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Abstract

Trim and control requirements have been added to our previous work developing multidisciplinary design
methodology for the design of a high speed civil transport (HSCT). We are optimizing the design including both
aerodynamics and structures to find the wing planform and thickness distribution, fuselage shape, and engine
placement, using 28 design variables. While adding trim and control it was also found necessary to simultane-
ously consider landing gear integration. We include the engine out and cross wind landing requirements, as
well as engine nacelle strike for lateral-directional requirements. We include nose-wheel lift-off rotation and ap-

proach trim as the critical conditions in the longitudi

nal plane. For lateral-directional requirements we found

that the engine nacelle strike avoidance was the critical condition, although the vertical tail size was increased
from the baseline design to account for the engine-out condition. The addition of a horizontal tail to provide
take-off rotation resulted in a significant weight penalty, and the sensitivity to the placement of the landing gear
axially was obtained by finding the minimum gross takeoff weight for two different tipback angles.

Introduction

The design of an efficient and economically feasible
high-speed civil transport (HSCT) requires a multidiscipli-
nary design approach. If any of the major disciplinary inter-
actions are neglected in the conceptual/preliminary design
phase, it is likely there will be a significant weight penalty
in the final design because of the need to account for the
neglected interactions after the configuration has been “fro-
zen”. At Virginia Tech, we are developing multidiscipli-
nary design optimization (MDO) methodology to integrate
the major disciplines in detail during the conceptual/
preliminary design phase. Our specific HSCT design prob-
lem is to minimize the take-off gross weight of a Mach 2.4
configuration having a range of 5500nm.

The high cost of using detailed analysis methods in
an MDO procedure prevents their use in conceptual design.
To reduce the computational cost of MDO, we have been
developing the variable-complexity modeling concept. Var-
iable-complexity modeling uses multiple levels of analysis
methods. For aerodynamics we use both detailed numerical
methods, vortex lattice methods are used here to establish
the methodology, and approximate analysis methods,
which are generally analytical or empirically derived rela-
tions. Detailed numerical analysis methods are accurate but
costly, so they are only used sparingly to improve the accu-
racy of the approximate analysis methods. The methodolo-
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gy allows the use of other, more advanced numerical meth-
ods. An in-depth discussion of the various types of vari-
able-complexity approximations and the aerodynamic and
structural analysis methods we are using can be found in
the papers by Hutchison ef al.1-3

In this paper we extend the previous work of Hutch-
ison e al.1-3 to include trim and control considerations di-
rectly in the variable-complexity design procedure. Our
work uses the conceptual/preliminary design contro] au-
thority assessment methods developed by Kay.4 In particu-
lar, Kay established a set of stability and control require-
ments which must be addressed in the initial stages of
vehicle design. An examination of the control requirements
of HSCT configurations has recently been conducted by
McCarty et al of McDonnell Douglas Aerospace.d Their
work is consistent with the approach of Kay, and has been
used to focus the work presented here. Based on references
4 and 5, we assume that the critical conditions for sizing
control surfaces occur at low speed. The ratio of dynamic
pressure at cruise (M2.4 at 65K ft) to the low speed critical
field performance conditions (150kt, sea level) is more
than 6.0. Thus, the high control power requirements during
take-off and landing combined with the low dynamic pres-
sure results in the low speed field performance conditions
being the critical design conditions,

Making the assumption that the low speed cases de-
fine the control surface sizes, trim and control require-
ments are incorporated for both lateral-directional and lon-
gitudinal control surfaces. In the lateral directional case,
the conditions are engine-out trim performance and cross-
wind landing. For engine-out trim performance we require



the aircraft be capable of trimmed flight after one of the
outboard engines fails. Essentially, the vertical tail must be
capable of handling the yawing moment generated by the
thrust imbalance. This is especially important because of
the wing weight benefit of placing the engines as far out-
board as posible. In the longitudinal axis, take-off rotation
has been found to be the critical condition for this class of
aircraft, and we consider take-off rotation and approach
trim.

Explicit consideration of trim and control in concep-
tual aircraft sizing methodology is unusual. For subsonic
configuration optimizations there have been two related
studies. Sliwa®7 and Gallman ez al8 both considered lon-
gitudinal trim and control, and both found that the trim and
control considerations were important. In the study by
Gallman et al8 the take-off rotation control requirement
was found to be a critical issue in the comparison of equiv-
alent conventional and Jjoined-wing configurations.

As part of the integration of aircraft trim and contro]
requirements, the engine and landing gear locations
emerge as significant considerations. The engine location
becomes important because of both asymmetric thrust con-
siderations and the requirement that the engine nacelles
not strike the runway during take-off and landing. Thus,
the landing gear location and length play a key role in de-
fining the control power required to rotate the aircraft at
take-off. Both of these considerations are included in the
methodology described in this paper.

Stability derivatives must be available to include
trim and control in the optimization. We use our variable-
complexity modeling concept to estimate them. This im-
proves the accuracy without incurring high computer cost.
Specifically, we use the so-called interlacing technique de-
scribed by Dudley et al.9 They used the approach to incor-
porate detailed finite element structural analysis in the op-
timization.

In the following sections we describe contro] sur-
face and landing gear design issues. Then we mention the
configuration issues, our baseline configuration and mis-
sion, and analysis methods. Then we discuss the results of
a sensitivity analysis, compare a design optimized with
vertical tail sizing, and a design optimized with horizontal
tail sizing to a design optimized without any trim and con-
trol considerations.

Control Surface and Landing Gear Design Issues

To be viable, the aircraft must have sufficient con-
trol power for trimmed flight and still be able to perform
required maneuvers such as take-off and landing, as well
as in-flight maneuvers. If care is not taken in the early stag-
es of design the resulting aircraft might not have the con-
trol power required, and late fixes may severely compro-
mise the design. However, excessive control power can
mean increased weight and drag, which will also reduce
performance and increase operating costs.

Engine-Out Trim/Vertical Tail Sizing and
Crosswind Landing

The engine-out condition is considered first. In ci-
vilian aircraft such as the HSCT, where maneuverability is
not a primary consideration, vertical tail size is based ei-
ther on the requirement that the aircraft be capable of
trimmed flight with an outboard engine inoperative or to
handle the crosswind landing requirement. The pilot must
have sufficient control authority to trim the aircraft in
these situations, as well as to be able (o perform necessary
maneuvers. Therefore, we require the aircraft be trimmed
directionally using no more than 75% of the available con-
trol authority.

Deflecting the rudder creates the balancing yawing
moment, but also causes a sideforce which must be coun-
teracted. This is done with a combination of sideslip and
bank. Both sideslip and bank can make landing difficult if
the angle is too great. A large amount of sideslip will
cause a very rough landing as the aircraft must suddenly
straighten out upon touchdown. Excessive bank introduces
the possibility of the wing tip scraping the ground before
the landing gear touches down. These considerations re-
quire us to limit the allowable amount of sideslip and bank
to 10° and 5°, respectively. The rudder deflection also
creates a rolling moment that is usually controlled using
the ailerons.

Engine Location Limits

Moving the engines outboard provides wing bend-
ing moment relief, thereby reducing the wing weight.
Without any constraint the optimizer will position the en-
gines off the wing tip (o maximize this weight savings.
Clearly, positioning the engines at the wing tip is unrealis-
tic. This could cause problems with engine-out trim, en-
gine strike during landing, airframe stresses during ground
operations, such as full fuel taxi and flutter. A constraint is
needed to prevent the optimizer from placing the engines
too far outboard on the wing.

Landing Gear Position

Landing gear position is important for the center of
gravity calculation, engine nacelle strike constraint, and
take-off rotation. Both the nose and main gear positions
must be known for the center of gravity calculation. On
landing, the main gear touches down first, so the position
and length of the main gear is critical to the engine and tail
strike constraint. Increasing the length of the main gear re-
sults in more ground clearance, the distance between the
nacelles and the runway. Moving the main landing gear
closer to the engines on the wing reduces the effect of
pitch and bank on the ground clearance. In general, pitch
will reduce the ground clearance and bank will reduce
ground clearance on the wing which is banked toward the
ground and increase it on the other side.

The weight distribution on the landing gear is im-
portant during take-off rotation. If the nose gear is too
heavily loaded, it will be difficult to rotate to the take-off



attitude. If the nose gear is too lightly loaded, the aircraft
will be hard to steer and could rotate before there is enough
control authority to control the aircraft’s attitude. Other im-
portant considerations include the overturn angle and the
tipback angle, (i.e., see Fig. 1 and 2). Both angles relate the
main gear’s position to the location of the center of gravity.
If the main gear is not far enough behind the center of
gravity, the aircraft could tip back and sit on its tail. If it is
not far enough to the side of the cg, then the aircraft could
tip over while taxiing around a sharp turn.

Take-off Rotation/Horizontal Tail Sizing and
Approach Trim

Several longitudinal control and trim issues are im-
portant. The field performance requirements are among the
most critical. For most airplanes, take-off involves rotating
on the main landing gear to a pitch attitude at which the
wings can generate enough lift to become airborne. This
rotation is caused by the pitching moment generated by a
longitudinal control effector such as the horizontal tail or
the wing trailing edge flap for a tailless configuration. The
civilian FAR10 regulations essentially require the aircrafi
be able to take off safely. The military regulations, MIL-
STD-179711, section 4.2.7.3, requires the aircraft to be
able to obtain, at 0.9V,,,;,.. a pitch attitude which will result
in take-off at V,,;. where Vinin 18 110% of the stall speed.
This requires nose-wheel liftoff occur prior to 0.9V,,;,,, and
then there must be enough pitch control to rotate the air-
craft to the take-off attitude at 0.9V, in-

Approach trim is also important. The aircraft must
be able to trim at a high angle of attack, when the aerody-
namic forces can be very large. There should be enough
control power to trim and, if necessary, maneuver. This al-
lows the pilot to deal with gusts and other emergency de-
mands.

Typical Configuration and Mission

In this study of HSCT configurations, our basic con-
figuration consists of a 300 ft. fuselage sized to carry 251
passengers, a cranked wing and a vertical tail (see Figure
3). The aircraft is powered by four low bypass turbofan en-
gines. The mission we are designing our aircraft for is to
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Figure 2. Definition of tipback angle

transport 251 passengers, and their luggage, 5500 nm, with
a cruise speed of Mach 2.4. The maximum altitude is
70,000 ft. and the aircraft must land with 15% of its fuel
remaining. The field performance constraint is to be able to
land at 12° angle of attack (AOA).

Using our analysis, the baseline configuration used
to start the optimization process weighs 580,600 Ibs, and
has a range of 5,482 nm. It has a wing area of 12,141 2
and a vertical tail area of 450 ft.2 This design came from a
previous optimization that did not include any trim and
control considerations, but satisfies all other constraints.

Analysis Methods

To analyze trim and control conditions, it is neces-
sary to obtain information not normally used in initial siz-
ing programs. This includes the location of the center of
gravity (cg), the inertias, and the stability and control de-
rivatives. These are found for a given geometry and flight
condition.

Center of Gravity and Inertia Estimation

In stability and control calculations the location of
the center of gravity is very important, but estimation of
the center of gravity in the preliminary design phase is not
simple. During cruise and landing approach, we attempt to
place the cg at the center of pressure by transferring fuel
between tanks. This minimizes the use of control surfaces
to trim the aircraft, reducing drag during the cruise. We
can calculate the center of pressure for the wing at subson-
ic speed using a vortex lattice method (VLM) and, for this
preliminary design, use this as the cg.

During take-off, it is not possible to place the cg at
the center of pressure, and a more detailed estimation of
the location of the cg must be used. We use estimates giv-
en by Roskaml1? to estimate the center of gravity of the
various components, and place miscellaneous equipment,
such as avionics and cargo, using an initial estimate of the
aircraft layout. The fuselage cg is placed at 45% of the
length. The wing cg is placed at 55% of the wing chord at
35% of the semispan. The horizontal tail cg 1s placed at
42% of the chord from the leading edge, at 38% of the
semispan. The vertical tail cg is placed using the same for-
mula as the horizontal tail. Finally, the engine cg is placed
at 40% of the nacelle length. Once the cg for each of the
components is calculated, it is straightforward to calculate
the cg for the aircraft. The inertias for the aircraft are esti-



Figure 3. Typical configuration

mated using a routine from FLOPS!3 which is based on a
modified DATCOM !4 method.

Stability Derivative Estimation

The analysis of the take-off rotation and engine out
condition requires stability derivatives. We have two meth-
ods of calculating stability derivatives, empirical algebraic
relations from the U.S.A.F. Stability and Control DAT-
COM 4, 45 interpreted by J. Roskam,!5 and a VLM code
developed by Kay.# The DATCOM methods rely on sim-
ple theories and some experimental data, and do not handle
unusual configurations well. A detailed discussion of the
approximate methods we use is given in Appendix A. The
VLM code is better able to handle different configurations,
but is more expensive computationally.

To achieve reasonable accuracy and computational
cost, we used both methods in a variable-complexity analy-
sis approach. We estimate the derivatives with the VLM
code every five optimization cycles, and use the DATCOM
estimates (o scale the derivatives in between the VLM cal-
culations. The VLM code makes the initial prediction of
the stability derivatives, and then the DATCOM methods
are used to predict the trends as the configuration geometry
1s changed during the optimization. This approach is simi-
lar to the variable-complexity approach termed interlacing,
used by Dudley ez al.9

Accuracy of Stability Derivative Estimates
To test the accuracy of the DATCOM and VLM
based predictions, we compared the results from both

Table 1
Comparison of stability and control derivative estimations

Derivative Experiment VLM DATCOM
Cy/i‘ -0.183 -0.177 -0.088
C/ﬁ -0.072 -0.011 0.0016
Cnﬁ 0.132 0.042 0.036
Cys 0.120 0.152 0.072
Cis- -0.0018  0.0035 -0.0013
Cusr -0.103 -0.077 -0.029
Cysa -0.063 0.0 0.0
Cis, 0.042 01095 0 e
Chsa -0.0052  0.0086 oo

Table 2
Comparison of stability derivatives for a F/A-184
at Mach 0.2, out of ground effect

Derivative Experiment VLM DATCOM
C)’,B -0.917 -0.526 -0.561
Cl/} -0.050 -0.080 -0.055
Cnﬂ 0.096 0.086 0.066
Cysr 0.134 0.108 0.103
Cis, 0.012 0.017 0.015
Chg, -0.046 -0.045 -0.030
Cisa 0.150 0.167 0.136

methods with experimentally determined stability and con-
trol derivatives. We modeled an XB-70A, in the powered
approach configuration, using data from Heffley.16 Since
the vertical tail is the primary factor in this calculation,
only the vertical tail contribution is calculated for the B
derivatives. Similarly, the effect of the aileron derivatives
is considered small, so these are not calculated with the
DATCOM methods, but are updated with the VLM esti-
mates.

Table 1 compares the experimental results with the
VLM and DATCOM approximations. Generally, the
VLM results are good, although there are sign discrepan-
cies on Cyg.. and Cys,- This is most likely due to poor
modeling of the XB-70A in Kay’s VLM code, which de-
fines the planform and the side view with 5 trapezoids for
each. A code which allowed more detailed models could
improve these results. The DATCOM results also have a
sign discrepancy, on C;p, but this term is only the tail con-
tribution, not the derivative for the entire aircraft.

Comparison of experimental, VLM, and DATCOM
results for a F/A-18 from Kay shows good agreement be-
tween the experimental and the VLM data, notably the
Cppand C,; 5 derivatives. Some of his results? are shown
in '?able 2.

Landing Gear Analysis

As a first approximation, the main gear was placed
at 80% of the wing root chord. This was adequate for the
engine strike constraint, and was used for the optimiza-
tions that did not include the take-off rotation requirement.
The nose gear location was not required at that time.

To analyze the take-off rotation, the nose gear posi-
tion was needed. Torenbeek!7 recommends the nose gear
support between 8% and 15% of the total weight. We
elected to place the nose gear so that it would be support-
ing 11.5% of the total weight. As initially positioned, we
discovered that the main gear was too far back, the nose
gear was supporting over 22% of the weight, and could
not be located on the aircraft and support 11.5% of the
weight. So it was necessary to move the main gear for-



ward from 80% of the wing root chord.

From the calculated cg location, we calculate the
tipback angle. This is the angle between the main gear and
the cg as seen in the side view and it should be about 15°,
By specifying this angle, the position of the main gear can
be calculated. We found that a tipback angle of 15° result-
ed in a reasonable position for both the main gear and the
nose gear. After the landing gear was positioned, the over-
turn angle was calculated. This is a measure of the likeli-
hood of the aircraft tipping over sideways while taxiing in
a turn. It should be less than 63°. This was not a critical
consideration for our design.

Engine Strike

We originally expected the engine out condition
would limit the allowable spanwise engine location since
as the engines move outboard, the vertical tail size must be
increased. We thought the increase in vertical tail weight
and additional drag on the larger tail would offset the sav-
ings in wing weight. As shown below, we were wrong. As
the engine moves outboard, the increase in vertical tail
weight is very small compared to the reduction in wing
weight, this can be seen in Fig. 4. The increase in vertical
tail weight is 4,000 Ibs, but the decrease in wing weight is
over 20,000 Ibs. Also, the increase in wave drag due to in-
creasing vertical tail size is small, as can be seen in Fig. 5.
The increase is less than two counts, at most. Thus the
minimum TOGW is achieved by having a very large verti-
cal tail and placing the engines as far outboard as possible.
This was confirmed when the optimizer placed the engines
off the wing tip.

Thus, another consideration was needed to con-
strain the spanwise engine location. The engine strike con-
straint requires that the engines do not strike the runway
during landing. We calculate the engine height at touch-
down with the pitch angle equal to the landing angle of at-
tack and the bank angle equal to 5°, the typical certifica-
tion requirement. This constraint not only limits the
spanwise engine location, but effectively limits the allowa-
ble trailing edge sweep, because the engines are mounted
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Figure 4. The sum of wing and vertical tail weights de-
creases as the engine is moved outboard.
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Figure 5. The wave drag increases very little with nacelles
moving outboard and increasing in vertical tail area.

at the trailing edge, with 25% overhang.

Vertical Tail Analysis

As a first step in integrating the design of the verti-
cal tail with the design of the rest of the aircraft, we added
a single design variable for the vertical tail area. We main-
tain the shape of the vertical tail, specifying the aspect ra-
tio, taper ratio, and quarter chord sweep, and vary its size.
After finding the stability derivatives for a given tail size,
we calculate the control surface deflections and engine lo-
cation required for trimmed flight. In trimmed flight the
sum of the forces and moments must be zero. This can be
expressed with the following equations:

Sideforce:
P

Cys,%a +Cy O, +Cyﬁﬁ+CL qu)__q_SE )]

Rolling moment:

—_ L&\'I

Ces,%a +C[5)A5,.+C[/ﬂﬁ—— 4Sh (2)

Yawing moment:

N’ !

Cnga Oy + Cngr 5, + C)zﬁﬂ == qu (3)

The net yawing moment due to engine failure is
Next = YengAT, where Yeng 18 the y distance from the fuse-
lage centerline to the engine, and AT is the thrust differ-
ence due to the engine loss (with engine loss on the right
wing corresponding to positive A7). By assuming that the
net rolling moment, L p— and the net side force, ¥ exp AT
zero, equations (1) - (3) can be solved for bank angle, ¢,
aileron deflection, 0, and engine location, yeng.

“alty o |_go _SmCp
57 hc— Cyé'r ‘B Cyﬁ e
. ] Lsa Lsy
¢ =sin (4)
Cr
_~Céé.r57.+C€pﬁ .
5
Cf&z



asb
AT

Yeng =—

(Cn&, 5a e Cngr 51’ & Cnﬂ ﬁ) (6)

The bank angle is determined by minimizing f,
without violating the 5° limit imposed on ¢. Equation (5)
can be solved by setting the rudder deflection to 75% of
the maximum allowable deflection. Then it is possible to
solve equation (6) for the maximum outboard location of
the engine.

Crosswind Landing

We required the aircraft be able to land with a?20
knot crosswind. Since our approach speed is 145 knots,
this results in a sideslip angle of 7.85°. The aircraft must
be able to trim directionally at a sideslip of 7.85°. Using
equations (1) through (3), where B is known, and all right
hand side terms are zero, it is possible to solve for bank
angle, @, aileron deflection, 0,4 and the rudder deflection,
0 This results in

Cn&, C!/j

—= P _c

O =p——— 28 (7

5{1 R (8)

o = 1
¢ =sin 1[—5(@,& 8, +Cys 0, + Cyg ﬁ)J ©)

We added constraints to limit the rudder and aileron
deflections to 22.5°, 75% of their assumed maximum de-
flections, and the bank angle to 5°. For our HSCT work
this constraint was not found to be critical. The engine-out
constraint was critical for our designs.

Horizontal Tail Analysis

Another design variable was added for the horizon-
tal tail. Like the vertical tail, we maintain the shape of the
horizontal tail with only the size changing. The analysis of
the horizontal tail consists of two parts. First, the rotation
speed must be calculated, then it must be shown that the
aircraft can rotate to the take-off attitude, at 0.9V,,,... Vinin
is calculated from

2w
\ PSC,

=1.1

(10)

min
o max

where the density, p, is assumed to be sea level
standard, and CLamax is assumed to be 0.9, which is based
on a limit on angle of attack.

The minimum rotation speed for the configuration

is calculated by setting the sum of the forces and moments
equal to zero. Taking the moment about the ¢g and assum-
ing there is no reaction force at the nose wheel allows the
equations to be solved for the dynamic pressure necessary
to start rotating the aircraft, from which the minimum rota-
tion speed can be found. We require the minimum rotation
speed to be less than 0.9V,,,;,..

The moment about the cg at nosewheel liftoff is giv-
en by

Myo =Tzp +9SCpzp —qSCrx; +

E (ng sino —x,, ., cos 0()— (11)

mg mg

HE g (2mg €08 &+ X, sin o) +qSCyy

where T is the thrust, z7 is the vertical distance between
the thrust vector and the cg, zp is the vertical distance be-
tween the aerodynamic center and the cg, xy is the hori-
zontal distance between the aerodynamic center and the
cg, F mg is the reaction force on the main wheels, given by

W —¢gSC,;

Fmg =T

COS & + U Sin o
Also, Ypg and Zg are the horizontal and vertical distances
between the point where the main gear touches the runway
and the cg, and y is the friction coefficient for the runway,
assumed to be 0.02. The angle of attack, «, is zero for the
rotation velocity calculation.

The net moment at nosewheel liftoff is zero. This al-
lows equation (11) to be solved for the rotation dynamic
pressure, g,, which gives the rotation speed, V,.

(12)

W<x1ng + mznzg) —Tzyp

(13)

qr = _
S(CDZD + CL(xmg ~ G- +17zzmg)+cCM)
)nzw (]4)
CoS O+ Usin o
v = |24 15)

"V
If the aircraft has a minimum rotation speed which does
not exceed 0.9V,,;,,, the second requirement is to insure
there is adequate control power to rotate the aircraft to the
proper pitch attitude at a speed of 0.9V, This can be
done by numerically intergrating

I, o (16)

My = Weg

which simulates the rotation process, where Mg is calcu-
lated from equation (11). This involves calculating the mo-
ment about the c¢g and numerically integrating to solve for
o. This is iterated until the aircraft has reached take-off at-
titude, or the speed exceeds 0.9V, in. If the aircraft does
not reach the take-off attitude, then a larger horizontal tail
is needed.

To calculate the aerodynamic coefficients for the



horizontal tail, it is necessary to calculate the downwash
angle, €. This angle can be approximated using
E=¢gy+ de o 17
0t (17)
and () can be neglected. The change in downwash with re-

spect to angle of attack can be calculated using the follow-
ing equations:

£ 177119
E=4,44[KAKAKH(COSAC/4)AJ (18)
1 1
Ky=—~-
AT AR T+ ARV "
K, = 1032 (20)
7
|t
[(Hz\by (21)
()"
b

Powered Approach Trim

The powered approach trim constraint requires the
aircraft to have sufficient control authority for longitudinal
trim during the approach. The aircraft approaches at a
landing speed of 145 knots and is at the landing angle of
attack, which is constrained to be less than 12°,

Like the take-off requirements, this constraint in-
volves calculating the pitching moment about the cg, but
in this case the net pitching moment should be zero. This
is given by

Moo =Tzp +qSCpzp —qSCrx; +qScCyy =0 (22)
which can be rewritten as

1 Wsin o
Cu =E[CLXL = Cp(zr +ZD)—TS‘ZT] (23)

This is the pitching moment generated by the lift,
drag, thrust, and weight. The pitching moment to balance
this is given by

C/W - CMD( o+ CMO (24)

or

Cr, St de
Cyu=Cy 00+C; Vyi 1———‘”—(1———) 25
M =Cy, Log VHy G5k da (25)

This can be solved for the horizontal tail deflection, #,

. C]W—C o
i = - ";a (26)
Ly, Ot de
Cp Vyll-—Le®t(y_d€
Lo "H CLaS( da)

Substituting the pitching moment calculated in equation
(23) into this gives the required tail deflection. The tail de-
flection was limited to 22.5°. This was not an active con-

straint.

The Optimization Method

Since an optimization using only exact analysis
methods would be very expensive computationally, we
perform sequential approximate optimization. At the start
of each optimization cycle, approximations are set up using
a combination of simplified and exact methods. Then we
place move limits on the design variables, to stay within a
valid region of the approximations, and the optimizer is al-
lowed to converge. This is repeated until the exact analy-
sis of the design converges.

We use the NEWSUMT-A program!8 to perform
the approximate optimization. NEWSUMT-A uses a se-
quential unconstrained minimization technique with an ex-
tended interior penalty function. It uses Newton’s method
with approximate second derivatives, for unconstrained
minimization.

Numerical optimization of an aircraft configuration
requires both the configuration and the mission parameters
to be described with a set of design variables. Prior to the
addition of the current trim and control considerations,
there was a total of twenty six design variables. The ideal-
ized cruise mission is defined by three variables: mission
fuel, initial altitude, and constant climb rate (with altitude
held constant if it reaches 70K ft.). Eight design variables
are used to describe the wing planform, and five more are
used to define the airfoil thickness distribution. The en-
gine nacelles are placed along the trailing edge, with 25%
overhang. Two variables are used to indicate the spanwise
location of the nacelles. The axisymmetric fuselage is de-
fined using eight design variables. These twenty three de-
sign variables define the aircraft parameters. The analysis
is done using a Craidon format geometry file!® to com-
pletely describe the configuration. The use of this format
allows an analysis to be made using detailed computational
methods. To include trim and control considerations the
horizontal and vertical tail areas were added as design vari-
ables.

Our objective is to minimize take-off gross weight
while satisfying sixty five constraints, including a range of
5500 nm at Mach 2.4, with 251 passengers. Because we
use approximate analysis during the optimization, the
range generally is not 5500 nm. We adjust the GTOW for a
range deficiency or surplus by taking the difference be-
tween our goal of 5500 nm and the calculated range and
multiplying by a factor of 90. This is then added to the
GTOW, to get the corrected GTOW. This accounts for the
deficiency or surplus in fuel. Other constraints include per-
formance, aerodynamic, and geometric constraints, such as
a minimum wing chord and landing tail scrape angle.
These prevent the optimizer from creating physically im-
possible designs. In this work we have added constraints
which require that the outboard engine nacelle not strike
the runway, the vertical tail be large enough to trim the air-
craft with one engine inoperative, and that the aircraft



achieves take-off pitch attitude at 0.9V, i

Prior to the addition of the vertical and horizontal
tail considerations, the nacelles were constrained to be
within 50% of the wing semi-span. The addition of the
vertical tail sizing changes the nacelle constraint to be
within the limit imposed by the vertical tail or the engine
strike constraint. This insures the aircraft could safely han-
dle an engine-out situation. Adding the horizontal tail con-
sideration adds two constraints. The minimum rotation
speed must be less than 0.9Viin- Also, the velocity at
which the aircraft attains the proper take-off pitch attitude
must be less than or equal to 0.9 Vonin:

Results

Sensitivity Analysis

First, we performed a sensitivity analysis to under-
stand which design considerations contribute to the tail
size. Bach of the variables in the calculation of the limit on
engine location was varied by 1%. Then we calculated the
percent change in the limit on engine location which is the
logarithmic derivative of the limit, denoted in Table 3 as
the “sensitivity”. This analysis showed the vertical tail
placement, center of gravity location, and vertical tail area
to be the most important variables for this calculation, The
analysis also showed the engine location to be most sensi-
tive to the yawing moment derivatives, especially the de-
rivative of the coefficient of yawing moment with respect
to sideslip, .

The sensitivities to the position of the vertical tail
quarter chord and ¢g are somewhat misleadin g, in that one
percent of the distance from the nose to the vertical tail
quarter chord is 2.56 ft. and one percent of the distance
from the nose to the cgis 1.6 ft. A one foot change in ei-
ther will result in the same change in the engine location.
The two parameters have the same sensitivity when calcu-
lated per foot, the difference here is due to the magnitude
of the parameters,

Design Optimized with Vertical Tail Considerations

We performed an optimization, adding the engine-
out consideration and the engine strike constraint, with the
landing pitch angle equal to the landing angle of attack.
Both of these constraints were violated by the baseline de-
sign. Even with the landing gear at 80% of the wing root
chord, the nacelles would still be buried in the runway at
landing and if an engine stalled, the aircraft would go into
a spin.

The results of this optimization, case 1, has a gross
take-off weight of 589,400 [bs, a wing area of 12,456 ﬁz,
and an aspect ratio of 2.05. The vertical tail area has in-
creased to 548 fl.z, from 450 1"1.2, while the outboard en-
gine moved in to 27.7 ft. from the fuselage center line, or
34.5% of the semispan. Case 1 is shown in Fig. 6. Table 4
compares the weight breakdowns and major design vari-
ables of the baseline design and case 1.

The primary change is in the vertical tail size and

Table 3 Logarithmic sensitivity of engine
location limit to selected parameters

Parameter Sensitivity
Distance from nose to
vertical tail quarter chord 2.545
Distance from nose to
center of gravity -1.587
Vertical tail area 1.106
Rudder deflection 0.705
Sideslip angle 0.296
Wing area -0.025
C, 0.0
Cig 0.002
G B 0.294
C)’Er 0.0
Cis, 0.019
Gy i 0.686
Cy S 0.0
G S -0.020
Gy 5o 0.021

spanwise engine locations. The vertical tail area increased
22% from the baseline. This is a direct result of the engine
out consideration, the vertical tail had to be larger for the
engine location. The engines moved inboard to satisfy the
engine strike constraint. Another effect of the engine strike
constraint is the reduction in sweep of the inboard trailing
edge. This allows the engines to move outboard, improving
the structural design, but degrading the aerodynamic de-
sign. The maximum lift to drag ratio is reduced by about
1%, causing an increase in the required fuel weight. In-
creasing the vertical tail size increased the weight of the
vertical tail by almost 19%, but the vertical tail weight is
still less than 0.5% of the total weight. Moving the engines
in caused the wing weight to increase by over one thou-
sand pounds. Although it is heavier than the baseline de-
sign, which did not meet the requirements, this results in a
good design.

The approximate stability derivative predictions in
this case were in reasonable agreement with the VLM pre-
dictions. There is a jump that occurs every five cycles, this
is the difference between the approximate and the VLM

—d

Figure 6. Case 1, final design



Table 4
Comparison of Baseline Design and Case 1

Baseline Casel % change
Gross Weight (Ibs) 580,600 589,400 151
Fuel Weight (Ibs) 280,300 287,000 2.40
Fuel / Gross 48.3% 48.7% 0.08
Wing Area (/%) 12,141 12,456 2.59
Wing Weight (Ibs) 97,300 98,600 1.36
Vert. Tail Area () 450.0 548.4 21.87
Vert. Tail Wght (Ibs) 1,700 2,100 18.80
Aspect Ratio 2.12 2.05 -3.30
LE Sweep: inboard ~ 74.18° 73.78° -0.54

outboard  35.93° 29.02° -19.23

TE Sweep: inboard 8.71° 027" -92.72

outboard  -10.32°  -16.46° -59.50

Nacelle 2 loc., y (f1)  36.3 27.7 -23.69
Range (nm) 54819 54975 0.28
Landing Angle (°) 11.96 11.97 0.08
(LD 9.988 9.893 -0.95

predictions. The history of C,, S (6] 5’,,C,, 5 and throughout
the optimization process is shown in Figures 7a, b, and c.
The approximate methods worked well, even in the first
five cycles, where there was a large increase in the vertical
tail size.

We performed a second optimization which also in-
cluded the engine-out consideration and the engine strike
constraint, but in this case the landing pitch angle is set to
the landing angle of attack minus 3°, Reducing the landing
pitch angle simulates a possible effect of high lift devices.
This optimized design, case 2, has a gross take-off weight
of 573,800 Ibs., wing area of 11997 ft.z, and an aspect ra-
tio of 2.13. Case 2 is shown in Figure 8. Table 5 compares
the weight breakdowns and major design variables of the

Table 5
Comparison of Baseline Design and Case 2
Baseline Case2 % change
Gross Weight (Ibs) 580,600 573,800 -1.18
Fuel Weight (Ibs) 280,300 281,600 0.44
Fuel / Gross 48.3% 49.1% 1.66
Wing Area (f1) 12,141 11,997 -1.19
Wing Weight (Ibs) 97,300 87,500 -10.07
Vert. Tail Area (f2)  450.0  1,017.4 126.1
Vert. Tail Wght (Ibs) 1,700 3,400 99.31
Aspect Ratio 2.12 2:13 0.47
LE Sweep: inboard ~ 74.18° 74.05° -0.18
outboard  35.93° 28.44° -20.85
TE Sweep: inboard 3.71° 0.24° -93.53
outboard  -10.32°  -15.43° -49.52
Nacelle 2 loc., y (ff)  36.3 85 61.16
Range (nm) 5.481.9  5,496.7 0.27
Landing Angle (%) 11.96 11.90 -0.50
/DYy 9.988 9.807 -1.81
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Figure 7. History of stability derivatves for Case 1

Figure 8. Case 2, final design



baseline design and case 2.

The vertical tail area increased dramatically to 1,017
ft.2, while the outboard engine moved out to 58.5 ft. from
the fuselage centerline. Reducing the landing pitch angle
relaxed the engine strike constraint, allowing the engines to
move outboard. This reduces wing weight, but requires a
larger vertical tail. As was mentioned before, the increase
i vertical tail weight does not offset the wing weight sav-
ings. Again, the trailing edge is practically unswept, as in
case 1. This reduces the maximum lift to drag ratio by
1.81%, reducing the aerodynamic efficiency. So, despite
the structural weight reduction, the fuel weight must in-
crease to compensate for the reduction in lift to drag ratio.

Design Optimized with Vertical and
Horizontal Tail Considerations

We performed three optimizations of designs using
both the vertical and horizontal tail considerations. The
first two, cases 3 and 4, were started from the same base-
line design as cases 1 and 2, with the addition of a horizon-
tal tail. This design is shown in Figure 9. Adding the hori-
zontal tail to the baseline design caused the range to
decrease from 5481.9 n.mi. to 5116.5 n.mi. and the maxi-
mum L/D to decrease from 9.988 t0 9.599. The GTOW in-
creased almost 12,000 Ibs and the corrected GTOW in-
creased by 44,575 Ibs. Adding a horizontal tail increases
the baseline weight a relatively small amount, about 2%,
but causes a large decrease in range, which requires con-
siderable additional fuel to meet the range requirement.

In case 3, the tipback angle was set to 30°. After 25
cycles of optimization, the aircraft had a gross take-off
weight of 711,700 Ibs. Case 3 is compared to the baseline
in Table 6, and is shown in Figure 10. Clearly, the horizon-
tal tail is too large. This is due to the excessively large tip-
back angle requirement. The table shows an increase in
weight of almost 120,000 Ibs, 90,000 Ibs of this increase is
for fuel. This can be explained by the decrease in maxi-
mum L/D, which is caused by the drag increase due to the
larger vertical and horizontal tails.

In case 4, the tipback angle was reduced to 15°. This
moved the main gear forward just over six feet on the base-
line design. The two initial conditions were the same other-
wise. Although a change of six feet seems small, the dis-

Figure 9. Baseline with horizontal tail
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Figure 10. Case 3, final design

Table 6
Comparison of Baseline Design and Case 3
Baseline  Case 3 % change
Gross Weight (lbs) 592,300 711,700 20.17
Fuel Weight (Ibs) 280,300 370,200 32.06
Fuel / Gross 48.3% 52.0% 7.66
Wing Area (f1%) 12,141 12,986 6.96
Wing Weight (Ibs) 98,200 115,900 18.00
Vert. Tail Area (2)  450.0  742.4 64.98
Vert. Tail Wt (Ibs) 1,700 2,800 61.70
Horz. Tail Area (f2) 1,500.0  2,537.4 69.16
Horz. Tail Wt (Ibs) 7,900 13,900 75.49
Aspect Ratio 212 241 13.68
LE Sweep: inboard ~ 74.18° 69.39° -6.46
outboard  35.93° 12.31° -65.74
TE Sweep: inboard 81" 0.49° -86.79
outboard  -10.32°  -32.02° 21027
Nacelle 2 loc., y (ff)  36.3 31.3 -13.77
Range (nm) 5,116.5  5,447.9 6.48
Landing Angle (%) 11.95 11.86 -0.75
(LD 9.599 9.807 -5.95

tance between the cg and the main gear was reduced by
about 54%. This reduction in moment arm meant a smaller
horizontal tail could be used to rotate the aircraft at take-
off.

In this case, our best design had a gross take-off
weight of 648,500 Ibs. Case 4 is compared to the baseline
in Table 7, and is shown in Figure 11. As in case 3, 75% of
the weight increase is fuel weight. Unlike case 3 though,
the horizontal tail area actually decreases from the baseline
size. Moving the main gear by just six feet allowed the
weight to decrease by over 60,000 Ibs.

The stability derivative predictions in this case were
excellent. There is almost no difference between the ap-
proximate and the VLM predictions. A history of C, 5
Cl5-» and C,s. throughout the optimization process is
shown in Figures 12a, b, and c. This method of stability
derivative prediction is very effective. It provides reason-
able accuracy at very little computer cost.

Case 5 was started from a different initial design,
which is shown in Figure 13. This case converged to a lo-
cal minimum which is considerably heavier than case 4
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Table 7
Comparison of Baseline Design and Case 4

Baseline Case4 % change
Gross Weight (Ibs) 592,300 648,500 9.49
Fuel Weight (Ibs) 280,300 322,600 15.09

Fuel / Gross 48.3% 49.8% 3.11
Wing Area (f1) 12,141 13,437 10.67
Wing Weight (Ibs) 98,200 118,900 21.06
Vert. Tail Area (ff?)  450.0 697.9 55.09
Vert. Tail Wt (Ibs) 1,700 2,600 49.22
Horz. Tail Area () 1,500.0  1,426.1 -4.93
Horz. Tail Wt (Ibs) 7,900 7,700 -3.19
Aspect Ratio 2.12 2.00 -5.66
LE Sweep: inboard ~ 74.18° 72.47° -2.31
outboard  35.93° 27.13° -24.49
TE Sweep: inboard 3.71° 0.11° -97.04
outboard  -10.32°  -23.31° -125.87
Nacelle 2 loc., y (ff)  36.3 324 -10.74
Range (nm) 5,116.5 5,511.7 7.72
Landing Angle () 11.95 11.97 0.17
(L/D)yax 9.599 9.663 0.67

Figure 13. Case 5, initial design

Table 8
Comparison of Starting and Ending Designs for Case 5

Initial Final % change
Gross Weight (Ibs) 639,200 696,600 8.99
Fuel Weight (Ibs) 320,100 363,200 13.44

Fuel / Gross 50.1% 52.1% 3.99
Wing Area (f1%) 12,585 13311 5.76
Wing Weight (Ibs) 102,900 112,900 9.72
Vert. Tail Area (/)  450.0 716.3 59.18
Vert. Tail Wt (Ibs) 1,800 2,700 52.39
Horz. Tail Area (%) 1,500.0  1,767.4 17.83
Horz. Tail Wt (lbs) 8,100 9,700 19.86
Aspect Ratio 222 222 0.00
LE Sweep: inboard ~ 71.98°  69.47° -3.49
outboard  31.56°  34.02° 7.79
TE Sweep: inboard 9.94° 0.96° -90.34
outboard -17.22° -15.66° 9.06
Nacelle 2 loc., y (ff)  38.8 34.2 -11.86
Range (nm) 5,284.6  5,508.9 4.24
Landing Angle () 12.89 12.00 -6.90
(LD 9.602 9.314 -3.00




Figure 14. Case 5, final design

and is compared to the initial design in Table 8. The case 5
final design is shown in Figure 14, and although this de-
sign looks very similar to the case 4 design, the case 5 de-
sign has a lower maximum L/D. This increases the fuel re-
quired to complete the mission, which is the major
difference between the two designs.

The design space between the final designs in cases
4 and 5 was examined by linearly varying the design vari-
ables, starting with the case 4 design and ending with the
case 5 design. The range and landing angle of attack for
designs in between cases 4 and 5 are very poor, as can be
seen in Figure 15, and would violate the constraints placed
upon our designs. The hump in this curve illustrates how
this prevents the optimizer from moving from the case 5
design to the case 4 design. This problem is often encoun-
tered, due to the jagged design space, which is caused by
noisy analysis routines. This problem is discussed in detail
by Giunta et al.20

A fourth optimization was performed to better ex-
plore the design space. This optimization, case 6, started
with the design shown in Figure 16 and ended with the de-
sign shown in Figure 17. These designs are compared in
Table 9.

This design has an unusual wing design and a low
wing weight. We discovered this wing weight is unrealistic
by performing a finite element structural optimization on
the wing planform. The structural optimization indicated
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Figure 15. Plot of range and landing angle of attack, for
design space between Cases 4 and 5.
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the wing weight for this design is significantly higher than
what the weight equation calculated. In cases 3 through 6,
the majority of the weight increase comes in the form of
fuel. This indicates an aerodynamic deficiency, instead of a
structural problem. Adding the horizontal tail to the design
increases drag, which is costly in terms of weight, but ob-

Figure 17. Case 6, final design

Table 9
Comparison of Starting and Ending Designs for Case 6

Initial Final % change
Gross Weight (/bs) 583,200 641,500 10.00
Fuel Weight (Ibs) 281,700 324,400 15.15
Fuel / Gross 48.3% 50.6% 4.76
Wing Area (f1%) 12,247 12,851 4.93
Wing Weight (Ibs) 90,200 101,000 11.97
Vert. Tail Area (ff2)  450.0 720.8 60.18
Vert. Tail Wt (Ibs) 1,700 2,700 53.61
Horz. Tail Area (%) 1,500.0  1,362.9 -9.14
Horz. Tail Wt (Ibs) 7,900 7,300 -7.39
Aspect Ratio 2.00 212 6.00
LE Sweep: inboard ~ 70.83° 69.65° -1.67
outboard  0.00° 12.72° e
TE Sweep: inboard 65.18° 60.57° -7.07
outboard  -34.03°  -27.58° 18.95
Nacelle 2 loc., y (ff)  35.6 35.5 -0.20
Range (nm) 5,081.9  5,504.7 8.42
Landing Angle (%) 12.15 11.92 -1.89
LDy 9.352 9.477 1.34




viously the horizontal tail is necessary for the aircraft to
take off,

Another source of weight in these designs is the ver-
tical tail, which increased in size for each case. This added
not only structural weight, but drag, necessitating the addi-
tion of more fuel. In most cases, there was little change in
the outboard engine nacelle location, but the vertical tail
size increased to allow the engines to safely be located at
that position.

Conclusions

We have added essentail trim and control effects to
our HSCT design methodology. The variable complexity
technique of interlacing the approximate stability deriva-
tive predictions with the more accurate VLM predictions
worked satisfactorily. Although the derivatives were only
updated with the VLM predictions once every 5 optimiza-
tion cycles, there was good agreement between the approx-
imate predictions and the more accurate predictions.

Adding the engine-out consideration forces the ver-
tical tail to be sized based on the engine location. This re-
sulted in an increase in vertical tail size in cases 1 and 2.
Although the weight increased in case 1, the final design
meets important requirements that the baseline does not
meet.

We found that the spanwise engine location is con-
strained not by the aerodynamic control requirements, but
by the engine strike constraint, which requires the engines
do not strike the runway at landing. This is mainly a func-
tion of spanwise engine location, main landing gear length
and position, and landing attitude. This constraint also
affected the inboard trailing edge sweep, reducing it to
almost zero to allow the engines to move outboard. Reduc-
ing the landing pitch angle also allows the engines to move
outboard. This can have a significant effect on the opti-
mized design even for small reductions in landing pitch
angle.

The horizontal tail size is based on the requirement
that the aircraft must rotate to the take-off position prior to
0.9V,in- The tail size required to do this is highly depen-
dent on the positioning of the landing gear. The tail deflec-
tion for approach trim was not critical for any of our de-
signs.

The increased vertical tail size and the addition of a
horizontal tail add less than 2.5% to the gross take-off
weight, but they result in drag penalties, which translate to
large increases in weight. This increased weight is primari-
ly fuel, generally about 75%. The rest of the weight in-
crease is due to the greater amount of fuel being carried,
not to structural problems, which would be indicated by
changes in the wing planform. Although we found that
trim and control increased the wej ght, adding these consid-
erations provides a more realistic model and better designs.
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Appendix A - Stability Derivative Estimation

We need a fast and simple method to calculate the
stability derivatives. The primary use of this method is to
predict the trends of the derivatives, as the design of our
aircraft changes. Then, these trends are used with a more
accurate prediction to update the stability derivatives . To
predict the trends, we use the estimation methods from
DATCOM.

We assume the vertical tail affects six of the nine
stability derivatives: Cyﬁ’ Cip Cy, B Gy Cig, and Cy, 5
The other three derivafives, Cysw Clsy and Cy, Sp Ar€ as-
sumed to be independent of changes in the vertical tail
size. In the case of Cy . Cjp and C,lﬁ, only the vertical tail
contribution to the stability derivative is calculated, since
that is the only contribution that should change with a
change in vertical tail size.

The vertical tail contribution for Cy B is calculated
using:

S,

do
C =
m 3

v, = —kCL(X‘, (1 + ?ﬁ—J
where £ is an empirical factor defined in Figure Al. The
term

(AD)

1+ __)nv

is calculated from:

(

g ﬂg]n‘, =0.724 + 3.06[

ap

S, /S

(A2)
1+cos A%

]+

where Z,, is the vertical distance from the wing root quar-
ter chord point to the fuselage centerline, positive down-
ward.

The vertical tail lift-curve slope is calculated using:

0.4 % +0.009A4

27A,,
Cr,, = - - (43)
Verf { n2 2
2+\/7(5 Ftan® Agg)+4
with S =+1-M? | and where A, efy COMes from:
Ayp)
Ay —[T A, (A4)

with A;, being the geometric aspect ratio for the isolated
vertical tail, Av( B )/Av is the ratio of the aspect ratio of the
vertical panel in the presence of the body to that of the iso-
lated panel, assumed to be 1. This method is only applica-
ble (o a singe vertical tail on the plane of symmetry.,
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The vertical tail contribution to C; By is given as

[ )

where and Z, are the x and z distances, respectively, be-
tween the airplane center of gravity and the vertical tail
aerodynamic center, see Figure A2.

Similarly, the vertical tail contribution to Cnﬁ is
given as

Z,coso—1,sino

A5
5 (A5)

Cyg,

Cip, =

{,cos0+Z,sino
Cap, = =Gy, (222 j (46)
The derivative Cy 518 calculated by:
(a5)c s
&, = —£ (a5) . KK =L (A7)
Yér Ly g Cy b Ky
Y (O‘(?)c(
where
(a5)c
= [(@s)
slc
o ‘
( 5)55
is calculated from Figure A3, and Ky, is found using:
2 5 .1 J
Ky, ==|bf1=b% +sin"' b (A8)
- [ / S A
As a first approximation, K’ was assumed to be 1.
The derivative C; 5 18 found from:
_ Z,cost — L, sin
Cgﬁl‘ - Cyér( b (A 9)
Similarly, C,, 5. is found from:
{,coso+Z,sino
Cog, = cy&( p ) (410)
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