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SUMMARY

1. Background

The purpose of this study was to investigate the effects that sorties have

on component failures for Army aircraft. The underlying hypothesis was that

the stresses occurring during take off and/or landing cause more failures

of aircraft components than does continuous flying. Under this hypothesis

an increase in the number of sorties for a given flying hour program results

in an increase in demand for spare parts. The Army's current method of fore-

casting demand is based solely on flying hours and past experience and thus

is inconsistent with this hypothesis.

The scope of the study was limited to appraising the implications of the

hypothesis as applied to forecasting demands for repair parts at the wholesale

level. The referenced studies done on fixed wing jet aircraft gave various

models to be evaluated while analyzing the data. These studies suggested

other variables; some of these were also considered in this work.

2. Findings

The analysis was done primarily on aggregate information. The direction of

the study was dictated by the availability of data and many of the suggested

models developed by others could not be directly tested. By looking at worldwide

(peacetime) and Vietnam (wartime) data, it was apparent that sorties for Army

aircraft were quite a bit shorter in duration and less variable in absolute

terms for both peacetime and wartime than those observed in earlier work done on

fixed wing-jet aircraft. This short duration of sorties made it impossible to

detect any failure time pattern (i.e. time to fail within a sortie).
Analysis of about 20 years of flying hour records (DA Form 1352) for five

types of aircraft showed a consistently high correlation between sorties and

flying hours. This finding was corroborated using three months of Sample Data

Collection (SDC) data on Blackhawk helicopters collected during the Bright

Star Exercise.

Comparison of peacetime and wartime data (1352 records) showed both a higher

utilization rate (flying hours - hours available) and longer duration sorties for

the wartime environment. Based on the referenced studies for fixed wing aircraft,

both of these factors may cause lower failure rates per flying hour for wartime

planning when one ignores combat produced damage.

Sortie is defined as a flight determined by a takeoff and a corresponding landing.

Sortie length or duration is defined as the flying time between the takeoff and
landing. 3



Since little actual failure data could be obtained, several indirect

methods were used to try to find the relationship between failures and sorties

and between failures and flying hours. The 1352 records contain aircraft

availability and other related data. The Bright Star data contain maintenance

*events and man-hours. Regressions of these variables against sorties and flying

hours resulted in low correlations. The IRO wholesale demand data did show

increased demands for increases in flying hours, but the causes of the increase

in demands were confounded with wartime effects. Several other IRO studies

indicated that the use of flying hour data improved the forecast for individual

item demand at the wholesale level.

3. Conclusions

This study was not able to show any relationship between failures and flying

hours, sorties, or utilization. The data were limited in that other causal

effects could not be removed from the analysis, nor could the explanatory vari-

- ables be controlled adequately to statistically quantify the study's findings.

*" Other IRO studies did demonstrate the favorable use of flying hours in making

demand forecasts and the lack of results of this study should not be construed

as negating these findings. This report was written to document the work done

even though there were no positive conclusions. It includes many graphs in

the appendix depicting 20 years of 1352 data which may be useful in other re-

search work.
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CHAPTER I

INTRODUCTION

1.1 Background

The Army currently invests several hundreds of millions of dollars in

safety level stock at the wholesale level to guard against the errors made

when forecasting demand for repair parts in the supply system. In an effort

to impact this investment, the Army Inventory Research Office (IRO) has con-

ducted several research studies [4], [8], [l1. with the intent of improvtng the

forecast method used in the wholesale management inventory system known as the

Commodity Command Standard System (CCSS).

These studies considered various demand models and forecast schemes and

used the IRO demand data base for empirical investigation and evaluation.

- - The IRO data base [6] includes 15 years of requisitions and demand for avia-

tion parts by quarter accumulated from the Troop Support and Aviation Readi-

ness Command (TSARCOM) Demand Return and Disposal (DRD) files from 1967 Lhru

1982. Actual flying hour history is also included in this data base.

In each study, program dependent forecast methods performed best

(see [10] for evaluation methods) when evaluated using a simulated supply

system. The program variable, flying hours, was applied to the data in a

"straight line" fashion, i.e. a forecast for demand per flying hour was made,

then this forecast was multiplied by the number of flying hours scheduled for

the forecast horizon to determine the forecasted demand. This straight line

method is what is currently being used in CCSS. Similarly the straight line

assumption is being considered by the wartime planners, i.e. If we double

flying hours during war, we will also double requirements for repair parts.

Maurice Shurman of the Boeing Corporation has shown [14], [15], using data

from fixed wing, jet aircraft that this straight line assumption may be incorrect

and that the effect of takeoffs should be considered. He claims that a large

portion of the failures occur early in a flight and that these failurcs

are caused by the stress of takeoff. Hence a unit flying short sorties

(flying time between takeoffs) over a fixed flying hour program will generz:tt

more failures than a similar unit flying longer sorties for the same program.

Others, [1], [3], [13) have followed Shurman's lead and have supportud

his finding that the straight line assumption is incorrect. These studies

5
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* were all performed on fixed wing aircraft and may not apply to helicopters

*the way they are employed by the Army. Details of these findings will be cited

in the next chapter.

1.2 Problem

*" It is felt that if Shurman's findings are applicable to Army aircraft

(primarily helicopters) a sortie dependent model can be formulated and an

-- improved demand forecast algorithm developed.

1.3 Objectives

The following is a list of objectives which describe the anticipated

course of the study.

a. Determine if data are available to measure the variability of sortie

-lengths. Flying hours per sortie is a major consideration of the study and

- should vary enough between time frames, aircraft, etc., to make the variable

meaningful at the wholesale (aggregated) level of demand. Wartime vs peacetime

scenarios should be considered.

'" b. Determine if failure or demand data are available to relate failures

to sortie length. Time to failure within a sortie would be the principal

data element but other data types may be considered. Aggregate data may be

used and experimental design layouts may be useful.

c. Analyze the data and determine the relationship between failures

and sorties. Consider the findings from cited reports in developing the

relationship.

d. Develop a forecast algorithm capturing the sortie/flying hour

- relationship.

e. Aid sortie length and/or the number of sorties flown to the IRO

derand history file.

f. Test the sortie dependent forecast model using the IRO demand history

file comparing it with the current forecast method.

*g. Determine the feasibility of extending the results to other weapon

-. systems.

1.4 Methodology

The methodology follows the list of objectives. First an intense litera-

ture review was done including site visits and telephone calls to a few of

the referenced authors. Some of their findings are summarized in the next

6



chapter. Next several discussions were held with TSARCOM and with the

Reliability, Availability and Maintainability Division of AMSAA to identify

availability of data.

At the outset it was apparent that helicopter sorties were quite a bit shorter

in duration than those flown by fixed wing Army aircraft. To get a better feel for

the magnitude and variability of helicopter sorties a request was made to TSARCOM

to derive quarterly statistics on five aircraft (OV-I, AH-I, CH-47, UH-I, OH-58)

from the 1352 flying hour report. A description and analysis of the data are

found in Chapter III. Since this was the first time a historical survey was

made of the 1352 data, all the time series graphs made from the data are included

in Appendix C. This data represents actual field usage information as opposed to

developmental data which is commonly used for reliability estimation.

The 1352 analysis showed that, in the aggregate, sorties were highly cor-

related with flying hours. The direction of the study was then shifted to deter-

mine a failure rate/flying hour relationship. Chapter III describes the attempts

at relating 1352 reliability/availability statistics to flying hours.

A continuation of the failure rate analysis is given in Chapter IV where

Sample Data Collection data and demand data were considered. Alternative causal

variables are also discussed in this chapter. The conclusions and recommendations

are found in Chapter V.

7
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CHAPTER II

RELATED STUDIES

2.1 Inventory Research Office

The Army as well as the other Services have in the past assumed a direct

proportional relationship between component failures for aircraft and flying

hours. This relationship has been indirectly tested by IRO in several pre-

viously mentioned studies by comparing forecast algorithms with and without

program (flying hour) adjustments using actual demand and flying hour histcry.

In each case the program dependent algorithm worked best. Additional atte-

at IRO to statistically compare flying hours with demands using regressior

techniques have not been very successful due to a problem of relating dema

to specific usage and aircraft.

2.2 Boeins

Maurice Shurman of the Boeing Corporation [13-15] studied failure data on

various fixed wing jet aircraft. His initial work included time to failure

analysis on six aircraft (F-106, E-3A, B-52, F-4, C-141, 707) where he noted that

a high percentage of the failures occurred early in the flight or sortic. By

plotting these data witn a common format relating percent of total failures per

sortie against time to fail as a percent of the nominal sortie length for each

system he generated a family of curves whose bounds were similar to those

shown in Figure 1.

I

1.0" Upper Bound

0 .8

! .6
U

0 .1 .2 .3 .4 .5 .6 .7 .8 .9 1.0

Ralative Sortie Times
(t/T)

Figure 1. Common Plot
8
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Using these curves he generated reliability equations. He confirmed his findings

with other jet aircraft including the C5-A, C141-A.

His results indicate that sortie length should be considered when developing

failure estimates, i.e., an increase in sorties per flying hour would result in

, an increase in failures per flying hour. This conjecture if true for Army

' helicopters would impact many areas such as contingency planning, reliability

estimates and demand forecasting.

2.3 Air Force

COL Chris Shaw of the Air Force [13], in his analysis of C-5, C-130, C-141,

*and P-3C aircraft, claims that both sorties and flying hours affect failures.

His model combines the failures due to start up, landing, and steady state

flight in the following linear manner:

Y - A + B (X-l) + C

where

Y = failures per sortie

A - failures due to start up of the sortie

B - steady state failure rate during cruise (failues per flying hour)

C - failures due to landing of the sortie

X = sortie length in hours

He confirmed his model by plotting and regressing average failures per

sortie against sortie length. He deleted short sorties (less than one hour)

from the regression and made a point estimate of these observations. His data

did show a non zero intercept indicating the sortie effect. Figure 2 compares

Shaw's finding with Shurman's.

2.4 Institute for Defense Analyses

P. B. Buck of the Institute for Defense Analyses [1] has compared maintenance

man-hours to utilization rates for the 6th and 7th fleets for the A-6E, A-7E, F-4J,

and F-14 aircraft. He used multiple regression analysis which included the ex-

planatory variables: utilization, flying hours, sorties, and dummy variables

indicating different groups. His preliminary findings indicate that utilization

rate (hours flown/hours available) has a much greater impact on failures than

do sorties. This relationship is hyperbolic in function with failures per flying

hour decreasing with an increase in flying hours per month for the aircraft. Hence

the assumption of a constant failure rate (failures per flying hour) is incorrect

9
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and should be adjusted to reflect the utilization of the aircraft. This

implies that a small peacetime utilization would generate a larger failure rate

estimate (failures per flying hour) than would be expected during wartime where

the utilization would be greater.

2.5 Others

Linda Cavalluzzo of the Center for Naval Analyses [3] has demonstrated in her

preliminary work using F14-A data that the number of sorties and the number of flving

hours flown in given periods were highly correlated. She developed a linear

relationship between failures and flying hours using an econometric method (two

stage least square). (This method eliminates the secondary dependency that fail-

ures have on flying hours.) Her equations show a more severe slope on flying hour

(approximately 1) than did the normal least squares estimate.

H. Campbell of the Rand Corporation [2] considered seven other operational

variables and concluded that only flying hours should be used to explain demand

variation.

T. S. Donaldson and A. F. Sweetland of the Rand Corporation [5] studied

* the relationship between maintenance manhours and aircraft flying hours. Their

findings were mixed across the various systems studied and the analysis was

confounded by mission type variables.

G. Walker, D. Wilson, and D. Hindes [19] of the Boeing Corporation did an

extensive study for the Air Force Human Resources Laboratory where they estimated

the maintenance impacts of various characteristic parameters of the design,

operational, and natural environments of the subsystems of various aircraft.

Separate models were developed using multiple regression techniques for 29

equipment types. Thirteen of these models included a sortie variable.

Martin Cohen in [4] cites other references, all who have had various degrees

- of success in relating failures to operational variables.

2.6 Model Consideration

The work done by Shurman, Shaw, Buck, and IRO had the major impact on the

conduct of the study. Each model was indirectly considered and each explanatory

variable was investigated. The mode of evaluation was dictated by the avail-

ability of the data and the conclusions were somewhat subjective using data

analysis inferences.

-. 11
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CIAPTER III

SORTIE VARIABILITY

3.1 Basic Questions

Since the referenced studies relating sorties to failures were all done

using fixed wing aircraft data, a preliminary analysis was done to investigatt,

the statistical characteristics of sorties as applied to helicopters and other

Army aircraft. The basic questions of concern were as follows:

a. How long are typical sorties for helicopters as compared to fixed

wing aircraft?

b. Does sortie length vary between aircraft, time, units, and scenario?

c. Is sorties variation sufficiently large to consider it as an explana-

tory variable?

d. Is there a difference between wartime and peacetime sortie lengths?

e. Are sorties correlated with flying hours?

f. Is utilization (flying hours flown/hours available) correlated with

flying hours and/or sorties?

g. Is reliability or maintainability affected by sorties?

3.2 Data Description

To help answer these basic data questions, TSARCOM went into their archives

and retrieved "1352 - Army Aircraft Inventory Status and Flying Time" recordb

from the early 1960s to 1982 for five systems: AH-l, CH-47, OH-58, OV-l, UH-1.

(Three years of LH-60 Blackhawk data were also collected.) These data are collected

routinely on a monthly basis for each tail number by unit at organization level.

The data contain flying hour and sortie information as well as maintenance

and availability statistics. Appendix A contains sketches of these aircraft.

Since the study deals mainly with failures (demands) as seen at the whole-

sale level, the data were collected in terms of quarterly aggregate statistics

which are described in the next section. During the war years, the data wero

* separated into Vietnam and Non-Vietnam (worldwide) categories.

3.3 Data Variables

To determine a profile of usage for each system, 16 variables or statistics

were computed for each quarter of available data. These statistics give th

number of system and units fielded, the gross number of flying hours and sorties,

12



the average and standard deviation of usage (utilization) per aircraft (tail

*number), the average and standard deviation of sortie length, and attempts at

reliability and availability measurements. The definition of each variable is

i, found in Appendix B.

3.4 Time Series Analysis

The initial analysis consisted of time series plots of each variable with

Vietnam data superimposed on the world wide (excluding Vietnam) series. These

- graphs are found in Appendix C and will be referred to as "time series plots"

-i throughout this report. Averages and standard deviations of the plotted (non-zero)

-querters are included for both Vietnam and worldwide data.

The following is a list of observations gleaned from the time series

•- statistics:

a. The average and coefficient of variation of the two sortie length

variables (average duration of sorties, average duration of sorties by aircraft -

- refer to Appendix B for definition) over the time series are given in Table 1.

TABLE 1. SORTIE DURATION (HRS)

AH-1 CH-42 OH-58 OV-1 UH-1

AVG COEF-V AVG COEF-V AVG COEF-V AVG COEF-V AVG COEF-V

AVERAGE WORLDWIDE .33 .20 .30 .19 .33 .16 .86 .14 .32 .16
DURATION

* OF
SORTIES VIETNAM .57 .23 .34 .12 .38 .28 1.66 .15 .34 .12

A PVFRAGE WORLDWIDE .30 .35 .31 .19 .37 .76 .79 .21 .34 .20
DURATION

,. OF
SORTIES VIETNAM .56 .32 .34 .30 .39 .32 1.56 .20 .38 .15

AIRCRAFT

- From these data we see that the sortie durations are quite a bit shorter for the Army

aircraft than those experienced for the fixed wing/jet aircraft cited in the ref-

erenced studies. The coefficient of variation (ratio of standard deviation to

average) is approximately .20 between the quarterly averages which give a range

of 4 60 percent (3 Std. Dev.) of the reported average of averages. Thus for a

typical average sortie length average of .30 hours, the actual quarterly average

may range from .12 to .48 hours. For a given 1000 flying hour program, the actual

range o[ the number of sorties per 1000 hours may be between 2083 and 5555 and may

13



have significant impact on the number of failures per flying hour. This table
also points out that the average sortie during Vietnam was longer for

each aircraft than that experienced on the Non-Vietnam worldwide average and

quite a bit larger for the AH-I and OV-I.

b. Table 2 compares the average quarterly (averaged over all non-zero

quarters) flying hour program for each type of aircraft. These data are non

stationary and follow trend lines and hence maximum values will be given with

each average as opposed to standard deviations. Minimums are not given since

they are quite low and indicate the initial build up of density.

TABLE 2. FLYING HOURS (PER 3 MONTHS)

AH-I CH-47 OH-58 OV-i UH-I

AVG MAX AVG MAX AVG MAX AVG MAX AVG MAX

WORLDWIDE 13,908 35,000 10,517 16,000 60,913 120,000 5,706 7,000 166,923 250,000

VIETNAM 46,686 90,000 31,661 60,000 21,943 45,000 10,301 20,000 298,648 500,000

Except for the OH-58, the hours flown in Vietnam are two to three times greater

than those flown during worldwide non Vietnam wartime missions. Thus if the straight

line assumption about failures and flying hours is correct, then we will need two to

three times more spare parts to support a conflict similar to Vietnam than to sup-

port peacetime activities. Note also the maximum Vietnam flying hours were on the

magnitude of from four to six times the peacetime average.

c. The flying hour program reflects to some extent the density of items

fielded. The density comparisons are shown in Table 3. Again maximum values

are given instead of standard deviations.

TABLE 3. DENSITY

AH-I CH-47 OH-58 0V-I UH-I

* AVG MAX AVG MAX AVG MAX AVG MAX AVG MAX

WORLDWIDE 569 1100 296 500 1569 2300 151 230 2668 4800

* VIETNAM 317 560 227 325 159 300 63 100 1539 2500

• The averages are somewhat misleading due to the density buildup over time. The

comparison of maximums can be used to determine how much of the total density was

fielded in Vietnam during its peak period. (Note World maximum occurred after the

Vietnam war and reflects total density of equipment.) Hence for the AH-l, CH-47,
14



OV-I, and UH-I approximately 50 percent of the total density was deployed in

Vietnam at the peak but these aircraft flew three to six times the normal peace-

* time flying hour program. (Note:worldwide does not include Vietnam during the

war years.)

d. Usage or utilization rate combines the flying hour program with density.

It cempares by tail numbers the total hours reported on the unit's property book

witb the number of hours flown (ratio) during the same period. Thus from the

last two remarks it is not surprising to see that the Vietnam utilization is much

greater than peacetime. Table 4 shows these differences.

TABLE 4. UTILIZATION - USAGE

AH-I CH-47 OH-58 OV-I OH-i

AVG MAX AVG MAX AVG MAX AVG MAX AVG MAX

WORLDWIDE .01 .02 .02 .03 .02 .07 .02 .03 .03 .05

VIETNAM .07 .10 .06 .09 .07 .08 .07 .10 .09 .11

The peacetime utilization is relatively constant at about 2 percent but the

Vietnam data reflected a build up from 6 percent to about 10 percent. If Buck's

. findings are true for Army aircraft then the failures per flying hour rate for

Vietnam (excluding combat damage) should be much smaller than those experienced

during peacetime. Unfortunately we don't have data to test this hypothesis.

e. Even though our main interest in the study dealt with aggregate variability

we also measured the variability between aircraft (tail numbers) by computing

standard deviations within each quarter for a few of the variables. The time series

of these standard deviations are found in Appendix C. Table 5a relates the average

standard deviation to the estimated overall mean by giving the coefficient of

variation for each system for usage and sortie duration.

TABLE 5a

AVERAGE COEFFICIENT OF VARIATION OF USAGE

AH-I CII-47 O-58 OV-I UH-1

WORLDWIDE 2.00 1.00 1.00 1.00 1.00

VIETNAM .60 .70 1.60 .60 .55

AVERAGE COEFFICIENT OF VARIATION OF SORTIE DURATION

1WORLDWIDE 1.20 .93 1.00 .90 1.0

VIETNAM .67 1.1 .60 .50 .76

15



These high coefficients of variation indicate that the individual helicopter's

experience may be quite different from that reported by the quarterly averages.

Presently the variability within the aggregate is not considered when forecastinv

wholesale demands. If this variability as shown in the table is attributed to

causal differences such as unit, mission, geography, then forecasting separately

for homogeneous subgroups may be worth considering.

3.5 Regression Analysis

The analysis of the time series data indicated that utilization, flying

hours, and sortie lengths exhibit enough variation to be considered as explanatory

variables when predicting failures. Since these variables are associated with

each other, regression analysis (ordinary least squares) was performed to de-

termine if these variables are sufficiently pairwise independent to be considered

simultaneously in a failure rate model. The author considers for this study var-

ables with correlation coefficients of greater than .85 to be statistically the

same (i.e. each variable contains the same information). The regressions considered

are as follows:

Total Sorties vs Total Flying Hours

Total Flying Hours vs Density

Average Use vs Total Flying Hours

The scatter diagrams of these data are found in Appendix D and E. Table 5.b. con-

tains the estimated correlation coefficients. It should be noted that all lines

were fitted with an assumed zero intercept.

TABLE 5.b. ESTIMATED CORRELATION COEFFICIENTS

AH-l CH-47 OH-58 OV-l UH-1

SORTIES WORLDWIDE .92 .86 .98 .86 .8
. VS

FLYING HRS VIETNAM .97 .97 .99 .98 .9S

* FLYING HRS WORLDWIDE .87 .65 .82 .38 .61
VS

DENSITY VIETNAM .96 .95 .97 .95

USAGE WORLDWIDE -.43 -.05 -.09 .61 .0

FLYING HRS VIETNAM .94 .91 .73 .56 .93

The following is a list of inferences drawn from the analysis.

a. The total number of sorties flown is highly correlated with total hours

flown for the data sets considered. The estimated slopes of the regressJon ]ie-

are given in Table 6.
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TABLE 6. SLOPE ESTIMATES SORTIES VS FLYING HOURS

AH-I CH-47 0H-58 OV-l UH-I

WORLDWIDE 2.9 3.2 2.9 1.2 3.1

VIETNAM 1.6 3.0 2.8 .57 3.0

This table is consistent with Table I where the average sortie lengths were

compared. (Note: Total Sorties - Slope x Total Flying Hours

Avg Sortie Length = 1 Slope)

Longer duration sorties are flown during wartime conditions particularly for the AH-1

and OV-l. Within each class sorties and flying aours are the same predictor variables

due to the high correlations but the effects of flying hours on failures may be

different between the data classes because of the various slopes found between the

classes. Shurman's model would project different failure rates (per flying hour)

for those cells with different slopes.

b. Density is currently being used as a program factor in forecasting

failures for other than aircraft systems. Appendix D shows a high correlation

within each data class between total flying hours and density. The estimated

slopes of the regression lines are given in Table 7.

TABLE 7. SLOPE ESTIMATES FLYING HOURS VS DENSITY

AH-l CH-47 OH-58 OV-1 UH-l

WORLDWIDE 23 30 37 32 51

VIETNAM 156 140 143 150 182

There are extreme differences between the slopes for worldwide and Vietnam data.

For the AH-i we would expect to fly seven times the number of peacetime hours

for the same density. Hence if the straight time flying hour model is correct,

but density were used instead of flying hours to forecast lemand, the wartime

estimate would be too low.

c. Utilization did not correlate well with flying hours using worldwide

data; the plot was nearly horizontal. The Vietnam data did show a higher correla-

tion which probably reflects the different intensities of the war. Table 4 from

the previous section shows the differences in utilization between the data cells.

Utilization as a variable may capture the effect of a wartime scenario and should

be considered in the failure rate model.
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In an attempt to get a picture of failures from the 1352 data, quarterly avail-

ability and reliability variables as defined in Appendix B were computed from the

maintenance and supply down times. The reliability (inherent availability) variable

measures the percentage of time each aircraft would have been available if only main-

tenance time was considered when computing down time. Similarly the availability

variable measures the percentage of time each aircraft was actually available with

both maintenance and supply down time being considered.

These failure related measures were regressed against total flying hours,

sortie length and usage. The scattergrams and statistics are included in

Appendix E. The OV-I was the only fixed wing aircraft in the analysis and was

also the only aircraft with a consistent (but relatively low) positive correlaticni

between the failure measures and both usage and sortie length. Hence it is

questionable whether the findings from the fixed wing aircraft studies are appli-

cable to helicopters.

Additional regression analysis was done between sortie length vs flying

hours, sortie length vs usage, and usage vs flying hours. These statistics

are found in Appendix F. In each case the correlations were low for all the data

sets implying the pair wise independence between these variables.

3.6 Findings

Within each data subset of the 1352 analysis (system and scenario) the number

of sorties flown was highly correlated with the total flying hours (statistically

this implies the two variables contain the same information). The estimated

. slopes which reflect sortie length did differ between a few of the data cell-

*i and this difference should be considered in the model building as a cell effect.

The other variables, sortie length and usage, were shown to be individually

uncorrelated with flying hours and with each other. These variables could bc

included in the model without causing any multi collinearity problems. (Note

sortie length and cell effect are related and including both may cause probl ms

with the model structure).

Failures in terms of reliability and availability as defined in this study did

not correlate well with the explanatory variables, and this lack of correlatiou

raises questions about the credibility of a failure rate model.

Additional failure rate analysis is given in the next chapter.

Sortie length should not be confused with the number of sorties which was
evaluated in Section 3.4.
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CHAPTER IV

FAILURE RATE ANALYSIS

4.1 Introduction

Since the model would be used at the wholesale level, aggregate failures

werc of main concern. The 1352 data files contain maintenance down time but

this included scheduled maintenance which is done on a flying hour basis and

would confound any analysis done with it. Other aggregate data sources were

not found.

Another source of data was Sample Data Collection (SDC). This might be

considered micro data in that it gives historical information on a few selected

*. aircraft from particular units. The data contain only unscheduled maintenance

-' along with monthly flying hours and sorties. It does not contain the aggregate

WR dimension of variability that would be needed for an experimental design analysis.

An analysis of SDC, Blackhawk, data is given in Section 2 of this chapter.

An indirect way of measuring aggregate failures is to look at the demands

for repair parts at the wholesale level. The IRO has a history of this wholesale

data for Army aircraft. The data were of limited use because of the problems

encountered when trying to relate the demands to specific aircraft types. Further

discussion and analysis of this data is given in Section 3.

In discussing this project with aircraft engineers, maintenance personnel,

aned data collectors, it was of consistent opinion that sorties do have some effect

on f;iilures. They also mentioned many other causal variables that they felt may

have a greater impact. A synopsis of these discussions is given in Section 4.

Section 5 contains a subjective summary of the failure rate analysis.

4.2 Sample Data Collection

In an effort to determine if SDC data as "Micro data' could contribute to

tbr "macro analysis," data collected during the Bright Star Exercise were analyzed.

The data consisted of monthly non-scheduled maintenance events, maintenance hours,

q flying hours and sorties for each of fourteen Blackhawk helicopters for three

months ,ielding approximately 42 observations. The analysis was similar to the

regrussion experiments done with the 1352 data.

Thc scattergram of the number of sorties against flying hours is found in

Appendix G. The correlation was high and the slope of 3.7 was of the same gross
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magnitude as the slopes observed (worldwide - peacetime) with the 1352 data.

Appendix G also contains scattergrams made in an attempt to relate failures

to sorties or flying hours. The variables considered were: events pcr flying

* -hour, number of maintenance events, and total maintenance hours. In each

" '-- case the correlation of the variable with sorties and flying hours was extrumnily

- -[low. This analysis does not support the failure rate/flying hour - sortie

-model.

Additional work was done with quarterly SDC data taken from the summary

reports. The analysis not presented here gave additional evidence that sortius

are correlated with flying hours with a slope of approximately 1/3. Again thcre

was no evidence to support the failure rate vs flying hour or sortie modcl.

4.2 IRO Demand Data

Since the results of the study are to be applied to demand forecasting,

the most natural data base for the failure rate analysis is the IRO TSAR(OP. dc-

mand data file. As mentioned in Chapter 1, these data have been used in prcvicu:

forecasting studies where the results indicated the favorable use of flying Yours

when predicting demand for replacement parts.

The file consists of quarterly demands for approximately 22,000 items froni

the years 1967 to 1982. Martin Cohen [4] describes the first use of the dat4

- base and gives a subjective analysis of the relationship between flying hours

and demands. In [6], Sally Frazza gives a comprehensive description of the data

along with the processing decisions that had to be made in creating the data filt.

There are several problems with the data that precludes its use fcr modcl

building. The 1352 data indicated that the biggest difference in sortie len,,th

occurred between the wartime and peacetime periods. The demand file aJ.sc shows

a substantial difference in demands but these demands are for both combat darmagc

and failures hence confounding the analysis. Another consideration is that t.t.

data contain many "common items," i.e. Items that are common to scveral systm ..

Identification of demand to a particular system is not given in the data bast.

In Cohen's study he picked selected items unique to particular systers and Uith

these groups of items showed a definite relationship between demands ard flyin,

hours.

20
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Figure 3 shows a time series of aggregate demand for 12,148 actually

demanded items from the years 1967 to 1977. This compares the magnitude of

demands between the peacetime and wartime periods. Since the demands during

war were three to four times that during peacetime, these data do not conflict

with the failure rate model but further detailed analysis and model building is

not possible due to the previously mentioned constraints of the data. Thus the

best we can say is that the demand data file is consistent with the flying hour/

" ' sortie models but does not support rigorous model testing experiments.

4.4 Other Variables

In discussing this project with Army helicopter experts (engineers, pilots,

maintenance experts, data collectors) it became quite apparent that other variables

- would have to be considered when evaluating the effects of sorties and flying

hours on failures.

First off, the notion of sortie would have to be qualified by the types of

takeoffs and landings. Takeoffs may be classified in the following ways:

a. Vertical and angular (to various degrees).

b. Full power and constrained power.

, . c. Maximum payload and minimum payload (crew and fuel).

d. Cold startup and continuation of mission.

* . Similarly landings may be classified as:

a. Autorotations (emergency landings with the engines stalled - these are

practiced as part of the training program).

b. Hovering (where the aircraft doesn't quite touch the ground but stays in

one location for loading or unloading).

c. Running (where the aircraft comes in from less than vertical descent).

Flying hours would also have to be classified according to the types of

mission as follows:

a. Nappe of the Earth (where the aircraft flies at tree level with extreme

power surges to lift over obstacles).

b. Contour/low level flight (various altitudes).

c. Weight variation.

d. Special considerations.

Other conditions would affect failures. These include geographic conditions

such as: sand, alkaline, ice, and snow, along with environmental conditions

such as moisture, rain, heat, cold, and volcanic ash.
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Subsystems react differently to the mentioned classes (e.g. nappe of the earth

flying would impact the engine system differently than it would the el'ctrical

systems) and should be considered separately when developing a failure rate moecl.

The failures themselves are inherently different. They may be caused by age,

"" malfunction, accident, improper use, stress, combat damage, or neglect. Each

- of these factors may confound the effects of sorties and flying hours and should

be appraised during the analysis.

Another problem in dealing with failures is the association of the failurk

- with a specific sortie or mission. Very seldom are failures detected in flight;

most of them are observed during inspection (daily, pre-flight, post-flight) or

during routine or scheduled maintenance. In either case the specific time into a

* flight or sortie of a failure is not observed and is lost for the ana]ysis. Hepce

stress of takeoff and landing cannot be directly measured.

The mentioned considerations lend themselves to a classical experimental

design where each of the factors would be controlled or blocked during the ex-

S.periment. Such an experiment would be extremely expensive and is beyond the

* scope of this study. The lack of such a control of the environment precludes thkt

development of a failure rate model per se and puts emphasis on developing gener;;l

relationships gleaned subjectively from the aggregate data. The next section:

summarizes these subjective observations concerning failures.

4.5 Findings

As mentioned in the previous section there are many variables that may affect

failures in addition to sorties and flying hours. Many of these are related to

the variable in question and their effects would be difficult to differentiate

without an extensive experimental design effort. Since the results of this study

are to be applied to demand forecasting at the wholesale level, the environmental

variables in terms of the aggregation may not vary much over time except possibly

between peacetime and wartime periods.
The 1352 failure data (reliability/availability) as analyzed in the previous

chapter did not correlate well with sorties, flying hours, or utilization. Similar

analysis using SDC data for a single unit resulted in the same finding.

The IPO demand history file showed more demands during the Vietnan: era than

during peacetime. This corresponded to an increased flying hour prokrzr but the

relationship was confounded due to the fact that many of the demands were gencrated

- from combat damage and other wartime conditions not directly related to flying hours.
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CHAPTER V

CONCLUSIONS/RECOMMENDATIONS

5.1 Summary of Findings

The analysis presented in this study was done primarily on aggregate

information. The direction of the study was dictated by the availability of

data and many of the suggested models developed by others could not be directly

tested. By looking at worldwide (peacetime) and Vietnam (wartime) data it was

apparent that sorties for Army aircraft were quite a bit shorter in duration and

less variable in absolute terms than those observed in earlier work done on fixed

wing jet aircraft. This short duration of helicopter sorties made it impossible

- to detect any failure time pattern as demonstrated by Shurman.

- Analysis of about 20 years of 1352 flying hour records for five aircraft

" . consistently showed a high correlation between the number of sorties and flying

W, hours. This finding was corroborated using three months of SDC data on Blackhawk

-* helicopters collected during the Bright Star exercise.

-f The correlation analysis of the 1352 data was dore separately for the wartime

" and peacetime data. For each of the four helicopters tested, the slope was

e t-tiated as approximately 3 (assuming a zero Intercept, Slope = number of sorties

fliiig hours) except for the AI-I wartime data where the slope was estimated

as 1.6 (longer sorties during wartime). For the OV-] (the only fixed wing aircraft)

the slope was 1.2 for peacetime and .57 for war also indicating longer sorties

during war. These differences in slopes between systems and scenario indicate that

if sorties do have an impact on failures then a different flying hour model should

be used for different aircraft and scenarios, or sorties should be included in

the model.

Another difference seen between the wartime and peacetime data was utiliza-

tion. The utilization rate for wartime was three to six times that of peacetime.

This difference in utilization should be considered for contingency planning.

Due to the paucity of failure data per se, several indirect methods of

0O relating failures to flying hours and sorties were investigated. Using both 1352

reliability and availability statistics, there was no correlation found between

these variables and sorties, flying hours or utilization. Similar findings were

demonstrated using the SDC Bright Star data where maintenance events and maintenance

manhours were regressed against sorties and flying hours. The TRO wholesale

demand data did show increased demands for increases in flying hours but the

24
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causes of increase in demand were confounded by wartime effects. Several othcr

IRO studies indicated that the use of flying hour data improved the forccast

for individual item demand at the wholesale level.

-' During the course of the study several Army aircraft experts were contacLed

* and they all suggested that other factors such as mission, environment, and geo-

graphic location may have a greater effect on failures than do sorties and fyinj'

hours. The Boeing study 119] addressed these factors using Air Force data. Theft

results suggested 29 different models to be used separately for different high

failure equipment. Each model considered (multiple regression) as many as 51

explanatory variables. Results of this complexity would not be useful in tIL(

context of forecasting demand at the wholesale level. No additional analysie wa

performed on this topic.

5.2 Conclusions

This study was not able to show any relationship between failures and flying

hours, sorties, or utilization. The data were limited in that other causal effects

could not be removed from the analysis nor could the explanatory variables be coil-

trolled adequately to statistically quantify the study's findings. Other IR(

studies did demonstrate the favorable use of flying hours in making denand fore-

casts and the lack of results of this study should not be construed as negating

these findings.

-" 5.3 Recommendations

The following is a list of recommendations based on the findings of this study:

a. Until stronger evidence is found to support the study findings, continu(

to use flying hours as a program variable for demand forecasting.

b. Continue to search for failure data where sortie, flying hour, and

utilization effects can be statistically appraised and a failure rate model de-

veloped.

c. Contingency planners should be aware of the large differences in utilizz-

tion observed between the wartime and peacetime data. Additional work slioulf bt

*considered where a usage model similar to Buck's [1) could be studied.
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I,-" APPENDIX B

DEFINITION - 1352 VARIABLES

Data Elements Definitions

a. Density The number of aircraft reporting data within
the quarter.

b. Number of Reporting Units The number of units reporting data within

quarter.

c. Total Flying Hours The sum of all hours flown within the quarter.

d. Avg Hours On Hand The average hours on hand per aircraft for
for the quarter.

a. Standard Deviation of Standard Deviation of (d).
Hours On Hand

f. Avg Usage The average (flying hours + hours on hand)
per aircraft for the quarter.

g. Standard Deviation of Usage Standard Deviation of (f).

h. Total Number of Sorties The sum of all landings reported within the
quay ter.

i. Avg Length of Sortie (Duation)c a h (Total Flying Hours Total Sorties)

J. Avg Length of Sortie by The average (flying hours number of landings)
Aircraft (Duration) per aircraft for the quarter.**

k. Standard Deviat )n of The standard deviation of (j).
Length of Sortie by Aircraft

L. Avg Reliability The average ((hours on hand - hours not mission
capable due to maintenance) hours on hand)
per aircraft for the quarter.

-- m. Std Dev of Reliability Standard devirtirn of (L).

n. Avg Availability The average ((partial mission capable + full
mission capable: t irs on hand) per aircraft
for the quarter.

o. Standard Deviation of Standard deviation ot (n).
Availability

p. Number of Autorotations The sum of all autorotations reported within
the quarter.

,
Fleet Ratio

Average Ratio of Each Tail Number
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APPENDIX C

1352 DATA TIME SERIES

Variables

Density

Number of Reprrting Units

Total Flying Hours

Avg flours on Hand

Standard Deviation of Hours On Hand

Avg Usage

Standard Deviation of Usage

Total Number of Sorties

Avg Length of Sortie

Avg Length of Sortie by Aircraft

Standard Deviation of Length of Sortie by Aircraft

Avg Reliability

Std Dev of Reliability

Avg Availability

standard Deviation of Availability

Nurber of Autorotations
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APPENDIX D

1352 PROGRAM DATA

REGRESSION ANALYSIS

Y VARIABLE X VARIABLE
(DEPENDENT) (INDEPENDENT)

TOTAL FLYING HOURS DENSITY
TOTAL NUMBER OF SORTIES TOTAL FLYING HOURS
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APPENDIX E

1352 FAILURE DATA

REGRESSION ANALYSIS

Y VARIABLE X VARIABLE

(DEPENDENT) (INDEPENDENT)

RELIABILITY USAGE

AVAILABILITY USAGE

RELIABILITY LENGTH OF SORTIES
(BY AIRCRAFT)

- AVAILABILITY LENGTH OF SORTIES
(BY AIRCRAFT)

RELIABILITY TOTAL FLYING HOURS

AVAILABILITY TOTAL FLYING HOURS

AVAILABILITY RELIABILITY

I32

-.. 32
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APPENDIX F

CAUSAL VARIABLES

REGRESSION ANALYSIS

Y VARIABLE X VARIABLE

(DEPENDENT (INDEPENDENT)

USAGE TOTAL FLYINC HOURS

LENGTH OF SORTIES TOTAL FLYING HiObRS
(BY AIRCRAFT)

LENGT OF SORTIES USAGE
(BY AIRCRAFT)
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APPENDIX G.

SAMPLE DATA COLLECTION - BRIGHT STAR EXERCISE

UH-60 - BLACKHAWK

REGRESSION ANALYSIS

Y VARIABLE X VARIABLE

(DEPENDENT) (INDEPENDENT)

TOTAL SORTIES TOTAL FLYINC HOURS

MAINTENANCE EVENTS SORTIE LENGTH

PER FLYING HOUR

MAINTENANCE EVENTS FLYING HOURS

MAINTENANCE SORTIES SORTIES

MAINTENANCE MANHOURS SORTIE LENGTH

MAINTENANCE MANHOURS FLYING HOURS

34
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