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i. SUMMARY

This report summarizes an investigation into the feasibility of uprigging the

ailerons on the C-141B to reduce wing loads. The potential wing loads re-

ductions were based on early wind tunnel data and were corroborated by

recent flight test data at a mid-span location. Crock growth computations

were made for four wing locations. SigniFcant increases in structural

safety limits for the two lower surface locations ranged from an improvement

factor of 1.18 (3 uprig) to 2.731 (60 uprig) depending on location. Similar per-

centage increases could be expected in inspection intervals and structural

durability. Two wing upper surface locations showed no significant change

from aileron uprigging.

An examination of the potential impact on pitch trim requirements, roll re-

sponse and dutch roll characteristics indicated only negligible effects from

moderate aileron uprigging. A negligible degradation in the maximum lift

at buffet onset was predicted. Drag increases for a range of uprig positions and

lift coefficients were established from coordinated C-141/C-5A data. Two

methods of uprigging were described which permit changing the uprig inflight

if required. Flight tests to confirm predictions are recommended.
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3.0 INTRODUCTION

This report presents the results of a feasibility study to reduce the C-141B wing loads by up-

rigging the ailerons.

Uprigging the ailerons will reduce the inner wing root bending moment. This reduction in

the bending moments will reduce the stress level in the vicinity of the wing root and, de-

pending on the magnitude of the load reduction, could change the recurring inspection

requirements; any future local modification and possible local repairs could be reduced.

The primary objective of this study is to determine the effect on structural inspection re-

quirements (calculated by fatigue crack growth analysis) on the inner wing caused by

uprigging the ailerons. Structural durability enhancement factors will be reviewed and

discussed. Secondly, all other aspects of uprigging the ailerons should be analyzed to

determine if the program is feasible for incorporation into the C-141 fleet.

The items which are studied in this report to determine the effects of uprigging the ailerons are:

o Aerodynamic Performance

Drag
Mach Buffet
Handbook Changes

o Stability and Control

Pitch Trim Authority

Roll Response and Power
Dutch Roll

o Wing Loads

Bending Moments
Torsional Loads
Shear

0 Stress Levels

Critical Locations

o DADTA

Evaluate the effect of uprigging the ailerons on
inspection intervals and wing durability factors

o Prototype Method For Inflight Uprigging Of Ailerons
Trombone Slide

Turnbuckle Arrangement

r." 1 .....
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4.0 STUDY RESULTS

4.1 Performance

Aileron uprig has been studied in various applications for both the C-141 and

C-5A aircraft. Flight test data exists for the C-5A aircraft as the entire fleet

was modified with six degrees of uprigged ailerons. Results from these programs

provide a reasonable level of confidence in predicting the aerodynamic changes.

The basic effect of uprigging the ailerons is to reduce the wing lift near the tip.

The angle of attack must then be increased to restore the lost lift and to main-

tain level flight. The lift increase due to angle of attack is more concentrated

at the wing root than at the tip. The net result of these changes is to reduce

the wing root bending moment. This change to the load distribution causes

an increase in the induced drag.

Increased drag estimates due to uprigged ailerons are shown on Figure 1. These

data are coordinated analyses from C-141 and C-5A wind tunnel and flight test

data.

C-1418 AIRCRAFT
DRAG INCREASE GUE 0 AILERON UPRIG

. .008

UPRIG
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The following table illustrates the impact of these drag increases on the cruise

performance of the C-141 aircraft.

Aileron Drag %
Uprig Increase Fuel Increase

30 .0004 1.6

60 .0014 5.6

Increases in fuel consumption are applicable for all normal cruise operations of

the airplane. Small increases in fuel consumption will also occur for climb, de-

scent, and holding operations, but since they represent a small portion of the

total mission fuel, the impact is small.

Since the aileron uprig results in an increased wing load in the center portion

of the wing span (where flow separation begins) there will be a slight degrada-

tion in the maximum lift and in lift coefficient for buffet onset. Rough estimates

of this effect indicate that CL changes of approximately 0.04 should be antici-

pated. Changes of this magnitude will not degrade any significant aircraft

capability.

The aileron uprig will not be used during takeoff or landing, therefore, there

will be no change in airport performance.

It is estimated that 80 pages of the Performance Handbook will be changed.

4.2 Stability and Control

Uprigging the ailerons will require an investigation into the following stability

and control items:

V Pitch Trim Authority

Roll Response and Performance

Dutch Roll

i'S
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The results of these study investigations are:

4.2.1 Pitch Trim - The change in wing load distribution due to symmetric uprig of the

ailerons produces a pitching moment which rotates the aircraft nose up and requires

an increase in the aircraft nose down stabilizer setting to trim a given flight con-

dition. For the 60 uprig case it is estimated that about 0.50 trim change will be

required. Review of available flight test data, without aileron uprig indicates

that the maximum trim required is about 2.00. Since 4.5 is available with the

current trim limits, the trim change after aileron uprig will be within the range

provided by the actuator.

4.2.2 Roll Performance - Flight tests of roll response with 30 of aileron trailing edge

uprigging were conducted during the initial flight testing of the C-141A. These

tests show that 30 uprigging has negligible effect on roll response as shown on

Figure 2.
C-141 ROLL PERFORMANCE

EFFECT OF AIL.ERON UPRIGGING

OP UPRIG
20 /

MAX ROLL RATE. 3 UPRIG
PMAX " BEGISEC Data for 3 wedge installed

between hydraulic actuator
10 -and surface

10

V. A 300 4

AIRSPEED - KCAS

FIGUIS 2

The data indicates less than a 1.5 0 per second change in maximum roll rate.

Roll power should not be affected as total aileron deflection (both left and right)

is not changed. Similar results are expected for the 60 uprig.
0
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4.2.3 Dutch Roll - The effects of aileron uprig on basic dutch roll characteristics

are expected to be minimal. The roll performance summary .Jata indicate

ample roll control is available for dutch roll recovery according to published

procedures which should not require revision following uprig of the ailerons.

4.3 Loads

4.3.1 General

The C-141B baseline loads data and repeated loads spectra used in this study are

the same as previously used in the C-1418 Durability & Damage Tolerance

Assessment (DADTA) of 1979. These loads data, along with the methods used to

develop the repeated loads spectra, are discussed fully in Reference 1 for each

of various load spectra (gusts, maneuvers, etc.) experienced during the opera-

tional lifetime of an average C-141B aircraft.

The repeated loads spectra are dependent upon the missions flown by the aircraft.

The baseline aircraft usage data established for the DADTA study and presented

in Reference 1 are also shown in this report as Table 1. The key parameters

listed in Table 1 define the 18 different missions and their respective utilization

for an average aircraft in the fleet. Those data are based on actual usage data

from the C-141A fleet during a two-year periodOctober 1, 1969 to October 1,

1971. Subsequent revisions have been made to account for the higher weight of

the C-141B and to provide for missions which utilize aerial refueling.

To develop the repeated loads spectra, each mission has been subdivided into a

large number of mission segments. Each segment of the mission represents a period

of time when the flight (or ground) conditions such as speed, cargo, and fuel

weight are considered to be held constant at the average value for the duration

of the mission segment. Thus each mission segment has an associated steady

mean load about which the repeated loads fluctuate.

9'f
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Uprigging the ailerons affects only the steady mean loads as described further in

Section 4.3.2. The incremental repeated loads from gusts, maneuvers, etc.

remain the same as described in Reference I whether the ailerons are uprigged

or not.

4.3.2 Loads With Ailerons Uprigged

The incremental loads from incremental aileron deflections are based on the aero-

dynamic data obtained from wind tunnels in the early 1960's. Subsequent struct-

ural demonstration flight testing of rolling maneuvers in initial flight testing

confirmed the predicted aileron effectiveness and its effect on wing design load

conditions. Flight testing with the ailerons uprigged was also conducted in 1965

but a detailed loads analysis of that test data was not undertaken. A review of

the limited data presently available from those early tests indicate that the overall

wing loads are in agreement with predictions; however, it was not possible to

isolate the incremental aileron loads from the limited amount of data available.

Flight test data were also collected in 1976 on a C-141A simulating an aerial

refueling by flying behind a KC-135 tanker. This type of flight operation re-

quired a large amount of aileron activity to keep the aircraft properly aligned

while in wake turbulence. A correlation of the wing bending moment at

W.S. 479 with aileron deflection during one of the test runs is shown in Figure 3.

There is a substantial amount of scatter of the test data which is reflective of the

wake turbulence causing pitch and local angle-of-attack changes with super-

imposed dynamic oscillations of the wing. The trend of the data indicates that

for 60 of aileron deflection an incremental wing bending moment change of

3.0 X 106 inch-pounds would result at W.S. 479 with V = 270 knots.

,tE
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C-141A SIMULATED AERIAL REFUELING
FILT 23, RUN 10B

GW - 242.800 LB. VE ' 270K - 17 JUN '76

8"- Mx/' A  • 5 x 10 6 
IN. L81/'A

SEND ING 0 0@00

0 WS 479 6i - 0

00 0 0 0

00

-20 0 20  40  6
TE UP TE DOWN

AILERON DEFLECTION IRHS). DEG
FIGURE 3

Figure 4 shows the effects of 60 aileron uprig on 1 .0g trim wing loads with the

above mentioned test point spotted on the bending moment plot at W.S. 479.

The incremental changes in wing loads shown in Figure4 were calculated by a

computer program which accounts for the static aeroelastic effect3 from symmetric

aileron deflections and "rebalances" the aircraft with changes in angle-of-attack

and elevator deflection as required to maintain 1.Og steady, trim flight. The

test data point (though it is an approximate value and for a slightly higher air-

speed than the predicted data) is in reasonable agreement with the loads data

used in this study.

An examination of data similar to that presented in Figure 3 was also conducted

using 1977 test data from aerial refueling (dry hookups) of the YC-141B. Similar

results to those in Figure 3 were obtained.
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6AILERON UPRIG
Io TRIM E' '50K

'S z -6-
SHEAR _4

X FLT Z3 TEST DATA
BEND ING r2K

10 IN. -LB

-1

01

0.3 CHANGE IN SWE?
AM y 0.6 -1 WING JOI'NT

TORS I ON

io6 IN. -LS .

02

0
0 zoo 400 0WO am l0ow

WING STATION, INCHES

FIGUE A

Incremental 1 .Og wing loads from uprigging the ailerons are, in general

dependent upon dynamic pressure and Mach number. The effect of MaQch

number on the incremental 1 .Og loads was found to be small and did not

exhibit a consistent trend across the dynamic pressure range. For this study,

the variations with Mach number were eliminated by averaging the results at

V any given dynamic pressure (airspeed) over the Mach number range for each

of several altitudes. The variations with airspeed of the wing load effects

from aileron uprigging of 6 0 is ilIlustrated in Figure 5 for the wing root

station (W.S. 77).
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AIRSPED VERSUS INCREMENTAL WING

ROOT .OADS (d 'NS 77) o AILERON UPRIG C-141B WING BENOING MOMENT

aS, 4 NET I.0g TRIM 

SHEAR -2- 24 ;

lo' \  A I LRON FUV • 100K

6 UPRIG CARGO 45K
MACH -0.''

.5 A LT 26. 000
V. • 276K

M. BENOING,16

BENDING -3 ,
6 10 IN. LB\\10 IN.-LB -Z 12

.1M.

TORS ION
106 IN. -LB

0 t0O ZO0 300 400 0 200 ,00 600 300 100
AIRSPE VE, VE KNOTS WING STATION. INCHE

FIGUft 5
XIGUII 6

The wing bending momeit distribution with and without aileron uprig is

shown in Figure 6 for a sample I.Og trim, mid-fuel, mid-cargo flight

condition. It is clear from this figure that the uprigged ailerons pro-

vide relatively greater load relief in the outer wing than in the inner

wing area.
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4.4 Durability and Damage Tolerance Assessment

4.4.1 General

The Durability and Damage Tolerance Assessment (DADTA) has been limited

to the calculation of safety limits which form the basis for establishing

initial and recurring inspection intervals at suspected critical locations cn

the aircraft. The safety limit is based on the assumed presence of a "rogue"

flaw, at time of manufacture, in a structural elementfrom which structural

cracks are propagated. The recommended initial inspection on an aircraft

primary structural component or "zone" is one-half the time to grow the

crack from the initial rogue flaw length to the critical crack length at

which time the application of limit loads would cause unstable crack growth

for the component.

Recurring inspection intervals after the initial inspection are calculated

differently but the safety limit crack growth curve is also used. Each struc-

tural zone/area to be inspected is evaluated to determine which types of

non-destructive inspection (NDI) techniques and equipment are required.

With consultation and concurrence from WRALC, each particular NDI

technique used for each analysis/inspection zone has been assigned a maxi-

mum non-detectable crack length which could be missed during an inspection.

If no cracks are found on the initial inspection, then, to obtain the next in-

spection interval, it is assumed that a crack of length equal to the non-

detectable value exists at that location; the amount of time to grow the crack

from the NDI non-detectable length to the critical length is calculated and

one-half that time period is the recommended recurring inspection interval.

The methods and parameters used in calculating crack growth to establish

safety limits, initial inspections and recurring inspections are identical in

all aspecis except that recurring inspections presume the existence of a

NDI non-detectable crack length which is larger than the "rogue flaw"

length used for the safety limit and initial inspection.

t z
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The rogue flaw concept and the assumption that an initial flaw (crack)

exists is a safety consideration and results in inspections which could

detect unexpectedly early occurrences of cracks. The recurring inspec-

tions help insure that cracks present but not found on one inspection

would be detected on the next inspection before they had reached their

critical crack length.

When structural safety inspection programs are being established, an

appraisal of the expected durability of the structure is also made. The

durability "indicators"_are based on initial flaws substantially smaller

than the prescribed rogue length and are determined from calculations

based on full-scale fatigue tests and other data sources. The durability

calculations provide "indicators" of the ability of structural components

of an "average" quality airframe to resist crack growth from very small

microscopic initial flaw sizes. As discussed herein, the term durability

indicator refers to the time for the very small initial flaw to grow to a

functionally unacceptable length (such as to cause a fuel leak). It is

obviously desirable for any structural component to reflect durability

indicator times which equal or exceed the intended usage period of goal

for the airframe.

Previous DADTA studies have generally shown that changes in the loads

spectra which produce increases in the safety limits will also produce in-

creases in the durability characteristics of the structure of a roughly

proportional amount. Thus, the safety limit calculation results shown in

this report, when expressed as an improvement factor change from their

baseline values, may also be taken to reflect the improvement in the required

initial and recurring inspection intervals; a similar improvement factor will

be indicated for the durability characteristics.

tI
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4.4.2 Selection of Locations for Crack Growth Analysis

The primary purpose of uprigging the ailerons is to favorably affect the re-

curring inspection requirements and structural durability of the wing lower

surface which generally has shorter safety limits than the wing upper surface.

Two wing lower surface locations were selected for analysis which were

considered to separately represent the general trend of influence of aileron

uprigging on the inner and outer wings.

W-36E Located at IWBRS 191.6.

Spanwise splice between panels 4 and 5.

Representative of spanwise splices in the

inner wing area.

W-47B Located atOWBRS 62. Spanwise

splice between panels I and 2. Represen-

tative of spanwise splices in inboard end

of outer wing area.

Two analysis locations were also selected on the wing upper surface in the

inboard and outboard portions of the inner wing area. While those locations

are mostly affected by ground loadings, it was considered possible that same

degradation of safety limits could occur. The locations are identified as:

W-23 Located at IWBRS 80.6. Fuel pump hole

in panel I,

W-35F Located at IWBRS 360. Spanwise splice

between panels 1 and 2

The above locations are identified on the wing planform shown in Figures 7

and 8, respectively.

001
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01416 DADTA
WING UPPER SURFACE ANALYSIS POINTS
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4.4.3 Crack Growth Methodology

Crack growth analyses require information on the following four basic analysis

elements: (1) the applied load/stress spectrum, (2) the crack growth rate data

for the material, (3) the applicable stress intensity factors, and (4) the load-

interaction model.

The loads spectrum, consisting of many mission segments each having a set of

variable loads which are cyclic about a given mean load, was briefly dis-

cussed in Section 4.3. The conversion from loads to stresses is mude through

the use of stress/load ratios which are obtained from a Finite element model

computer analysis oif the wing structure. For loads which are applied slowly,

or nearly so, such as I .g mean loads and banked tum maneuvers, the total

stress (shear or axial) is tke algebraic sum of the contributions from each of

six different load components. For dynamic loads resulting from random in-

puts such as gusts or runway roughness, the total stress is obtained From statis-

tical equations which reflect the average relationships predicted to exist

between one loading component and all others.

The crack growth rate data for a given material/alloy is derived from labora-

tory tests and is usually collected under constant amplitude testing procedures.

The crack growth rate data for this study is the same as used in the previous

DADTA program of Reference 2 for safety limits calculations; it reflects the

experimental test data under high humidity (90% Relative Humidity) conditions.

As presented therein, the data is expressed in terms of the instantaneous crack

growth rate (da/dn) for any applicable value of stress intensity range (A K).

2

I~ II I l- ; ] .. .. .. . . . . i 
' '

" .. - ' ... ...... ...I " 1



LOCKHEED-GEORGIA COMPANY REPORT 4o. LGROFRO]4A

A DIVISION OF LOCKHIEEO CORPORATION MOOL C-141 B

MARIETTA, GEORGIA PAGE 18

The Hsu load-interaction model, as developed at Lockheed-Georgia,

accounts for the fact that any given stress cycle may influence the

crack growth from subsequent stress cycles depending on conditions

established in the model. The principal effect evidenced by the model

is the retardation of crack growth caused by high tensile stresses which

delay subsequent crack growth from the following lower magnitude stress

cycles. For this study, all interaction effects are fully accounted for

within each flight; however, no crack retardation effects are permitted

to carry-over to the suceeding flight. That treatment is compatible

w;th the methods used in the development of the C-141 Fracture Tracking

Program which is currently underway.

All of the above elements of the crack growth analysis are mechanized

in a series of computer programs which include several other detailed

considerations not mentioned here. For each structural location

analyzed, however, it is necessary to prescribe the shape of the crack

front and the path which the crack will follow.

4.4.4 Stress Levels at Analysis Locations

For the structural locations analyzed in this study, the axial stresses in-

duced are largely governed by the magnitude of the wing bending moment

with secondary influences from wing shear and torsion; shear stresses are

largely governed by (vertical) shear and torsion. The incremental changes

tI
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in the 1.Og stress levels from uprigging the ailerons ore calculated from

the incremental changes in those three load components. For the baseline

configuration with no uprig, however, both shear and axial 1.Og stresses

have been established using all six load components so that fore-and-aft

shear and bending could be accounted for. The incremental cyclic stresses

from gusts, maneuvers, etc., were also computed using six load components

in previous DADTA studies and are utilized in this study unaltered.

4.4.5 Crack Growth Results

As referred to previously, percentage changes in crack growth safety limits

also result in similar percentage changes in initial and recurring inspection

intervals and are a fair approximation to the percentage changes in durability

limits. The safety limits improvement factors, due to uprigging the ailerons,

are illustrated on Figure 9 for the wing lower surface locations W-36E and

W-47B, respectively, and tabulated below.

IMPROVEMENT FACTORS ON SAFETY LIMITS FOR

WING LOWER SURFACE

AILERON UPRIG

3003 °  6°

Inner Wing W-36E 1.18 1.465
Outer Wing W-47B 1.488 2.731

0

-'



LOCKHEED-GEORGIA COMPANY qEPORT* NO. LG80ER0144
A DIVISION OF LOCKHEED CORPORATfON MODEL C-141 B

MARIETTA, GEORGIA -AGE 20

C-141B
AILERON UPRIG VS

LOWER SURFACE SAFETY LIMIT IMPROVEMENT

WING LOWER SURFACE

2.5 
OUTER WING 

____

SAFETY LOCATION W-/47B -

LIMIT
IMPROVEMENT 2.0
FACTOR-INRW G

(0O UPRIG 1.0) LOCATION W-36E

1. 5

0 2 40 608
A ILERON UPRIG

FIGURE 9
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A review of the detailed crack growth rate information associated with the

above improvements for W-36E was also conducted to assess which loading

source contributed the most to the improvement. It was found that all flight

load sources -- gusts, maneuvers, and aerial refueling -- were improved

roughly uniformly in the some percentage as was the contribution from the

ground-air transition cycles. The total percentage improvement from the

above load sources averaged slightly higher than the values indicated in

the table on page 19 since crock growth attributed to landing impacts was

not changed by uprigging the ailerons. It should be noted that C-141

fatigue crack growth calculations of operational limits (safety and durability)

on wing lower surface structural locations are influenced principally by gust

and maneuver load sources.

4.5 Prototype Uprigging Methods

Two safe and inexpensive methods of uprigging the ailerons from 00 to 30

or to 60 of uprig are shown on Figures 11 and 12. The rig positions

can be safely changed inflight if required.

Figure 10 is a view looking down on the aileron input system at the aircraft

,i and the aft side of the wing rear beam. The two push rods 3C12237 and

3C12236 are the rods to be replaced or ,-odified.

Figure 11 is a concept which is like a sliding tube assembly. A detent is

provided for the 00, 30, and 60 aileron position, once the assembly is in

the desired position the adjusting bolt and nut is inserted and safety locked.

Figure 12 is another prototype concept to uprig the ailerons while the air-

craft is inflight. This concept consists of an adjustable turnbuckle to uprig

the ailerons.
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5.0 CONCLUSIONS AND RECOMMENDATIONS

This feasibility study supports the contention that aileron uprigging can

significantly reduce wing loads and provide associated increases in safety

limits, inspection intervals and structural durability. Although a limited

corroboration of the incremental wing loads effect was indicated (Figure 3),

additional flight testing would be required to more adequately confirm/

refine predictions. Concurrently, the predicted drag increases from up-

rigging the ailerons could also be more accurately measured and assessed.

Flight testing to determine those effects is therefore recommended if

aileron uprigging is to be further considered.

The crack grawth results indicate that as little as three degress of aileron

uprig would provide significant increases in inner and outer wing safety

limits but with a drag and fuel consumption penalty. The potential trade-

off between increased fuel costs and reduced maintenance costs as a function

of the amount of aileron uprig has not been established. It is recommended

that dollar estimates for this trade-off be estimated for aileron uprig positions

of 30 and 60 for reference in further evaluations.
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7.0 APPENDIX
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