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SUMMARY

This report presents the results of a series of tests conducted to investigate the failure mode
of binding caused by sand particles in small, intricate mechanical components. These tests
were prompted by the large number of failures of components where the suspected mode of
failure was binding caused by sand ingestion. The armament system circuit breaker of the
AH-1G helicopter was sc'ected as the device to be tested.

Tests were conducted to determine the effects of (1) operational exposure (cycling) of the
circuit breaker to atmospheres laden with sand of various particle sizes. (2) static exposure
of the circuit break~.r to those atmospheres, (3) circuit breaker design {two manufacturers’
circuit breakers designed to the same specification), and (4) scaling or protection methods.
Cycles to failure were also measured.

It was determined that sand-laden atmosphere does affect the operation of unprotected
circuit breakers (cycled and noncycled). It was also determined that 140-mesh silica flour
(Military Standard 810B test sand) could penetrate even completely sealed circuit breakers.

A recommendation is made to use hermetic scaling of small. intricate components if complete
protection from particle ingestion is required.
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FOREWORD

The tests reported herein were conducted under DA Task 1F162205A11906, *Reliability/
Environmental Technology,” House Task RM 70-13. This effort is part of the reliability and
maintainability program being carried out at the Eustis Directorate, U. S. Army Air Mobility
Research and Development Laboratory, Fort Eustis, Virginia.

Technical assistance and advice were provided by Mr. James C. Edwards, engineering tech-
nician, who designed the test fixture and pneumatic and electrical systems; Mr. Dominic P.
lannuzzi, acronautical engineering technician, who operated and maintained the test equip-
ment and recorded the test data; and Mr. Roger B. Hayman, Jr., equipment specialist, who
assisted and advised the project engineer throughout the tests.
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INTRODUCTION

The mechanisms of failure of mechanical components associated with a sand-particle-laden
atmosphere include erosion, abrasion, clogging and binding. This report addresses a study
of the mechanism of binding as a failure mode. The remaining mechanisms have been ad-
dressed by other studies, such as USAAMRDL Technical Report 70-70, *“Study of the
Mechanisms of Sand and Dust Erosion”.! The primary areas of interest to be investigated
concerning particle binding of mechanical components were particle size distribution effects
and the effectiveness of sealing methods against particles, excluding hermetic sealing, which
uses an inert gas for displacement of atmospheric air in the component. Candidate com-
ponents for this study were investigated, and the armament circuit breakers used on the
AH-1G helicopter were selected for testing. These 15-ampere DC armament circuit breakers
(described in Reference 2) have had to be replaced at a fairly high rate and represent a
nuisance and potentially dangerous condition (i.e., binding circuit breakers may not function
as circuit breakers when required).

The standing cperating procedure (SOP) in Vietnam was to pull the armament circuit breakers
into an open circuit position whenever an aircraft was operating over a friendly landing zone
or leaving or returning to a base camp. This SOP (Reference 3) resulted in the armament
circuit breakers’ being operated as switches instead of solely as circuit breakers. The failed
and/or replaced circuit breakers in the field contained sand in minute amounts, a factor that
may not be critical in itself but which, combined with the misused circuit breakers, may cause
frequent failures.

The objectives of this investigation were to determine the effects of different sand particle
size distributions on the cycles to failure of the armament circuit breakers and to assess the
influence of cycling the plunger arm on the useful life of the circuit breakers.

EESWSERES
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TEST METHODOLOGY AND PROCEDURE

It was noted during the planning stages of this test program that the military specifications
governing the qualification of small mechanical components did not require the circuit
breakers to be actuated in a sand-particle-laden atmosphere during the contractor’s qualifi-
cation testing prior to acceptance by the Army. Since the circuit breakers are exposed to
sand particles when operating in the field, the qualification tests performed by the contractor
were not representative of service or actual conditions. Therefore, the test plan for this in-
vestigation called for testing the circuit breakers under conditions that were as representative
of actual field conditions as possible. To duplicate field conditions, it is necessary to mechan-
ically actuate the circuit breaker plunger while the circuit breaker is exposed to blowing sand
particles and a controlled temperature.

The test methods used in this investigation were dictated by design-of-experiment techniques.
The small sand and dust chamber available at the Eustis Directorate (shown in Figure 1) was
used for the tests. In addition, the temperature/humidity chamber of the Eustis Directorate
was used for the clean (no blowing sand particles) environment as shown in Figure 2. The
test fixture itself is shown in an artist’s concept in Figure 3 and by photograph in Figure 4.

The number of circuit breakers exposed per test was restricted to five due to space limi-
tations of the sand chamber. Since analysis-of-variance techniques were to be used to assess
the impact of cycling and sand particle size distribution on circuit breaker effectiveness at
the S-percent level of significance, a number of replications of each test point were required.
Five replications were considered to be sufficient for analysis purposes.

Test conditions for each investigation were kept uniform by rigid monitoring and control.
The sand cloud density was held constant for each sand test, with only the particle size
distribution changing. A temperature of 104°F ¢ 2°F and a relative humidity of 30 per-
cent or less were maintained throughout these tests. The temperature was considered to be
representative of the interior of the AH-1G in a tropical environment, and the low humidity
was required to preclude adherence of the particles due to roisture during these tests.

The electrical and pneumatic schematics for the test fixtures are shown in Figures 5 and 6
respectively. Table I is a list corresponding to Figure S, which describes the items used in
the electrical system. Figure 7 shows the control unit and counters for each circuit breaker.
It should be noted that each test had five ci‘cuit breakers at a time that were cycled and a
control group of five circuit breakers that were exposed to the blowing sand only but not
cycled. This wa: done to allow a comparative analysis to be made, foilowing testing, of the
effects of actuation on the force required to open and close the circuit breakers. Blowing
sand for the purpose of these tests was sand moving at 100 to 500 feet per minute (1.1 to
5.7 miles per hour). In the case of the clean test, a zero air velocity was used. The samples
used for testing were SiO9 (quartz) and 140-mesh silica flour sand particles, with size distri-
butions as shown in Table Il and Figure 8. During testing, the circuit breakers were either
unprotected, dust-boot protected, or completely sealed (dust boot plus pitch).

The circuit breakers were operated by actuating their plunger arms vertically with a force of
8 pounds tension and 12 pounds compression if no dust boc:ts were used and 7 pounds and
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14 pounds, respectively, if a dust boot was used (Appendix I contains the justification for
the variation in the tensive and compressive forces with and without boots).

The circuit breakers were assumed to have failed when cither the compressive or the tensive
force required to actuate the circuit breaker exceeded the present test fixture actuation forces

(7 or 8 pounds, 12 or 14 pounds), the plunger itself broke or fractured, or the circuit breakers

actuated properly but continued to retain an open or closed circuit.

It was assumed that the failures would be normally distributed. This assumption could not
be rejected, as shown by the Kolmogorov-Smirnov goodness-of-fit tests outlined in Reference
4 and shown in Appendixes I, II, IV, and V of this report.

The tests shov/n in Table IIl were conducted to determine the influence of sand particle size
distribution and cycling on circuit breaker operation. No examination was made of dust-
boot-protected circuit breakers in a clean environment because it was assumed that there
would be no difference in a clean environment between an unprotected circuit breaker and
one with a dust-boot installed. However, the completely sealed circuit breakers were ex-
amined in a clean environment because they were a special purchase from one of the manu-
facturers (designated manufacturer number 1) of these circuit breakers, and it was surmised
that there might be differences due to quality control induccd by the special purchase.

Following the chamber tests, a linear spring scale, calibrated in pounds, was used to measure
the opening and closing forces required for each circuit breaker. In addition, an electrical
test was performed on those circuit breakers which could be actuated regardless of the forces
required to operate the plungers. The electrical test was performed under the following con-
ditions: 60 amperes at 28 volts DC for no more than 7 seconds. The circuit breaker had to
actuate (open the circuit) within 7 seconds or fail the test.

Figure 9 is a photograph of the standard circuit breaker’s internal components, generally re-
ferred to as the unprotected circuit breaker; one-half of its covering has been removed to
show its interior. Figure 10 is a photograph of the completely sealed circuit breaker with
the dust boot removed and lying to one side. This same type of dust boot was added to the
circuit breaker shown in Figure 9 to obtain a standard circuit breaker with a dust boot for
use in these tests. Figure 11 shows the completely sealed circuit breakers installed and ready
for testing. Note the dust boots and sealer at the potential sand entrance areas.




Figure 1. Sand and Dust Test Chamber.
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1 Figure 2. Temperature/Humidity Chamber for Clean Test.
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Figure 5. Electrical Schematic.

TABLE I. ELECTRICAL COMPONENTS
REF DES NOMENCLATURE
CB1 THRU CBS CIRCUIT BREAKER, TEST 15 AMP
CRT1 THRU CRTS COUNTER, 4 DIGIT RESETABLE 115VAC
F1 FUSE, 11SVAC 1 ANP
L1 THRU LS LANP, PILOT 28VOC
M1 MOTOR
PS1 POWER SUPPLY, 26VDC
R1 THRU RS RELAY, 28VDC
R6 THRU R10 RELAY, 28vDC
R11 THRU RIS RELAY, 28VDC
SOL1 THRU SOL2 SOLENOID
— |
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Figure 6. Pneuma.ic Schematic.

Figure 7. Control Unit for Circuit Breaker Tests.
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Figure 8. Sand Test Samples.

- TABLE II. SAND TEST SAMPLE DISTRIBUTIONS

Sand Test Percent by Weight of Total Sample® Within a Size Range (microns)**
Samples 0-74 74-88 88.10$ 105128 125-177 177-250 250-350 350-5(2 _500
140-Mesh S——

Silica Flour 90.0 L1} 2.0(none > | 50) 1] 1] ] X
Desert Area

(Kingman,

Arizona) 653 &8 4D a6 10 10 2.0 A5 X
Inland Area,

Non-Desert

(Saigon, RVN) 244 40 44 5.0 13.0 11.0 11.0 13.0 X
Road Dust

(Fort Benning,

Georgia) 42 10 12 1.6 1.0 180 28.0 26.0 X
Beach Area
(Da Nang, RVN) 1.6 10 10 2.4 10.0 19.0 25.0 24.0 X
Beach Sand
(Va. Beach,
Virginia) 0 0 0 1.0 2.5 228 370 20.0 X

mendations cited in Reference §

**Micron sizes were obtained from Reference 6.

®For the purposes of these tests, no perticle was greater than S00 microns due to recom-




Figure 9. Standard Circuit Breaker.

Figure 10. Completely Sealed
Circuit Breaker.

Figure 11. Completely Sealed Circuit Breakers Installed.
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TABLE Ill. CIRCUIT BREAKER CYCLING
AND EXPOSURE TESTS

Test Number Cycled Number Noncycled
Clean 10(1)* Unprotected  5(1) Unprotected
Clean 5(2) Unprotected  5(2) Unprotected
Clean () ¢s 5(1)Cs
Virginia Beach, Va. Sand S5(1) Unprotected 5(1) Unprotected
Da Nang, RVN Sand S(1) Unprotected  5(1) Unprotected
Fort Benning, Ga. Sand 3(1) Unprotected 5(1) Unprotected
Saigon, RVN Sand S(1) Unprotected 5(1) Unprotected
Saigon, RVN Sand 5(1) DB S(1)DB
Saigon, RVN Sand (1) Cs S(1)Cs
Kingman, Az. Sand 5(1) Unprotected  5(1) Unprotected
Kingman, Az. Sand S(1) DB 5(1) DB
Kingman, Az. Sand 5() Cs S()Cs

140-Mesh Silica Flour Sand 5(1) Unprotected 5(1) Unprotected
140-Mesh Silica Flour Sand S5(1) DB S(1)DB
140-Mesh Silica Flour Sand S() Cs saycs

*Number underlined is the number cycled or exposed. Number in parenthesis indicates
manufacturer number | or 2. Manufacturer number 2 circuit breakers were examined
in a clean environment only due to time and cost considerations.

Note: Unprotected means not sealed against sand entry. DB means only a dust boot
was added for protection. CS means a dust boot plus pitch was added to seal
all possible entrances to the circuit breaker interior.
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OBSERVATIONS

Of the 80 circuit breakers cycled during these tests, 79 failed during cycling. One cycled
for so long that the test was terminated (11,099 achieved; 5,000 required). The following
statements pertain to the remaining 79 circuit breakers:

® In a dust-laden atmosphere, 83 percent of the unprotected circuit breakers could
not be pulled open, compared to 80 percent of the circuit breakers protected only
by dust boots and 53 percent of the completely sealed circuit breakers.

® Sixteen percent of the completely sealed circuit breakers had broken plungers,
compared to 5 percent of the unprotected and 7 percent of the dust-boot-protected
circuit breakers.

® Thirty-one percent of the completely sealed circuit breakers opened by themselves,
compared to 10 percent of the unprotected and 13 percent of the dust-boot-
protected citrcuit breakers.

® Eighty percent of the circuit breakers of manufacturer number 2 had broken
plungers following testing. Figure 12 shows a typical set of plunger breakage type
failures. Figures 13 and 14 are close-ups of some typical plunger breaks.

® Seventy-one percent of all failed circuit breakers could not be pulled open.
® Thirteen percent of all failed circuit breakers had broken plungers.
® Fifteen percent of all failed circuit breakers opened by themselves.

® One percent of all failed circuit breakers failed such that electrical current con-
tinued to flow through the circuit breaker independent of the plunger’s position.

® Of the 66 cycled circuit breakers, only 4 failed to meet the time limit within which
the circuit breaker must open if mechanically and electrically closed and exposed to
«00 percent of rated current. Twelve circuit breakers would not seat using an un-
limited force; therefore, no electrical test could be performed.

® Of the 80 noncycled circuit breakers, only one failed to pass the electrical test.
All the circuit breakers would seat using an unlimited force.

A suspected cause of the nonseating of some of the cycled circuit breakers was fatigue fail-
ure of an internal collar which thereby rendered the plunger ineffective as a means of actu-
ating the cam arrangement to seat the circuit breaker. Figures 15 and 16 show typical
failures of the collar or yoke mechanism. Figure 17 shows another type of failure ex-
perienced during these tests: the roller mechanism binding without moving into position
as required.

A




Figure 12. Broken Plungers During Testing.
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Figure 13. Broke'. Plunger (Cap Separ.ition).
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Figure 15. Fractured Yoke Mechanism (Lower).
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Figure 17. Binding Roller Mechanism.
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FINDINGS AND CONCLUSIONS

Appendixes I through V contain analyses of variances at the S-percent level of significance
of the various tests performed during this investigation. The following conclusions have been
drawn from these analyses or other data as noted:

l.

Design differences can cause variances in performance and reliability of circuit
breakers as shown by the differences found between the cycles to failure in a clean
environment of the circuit breakers of manufacturers 1 and 2. The completely
sealed circuit breakers were a special purchase, but all other circuit breakers were
standard supply system purchases. The differences in cycles to failure between the
completely sealed and standard circuit breakers in a clean environment must be
attributed to quality control, since the only difference (hat was supposed to exist
between the completely sealed and standard circuit breakers was the addition of a
sealer and a dust boot (see Appendixes I and II).

The presence of a sand-laden atmosphere (regardless of the particle size) does affect
the operation of unprotected cycled circuit breakers by decreasing the mean cycles
to failure when compared to a clean cnvironment. However, as protection methods
become more sophisticated, only those distributions with a high concentration of
fine particles (greater than 25 percent finer by weight of sand particles less than 74
microns) will cause significantly shorter mear cycles to failure of these circuit
breakers (see Appendix II).

Mechanically cycling the circuit breakers increases the force required to open un-
protected circuit breakers when operating in either a clean or a sand-laden atmos-
phere (see Appendix III).

There is no significant difference between the effects of the sand samples on the
force required to open noncycled unprotected circuit breakers. Exposure to any
sand-laden airflows causes a detrimental effect on the force required to open un-
protected noncycled circuit breakers compared to those exposed to a clean envi-
ronment (see Appendix [V).

For completely sealed circuit breakers, there is no significant difference in mean
cycles to failure when exposed to and operated in the desert or Saigon type sand-
laden atmospheres, but there is a significant difference when exposed to a 140-mesh
silica flour sand-laden atmosphere. Therefore, the 140-mesh silica flour sand could
penetrate even a completely sealed circuit breaker (see Appendix II).

There is no significant difference between the effect of the various sand samples on
the force required to close this type of circuit breaker, whether cycled, noncycled,
protected, or unprotected. Due to the design of the circuit breaker, actuation of the
plunger to complete or close the circuit causes the internal mechanism to operate in
a manner that precludes binding; i.e., spaces between potential binding surfaces be-
come larger. However, this condition may not be true for other small, intricate
mechanical components (see Appendixes IlI and V).
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7. As the amount of fine particles (less than 74 microns) increases, a greater amount
of sealing is required to minimize the impact on the force required to open circuit
breakers. Therefore, any similar small, intricate mechanical component would like-
wise require greater sealing as the amount of fine particles (less than 74 microns)
increases in 3 sand-laden atmosphere, to preclude failures due to binding caused by
sand particles (see Appendixes III and IV).

. The specifications governing qualification of these components in a sand-laden
atmosphere were not adequate (Military Specification 5809 and Military Standards
810 and 202). These specifications do not require the component to be operated
during the sand tests. Currently, the procuring agency has to determine whether
or not the component is to be operated during sand tests. By requiring cperation
during sand testing and imposing those conditions on the contractor, more realistic
qualification testing would occur, compared to the currently specified nonoperating
sand test.

16




T —— Y —

RECOMMENDATIONS

Based on the results and conclusions of this investigation, it is recommended that:

1.

When it is deemed necessary to protect a U. S. Army aircraft component against
particle ingestion to prevent binding, hermetic sealing of that component be used,
with attention given to maintenance and replacement considerations. Hermetic
sealing would be defined in this case as completely and permanently sealing the
component with an inert gas trapped inside.

140-mesh silica flour or equivalent be used for conducting sand tests of small, in-
tricate mechanical components, if particle binding is a suspected mode of failure.

. Military Standard 202A, “Test Methods for Electronic and Electrical Component

Parts”’; Military Standard 810B, “Environmental Test Methods™; and Military
Specification S809C, *‘Circuit Breakers, Trip-Free, Aircraft, General Specification
for”, be changed to reflect a requirement that components being subjected to sand
tests be operated during the tests. The component operation should be in a manner
that duplicates the type of operation normally expected in service.

Circuit breakers be used as switches only if they are specifically designed to function
as such.

17




LITERATURE CITED

l. Finnie, I., STUDY OF THE MECHANISMS OF SAND AND DUST EROSION,
Solar Division, International Harvester Co.; USAAMRDL Technical Report 70-70,
Eustis Directorate, U. S. Army Air Mobility Research and Development Laboratory, :
Fort Eustis, Virginia, December 1970, AD 880679.

2. Military Standard 25244 (ASG), *“Circuit Breaker, Trip-Free, Push-Pull, 1 thru 35 ]
Amperes, Type 1™

3. ACTIV Project No. ACA-38F, Final Report, FIELD EXPEDIENT SYSTEMS IN
USE BY ARMY AVIATION IN RVN, Department of the Army, Army Concept
Team in Vietnam, page 1I-73 and [1-74.

4. U.S. Army Materiel Command Pamphlet 702-3, QUALITY ASSURANCE,
RELIABILITY HANDBOOK, October 1968.

5. Rodgers, Sheridan J., EVALUATION OF THE DUST CLOUD GENERATED BY
HELICOPTER ROTOR DOWNWASH, MSA Research Corp.; USAAVLABS Technical
Report 67-81, U. S. Army Aviation Materiel Laboratories, Fort Eustis, Virginia,
March 1968, AD 669676.

6. SAND AND DUST REPORT - LYCOMING GAS TURBINE ENGINES, Report
Number 125.1.4, Lycoming, Division of AVCO, June 1965.

7. U. S. Army Materiel Command Pamphlet 706-113, ENGINEERING HANDBOOK,
Experimental Statistics, Section 4- Special Topics, D2cember 1969.

8. Hicks, Charles R., FUNDAMENTAL CONCEPTS IN THE DESIGN OF l
EXPERIMENTS, Holt, Rinehart and Winston, Inc., New York, 1964. ]
|

18




APPENDIX 1

JUSTIFICATION FOR CHANGING FORCES TO
OPEN AND CLOSE CIRCUIT BREAKERS
WHEN USING DUST BOOTS

Five standard circuit breakers were examined in the following manner to determine whether
or not the operating forces specified by military standards should be changed when a dust
boot is added to the circuit breaker:

No Dust Boot Dust Boot Added
Force To Close Force To Open Force To Close Force To Open
(Ib) (1b) (Ib) (Ib)
6.00 5.50 8.00 3.50
6.50 5.25 9.25 6.25
5.75 4.00 9.00 3.00 ]
7.00 5.75 12.50 3.75 |
6.75 3.25 8.25 3.2 ]
32. 23.75 47.00 9.75
+5 = 640 +5 = 475 +5 =940 +5 =395

The tabulation above indicates that the force required to open the circuit breaker with a
dust boot installed is approximately 1 pound less than the circuit breaker without a dust
boot. In addition, the force required to close the circuit breaker with a dust boot installed
is approximately 3 pounds more than the circuit breaker without a dust boot. However,

it should be noted that two of the data points (12.50 pounds and 6.25 pounds under the
“dust boot added” column) are suspect and bear examination due to their wide variation
from the other data points. They are termed outliers, and their treatment is discussed in
Section 17-3.2.1 of Reference 7. Using the Dixon critéria discussed therein and assuming
that a = 0.05, both data points may be discarded, and the forces required due to the dust
boot addition may be calculated based on the remaining data points.

No Dust Boot Dust Boot Added
Force To Close Force To Open Force To Close Force To Open
(Ib) (Ib) (Ib) (Ib)
6.00 5.50 8.00 3.50
6.50 5.2§ 9.25 3.00
5.75 4.00 9.00 3.78
7.00 5.7 8.25 3.25
6.75 3.25 34.50 13.50
32.00 23.75 +4 = 8.63 +4 = 338
+5 = 6.40 +§5 =475

The tabulation above indicates that a dust-boot-protected circuit breaker will require ap-
proximately 2 pounds more force to close than an unprotected circuit breaker. Hence, the
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maximum allowable force of 12 pounds to close an unprotected circuit breaker should be
changed to 14 pounds when a dust boot is used in these tests. In addition, the force re-
quired to open a dust-boot-protected circuit breaker should be decreased to 7 pounds
instead of the 8 pounds allowed for an unprotected circuit breaker.

Comparison of Cycles to Failure of Two Similar Plunger-Type Circuit Breakers
Operating in a Clean Environment To Determine Design Influence

(Military Standard 25244 - Circuit Breakers, Trip-Free, Push-Pull, 15 Amp, Type 1)

Manufacturer No. | Manufacturer No. 2
Specimen No. Cycles to Failure Specimen No. Cycles to Failure |
1 2100 41 1041
2 2930 42 2501
3 2945 43 514
4 2917 44 709
5 2844 45 2014
6 3478 —
7 3313 Ty = 6779
8 2200
! 9 1651 ]
| 10 945 ‘
Ty = 25,323
T. = 32,102

Observations: N =15 ; .
K=2 ]

Mean Cycles to Failure: Manufacturer No. 1 + 25,323/(10) = 2532.3
Manufacturer No. 2 + 6779/(5) = 1355.8

Source d.f. SS MS F ratio ( Cat < Err )
| Catalyst 1 4,613,841.1 4,613,841.1
F cal = 6.94
Error 13 8,641,782.9 664,752.5
Total 14 13,255,624.0

SST = (2100)% + (2930)2 + - + (2014)% - T.2/15
SST = 81,958,184.0 - 68,702,560
SST = 13,255,624
SSCAT = (25,323)%/(10) + (6779)2/(5) - T..2/15
SSCAT = 64,125,432.9 + 9,190,968.2 - 68,702,560
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SSCAT = 4,613,841.1
SSERR = SST - SSCAT
SSERR = 8,641,782.9

Fl, l3; 95 = 4.67 <Fcal =694

Therefore, it is concluded that there is a significant difference between the mean cycles to
failure of these two circuit breakers. Since the circuit breakers were qualified to the same
specification, it is concluded that there is a design difference between the breakers which
significantly contributes to the difference in their mean cycles to failure. It should be
noted that the previous discussion does not imply that the tests performed under this
program duplicated those used to qualify the components. Rather, these series of tests
were used as a basis for judgment purposes; i.e., one test was compared to another test
only.

In order to apply the analysis of varjance techniques, certain assumptions were made:

1. The process was repeatable. The process was controlled as closely as possible.
This report contains a description of the test conditions, apparatus, and specimens.

2. The population being sampled was normally distributed, as shown by the
Kolmogorov-Smirnov goodness-of-fit tests found at the end of this appendix and
in Appendixes II, IV, and V. The other combinations which could be contrued
to form separate samples (completely sealed and dust boot added only specimens)
were variations of those examined by the goodness-of-fit tests noted above and
were assumed to be normally distributed also.

3. The error terms, €ij, were considered to be normally and independently distributed
random effects whose mean value was zero and variance was the same for all levels
being examined.

Kolmogorov-Smirnov Goodness-of-Fit Tests for Standard Circuit Breakers in a
Clean Environment

Four Kolmogorov-Smirnov goodness-of-fit tests for the standard circuit breakers exposed,
during cycling, to a clean environment are presented on the following pages. In each case,
the assumption of a normal distribution cannot be rejected.

1. Distribution of Cycles to Failure of the Circuit Breakers of Manufacturer No. |

Assume: Normal Distribution; a = 0.05

Specimen Number Cycles to Failure
1 2100
2 2930
3 2945
4 2917
S 2844
6 3478
7 3313

s




E————

Specimen Number Cycles to Failure
8 2200
9 1651
10 945
Total 25,323
X =2532.3
2 IX-X? _zXx-2532.3°  56709%.1
n-1 9 9
s2 = 630,110.67
=793.80
X-X A A
X S F (X) F (X) IF(X)-F(X)|
945 -2.000 0.023 0.100 0.077
1651 -1.110 0.132 0.200 0.066
2100 -0.545 0.293 0.300 0.007
2200 -0.419 0.338 0.400 0.062
2844 0.393 0.653 0.500 0.153 Max.
2917 0.485 0.687 0.600 0.087
2930 0.501 0.692 0.700 0.008 |
2945 0.520 0.699 800 0.101
3313 0.983 0.838 0.900 0.062
3478 N9l 0.883 1.000 0.117
F(X) =1 -P(Z> x—él)
d = maximum absolute difference = 0.153
d0.0S = 0.410 (Table H-6, Reference 4)

dm.x. =0.153 < d0.0S =0.410

Therefcre, there is no reason to reject the assumption of normality with u = 2532.3
cycles and o0 = 758.09 cycles.

0 0000000000000 000 0
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2. Distiibution of Force To Open Following Failure

Assume: Normal Distribution; a = 0.05

Specimen Number'* Force To Open (Ib)
8.50

QOO IV N
~3

Total 71.75

*Specimens 3 and 9 could not be measured due to breakage of the circuit
breaker plunger or some other similar problem.

X = 8.97 pounds
s T(X)-X? T(X-8972  62.430
s = = =
n-1 7 7
s2 = 8910

S = 2986 pounds

X-X

X S F (X) FOO  IFX0-F

7.00 -0.660 0.255 0.125 0.130

1.50 -0.492 0.312 0.250 0.062

1.75 -0.409 0.314 0.375 0.034

8.00 -0.325 0.372 0.500 0.128

8.25 -0.241 0.405 0.625 0.220

8.50 -0.157 0.437 0.750 0.313

8.50 -0.157 0.437 0.875 0.438 Max.
16.25 2.438 0.993 1.000 0.007

F(X) =1 -P(Z>-¥—s:-§)

d = maximum absolute difference = 0.438

23




dg o5 = 0-457 (Table H-6, Reference 4)

dax, = 0438 <dg s = 0.457

Therefore, there is no reason to reject the assumption of normality with u = 8.97 pounds
and ¢ = 2.986 pounds.

0O P 0000000600000 0000

3. Distribution of Force To Close Following a Failure

Assume: Normal Distribution; a = 0.05

! Specimen Number* Force To Close (Ib)
‘. 1 6.50
2 6.50
4 7.25
5 7.25
| 6 7.00
i 7 5.75
10 1.25
Total 47.50
*Specimens 3, 8, and 9 could not be measured for their force to close following
a failure.
X =679
g - TX-X? _ r(x- 6.79)2 1928
2 n-l 6 6
s2 = 0.321
S = 0.567
x_fl A A
X S F(X) FOXY ~ IFX)-FXI
E 5.75 -1.83 0.034 0.143 0.109
6.50 -0.51 0.305 0.286 0.019 a
6.50 -0.51 0.305 0.429 0.124
7.00 0.37 0.644 0.572 0.072
7.25 0.81 0.791 0.715 0.076
7.25 0.81 0.791 1.000 0.209 Max.




F(X) = 1 -P(z>x—;—’5>

d = maximum absolute difference = 0.209
d0.05 = (.486 (Table H-6, Reference 4)
dmax. = 0.209 < dO.os = 0.486

Therefore, there is no reason to reject the assumption of normality with u = 6.79 pcunds
and 0 = 0.567 pound.

0000000400000 000000

4. Distribution of Cycles to Failure of the Circuit Breakers of Manufacturer No. 2

Assume: Normal Distribution; a = 0.05

Specime.i Number Cycles to Failure

41 1041 '

42 2501 ]

43 514 |

44 709 f

45 2014 '

Total 6779 |

I

[

% = 879 _ 3558 |

s P

2 TX- )-()2 Z(X- I3SS.8)2 2,970,786.8 :

S = = = l
-1 4 4

s2 = 742,696.7 ‘

S = 861.80
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X 5 F(X) £ (x) IF(X) - F (%)
514 0977 0.164 0200 0.036
709 0,751 0227 0400 0.173
1041 ~0.365 0358  0.600 0.242 Max,
2014 0.764 0778 0800 0.022
2501 1.329 0908  1.000 0.092

x-x
- > —
1 P(Z S )

d = maximum absolute difference = 0.242

F(X)

. d0.0S 0.565 (Table H-6, Reference 4)

(=8
"

max. 0.242 < dO.os = 0-565

Therefore, there is no reason to reject the assumption of normality with u = 1355.8 cycles
and ¢ = 861.80 cycles.

00000000000000000000
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APPENDIX Il
ANALYSIS OF THE EFFECTS OF VARIOUS SAND SAMPLES
ON THE CYCLES TO FAILURE OF
PLUNGER-TYPE CIRCUIT BREAKERS

This appendix contains the one-way classification analysis of variance for the effects of
various blowing sand samples on the efficient operation of plunger-type circuit breakers.

1. Effect of Blowing Sand on the Cycles to Failure of Standard Circuit Breakers

VA Virginia Beach Sand
DA Da Nang Sand
FB Fort Benning Sand
S Saignn Sand
DE Desert Sand
SIL 140-Mesh Silica Flour Sand
VA DA FB
Specimen  Cycles to Specimen  Cycles to Specimen  Cycles to
No. Failure No. Failure No. Failure
11 991 16 1778 21 908
12 1319 17 2231 22 1831
13 640 18 1428 23 327
14 1330 19 685 24 1673
15 1016 20 1981 25 1577
Tl = 5296 Ty = 8103 T3 = 6316
S DE SIL
Specimen  Cycles to Specimen  Cycles to Specimen  Cycles to
No. Failure No. Failure No. Failure
26 2300 31 1087 36 1434
27 449 32 974 37 1627
28 650 33 219 38 874
29 3059 34 111 39 16
30 3121 35 1081 40 526
Ty = 9579 T5 = 3472 T6 = 4477
T.. = 37,243

Observations: N = 30 |
K=6
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ner
[ ]
Mean Cycles to Failure (Figure 18) ' = :
= el
VA » 5296/(5) = 1059.2 Zmt |
- ™t
DA - 8103/(5) = 1620.6 g S |
[ X 3 [
FB » 6316/(5) = 1263.2 5 «f _
mE
S » 9579/(5) = 1915.8 ' |
[ [] " [ H " tn
DE » 3472/(5) = 694.4 INCREASED PERCENTAGES OF SMALLER PARTICLES
SIL » 4477/(5) = 895.4 Figure 18. Mean Cycles to Failure Versus Sand
K3) Samples for Unprotected Circuit
Breakers.
Source d.f. SS MS F ratio (Cat + Em)
Catalyst S 5,256,025 1,051,205.0
F cal = 1.986
Error _2_4 12,698,702 529,112.6

Total 29 17,954,727

SST = (991)2 + (1778)2 + - + (526)2 - (37,243)2/30

SST = 64,189,429 - 46,234,702

SST = 17,954,727
SSCAT = [(5296)2 + (8103)2 + - + (4477)2]/(5) - 46,234,702
SSCAT = 51,490,727 - 46,234,702

SSCAT = 5,256,025

SSERR = SST - SSCAT
SSERR = 12,698,702
Fs. 24, 95 = 262> F cal = 1.986

Therefore, we can not reject the null hypothesis or conclude that there is a significant dif-
ference between the cycles to failure caused by these six sand test specimens when used
during cycling tests of the standard circuit breakers.

@ 00060006060 0060600000000
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2. Comparison of Cycles to Failure of Standard Circuit Breakers Exposed, During
Cycling, to a Clean Environment and a Blowing Virginia Beach Sand Environment

CL VA
Specimen Cycles to Specimen Cycles to
No. Failure No. Failure _
1 2100 11 991
2 2930 12 1319
3 2945 13 640
4 2917 14 1330
5 2844 15 1016
6 3478 -y
7 3313 T, = 529
8 2200 '
9 1651
10 945
T, = 25323
T. = 30,619

Observations: N = 15
K =2 B ]

Mean Cycles to Failure ) |

CL » 25,323/(10) = 2523.3

VA + 5296/(5) = 1059.2

Source d.f. SS MS F ratio (Cat + Err)
Catalyst 1 7,233,412.03 7,233,412.03
F cal = 10.34
Error 13 9,094,309.9 699,562.3
Total 14 16321,721.9 ‘
SST = (2100)2 + (2930)2 + - + (1016)2 - T..2/15
} i
SST = 78,829,266 - 62,501,544.07
SST = 16,327,721.9
SSCAT = (25,323)2/(10) + (5296)%/(5) - 62,501,544.07
SSCAT = 69,734,956.10 - 62,501,544.07
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SSCAT = 7,233,412.03
SSERR = SST - SSCAT
SSERR = 9,094,309.9
F1,13;.95 = 467
Feal = 1034>F (K - 1), (K - K); (1 - ) = 467

Therefore, we can reject the null hypothesis and conclude that VA sand does have an effect
on the cycles to failure of these circuit breakers under these test conditions (clean versus
VA sand environment).

0 00000000000 00000000

3. Comparison of Cycles to Failure of Standard Circuit Breakers Exposed, During

Cycling,to a Clean Environment and aTBlowiLLDa NaniSand Environment 1
CL DA
Specimen Cycles to Specimen Cycles to
No. Failure No. Failure
1 2100 16 1778
2 2930 17 2231
3 2945 18 1428 {
4 2917 19 685 !
) 2844 20 1981
6 3478 = RIO3
7 3313 Ty 8103 l
8 2200
9 1651 ]
10 945
T‘ = 25323
T.. = 33,426

Observations: N = 15
K =2

Mean Cycles to Failure

CL » 25,323/(10) = 2523.3
DA + 8103/(5) = 1620.6




Source df. SS MS F ratio (Cat + Err)

Catalyst 1 30,129,625.5 30,129,625.5

F cal = §5.08
Error 13 7,110,689.3 546,976.1
Total 14 37,240,314.8

SST = (2100)2 + (2930)2 + - + (1981)2 - T..2/15
SST = 84,367,844.0 - 47,127,529.2
SST = 37,240,314.8
SSCAT = (25,323)2/(10) + (8103)/(5) - 47,127,529.2
SSCAT = 30,129,625.5
SSERR = SST - SSCAT
SSERR = 7,110,689.3

F| 13, 95 = 467
Fcal = 55.08> F (K- 1), (nK - K); (1 -a) = 4.67

Therefore, we can reject the null hypothesis and conclude that DA sand does have an effect
on the cycles to failure of the circuit breakers under these test conditions (clean versus DA

sand environment).
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4. Comparison of Cycles to Failure of Standard Circuit Breakers Exposed, During
Cycling, to a Clean Environnient and a Blowing Fort Benning Sand Environment

CL FB
Specimen Cycles to Specimen Cycles to
No. Failure No. Failure
1 2190 21 908
2 2930 22 1831
3 2945 23 327
4 ‘ 2917 24 1673
31
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Specimen Cycles to Specimen Cycles to

No. Failure No. Failure

S 2844 25 1577

6 3478 T : :

7 3313 Lt i

8 2200

9 1651 i

10 945 ;
TI = 25,323 e .

T.. = 31,639

Observations: N =15
K=2

Mean Cycles to Failure 1

CL » 25,323/(10) = 2523.3 {
FB » 6316/(5) = 1263.2 '

Source d.f. sS MS F ratio (Cat + Err)
Catalyst 1 5,368,716.03 5,368,716.03
Error 13 7,262,436.87 558,648.99 Fal=96l :
Total 14 12,631,1529 *
SST = (2100)2 + (2930)2 + - + (15712 - T.2/15
SST = 79,366,241 - 66,735,088.07
SST = 12,631,152.9
SSCAT = (25,323)2/(10) + (6316)2/(5) - 66,735,088.07
SSCAT = 5,368,716.03
SSERR = SST - SSCAT
SSERR = 7,262,436.87
| Fi. 13, 95 = 467 <F cal = 9.61
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Therefore, we can reject the null hypothesis and conclude that FB sand does have an effect
on the cycles to failure of the circuit breakers under these test conditions (clean versus FB

sand environment).
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5. Comparison of Cycles to Failure of Standard Circuit Breakers Exposed, During

Cycling, to a Clean Environment and a Blowing Saigon Sand Environment

CL S
Specimen Cycles to Specimen Cycles to
No. Failure No. Failure
1 2100 26 2300
2 2930 27 449
3 2945 28 650
4 2917 29 3059
5 2844 30 3121
6 3478 T, = 9579
7 3313 2
8 2200
9 1651
10 o
Tl =. 251323
T.. = 34902
Observations: N=15
K=2
Mean Cycles to Failure
CL + 25,323/(10) = 2523.3
S+ 9579/(5) = 1915.8
Source d.f. SS MS F ratio (Cat + Err)
Catalyst 1 1,266,907.5 1,266,907.5
F cal = 1.336
Error 13 12,331,770.9 948,597.7
Total 14 13,598,678.4
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SST =(2100)2 + (2930) + - + 3121)2 - T.215
SST = 94,808,652.0 - 81,209,973.6
SST = 13,598,678.4
SSCAT = (25,323)2/(10) + (9579)2/(5) - 81,209,973.6
SSCAT = 82,476,881.1 - 81,209,973.6
SSCAT = 1,266,907.5

SSERR = SST - SSCAT

SSERR

12,331,770.9
Fi. 13, 95 = 467> Facal = 1.336

Therefore, we can not reject the null hypothesis or conclude that S sand has an effect on the
cycles to failure of these circuit breakers under these test conditions (clean versus S sand
environment).
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6. Comparison of Cycles to Failure of Standard Circuit Breakers Exposed, During
Cycling, to a Clean Environment and a Blowing Descrt Sand Environment

GL DE
Specimen Cycles to Specimen Cycles to
No. Failure No. Failure
1 2100 31 1087
2 2930 32 974
3 2945 33 219
4 2917 34 111
5 2844 33 1081
6 3478 = 247
2 3313 T2 3472
8 2200
9 1651
10 945
Tl = 25,323
T.. = 28,795
34




Observations: N =15
K=2

Mean Cycles to Failure ]

CL » 25,323/(10) = 2523.3
DE » 3472/(5) = 694.4

Source d.f. ss MS F ratio (Cat + Err)
Catalyst 1 11,259,588.50 11,259,588.50
Faal = 22.11
Error 13 6,619,126.83 509,163.60
Total 14 17,878,715.33
SST = (2100)2 + (2930)2 + - + (1081)2 - T..2/15
SST = 73,155,517 - 55,276,801.67
SST = 17,878,715.33
SSCAT = (25,323)2/(10) + (3472)2/(5) - 55,276,801.2
SSCAT = 11,259,588.5
SSERR = SST - SSCAT
SSERR = 6,619,126.8
Fi 13; 95 = 467 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>