magnesium were evaluated in this study, These magriesium granulations
together with their average particle diemeter are given in Tabie II, The
mesh sizes of magnesium are 20/50, 30/50, 3C/100, and 100/200 with par-
ticle sizes varying fvom 437 microns to 110 microrns, The compositions
were consoiidated at 2000, 4C0CG, 7000, 10,000, 15,000, 20,000 and 25,000
pounds per square Inch,

The effect of loading pressure on candliepower can be observed in
Figure II, The mean candlepower values vary from 201,000 to 223,000
which approximates an eieven {11) percent change. It is apparent from
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this graph that a definite trend exists with candlepower increasing with
inareased loading pressure, Table III summarizes the luminous intensity
values observed at each pressure level, The least significant difference
value at the ninety-five (95) percent confidence level is also given for
these values., Despite the apparent trend of candlepower values, it will
be observed that the difference in light output from 4,000 psi to 25,000
psi are not large enough to be significant based on the least significant
difference value, This conclusion also holds for the candlepower at 2,000
and 4,000 pounds per square inch. However, the differences between the
values at 2,000 psi and those at 7,000 psi and above are large enough to
be termed significant, The appearance of this trend may be attributed to
the relationship between porosity and heat conduction., A more porous
coiumn will conduct heat at a slower rate as a result of the air pocket
acting as insulators giving slow burning rates and low candlepower.
Conversely, the less porous column will conduct hez: at a faster rate
giving higher candlepower and burning rates,

Higher candlepower values are obtained from smaller parcicle diameters
of magnesium as shown in Figure III, Candlepower plotted as a function
of average particle diameter decreased with increasing particle size. The
higher candlepower value obtained for the 168 micron magnesium compared to
the finer 110 micron magnesium may be attributed to the distributional
effect of particle size, As evidenced by the low average particle diameter,
the 50/100 mesh magnesium contained a large percentage of fines which
placed the material in the upper range of the finer 100/200 mesh magnesium
which may account for the higher iight output., The candlepower values for
each mesh size magnesium are tabulated in Table IV, It is immediately
apparent that these intensity values are significantly different from
each other on application of the least significant difference value, It
is also observed that the 50/100 mesh.magnesium gave significantly higher
candlepower than the 100/200 mesh fuel., This result reflects the necessity
Zor reducing the tolerance limits of particle size for the different mesh
sizes of magnesium, It is believed that data can be accumulated from
studies conducted previously to show that candlepower definitely decreases
with increasing particle size,

It was previously mentioned that any of the investigators in the
f:eld of pyrotechnics believed that candlepower was unaffected by case
coatings. This was verified by the results obtained from this experi-
ment as shown in Table V, The flare case coatings studied were Amberlac
292, Laminac resin 4116, Polyethyiene 617, and paraffin wax. The candle-
power values vary from 210 to 218 and are essentially the same based on
the least significant difference value of 8.8, Flare case coatings are
especially necessitated with compositions containing self-hardening
resins. Since these resins undergo considerable shrinkage on curing,
voide and air pockets are created as a result of the composition separa-
ting from the flare case wall., Such a condition gives rise to possible
detonations or increased burning rates.

Just as candlepower shows an insignificant trend resulting from
-ncreased loading pressure, burning rate values show a parallel trend.
Figure IV illustrates this trend as the loading pressure is increased
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from 2,000 psi to 25,000 psi. The burning rate values show a trend towards
reduction with increasing loading pressure, Table VI tabulates the mean
burning rate values obtained at each pressure level, It also summarizes
that the differences in burning rates are not large enough to be signifi=
cant, Based on this method of analysis, it can be concluded that burning
rate is not affected by increasing loading pressure. As a result of the
oppositely parallel trends shown by candlepower and burning rate, it can
be hypothesized that these two variables are interrelated. This hypo-
thesis is corroborated and borne out when considering the effect of par-
ticle size of magnesium on burning rate,

Figure V shows burning rate plotted as a function of average particle
diameter, It can be seen that burning rate decreases with increasing
average particle size, As shown on Table VIII the differences between
these values were found to be significant based on the least significant
difference value of C.05. It was previously observed that a corresponding
effect was obtained with candlepower values, except in the result for
50.100 mesh magnesium, To further complicate the picture it was observed
that significart differences in burning rates existed for the various
flare case coatings. The results are given in Table VIII., The burning
rates vary from a slow 3.6l inches per minute for the polyethylene to a
fast 4,52 inches per minute for paraffin wax with Amberlac and Laminac
resins yielding values in the middle., These differences based on the
test for least significant difference indicate that the minimum and max-
imum values here are significantly different from the intermediate ones
which are essentially the same. The significant effects of flare case
coatings are undoubtedly due to their variation in binding strength, rate
of thermal degradation, and end-products produced on combustion.

Burning rates of pyrotechnic compositions are also derived from the
weight composition undergoing combustién per unit time, Figure VI illus-
trates the effect of loading pressure on the grams of composition per
second from 2,000 pounds per square inch to 25,000 pounds per square inch,
It is shown that grams of composition per second tends to increase with
increasing loading pressure, The change in pressed density from 2,000
psi to 25,000 psi approximated twenty (20) percent. As shown in Table IX
the differences in grams of composition per second are not significant
based on the least significant difference value of 0.60, It was pre-
viously observed that the linear burning rate was not significantly
affected by loading pressure,

In direct contrast to the above result, it was determined that the
average particle diameter of magnesium had a significant effect on the
weight of composition consumed per unit time. Based on the previous
effects of particle size on both candlepower and burning rate this result
could be anticipated, Figure VII shows grams of composition per second
as a function of average particle diameter, It is observed that the
number of grams burned per unit time varies inversely as the average
particle diameter, The mean burning rate values tabulated in Table X
are shown to be significantly different from each other as a result of
the test for least significant difference,
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By observing Table XI, it can be seen that flare case coatings do
not significantly affect the grams of composition per second, 