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1.0 SUMMARY

This report presents the XV-5A structural loads analysis in accordance
with requirements of Structural Design Criteria (Reference 1).

The report shows the methods of analysis, calculated design loads, man-
euvering time-histories, aeroelastic characteristics and a compilation
of other pertinent characteristic loading data. The analyses extensively
utilized XV-5A wind-tunnel model data and mechanized digital computer
(IBM 704) programs,

From these studies, airframe strength requirements were developed.
Progressive parametric evaluation of the airplane's inherent capabilities
then served to corroborate the airframe structural integrity or, as for
one particular maneuver, decfined safe flight-envelope operating limits,

All requirements of the Structural Design Criteria have been met, with
the exception of certain rolling pull-out conditions. During this type of
maneuver, vertical and luteral load factors must not exceed 2.5 and
0.8, respectively, as limited by a) strength of the wing rear spar and
b) internal stresses in the fuselage.

Elastic loads calculations reflected consideration only of wing flexibility,
which was found to be relatively stiff in the symmetrical mode and rela-
tively flexible in the anti-symmetrical mode. However, the structural
effect of this latter characteristic is somewhat conservative in that ailer-
on flexibility (aileron ""wind-up'') relevant to the wing and flexibility in
control linkage were not considered and an ensuing load relieving effect
would, in reality, be realized.

Aeroelastic degradation with respect to the elasticized stability deriva-
tions was primarily a result of aft fuselage bending flexibility and wing
flexibility, due to aileron-induced loading. For example, aileron ef-
fectiveness, although partially compensated by reduced roll damping,
was ~educed 24% and 11% at a Mach 0. 755 for altitudes of sea level and
20, 000 feet, respectively. Other significant results for the most criti-
cal flight condition (500 knots at sea level) corresponded to a 22% loss
in empennage static longitudinal stability (aft cg referenced) and a simi-
lar 32% loss in elevator effectiveness. In comparison, directional sta-
bility and control losses were minor.
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Principal results with respect to specific airplane components were:
WING

The critical loading occurred during a rolling pull-out maneuver when
the vertical load factor exceeded 2.5. However, actual design load had
been previously established by a critical symmetrical pull-up maneuver:
Mach = 0.8, q =850 psf, n, =4.0.

FUSELAGE

No one condition dictated fuselage design. However, design loads could
be exceeded during certain unlimited rolling pull-out maneuvers, yet
could be avoided at all flight conditions when the combined vertical and
lateral load factors are prevented from exceeding 2.5 and 0. 8 respec-
tively. Although other lateral loading conditions exceed n, = 0.8 (e.g.,

= 0.9 for lateral gust), these were found to be either tolerable or non-
critical.

HORIZONTAL TAIL

Two symmetrical maneuvers produced critical design loading., Shear
and bending were maximized by a push-over maneuver (M = 0.8, q =

850 psf, n, = -2.0) while maximum torsion occurred during a pull-up
maneuver (M =0.28, sea level, n, = 4.0). In addition, a lateral gust
condition produced the maximum rolling moment (couple) at the hori-
zontal/vertical tail juncture.

VERTICAL TAIL

Two flight conditions produced critical design loading. Shear and bend-
ing were maximized by a lateral gust condition, whereas a ''rudder-
kick' maneuver (M = 0.397 at sea level) produced maximum torsion.



2.0 INTRODUCTION

This report presents a description of the loads analysis
and a compendium of the calculated structural design loads
for the U.S. Army XV-5A Lift Fan Research Aircraft. The
XV-5A is a V/STOL aircraft designed for research flight
testing of the General Electric X353-5 1lift fan propulsion
system. The structural design criteria (Reference 1) to-
gether with the material herein form the basis of the air-
craft structural design geometrically illustrated in Figures
2.1 and 2.2,

The XV-5A also features high-subsonic conventional flight
operation. It has a basic design gross weight of 9200
pounds, a limit dive speed of 500 KEAS (q = 850 psf) and
corresponding 0.90 maximum Mach number.

The text of this report is sub-divided into two main parts,
presented in Sections 3.0 and 4.0 of the report. Section
3.0 provides a summary of employed methods of analysis
whereas final results or design loads (limit values) derived
therefrom are presented in Section 4.0. Tables, graphs and
other illustrated material immediately follow the text for
each subsection.
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Figure 2.2 Cutaway Drawing - XV-5A



3.0 METHOD OF APPROACH

3.1 GENERAL

The loads analysis consisted of evaluation of various loading conditions
within specific environmental and functionary restraints (Reference 1),
and in some instances, evaluation of the influence on structural design.
This required the determination of the integrated effect of aerodynamic,
propulsive, all other non-aerodynamic, and inertial forces, and then
corresponding decomposition of these forces to derive component loads
throughout the airframe.

For some conditions (e.g. 4g symmetrical maneuver), total design load
on the airplane was directly established by the structural criteria. How-
ever, for others (e.g. rolling pull-out maneuver) it was necessary to
analyze specified maneuvers to determine the design load resulting as a
consequence of the calculated dynamic conditions incurred during the

maneuver.

Wind-tunnel test data (References 2 through 4) were utilized extensively
throughout the analysis together with current calculated and/or actual
distributions of airplane mass.

The design cg limits were treated invariant with airplane weight and rep-
resentation thereof was artificially effected. The 9200 1b, basic design
gross weight was used throughout the analysis. Adequate structural in-
tegrity was assumed adequate for all greater gross weights when, in
accordance with the design criteria, a constant nW product is main-
tained.

Principal techniques employed in the analysis and related considerations
reflected in final results are presented in the following sub-sections.

3.1.1 Pitching Maneuvers

Maneuvers of this type are characterized by aircraft loading produced by
displacement of the cockpit longitudinal control to attain a pre-estab-
lished vertical load factor. The design maneuvering envelope and asso-
ciated flight parameters are presented in Figures 3.1 and 3. 2.



Since the dynamic state of the airplane is defined by the above, it then
was necessary to place the applied forces in equilibrium with inertial
forces and parametrically evaluate the effects of speed, altitude, cg,
power, etc. Therefore, to '"balance' the airplane and therefore deter-
mine the primary subdivision of loading between wing, body and tail, a
system of equations were derived to determine:

1. Trim angle of attack for unaccelerated level flight assuming zero
elevator deflection whereas trim is achieved by tail incidence
and subsequently .....

2. Equilibrium angle of attack which produces specific linear and
angular (assumes both zero and finite value) accelerations and
angular rate.

3. Subdivision of loading among the primary aircraft components
for above items (1) and (2).

To facilitate solution of the equations and thereby afford broad param-
eter investigation, an IBM 704 Digital Computer was employed. Although
the equations were developed on the basis of a stability axis system
which thereby assumes a negligible variance from an ideal body axis
system, artificial derivatives were utilized to provide realistic solutions
for the high speed stall conditions. Iterative calculations were required
for the solution of the high speed stall conditions because of non-linear

aerodynamic derivatives. The dynamic CLmax was considered 1, 25

times the static value for the high speed stall conditions,

For the static trim state, lift and pitching moment equations in terms of
coefficients are

©" Cmpy* (CmoL)m—t ’ <Cm a)m-t [(a)trim- or) ¢

(z HT/&) (1)

and 0=Cp  +(C @), - (a
Ly * La)m,t |“erimm (OL)m-t]

+ (CLH ) - W/qS, (2)



-

where cmTH = Myprust 7 956 » (3)

Clpy = VThrust/ S (4)

and

tyr/2= [(Cma)cm ) (Cma/\"m-t] "’ I(CLa)cm ) (CLa)m-t]

From the above, explicit equations for trimmed tail lift coefficients and
angle of attack can be derived and are as follows:

(cmOL ) af(cmTH >+ (cma/c L“‘)m-t [ (W/gS)-Cy,

L TH
c - -
( Lyr) - (Cm“/CL"‘)m-t - (2 el c) -
and (W/gS) - C - (C
®grim =(°‘0L) + [ L:: ( LHT) mm] (7
m-t ( a)m-t

Similar to Equations (1) and (2), lift and pitching moment equations for
the dynamic state, in terms of coefficients are:
o =(cnrl ) Aa +cm‘5 ‘Se‘Iyy o/ch+(cm ) (68/2V)
a e q
G em (8)

and

0= (C Aa +C; 6 + (C 0/2V) - (n_-1) W/qS
R

Simultaneous solution of the above for the required change in angle of
attack, Aa, and corresponding equilibrium elevator deflection, 6, yield:

(n,-1) W/gS - Cp, 6, - (cL ) 05/2V)
6e q/cm
Aa = (10)

-




and

— I 0/aS¢ +6c/2V [(Cma/CLa)cm - <cmq) -

5 =

e C - (C C C
m6e ( ma/ La)cm( LGe)

[(nz-l) (Cma/CLa )cm

Cmée ) (Cma/CLa)cm (CLGe)

(W/qS) ]

Incremental *ail lift coefficients are then determined by:

=(:IJ(5 Ge'

(AC
e

LHT) 5

(ACLHT)AOZ = [(CLa>cm- (cLa)m_t]Aa.

and

where

Cc = (C + AC
( LHT) total ( LHT)trim z( LHT)

Also

(CLm—t)total =g W/aS - (CLHT) total,

(CL )t t 1‘ (CLa) [(a)trlm tAa- (agy)
ota

Bw) B(W)

and

(C LW(B)) total (CLm—t)total i (CLB(W)) total

B(W)] ’

(11)

(12)

(13)

(19)

(15)

(16)

17

(18)



Total aerodynamic pitching momenti coefficients for the wing and body
components are

(CmB(W)) total (CmOL) B(W) ! (Cma)B(W) [ ©trim

+ Ao- (aOL) (19)

B(W) ]
and

(CmW(B)) total <CmOL)m-t i (CmB(W)) total
+ (Cma)m-t [(a)trim + Ax- (onL)m-t]

+ [(c ) - (C ) ! /6)] ©08/2V)  (20)
’( mq cm ( Lq HT L
The center of pressure of total horizontal tail lift is

C 6, +[(C - (AC b /8
X, /€ ol I LHT)total ( LHT)‘SeK ')

ep’® HT (CL

HT) (21)

total

In the foregoing equations the combined pitch damping for the wing-body
was assumed produced entirely by the wing. Also, contribution of the
wing to the wing-body stability coefficients was deduced from integrated
wing surface pressure data.
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3.1.2 Rolling Maneuvers

Roll maneuvers were investigated through impulsing the airplane by (1)
rapid and (2) maximum possible movement of the cockpit lateral control
such that specific motion and/or attitude displacement in accordance with
the procedures and limitations prescribed by the Structural Design Cri-
teria were produced. Item (2) corresponds to ''steady-state' rolls and
item (1) is related to the classic '"rolling pull-out' maneuver.

For the rolling pull-out analysis, the characteristic motion in the anti-
symmetrical or lateral-directional mode was determined separately
from the symmetrical or longitudinal mode, and subsequently the results
were super-imposed for representation of the net unsymmetrical loading
condition. Vertical load factor, n,, was assumed constant during the
maneuver and corresponded, respectively, to values of 1.0 and up to
and including 3. 0 for "flaps-down'" and "flaps-up'' configurations. Wing
loads were primarily dependent on angle of attack, roll rate, roll accel-
eration and corresponding aileron deflection. Since load factor, and
therefore angle-of-attack, were held constant, a simplified one-degree
of freedom analysis was employed. At a later date a digital program
afforded a more complete three-degrees of freedom simulation which
was necessitated by the significance of cross-coupling effects on fuselage
and empennage loading.

In the following sub-sections the mechanics of both methods of analysis
are presented.

3.1.2.1 Simplified Analysis

Assuming aileron rate to be a constant during any particular time inter-
nal and neglecting 2nd order terms, the following equations were as-
sumed to approximate motion in roll:

p=Ks (GA +5At)+Kpp 0y
A o
Since this equation is of the form ...

y=Q- Py (2)

whose general solution is ...

- [pax [ Qe /de+Ce=/de, 3)
y=e
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it follows ...

Ks 6 K
p= ‘At [exp (K ) 1] A (6 +6 t) (4)
- - A
K ? o
p
Or, interms oftSA:
KGA‘SA . KdA
Pt fom [Kp O -0y /oA-1] --K—p—(aA) (5)
p

It can be shown by the above equation for 64, = 6, or by Equation (1) for
o

p = 0, that equilibrium or steady-state roll rate is:
Ks

Pgg = - I_(;A- (5Ao ) (6)

In order to utilize the above equations, it was necessary to determine
suitable values of aileron rate. The lateral control system consisted of
a servo tab, hydraulic boosted network whose maximum output provided
an aileron rate (referenced to total aileron deflection) of 425°/s. How-
ever, during realistic operation, output rate was depcndent on the rela-
tive position of the control stick (or tab) and aileron, ... and opposing
aerodynamic hinge moments. The derived representative rate equations
are:

8, =Ac () NB |6A| -0 (7)
max.

and

L 64— (64) (8)

b6 =Ae (6,) NBC (1 -GA/éAmax ) o

max.

Use of the above equation (7) for, typically, an abrupt left roll '"check"
assumed a step-input of the control stick and consequently ...

8, = (8,) (9
max.

14



As 6 A continued beyond neutral, the error value, €, was maintained
constant (€., = 0.45") until full stick travel (5") had been attained.
Thereafter, € was assumed linearly diminishing to zero at full ailercn
deflection. The resultant profile is shown in Figure 3.3 for both (1) low-
speed flaps-down and (2) high-speed flaps-up configurations.

It should further be noted that when aileron rate varied with time, or
more appropriately aileron position, an iterative solution was employed.

3.1.2,2 Three-Degrees of Freedom Solution

The transient lateral-directional motion of the airplane during various
roll maneuvers was represented by three-degrees of freedom which cor-
responded to the interacted motions in roll (p), yaw (r) and lateral dis-
placement (VB). In addition, a number of auxiliary equations were de-
rived to simulate pilot/conirol system response characteristics. The
combined equations were then mechanized for digital computer solution
to provide a time history of events. Although this method primarily
served as a means of evaluating the '""Rolling Pull-out Maneuver", it

also enabled examination of the inher2nt characteristic lateral motion
during "'steady-state' rolls.

The type of rolling pull-out maneuver which was investigated consisted
of rolling the airplane out of a constant altitude turn through an angle
equal to twice the initial bank angle, maintaining zero rudder deflection
and assuming vertical load factor to remain constant. Execution of the
maneuver was by rapid displacement (from neutral) of the cockpit later-
al control and subsequently ""checking'' the roll by rapid reversal of the
cockpit lateral control. The applicable initial bank angle corresponded
to the relationship: cos ¢ =+ (1/n,) for various values of nj up to and
including the maximum design condition. Aileron deflection and rate
were the maximum attainable commensurate with a 60 pound stick force
and pilot application (neutral to maximum and full left to full right) time
of 0.1 second.

The derived control system equations which were found representative
of the specified pilot reaction and maximum attainable output rates of
Figure 3.4 are as follows:

Roll Execution

For 0o<t=0.1",
6, =12.2173t1-8 ~ radians, typical 1)

15



and for 0.1"<t =t

check

85 =0.59341 - 1.46084 exp (-16.27 t) (2)
Roll "Check"
For tcheck < t = (tcheck * 0. 048"),

8, = -0.58364 exp [20.33493 (toheck t) ]

+11.86824 (topeck ~t) +1-17705 (3

For (tcheck * 0-048") < t = (topeck * 0-131")

6y =T.41765 (t,p . -t) + 0. 74334 (4)

and for (tcheck * 0-131") < t,

8y =5.27089 exp [20.33493 (t -t] -0.59341 (5)

check

With respect to a body axis system (and implied appropriate stability
derivatives), the employed airframe equations of motion are:

/§=(g/V) sing +C;p+Cor

+ (gS/mV) [Cya 5, +cyBB] (6)
A

. 5
p (qu/IXX) Clé A CIBB + (b/2V) [Clrr L Clpp] \

A
+ (Leg/Tg) T (7)
i'=C46A+Csﬂ+CGr+C7p (8)
Where .
C, = a+ (qSh/2mV*) (C (9)
1 (%y,)
C, = (aSb/2mV?) (cy )- 1 (10)
r
Cg = (aSb) (Lyy) / (Iy Iz = Iz ?) (11)

16



Cy=CylCp +(, /1
s, ke xx>cz6A]

C =
5 = C3 {CnB'F(Ixz/Ixx) C'ZB]

C, =C, b/2
6 = Cg ©/2V) [Cnr"(lxz“xx) C‘r]

C,=C
7 3 (b/2V) [Cnp + (Ixz / Ixx) Cy ]
p

(12)

(13)

(14)

(15)
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3.1.3 Yawing Maneuvers

An extensive analysis was made to determine structural loading produced
by rudder-impulsed yawing maneuvers. As has been the practice, post-
superposition of loading within the plane of symmetry, prevailed which,
for the present type of maneuver, corresponded to trimmed, 1-g flight.

Two methods of solution were employed which differed from one another,
primarily, by the consideration of dynamic over-shoot in side-slip
angle, 8. Although the design criteria specified a 50% overshoot value
above a steady-state condition, further effort was devoted in ascertain-
ing its accuracy. In one case a closed static solution was possible
whereas a time-history study revealed the airplane's inherent charac-
teristics. Each of these methods is described in the following sub-
sections.

3.1.3.1 Static Solution

Four (4) distinct rudder-induced yawing conditions were analyzed and
are described as follows:

1. A rudder "Kick'' maneuver which assumes an instantaneous
rudder deflection to the maximum mechanical limits (*25°), or
as limited by a pilot pedal force of 200 lbs, for <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>