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FOREWORD

The U.S. Department of Energy (DOE) and the Federal Aviation
Administration (FAA) sponsored a Symposium on Commercial Aviation
Energy Conservation Strategies on April 2-3, 1981, in Washington, D.C.,
at the Washington Hilton Hotel.

The Symposium provided a forum in which representatives from DOE,
FAA, National Aeronautics and Space Administration (NASA) and the
aviation industry exchanged information and ideas regarding current and
future efforts to conserve fuel and to promote energy conservation
within the commercial aviation sector. General topics discussed
included Federal and industry energy conservation programs such as
flight operations, air traffic control, engineering and maintenance,
and corporate management strategies. The Symposium was highlighted by
a panel discussion entitled "Energy Conservation: Where Do We Gn From
Here?"

This report contains the papers and presentations from the
Symposium, The United States Government assumes no liability for its
contents or use thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of UOE or FAA.
Reference herein to any specific commercial product, process, or
service by trade name, mark, manufacturer, or otherwise, do not
necessarily constitute or imply its endorsement, recommendation, or
favoring by the United States Government or any agency thereof.
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ABSTRACT

This paper presents preliminary results obtained from a program com-
prising an analytical projection and the flight verification of potential
fuel savings obtainable thrcugh {mproved airframe maintenance of
commercial jet transport aircraft. Realization of the savings depends on
the removal of drag inducing airframe discrepancies incurred in normal
revenue service. In the two-task program, one task developed and utilized
methods to project analytically the potential {improved airframe
maintenance-related fuel savinge of each aircraft in a fleet of 15 DC-
10's. These projections were formulated using a discrepancy data base
developed from detailed physical inspections of each aircraft. The second
task addressed the verification of fuel savings through the collection and
analysis of pre- and post-maintenance flight performance data obtained on
two of the DC-10's while in normal revenue service. Based on multivariable
linear regression analyses of the flight data, one aircraft showed a
decrease in fuel conscaption of 0.4 perzent at a confidence level in
excess of 98 percent, compared to an analytical projection of 0.6
percent. Flight verification results from the second aircraft were incon-
clugive due to collection of a significant block of data under unstable
flight conditions. Cost effectivity studies of improved airframe

maintenance are currently in progress and will be published at a later

date.




POTENTIAL FUEL SAVINGS THROUGH IMPROVED AIRFRAME MAINTENANCE

INTRODUCTION

During the past few years, the commercial air transportation industry
has {dentified a number of operational energy conservation strategies
intended to save jet fuel. One of these strategies is the improvement of
airframe maintenance 3olely for purposes of fuel conservation. The
opportunity for realization of fuel savings through improved airframe
maintenance arises becsuse commercial transport aircraft in normal revenue
service are subject to small changes in airframe configuration. Thes=
changes occur due to a number of causes including normal wear, component
deterioration, hail damage, and wminor ground handling {incidents.
Incurrence of so-called airframe discrepancies due to these and other
causes results in small increases in aerodynamic drag with an attendant
increase in fuel consumption. It is the reduction of these incremental
drag contributions through improved airframe maintenance that provides the
potential for recovery of incremental fuel expenditures. The cost
effectivity of a specific maintenance action depends on the magnitude of
the fuel savings recovered, the price of fuel, the life expectancy of the
repair, the cost of the maintenance action, and investment rate-of-return
criteria. The last item 1is of consequence because increased costs
associated wvith {mproved airframe maiutenance could be foregone and
instead applied to alternative investments.

Earlier studies such as those of References ! through 4 nave provided
a number of ana)stically based estimates of potential fuel savings
available through improved airframe maintenance. However, management
staffs of many airlines have not been convinced that the projected fuel
savings are cost effective, or indeed even exist. As a result,
investigations reported in Reference 5 indicated the need for development
of algorithas that could be used to parametrically assess the cost
effectivity of improved airframe maintenance as costs and rate-of-return

criteria vary widely. Furthermore, a need for vecification of projected
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fuel savings during normal revenue flight service was also noted in
Reference 5 studies. Verification was identified as a need in response to
a requirement volced by management of various airlines to show that
analytically projected fuel savings do indeed exist in the wide scatter
band that typically characterizes aircraft fuel consumption performance
data. Revenue flight verification of these small “ut important fuel
savings is widely recognized as a difficult task that, at best, can only
be approached by using sophisticated statistical techniques. However, an
initial assessment of the problem indicated *hat a reasonable probability
existed for detection of the fuel savings. As a result, the U.S.
Department of Energy's (DOE)'s Systems Efficiency Branch under Mr. R. T.
Alpaugh initiated the Improved Airframe Maintenance Program (IAMP).

IMPROVED AIRFRAME MAINTENANCE PROGRAM OVERVIEW

The IAMP is being conducted for the DOE by The Aerospace Corporation
in conjunction with Continental Airlines (CAL), which provides the
airframe discrepancy and flight data required to perform IAMP analyses.
It ia a two-phase program which develops analytical methods for assessing
airframe maintenance-related fuel savings in Task I, and seeks to verify
these savings in normal revenue service in Task 1I.

On a national level, IAMP objectives are to provide methods for U.S.
air carriers to conserve strategically valuable national petroleum
supplies and reduce U.S. balance of payments deficits. At the level of
the individuval airline, the objective and incentive of improved corporate
profit is added to the national level objectives.

The CAL fleet of 15 DC-10-10 aircraft is being used for the IAMP
study as a result of a unique combination of factors which met IAMP
requirements. These factors include the CAL capability of providing
computer—-generated flight data suitable for subsequent statistical
analyses and CAL management's willingness to cooperate in implementing a
number of programmatic controls necessary to achieve data of a quality
sufficient for IAMP requirements. Although wmany of the performance




figures and charts used in developing IAMP Task I material are specific to
the DC-10-10, the methods and formats used are applicable to other Jet
transport aircraft. In addition, the verification of fuel savings shown
in Task II is indicative of fuel savings that could be available to many
airlines using other aircraft types.

With the exception of cost effectivity studies, IAMP tasks are
essentially complete, and the results obtained to date are presented in

the following sections of this paper.

TASK I: FUEL SAVINGS AND COST-BENEFIT ASSESSMENT

Under Task I of the IAMP, methods for analytically assessing fuel
savings associated with improved airframe maintenance were developed and
applied to the CAL fleet of 2"-10-10's. As a first ztep, this involved
development of a detailed 40-p.uge s=t of forms to direct the step-by-step
inspection of a DC-10-10 and provide for the recording of a data base
describing the location and physical characteristics of each discrepancy
logged during a detailed physical audit of the aircraft.

In parallel with the development of audit forms, procedures, charts,
aad figures were formulated for estimating ACDO, an individual aircraft's
incremerntal aerodynamic drag coefficient based upon airframe discrepancies
describea in the audit forms. Finally, algorithms were developed and used
to project each aircraft's potential fuel savings as a function of its
nominal flight profile and ACDO. Cost-benefit studies, which also fall
under Task I of the IAMP, are currently in progress and will be addressed
in the IAMP final report.

Development of incremental Drag Coefficient. In developing a general

method for estimating ACDO, airframe discrepancies were classified either
as surface/seal irregularities or as misrigged control surfaces.
Surface/seal irregularities include discrepancy subclasses such as non-
flush skin repairs, door surface mismatches, leaky seals, skin dents,

missing parts, and rough paint. Each of these subclasses contributes an




incremental drag coefficient, SCDO, to the total increment in drag

coefficient, AC_ . Determination of 6C_ for each discrepancy subclass is

dependent on 1231v1dua1 discrepancy cggracteristics, which are used as
data entries to the procedures, charts, and figures formulated to convert
discrepancy characteristics to incremental drag assessments. Examples of
individual discrepancy characteristics that are important in the
surface/seal irregularity class are discrepancy type, size, orientation to
the airstream, and location on the aircraft. The latter determines such
critical aerodynamic factors as boundary layer thickness, flow velocity,
and pressure gradient over the discrepancy.

Misrigged control surfaces are also subclassified as to type and
include items such as out-of-rig ailerons, elevators, rudders, slats,
flaps, and spoilers. Associated with each of these misrig subclasses is
a GCDo calculated by using procedures, charts, and figures paralleling
those developed for the incremental drag coefficient of surface/seal
irregularity subclasses. Important control surface misrig characteristics
include the degree to which the misrig exceeds its normal tolerance band
and the aircraft configuration. It should be noted that the overall
method for estimating ACDO developed in the IAMP 1is applicable to jet
transport aircraft in general. However, the data of References 1 and 6

were used to develop the specific GCDO contributions for the DC-10-10.

Development of Fuel Penalty Equation. Procedures for computing fuel

penalty, AWF, as a function of an aircraft's ACDo and flight profile were
developed based on the assumption that the effects of ACDO on AHF in the
taxi, take-cff, and descent phases of the flight profile are negligible
and that the fuel penalty is incurred only in the climb and cruise flight
phases. These assumptions are based on the fact that taxi fuel i{s inde-
pendent of aerodynamic drag and that fuel penalties in take-oif and
descent are extremely small. Thus the errors in calculating AHF that are
introduced by these assumptions are both conservative and small. Further

justification for basing AHF calculations only on the climb and cruise
phases of the flight profile 1is presented in Figure 1, which shows a
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Figure 1. Breakdown of Fuel Burned for DC-10-10

dbreakdown of the percentage of total fuel burned by a DC-10-10, at con-
stant load factor, for each [light phase as a function of stage length.
The curves of Figure 1 are based on DC-10-10 performance data reported in
Reference 7. For intermediate and long stage lengths of 1000 nm and
greater, more than 90 percent of the fuel is burned in the climb and
cruise flight phases. For short stage lengths of around 500 nm, the climb
and cruise flight phases consume about 75 percent of the fuel. Therefore,
the climb and cruise flight phase fuel-burns dominate in consideration of
fuel penalties related to airframe discrepancies, and provide further
justification for considering only these phases in the calculation of fuel

penalty.




The expression developed for the fuel penalty, AWF, is:

W= (o +|——] .. | &C (1)
F ACh JoL Cocr ] “CR| Do

In Equation (1), (AWF/ACDO)CL
in Figure 2, Wy 1s the uircraft weight at start of cruise, Cpcp is the

is the climb fuel penalty factor shown

aircraft drag coefficient at average cruise weight, Geop is the cruise fuel
factor shown in Figure 3, and ACDO is the aircraft total incremental drag
coefficient resulting from the summation of all individual airframe dis-
crepancy drag coefficients. The derivation of Equation (1) and a complete
discussion of its application will be included in the final report.

An example of the fuel penalty for a DC-10-10 flight profile, as
obtained from Equation (1), is shown in Figure 4 in the form of ZAW /ACDo
versus stage length. At large stage lengths, ZAWFIACDO » 0,31 x 10 . For
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the flight condition considered, the drag coefficient in cruise, Cpnp, 1s
of the order 0,027 to 0.030. These values show that for large stage
length a 1 percent increase in aerodynamic drag will produce about a 1
percent penalty in fuel burned, a result which is consistent with physical
considerations. For stage lengths less than about 600 nm the fuel penalty
is less since, as shown in Figure 1, a smaller percentage of the total
fuel is burned in the climb-cruise segments of the flight profile.
Projection of Potential Fuel Savings. During the early phase of the

IAMP, a thorough inspection and airframe discrepancy audit was performed
on each DC-10-10 in the CAL fleet. This was accomplished using the pre-
viously described audit forms while each aircraft was in the maintenance
hanger for a normal overnight check. Following accumulation of airframe
discrepancy data, an estimated ACDO and potential fuel savings were
projected for each aircraft.

In developing ACDo assessments, discrepancy subclasses were cate-
gorized according to repairability constraints to be imposed on mainte-
nance actions undertaken during Task II. These constraints were imposed
to maintain normal ravenue service durin~ flight verification and, in
effect, limited the types of airframe repairs that could be performed in
Task II. This, in turn, limited the total benefit of improved airframe
maintenance that otherwise might be realized in a mature improved airframe
maintenance program fully integrated with an airline's normal maintenance
procedures.

In assessing airframe discrepancy repairability, discrepancies of the
surface/seal irregularity class were divided into two categories. Cate-
gory I discrepancies, considered repairuble for purposes of the IAMP Task
IT1, are those that can be routinely repaired, do not require substantial
labor or special procedures ior repair, and do not remove the aircraft
from normal revenue service. Category I discrepancies were also chosen
for their probability of remaining undamaged during Task II flight veri-
fication of fuel savings, which is an important factor in achieving a
meaningful measure of pre- to post-repair savings. Category I discrep-
ancies include door misalignments, leaking aerodynamic and passenger door

seals, small skin dents, £fiap acutator fairing misalignments, and other
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miscellaneous surface/seal irregularities. All rigging discrepancies were
also considered to fall into Category I.

Category II discrepancies were defined as those which might easily be
damaged during flight evaluation of fuel savings or which involve special
procedures, substantial labor, and probable removal of the aircraft from
revenue service for some period of time. Category II discrepancies
include doubler type skin patches, paint damage over large surfaces, and
cargo door seals. Cargo door seals are placed in Category II because of
their vulnerability to damage during the flight evaluations of Task II.
In effect, it was judged that new cargo door seal leaks that might occur
during the flight data gathering periods would have less impact in per-
turbing the flight data if they occurred as an addition to existing cargo
door seal leakage rather than as the initial leakage of new seals.

A summary of the ACDO buildup for each aircraft is listed in Table 1
and shown graphically in Figure 5. Both the total ACDo and the Category
1 ACDO are of approximate uniform distribution, as indicated by their
histograms shown in Figures 6 and 7 and their cumulative distributions
shown in Figure 8. Referring to Table 1, it is seen that the Category
I ACDo is larger than the Category II AcDo in all cases but three:
aircraft 043, 053, and 054. A typical value of Cpcr for the DC-10-10 is
approximately 0.027. Thus, the values of total ACDO in Table ! correspond
to an aerodynamic drag penalty ranging from 0.2 to l.1 percent.

The potential fuel savings corresponding to the ACDO values of Table
1 are listed in Table 2 and shown graphically in Figure 9. These data are
for a typical CAL DC-10-10 flight profile, which was determined from the
data of Reference 8 to be a stage length of 1150 nm, with a 55 percent
load factor. Cruise altitude was assumed to be 36,000 ft. The projected
fleet average fuel savings due to all airframe discrepancies is 0.56
percent. The fuel savings due to Category 1 discrepancies only is 0.39
percent, while Category II discrepancies average 0.17 percent. These
values represent theoretical upper limits on the potential fuel savings of
the CAL fleet of DC-10's characterized by the discrepancy audi: data of
Table 1. In particular, it should be noted that the fleet would have to

13
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Table 1. DC-10-10 Incremental Drag Summary, GCDO x 10
AIRCRAFT No. 041 [ 0% | 043 | 04a | 0 | o7 | 048 | 049 | 0s0 | 051 | 052 | 053 [ 054 | 055 | 056

SURFACE/SEAL IRREGULARITIES:

CATEGORY |
DOOR ADJUSTMENT 0.173]0.050/0. 065 0. 069 /0. 268{0. 025] 0.2%2{0. 127{0.236| - |o.o4 - | - [o.e@i| -
SEALS 0.226{0. 166(0. 272} 0. 05810. 126]0. 014] 0. 132 0. 2221 0. 17501 140} 0. 167| 0. 094 0. @20} 0. 043 0. 001
DENTS 0. 168{0_ 008 0. 013 0. 007 0.018|0. 001{0. 021]0, 0 |0. 004{0.005| - | - [0.005| -
FLAP ACTUAT. FAIRINGS [0 300jo.019| - | - | - [o.c2| - [o.oi8] - Joax] -} - | - | - lo.me
OTHERS o108 - |a1olaoafaon| - | - | - [o.oéfoorsf - | - [ - | - lo.004
SUBTOTAL: CATEGORY | | 0.975)0.2430. 470]0. 208 0. 395|0. 079) 0. 25| 0. 388| 0. 449|0. 349|0. 213| 0. 094|0. 20| 0. 071{0. 181

SURFACE! SEAL IRREGULARITIES:

CATEGORY 11
PATCHES 0.710{0. 521 0. 791{0. 687 [0. 261 | 0. 110} 0. 229{0. 625 |0, 224]0. 067 |0. 23] 0. G240, 281 0. 344 0. 181
PAINT -] - Joo| - jozs| - | - joessjos3joosloms| - | - - | -
CARGO DOOR SEALS - loossloosa] - j0.3% - | - | - [o2fozsfoanrlores] - jo.mfora
SUBTOTAL: CATEGORY 11 0.7100. 607 }0. 965{0. 687 |0. &25]0. 110{0. 229|0. 510{0. 94/0. 27|0. 535{ 0.729]0.281{0. 157|0. X2

SUBTOTAL: SURFACE/ SEAL

IRREGULARITIES 1 685]0. 850|1. 435{0. 895{ 1. 220[0. 189]0 654[0. 898| 1. 413]0. 76| 748] 0. &23{0. 301{0. 228| 0. 503

MISRIGGED CONTROL SURFACES :

CATEGORY | a.20la 30| - [L2mj0.%0| - | - |Lo0r0{0.900}0.900]0. 820{0. 160]0. G20]0. 615{0. 250
AILERONS 0.00{ - jo.ovola.23[a.250] - |0.015|0.240'0. 400{0. 018]0. 160] . 165|0. 045] 0. $50{0. 400
KORIZONTAL TAIL 0.060/0. 010 |0. 050{0. G25 0. 008{0. 1301 0. 620|0. 240 . 130}0. 270{ 0. 030] 0030 |0. 55| 2, M8 0. 120
FLAPS S R R I R (" I I I I DU R T I I
SPOILERS - foswj - - foo® - | -1 - - | -0 -|-]-]-
SUTS 0.050/0. 040 jo. 050{0. 0400 015 [0, 160} 0. 010(0. 330{0. 010 - |o.0as|0. 038[0.®25| - [0.016

SURTACES. CATEGORY 1 o [.200 | 900 0170|1525 1233 890{ 006 1. aa0| 1. a1 188 .73 o 93 . 1 1. 18301

TOAL A€y, x ] CAlric'gn“s 1.965[1.750]1. 605 [2. @0[2. ¢53]1. 079[ 0. 620}2. 778{2. 853 1. 884 [1. ©23[ 1. 216 0. aa6[ 1. 401 1. 209
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Table 2. Potential Fleet Fuel Savings
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Figare 9. DC-10-10 Iliucremental Fuel Summary

be maintained in pristine condition, representative of the condition of
new aircraft, to realize the combined potential fuel savings associated
vith removal of both Category I and II discropancies. Also, it should be
realized that these potential fuel savings have not been subjected to
cost-benefit analyses, which remain as the final IAMP task.

TASK II: FLIGHT EVALUATION OF FUEL SAVINGS

In Task II of the IAMP, two CAL DC-10-10's were selected for the
fiight verification of fuel savings associated with 1improved airframe
maintenance. Limitation of the flight verification phase of the IAMP to
two aircraft allowed concentration of the funding budgeted for mainte-
nance, data gathering, and statistical analyses, which maximized the
probability of obtaining statistically significant flight test results.
Selection of two aircraft also provided some insurance against an engine
change or other unforeseen event that might totally ruin the baseline or
post-maintenance data base. While this approach maximizes the chance of
obtaining statistically significant results for one or two aircraft, f{t

does not provide enough {nformation to w=easure the fleet average
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improvement in fuel consumption resulting from airframe maintenance.
However, the data generated in Task I provide estimates of these measures
and, when verified by statistically significant flight test results, can
provide an indication of the potential fleet fuel savings that are
available through improved airframe maintenance.

In implementing Task II, the selected aircraft were flown in normal
revenue service to establish measures of performance indicative of their
baseline drag and fuel consumption. The aircraft were then subjected to
an airframe reaudit to identify any new airframe discrepancies which the
aircraft might have incurred since the original audit. Following reaudit,
all Category 1 airframe discrepancies were repaired and the aircraft were
returned to normal revenue service where data were collected to establish
the post-repair performance of the aircraft. At the end of the post-
repair data acquisition period, another check of the airframes was
accomplished to verify that no major airframe discrepancies had been
incurred that would compromise the flight data. Multivariable regression
analyses were then performed on the pre- and post-maintenance data sets to
establish statistical assessments of the measured improvement in aircraft
drag and fuel consumption. It should be emphasized that ail Task II
flight data were collected in normal revenue service and that no
significant compromise was made in aircraft operations. While this
approach has the virtue of providing data on a “real world™ basis, it does
preclude the use of special instrumentation or specially controlled flight
procedures tla: might increase the accuracy of flight measurements.
Measurement accuracy 1is, of course, crucial because the expected fuei
savings are of the order of 0.5 percent, while years of flight test
experience have shown that even under controlled conditions with
specialized instrumentation, accuracy bands of %2 percent and larger are
typically obtained. In light of this situation, special procedures {n
aircraft scelection, flight data processing and analysis, and progranm
control wvere established to maximize the probadbility of discriminating a
pre- to post-maintenance drag and fuel change in the flight verification
phase.

18




N

Aircraft Selection. The primary factor that affected aircraft

selection for flight verification in Task II of the IAMP was the magnitude
of ACDo for Category I, or Task II repairable airframe discrepancies. The
initial candidates were, therefore, aircraft numbers 044, 046, 049, 050
and 051, which are the aircraft in Table 1 having the largest Category I

values of ACDO. The two aircraft finally selected frcm this list were
aircraft 046 and 049. Factors in addition to ACDO that ultimately entered

the selection process were related to the impending sale of certair
aircraft, scheduled engine changes, and the balance between surface/seal

irregularities and discrepancies involving out-of-rig control surfaces.

Flight Data Acquisition. Flight data were collected on the two IAMP

verification aircraft for periods of 2-1/2 months prior to and following
maintenance to correct the Category I airframe discrepancies listed in
Table 1. Data were collected by the flight crew during stabilized cruise
flight at the nominal rate of once per flight segment. This was accomp-
lished by disengaging the autothrottles and autopilot, trimming the
aircraft, and allowing it to come to a stabilized flight condition defined
by constant velocity and horizontal flight path, prior to the recording of
flight data. In stabilized flight, the aircraft i{s in static equilib-
rium. Lift, L, 18 equal to the aircraft weight, W, and the net engine
thrust, Fy, is equal to the aerodynamic drag, D. The aircraft instrument
readings used to characterize these conditions were indicated Mach number
M;, indicated pressure altitude, hy, indicated total air temperature, Tgy,
indicated engine fan speed, N,;, indicated fuel flow, Wpq» and aircrafe
weigat, W, determined as the difference between the ramp weight and the
weight of fuel burned to the time of data acquisition.

In the pre-maintenance period, 109 data points were recorded for
aircraft 046, and 108 data points were recorded for aircraft 049. The
vost-naintenance sample sizes were significantly less due to ar airline
flight attendants' strike, which severely reduced the flight frequency of
the CAL DC-10-1C fleet. In the post-maintenance period, 69 data points

vwere recorded for aircraft 046, and 54 data points were recorded for
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aircraft 049, Statistical analyses performed prior to initiation of the
IAMP, usine observed values of data scatter and accuracies of tne flight
instrumentation, indicated that a minimum sample of about 40 points would
be required in order to obtain flight verification results with the
desired level of statistical confidence. Based on this assessment, it was
concluded that the smaller post-maintenance sample sizes would not

significantly compromise the flight verification phase of the program.

Flight Data Processing. The raw flight data collected by the flight

crew were processed by the CAL Cruise Audit Program, which is a computer
program using a core deck developed by the Douglas Aircraft Company
(DAC). This program is routinely used by CAL to monitor the long term
performance of their DC-10-10 fleet. The Cruise Audit Program computes
aircraft and engine performance from the indicated instrument readings
recorded in stabilized flight and compares them to standard DC-10-10 per-
formance manual values for the recorded flight condition. Program output
variables used to monitor aircraft performance are given as percentage
deviations from their corresponding manual values. Output variables of
interest for the purpose of analyzing fuel savings due to improved
airframe maintenance ure the percentage deviation in net engine
thrust, AFN, and the percentage deviation in engine fuel flow, Aﬁp, as
defined in Equations (2) and (3).

AFN - FNi - FNm (2)
M =W -W (3)

In Equations (2) and (3), the m subscripts refer to manual values and the
1 subscripts refer to quantities derived from indicated instrument
readings. In the Cruise Audit Program, the value of Fy, in Equation (2)
is obtained from the relationships of Equations (4) and (5), which are
valid for stabilized flight.
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W=L =076 M PSLSCL (4)

2

By = D=0,76 M°P (5)

sL5%
In FEquations (4) and (5), 6 is the ratio of pressure at altitude to that
at sea level, P/PSL. S is the aircraft's wing area, and C, and Cp are the
aircraft 1lift and drag coefficients, respectively. To determine Fy,, the
Cruise Audit Program first determines the 1lift coefficient from Equation
(4) using the indicated values of Mach number and pressure altitude and
the computed value of aircraft weight recorded by the flight crew. The
value of the drag coefficient corresponding to the calculated value of Cf
is then extracted from performance manual data stored in the computer.
These data relate values of Cp to values of C; as a function of W, §, and
M. The value of Fy, is then computed using Equation (5). Finally, AFN is
computed by entering the calculated value of Fy into Equation (2) along
with the performance manual value of FNi' which is stored in the computer
as functions of M, N, 8, and 8 = T /T g/, the ratio '~ ambient to sea
level static temperature.

The value of Aﬁp in Equatfon (3) is computed in the Cruise Audit
Program by using the value of W, , recorded by the flight crew, and the
computer stored performance manual value of QFm as a function of M, §, Ni»
and OT = TT/TTSL’ the ratio of ambieﬁt to sea level total temperature, all
of which are recorded by che flight crew. Figure 10 presents a flow
diagram of the Cruise Audit Program calculations detailed above.

Analysis of Flight Data. At a specified weight and stabilized flight

condition the true aerodynamic drag of the aircraft is represented by the
value of Fy; since that 1is a measure of the actual level at which the
engines are working to overcome aerodynamic drag. Fyn 18 determined from
the performance manual as a unique function of W, 8§, and M. Thus, at the
same flight condition, if as a result of corrective maintenance there is a
reduction in aerodynamic drag, the post-maintenance Fyy will be reduced in
direct proportion to the reduction in Cp while the post-maintenance Fy,
will remain unchanged. The difference between the pre- and post-majinte-

nance AFN will then define the aerodynamic drag changes which have been
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Figure 10. Flow Diagram of Thrust and Fuel Flow Segment of
Cruise Audit Program

achieved through improved airframe maintenance, according to the relation-

ships of the following equations:

AF - &F - - -
Npost Npre FNi,post FNm FNi,pre + FNm
- I;Ni,pos'.t - l;Ni,pre
AF = = =
Npost Ax"Npre Dpost Dpre (6)
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Equation (6) is based on the assumption that the relationship between
net engine thrust and fan speed remains invariant over the data acquisi-
tion period. Generally this is true unless an unusually serious deterio-
ration of the burner section and/or the gas turbine blades occurs, or 1if
there is deterioration in the far. section. In the event of a serious
deterioration of the burner section and/or gas turbine blades, there will
be a second order variation of net engine thrust and a first order
variation in fuel flow with fan speed. Thus, by monitoring the pre- and
post-maintenance AﬁF' the stability of the engine over the total period of
data acquisition can be monitored and if any significant post-maintenance
deviation is noted, its effect on the incremental drag, computed from
Equation (6), can be assessed. If necessary, corrections to the pre- to
post-maintenance drag assessment can then be developed from performance

manual data.

Statistical Analysis of Cruise Audit Data. To enhance accuracy in

estimating pre- to post-airframe maintenance improvements in the aero-
dynamic drag and fuel consumption of the IAMP verification aircraft, a
multivariable 1linear regression analysis was performed. This was
accomplished by using the Cruise Audit Program output thrust and fuel flow
rate deviation data with the program input data recorded by the flight
crew as the respective dependent and independent regression variables. In
the analysis, engine thrust deviation, AFN. was expressed as a function of
the sum of linear and quadratic terms in aircraft indicated Mach number,
My, weight, W, indicated pressure altitude, hy, indicated total air
temperature, Ty, indicated engine fan speed, Nj);, and time, t, in terms
of flight sequence. Average and individual engine fuel flow rate devia-
tion was expressed as a function of the same variables with the addition
of linear and quadratic terms in applicable indicated engine fuel flow
rates, aFi' Using these data, least-square error equations were developed
to relate the Cruise Audit Program output variables of thrust deviation,

three~engine average fuel flow rate, and individual fuel flow rate to
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statistically significant 1independent variables of their respective
regression models.

Notably different results were obtained from the regression analyses
for the two IAMP verification aircraft. At the centroid of its recorded
flight data, aircraft 046 was found to have a 0.40 percent reduction in
post-maintenance thrust deviation at a confidence level in excess of 98
percent, with limits of 0.08 to 0.72 deviation percent at the 95 percent
level of confidence. The post-maintenance fuel flow rate deviation was
found to be 0.13 percent greater than the pre-maintenance value with
limits of 0.04 to 0.22 deviation percent at the 95 percent level of
confidence. This measured increase in AﬁF of aircraft 046 is typical of
normal in-service engine deterioration and 1is of sufficiently small
magnitude to have essentially no effect on net engine thrust. Thus, the
0.40 percent decrease in thrust deviation obtained from the regression
analysis is interpreted as a 0.40 percent reduction in aerodynamic drag
resulting from the correction of airframe discrepancies. The estimated
drag reduction based on the physical audit of aircraft 046 1is 0.60
percent. Thus, ’he predicted value of drag reduction falls within the 95
percent confidence band of the flight verification data.

In contrast to these results, the regression analysis of aircraft 049
showed no statistically significant change in pre~ to post-maintenance
thrust and fuel flow deviation. From a statistical viewpoint there is
insufficient evidence to reject the hyp<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>