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An MDO Investigation of the Impact of Practical
Constraints on an HSCT Configuration

Peter E. MacMillin*, Oleg B. Golovidov’, William H. Mason?,
Bernard Grossman®, and Raphael T. Haftka¥

Multidisciplinary Analysis and Design (MAD) Center for Advanced Vehicles
Virginia Polytechnic Institute and State University
Blacksburg, Virginia 24061

This paper presents results from an MDO design procedure illustrating the effects of numerous
trim, control, and performance requirements for a high speed civil transport. We optimize the design
for minimum take off gross weight, including both aerodynamics and structures to find the wing planform
and thickness distribution, fuselage shape, engine placement and thrust, using 29 design variables and
70 constraints to insure realistic results. The constraints include the engine-out and crosswind landing
requirements, as well as engine nacelle ground strike, rotation to lift-off attitude, balanced field length
and approach trim constraints. We found that the engine-out condition and the engine nacelle ground
strike avoidance were critical conditions. The addition of a horizontal tail to allow take-off rotation
resulted in a significant weight penalty. We also examined the effect of engine technology and sizing
based on cruise and balanced field length constraints. The field length has a large influence on weight.
We included a subsonic leg in our mission analysis, which also resulted in a large weight penalty. The
cumulative effect of these considerations leads to very large increases in vehicle weight. We conclude
with sensitivity studies performed to understand the effect of some of the constraints and the accuracy

of the drag prediction on the optimized results.

1. Introduction

Supersonic transport design is extremely demand-
ing. Many of the mission requirements conflict with
one another. To satisfy all of the requirements, the
designer must completely integrate the various re-
quirements and technologies in the design, such as
trading supersonic cruise efficiency for takeoff and
landing performance. The efficiency and economic
feasibility of the final design is determined by the
quality of the technology integration.

Multidisciplinary design optimization (MDO) is a
means of achieving the required system integration.
For vehicles designed for extremely demanding mis-
sions, MDO is an enabling technology, without which
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the design goals will not be achieved. Sobieski has
provided much of the impetus for this approach and
has written the key reviews describing MDO! 3.

The key challenges in achieving a viable MDO
procedure for a complete vehicle are due to the in-
crease in the number of design variables and the as-
sociated computational cost compared to single dis-
cipline optimization, and the increased complexity
of the software engineering problem. An overview of
our group’s understanding of MDO for advanced ve-
hicle design and a description of our research effort
has been presented in a survey paper by Giunta et
al.* That paper reflects the experience gained over
a number of years, most recently using the HSCT
as the focus of the work, e.g. Refs. 5 - 9. The
key consideration has been the balance between the
fidelity of the methodology used to represent the var-
ious single disciplines and the reality of using the sin-
gle discipline results in a practical MDO procedure.
At Virginia Tech, variable-complexity modeling has
been used to develop a practical procedure. The ex-
act nature of this modeling has evolved as we have
gained experience.

Other approaches to the MDO problem are also
being developed. These include the work by the
groups at Stanford,!0=12 Georgia Tech,!3 14 and
Notre Dame.'® In industry and government the em-



phasis has mainly been on increased fidelity of the
disciplinary models.16: 17

In this paper we focus on one area where the com-
putational problem is acute: combined aerodyna-
mic-structural-controls-propulsion design of the high
speed civil transport (HSCT). Here we apply the
methodology of Hutchison et al.>~7 and its exten-
sion to include control considerations by MacMillin
et al.? to study the effect of the mission requirements
and trim, control and propulsion constraints. The
ability to address realistic constraints is critical in
developing a practical MDO procedure. Note that
we are illustrating the effects of constraints on an
HSCT using the MDO methodology we propose for
use in actual design. However we do not suggest that
our results should replace those of the large design
teams working in industry and government.

Constraints to be considered in this paper are:
engine out and cross-wind landing, engine thrust,
approach trim, nacelle/wingtip scrape, and aircraft
rotation and balanced field length takeoff distance
(BFL). We will present results showing sensitivity to
engine technology, subsonic mission distance, BFL,
and the drag predictions. The sensitivity to drag
prediction is important because of the need to un-
derstand the role of linear theory, Euler and Navier-
Stokes prediction methods in MDO design
procedures.!®

The results were obtained using the final code
from our original variable-complexity modeling
approach.'? The weights are found using the FLOPS
weight equations,?Y and the aerodynamic performance
is computed directly using both simple and detailed
analysis methods. The detailed analyses for this
work consist of various panel-level approximations
and boundary layer estimates. The stability and con-
trol derivatives are computed using algebraic formu-
las that are updated every five iteration cycles with
a more detailed analysis?!l> 22 using the so-called in-
terlacing concept, which has also been applied to the
wing weight equations by Dudley et al.®

This approach has been found to work reasonably
well. However, numerical noise generated by analy-
sis codes degrades convergence and results in some
uncertainty in the results due to the possibility of
becoming trapped in artificial local minima.23 As a
result, new approaches which reduce the numerical
noise problem and exploit the use of parallel com-
puting are emerging.*

The results presented here illustrate the impor-
tance of including realistic constraints in MDO pro-
cedures and serve as a benchmark for the new meth-

ods currently under development, including the use
of response surface methods for the aerodynamics,?3
the structural weight,?* and the nonlinear pitching
moments.?’ The new method has the goal of im-
proving convergence, avoiding local minima, reduc-
ing computational cost, and allowing the use of im-
proved disciplinary models without having to couple
large codes directly.

In the next section we discuss the design issues
addressed in this work. Section 3 describes how we
formulate our design problem. Variable-complexity
modeling is explained in detail in section 4. Our anal-
ysis methods are described in section 5. In section
6 we present our results by showing a succession of
optimizations. Each optimization incorporates new
requirements and shows the effect of the new require-
ments on the design. Sensitivity study results are
also presented in this section. Finally, we discuss
our conclusions in section 7.

2. Design Issues

2.1. Control and Stability

Although the MDO problem focuses on vehicle
performance, almost every component’s size and lo-
cation is dictated by a critical constraint, many of
which are associated with control requirements. Ex-
plicit consideration of trim and control in conceptual
aircraft sizing methodology is unusual. For subsonic
configuration optimizations there have been related
studies by Sliwa20 27 and by Gallman et al.l! Both
considered longitudinal trim and control, and both
found that including trim and control considerations
affected the design. Control requirements specific to
HSCT configurations have recently been examined
by McCarty et al.28 Based on that work, together
with our own, we use the subsonic (low dynamic pres-
sure) field performance requirements as the critical
control requirements condition.

In addition to static requirements, flight control
system design is also an important consideration for
modern vehicles. Flying qualities considerations in
MDO design have been introduced by Anderson and
co-workers.2% 30 Although not implemented here, it
produces a direct means of incorporating control sys-
tem design in an MDO procedure.

2.2. Vertical Tail Sizing

For civilian aircraft with four engines, where ma-
neuverability is not a primary consideration, the ver-
tical tail size is based either on the requirement that
the aircraft be capable of trimmed flight with two



engines inoperative as specified in FAR, 25.147, or to
handle the crosswind landing requirement. There-
fore, we require the aircraft be trimmed directionally
using no more than 75% of the maximum available
control authority.

The magnitude of the yawing moment required to
trim the engine out condition depends on the thrust
of the engines, and their spanwise positions. The
crosswind landing condition requires the aircraft bal-
ance the yawing moment caused by a 20 knot cross-
wind, as specified in FAR 25.237. Deflecting the
rudder creates the balancing yawing moment, but
also causes a sideforce which must be counteracted.
This is done with a combination of sideslip and bank.
Both sideslip and bank can make landing difficult if
the angle is too great. Excessive bank introduces the
possibility of the wing tip scraping the ground before
the landing gear touches down. Thus, the allowable
amount of sideslip and bank are limited to 10° and
5°, respectively.

2.3. Engine Location Limits

Moving the engine outboard provides wing bend-
ing moment relief, thereby reducing the wing weight.
As the engine moves outboard, the vertical tail must
increase in size to satisfy the engine out condition.
But, the increase in vertical tail weight is small com-
pared to the reduction in wing weight, as shown in
Fig. 1. There is a practical limit to the amount of
wing bending moment relief moving the engine out-
board can produce. After this limit is reached, mov-
ing the engine further outboard does not result in
any further reduction in wing weight. But vertical
tail size and weight continue to increase. This pro-
duces a minimum in the sum of the wing and vertical
tail weights at the point where the limit is reached.

The increase in drag due to increasing the verti-
cal tail size and including the associated movement of
the nacelle is small, as shown in Fig. 2. The increase
in volumetric wave drag is less than two counts, and
the increase in friction drag is about three counts.
Thus the minimum takeoff gross weight (TOGW) is
achieved with a very large vertical tail and with en-
gine placement at the point where the limit in wing
bending moment relief is achieved. Placing the en-
gine extremely far outboard could cause problems
with flutter, engine-out trim, nacelle strike during
landing, and airframe stresses during ground opera-
tions, such as full fuel taxi. A constraint is needed to
prevent the optimizer from placing the engines too
far outboard on the wing.

88000 - 5000
[ Wing + Tail weight ]
86000 Ll g /-~ 4500 <
R T e R AR
2 84000 - /- 4000g
= r — ) /]
£ 82000 - -7 3500 &
T " Wing weight ¥ o -
280000 |- - 3000 §
g ‘ P D oen S
S 78000 — = — 2500:
F P =
76000 - W 20008
E7 Vertical Tail weight
74000 Lo el B d 1500
0 10 20 30 40 50 60 70
Spanwise nacelle location (ft)
Figure 1: The sum of the wing and vertical tail

weights decreases as the engine is moved outboard.
(Note different scales for wing weight and vertical
tail weight)
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Figure 2: The wave drag increases very little with
nacelles moving outboard and increasing vertical tail
area.

2.4. Nacelle and Wing Tip Strike

Due to the low lift curve slope of HSCT configura-
tions, which results in high landing angles of attack,
approximately 12°, it is possible for the engine na-
celles to strike the runway. This is dependent on the
positioning of the nacelles and the sweep of the wing
trailing edge, as well as the length and position of
the landing gear. An allowance must also be made
for up to 5° of bank.

A similar problem exists with the wing tips. A
large amount of trailing edge sweep can place the
trailing edge of the wing tip well behind the main
gear. When this is coupled with the relatively high
landing angle of attack and even a small amount of
bank, it can cause the wing tips to strike the runway.

2.5. Landing Gear Location

Landing gear integration is also an important
consideration.?! Its position relative to the center



of gravity is important for take-off rotation, as well
as the effect on the engine nacelle strike constraint.
Both the nose and main gear positions must be known
to compute the center of gravity location. On land-
ing, the main gear touches down first, so the position
and length of the main gear is critical to the nacelle
and wing tip strike constraints.

The weight distribution on the landing gear is
important 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. Torenbeek®? recom-
mends the nose gear support between 8% and 15%
of the total weight. We elected to place the nose
gear so that it would be supporting 11.5% of the to-
tal weight.

Other important considerations include the tip-
back and overturn angles. Both angles relate the
main gear’s position to the location of the center of
gravity. The tipback angle is the angle between the
main gear and the cg as seen in the side view, and
it should be 15° or less. If the main gear is not
far enough behind the center of gravity, the aircraft
could tip back on its tail. As the tipback angle is in-
creased, the pitching moment required to rotate the
aircraft for takeoff also increases. The horizontal tail
size is very sensitive to this parameter. The overturn
angle is a measure of the likelihood of the aircraft tip-
ping over sideways while taxiing in a turn. It should
be less than 63°. A complete discussion can be found
in Ref. 19.

2.6. Horizontal Tail Sizing

Several longitudinal control and trim issues are
important. 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. The civilian FAR?? regulations
require the aircraft be able to take off safely. If
the takeoff rotation requires too much time, it will
greatly increase the takeoff distance. This limits the
number of airports that the aircraft can use. We re-
quire the aircraft be able to rotate to lift-off in under
5 sec*.

*This requirement was determined by investigating typical
rotation times for large aircraft. Since there are very few air-
craft of this type there is not a large body of data to base our
requirement on. Requiring the aircraft to rotate in under 5
sec is a somewhat arbitrary but reasonable assumption. This
constraint was incorporated into the code before take-off dis-

Approach trim is also important. The aircraft
must be able to be trimmed at an angle of attack well
above normal operating conditions. There should
also be enough additional control power beyond trim
to maneuver. This allows the pilot to deal with gusts
and emergencies. For unstable aircraft, the amount
of nose down pitching moment available at high angle
of attack required for safe flight is a current research
topic.34

2.7. High Lift Systems

Consideration of takeoff and landing constraints
requires consideration of high lift system effects. In
this study we use “typical” increments for lift and
pitching moment due to the use of a high lift system,
as collected in a survey of wind tunnel test results
by Benoliel and Mason.?> 36 This is an approximate
model, in that the effects are assumed to be inde-
pendent of the planform shape. In this work we use
a constant 30° trailing edge flap deflection. Subse-
quent work by Crisafulli et al.?® used an improved
model for the high lift system, wherein response sur-
face models were constructed that do take into ac-
count effects of planform shape changes.

2.8. Engine Sizing

Engine size is determined primarily by bypass ra-
tio and the maximum massflow the engine is required
to handle. The maximum massflow is proportional to
the maximum thrust the engine can produce. So, for
a given bypass ratio, the size of the engine is based
on the maximum thrust required.

One of the determining factors for engine thrust
is the takeoff distance requirement. The second seg-
ment climb requirements are sometimes the critical
conditions for sizing the engine. Also, the thrust
available during flight must be sufficient to overcome
drag. It is desirable to use the smallest engine possi-
ble, while satisfying all of the mission requirements.

3. Design Formulation

Our design problem is to optimize an HSCT con-
figuration to minimize TOGW for a range of 5500
n.mi., and 251 passengers. Our main mission is a su-
personic cruise-climb at Mach 2.4 with a maximum
altitude of 70,000 ft. In this work, we expand our
mission to include take off, and a subsonic cruise at
Mach 0.9.

The choice of gross weight as the figure of merit
(objective function) directly incorporates aerodyna-
mic, structural and propulsion considerations, in that

tance calculation was developed and included. The effect of
this assumption is described below.



the structural design directly affects aircraft empty
weight and drag, while aerodynamic performance dic-
tates the required fuel weight. Both affect the size of
the engine required. Trim and control requirements
are explicitly treated also. The current work in-
corporates the influence of structural considerations
in the aerodynamic design by a variable-complexity
modeling approach. We employ the weight equa-
tions of McCullers.2 A procedure called interlacing
is used to estimate stability and control derivatives.
Variable-complexity modeling and interlacing will be
described in Section 4.

3.1. Design Variables

A key problem in MDO is to characterize the
complete configuration with relatively small number
of design variables. For the level of analysis con-
sidered here, costs limit this number to be small,
typically below 100. We have achieved this goal
for a complex wing-body configuration by selecting
a few parameters which contain the primary effects
required to provide flexible, realistic parametric ge-
ometry. The model we have developed completely
defines the configuration using 29 design variables.
While the configuration is defined using this set of
parameters, the aircraft geometry is actually stored
as a discrete numerical description in the Craidon
format.37

The variables fall into seven categories: wing plan-
form, airfoil, nacelle placement, engine thrust, fuse-
lage shape, mission variables, and tail areas. Table
1 presents the set of design variables.

The eight design parameters used to define the
planform are shown in Fig. 3. The leading and trail-
ing edges of the wing are defined using a blending
of linear segments, as described in Ref. 38. The air-
foil sections have round leading edges. We define the
thickness distribution using an analytic description.3?
It is defined by four parameters: the thickness-to-
chord ratio, t/c, the leading-edge radius parameter,
I, the chordwise location of maximum thickness, m,
and the trailing-edge half angle, 77g; see Fig. 4. The
thickness distribution at any spanwise station is then
defined using the following rules:

1. The wing thickness-to-chord ratio is specified
at the wing root, the leading-edge break and
the wing tip. The wing thickness varies linearly
between these control points.

2. The chordwise location of the maximum airfoil
thickness is constant across the span.

Table 1: Design Variables

Baseline

Number Value Description
1 142.01  Wing root chord (ft.)
2 99.65 L.E. break, x (ft.)
3 28.57  L.E. break, y (ft.)
4 142.01  T.E. break, x (ft.)
5 28.57  T.E. break, y (ft.)
6 138.40  L.E. wing tip, x(ft.)
7 9.30 Wing tip chord, (ft.)
8 67.32  Wing semi-span, (ft.)
9 0.50 Chordwise max t/c location
10 4.00 L.E. radius parameter
11 2.96 Airfoil ¢/c at root, %
12 2.36 Airfoil t/c at L.E. break, %
13 2.15 Airfoil ¢/c at tip, %
14 70.00  Fuselage restraint 1, x (ft.)
15 6.00 Fuselage restraint 1, r (ft.)
16 135.00  Fuselage restraint 2, x(ft.)
17 5.80 Fuselage restraint 2, r(ft.)
18 170.00  Fuselage restraint 3, x(ft.)
19 5.80 Fuselage restraint 3, r(ft.)
20 215.00  Fuselage restraint 4, x(ft.)
21 6.00 Fuselage restraint 4, r(ft.)
22 17.79  Nacelle 1, y (ft.)
23 32.07  Nacelle 2,y (ft.)
24 290,905 Mission fuel, (1bs.)
25 50,000  Starting cruise altitude, (ft.)
26 100.00  Cruise climb rate, (ft/min)
27 450.02  Vertical tail area, (ft?)
28 750.00  Horizontal tail area, (ft?)
29 46,000 Maximum sea level

thrust per engine, (lbs)

3. The airfoil leading-edge radius parameter is con-
stant across the wing span. The leading edge
radius-to-chord ratio, r¢, is defined by r; =
1.1019[(t/c) (1/6)]°.

4. The trailing-edge half-angle of the airfoil sec-
tion varies with the thickness-to-chord ratio ac-
cording to 7rp = 3.03125(t/c)—0.044188. This
relationship is fixed throughout the design.

The spanwise nacelle locations vary during the
optimization process. However, we fix the axial lo-
cation of the nacelles in relation to the wing’s trailing
edge, using a value of 25% overhang. Another design
variable specifies the maximum engine thrust. The
nacelle diameter and length are scaled by the square
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root of the ratio of current thrust to baseline thrust.
The weight of the engine is also a function of this
ratio.

The fuselage is assumed to be axisymmetric, but
area ruled. The axial location and radius of each
of four restraint locations are the design variables.”
We define the shape of the fuselage between these
restraints by requiring that it be a minimum wave-
drag body for the specified length and volume.*Y The
vertical tail and horizontal tail are trapezoidal plan-
forms. For each of these control surfaces, the aspect
ratio, taper ratio, and quarter-chord sweep are spec-
ified, and the area varies.?

Three variables define the idealized cruise mis-
sion. One variable is the mission fuel and the other
two specify the Mach 2.4 cruise in terms of the ini-
tial supersonic cruise altitude and the constant climb
rate used in the range calculation. The resulting air-
craft range is calculated using the fuel weight design
variable, assuming that 85% of the mission fuel is
used in cruise and the remaining 15% is the reserve
fuel.

3.2. Constraints

The constraints used in the problem fall into three
categories: constraints implicit in the analysis, per-

formance/aerodynamic constraints, and geometric
constraints. The implicit constraints are not handled
by the optimization program, but rather are part of
the analysis or geometry:

1. The maximum altitude, 70,000 ft, is enforced
in the range calculation.

2. The fuselage volume is fixed at 23,270 ft3 and
the fuselage length is fixed at 300 ft.

3. The axial location of the wing’s MAC quarter
chord is adjusted to match the value found on
the baseline configuration (147.3 ft aft of the
aircraft nose).

4. The nacelles are fixed axially as noted in Sec-
tion 3.1 above. In the studies done with engine
thrust fixed at 39,000 Ibs, the nacelles are ap-
proximately 27 ft long and 5 ft in diameter.
When the thrust is allowed to vary, the base-
line thrust is 46,000 [bs, the baseline length and
diameter are 35 ft and 6.5 ft, respectively.

Aside from these implicit constraints we also use
up to 70 explicit constraints, summarized in Table
2. The range is constrained to be 5500 n.mi. or
more. The C, at landing speed must be less than 1,
the Cy for each of the 18 wing sections must be less
than 2 (an elliptic load distribution is used), and the
landing angle of attack is constrained to be less than
or equal to 12°. The mission fuel must not require
more space than the available fuel volume, which we
assume to be 50% of the total wing volume.

Another group of constraints is designed to keep
the optimizer from developing geometrically impos-
sible or implausible designs. For example, a con-
straint is used to prevent the design of a wing which
is highly swept back into a spiked shape. In this cat-
egory are the thickness-to-chord constraints, without
which the optimizer could attempt to create a wing
with negative thickness. The constraint numbered
51 forces the wing’s trailing edge to end before the
horizontal tail’s leading edge begins. Constraints 64
and 65 require nacelle 1 to be outboard of the fuse-
lage and inboard of nacelle 2. Constraint 66 requires
the aircraft trim with two engines out if the verti-
cal tail is included in the optimization; otherwise the
outer nacelle limit is fixed at 50% semi-span.

Trim and control considerations require 11 con-
straints: numbers 42-50, 53 and 66 in Table 2, most
of which are related to landing. The landing con-
straints are enforced for assumed emergency condi-
tions, i.e. a landing altitude of 5,000 ft with an out-



Table 2: Optimization Constraints

Number Description
1 Range > 5,500 n.ma.
2 Required C, at landing speed < 1

3-20 Section Cp < 2
21 Landing angle of attack < 12°

22 Fuel volume < half of wing volume
23 Spike prevention
24-41 Wing chord > 7.0 ft.

42-45  Engine scrape at landing

46 Wing tip scrape at landing

47 Rudder deflection for crosswind
landing < 22.5°

48 Bank angle for crosswind
landing < 5°

49 Takeoff rotation to occur < 5 sec ¢

50 Tail deflection for approach
trim < 22.5°

51 Wing root T.E. < horiz. tail L.E.
52 Balanced field length < 10,000 ft @
53 T.E. break scrape at landing

with 5° roll
54 L.E. break < semispan
55 T.E. break < semispan

56-58  Root, break, tip t/c > 1.5%
59-63 Fuselage restraints in order
64-65 Nacelles in order

66 Engine-out limit with vertical tail
design; otherwise 50%

Maximum thrust required < available
thrust

67-70

*Sensitivity to these constraints is examined in Section 6.6

side temperature of 90° F, and with the aircraft car-
rying 50% fuel. The vertical tail is sized based on
either the requirement that the aircraft be capable
of trimmed flight with two engines on the same side
inoperative or to meet the 20 kt crosswind landing
requirement. The pilot must have sufficient control
authority to trim the aircraft in these situations, as
well as to be able to perform necessary maneuvers
safely. Therefore, we require the aircraft be trimmed
directionally using no more than 75% of the avail-
able control authority and limit bank to 5°. For the
engine-out condition these constraints are implicit in
the analysis. For the crosswind landing requirements
these are explicit in constraints 47 and 48.

The engine nacelle strike constraint requires that
the nacelles not strike the runway during landing,
which limits the allowable spanwise engine location.
This is checked at main gear touch down, with the

aircraft at the landing angle of attack and 5° bank,
the typical certification requirement. This constraint
not only limits the spanwise engine location, but ef-
fectively limits the allowable trailing edge sweep, be-
cause the nacelles are mounted at the trailing edge,
with 25% overhang. Another constraint checks wing
tip strike under the same conditions. During the
crosswind landing, the aileron and rudder deflections
are limited to 75% of maximum, or 22.5°, and the
bank must be less than 5°.

Constraints on take-off rotation time (no. 49),
balanced field length (no. 52) and approach trim
(no. 50) determine the size of the horizontal tail. We
require the aircraft rotate to lift-off attitude in less
than 5 seconds. For the approach trim, the aircraft
must trim at the approach attitude with a horizontal
tail deflection of less than 22.5°.

The constraint on the balanced field length in-
sures the aircraft can operate from existing airports.
Requiring the BFL be less than 10,000 ft allows the
aircraft to use most major airports in the world. This
constraint limits the maximum wing loading and the
minimum thrust to weight ratio. HSCT TOGW sen-
sitivity to this constraint is examined below. The
final four constraints require the maximum thrust
required in each segment of the mission be less than
the thrust that is actually available at the given flight
condition.

4. Variable Complexity Modeling
and Optimization

A growing practice in MDO is the use of ap-
proximation associated with what we term variable-
complexity modeling (VCM). For example, the struc-
tural design of an aircraft is often performed with a
complex structural model, but with loads obtained
from simple aerodynamic models. Similarly, the aero-
dynamic designer may use advanced aerodynamic
models with a simple structural model to account
for wing flexibility effects.

We employ a VCM approach using both the sim-
ple and complex models during the optimization pro-
cedure. Our aim is to take advantage of the low
computational cost of the simpler models while im-
proving their accuracy with periodic use of the more
sophisticated models. The sophisticated models pro-
vide scale factors for correcting the simpler mod-
els. These scale factors are updated periodically dur-
ing the design process. For example, in Ref. 5 we
combined the use of simple and complex aerody-
namic models to predict the drag of an HSCT dur-
ing the optimization process. Similarly, in Ref. 8
we employed structural optimization together with



a simple weight equation to predict wing structural
weight in combined aerodynamic and structural op-
timization of the HSCT. We have also used this ap-
proach to handle the estimation of stability and con-
trol derivatives.”?

The variable-complexity modeling approach is
used within a sequential approximate optimization
technique whereby the overall design process is com-
posed of a series of optimization cycles. We use
NEWSUMT®#! in this work. Each optimization cycle
is performed using approximate analysis. At the be-
ginning of each cycle, approximations are constructed
using either scaled, global-local or interlacing ap-
proximations. The optimization converges using only
the approximate analysis, but move limits are im-
posed on the design variables to limit the discrepan-
cies between the approximate and the complex anal-
ysis. These discrepancies result in constraint vio-
lations. The approximations must be updated and
the design must be refined by continuing the opti-
mization. This process continues until the design
converges and the constraints are satisfied.

The scaled approximation employs a constant scal-
ing function o(x), where x represents a vector of de-
sign variables, given as

fa(xo)
fs(XO) .

In this expression f; represents a detailed model anal-
ysis result, and f, represents a simple model analysis
result, both evaluated at a specified design point, xo,
at the beginning of an optimization cycle. During an
optimization cycle the scaled approximate analysis
results, f(x), are calculated as

f(x) = o(x0) fs(x). (2)

Thus, the scaled simple analysis is used throughout
the cycle until convergence. Then a new value of
the scale factor is computed and the optimization is
repeated. Move limits are imposed during the opti-
mization cycles.

(1)

o(x0) =

A procedure which varies the scale factor during
the optimization cycles is called the global-local ap-
proximation technique. The approximation is again
constructed from the simple model

fx) = o(x)fs(x) (3)
with the scaling parameter approximated using

o(x) ®o(x0) + Vo - (x —x0) (4)

The gradient of o at xg is performed by forward finite
differences involving both f; and fs. In our aerody-
namic analysis we have used the scaled approxima-
tion for the drag due to lift and the global-local for
the wave drag.> 7

For more expensive analyses the scaled approx-
imation is used, but with the scale factor updated
only every fifth cycle. This procedure, called inter-
lacing, is used for estimating the stability and control
derivatives. The complex model is used after every
five optimization cycles. (The choice of five is some-
what arbitrary). The stability derivatives calculated
by the complex model are used to provide scale fac-
tors for the next five optimization cycles. Interlacing
has also been used by Dudley et al.® for estimating
wing weight.

5. Analysis Methods

We continue to use the aerodynamic drag analysis
and representation of the wing structure using weight
equations used previously. Detailed descriptions of
these can be found in Refs. 5 - 7. The so-called
detailed aerodynamics calculations are based on the
vortex lattice method,*? the Mach box method,*3 44
and the Harris wave drag code.*> A simple strip bound-
ary layer correction is implemented as in Ref. 5.

To analyze trim and control conditions it is nec-
essary to obtain information not normally used in
initial sizing programs. This includes the location of
the center of gravity (cg), the inertias, and the sta-
bility and control derivatives. These are found for a
given geometry and flight condition.

We use two techniques to estimate the stability
and control derivatives; empirical algebraic relations
from the U.S.A.F. Stability and Control DATCOM46,
as interpreted by J. Roskam?®’, and a VLM code de-
veloped by Kay.2?2 The DATCOM methods rely on
simple theories and some experimental data, and do
not handle unusual configurations well. The VLM
code is better able to handle different configurations,
but is more expensive computationally. A detailed
description of these techniques is given in Ref. 19.

6. Results

In this section, we describe the results of a num-
ber of MDO design studies. First, we discuss the
baseline case with no vertical or horizontal tail siz-
ing. Then, two studies with vertical tail sizing using
slightly different starting conditions are presented as
Case 27a and Case 27b, followed by two studies with
vertical and horizontal tail sizing as Case 28a and



Table 3: Cases with Various Constraints

Case | Constraint

26a | Baseline

27a | Same as 26a, but add
vertical tail sizing
27b | Same as 27a, but change
initial starting conditions
28a | Add horizontal tail sizing
28b | Same as 28a, but
degrade engine performance
29a | Same as 28b, but
add engine sizing
29b | Same as 29a, but add
subsonic leg

Table 4: Cases Studying Sensitivities

Case | Sensitivity
29c | Effect of BFL constraint
29x | Effect of drag prediction
(+/- 1, 2 counts)
29d | Effect of rotation time constraint

Case 28b. Case 28b shows the effect of engine tech-
nology. Then we discuss Case 29a with engine sizing
and Case 29b with all of the above and a subsonic
leg added to our mission. Table 3 lists the cases and
charts the progression of the studies. The case num-
ber corresponds to the number of design variables
used.

Several sensitivity studies follow the main results
in Section 6.6. Table 4 shows the cases that were
investigated during the sensitivity studies. First we
describe the effects of relaxing the BFL on the HSCT
(Case 29a is taken as the basis for this case with
changed BFL limit), then the sensitivity of TOGW
to the drag coefficient value and finally, the role of the
rotation time constraint on the HSCT configuration
and weight.

6.1. Baseline Optimization (Case 26a)

Case 26a is used as the baseline case. It has 26 de-
sign variables, and 62 constraints. Constraints num-
bered 47-52, 69 and 70 in Table 2 were not used in
this case. The mission is entirely supersonic, the ver-
tical tail is fixed in both size and shape, and there is
no horizontal tail.

The initial design violated three constraints, the
range constraint and the two thrust constraints. After

30 optimization cycles, the TOGW has been reduced
by 34,200 [bs and all of the constraints are now satis-
fied. The convergence history of the TOGW is shown
in Fig. 5. The initial and final planforms are shown
in Fig. 6 and Table 5 compares the two designs.

The final design has an unusual planform, with
the inboard trailing edge swept forward. The op-
timizer moved immediately to this design, and this
change reduced the wing weight by about 14,000 [bs.
Due to the lower aspect ratio, the drag due to lift
does increase, but this is offset by a reduction in vol-
umetric wave drag. Overall, the total drag decreases
slightly by the end of the optimization.

The initial design has a wing loading of 63.68 psf.
In the final design the wing loading has been reduced
to 56.30 psf. Lowering the aspect ratio improves the
supersonic efficiency, but it also lowers the lift curve
slope. This means that for a given wing area, the
aircraft would have to fly at a higher angle of attack
to generate the same lift. To keep from violating the
12° angle of attack constraint the optimizer increased
the wing area, which decreased the wing loading.
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Figure 5: Convergence of Case 26a

6.2. Vertical Tail Considerations

These optimizations include the vertical tail siz-
ing, and require 27 design variables with 64 con-
straints. Constraint number 66 is changed to the
engine out limit from the arbitrary limit of 50% of
the semispan, and constraints 47 and 48 are added
for the crosswind landing. Again, the mission is en-
tirely supersonic, and there is no horizontal tail, but
the vertical tail is allowed to vary in size.

6.2.1. Case 27a

The same initial design is used as in Case 26a,
with the exception that the initial value of the start-
ing altitude was changed from 50,000 f¢ to 60,000 ft,
and the climb rate was changed from 100 ft/sec to



Initial Design

80
60
ft 40
20
0

50 100 150 200 250 300
20
0

50 100 150 ft 200 250 300

8 Final Design

60
ft 40
20
0

50 100 150 200 250 300
20
0

50 100 150 200 250 300

Figure 6: Initial and final planforms, Case 26a

Table 5: Comparison of Initial and Final Designs,
Case 26a

Initial Final
580,000 545,800
290,900 273,600

Gross Weight (1bs)
Fuel Weight (lbs)

Fuel Wt / Gross Wt 50.2%  50.1%
Wing Area (fi2) 9,108 9,693
Wing Weight (1bs) 81,900 68,070
Aspect Ratio 2.36 1.59
Range (n.mi.) 5,260.0 5,494.6
Landing angle of attack  11.35° 11.99°
(L/D)mas 9.473  9.588

50 ft/sec. These changes increased the range by over
80 n.mi. In addition to the three constraint viola-
tions mentioned previously, the engine out limit is
violated. The engines are too far out for the vertical
tail to trim in an emergency. After 30 optimization
cycles, the TOGW has been reduced by 32,700 lbs
with all of the constraints satisfied. A convergence
history of the TOGW is shown in Fig. 7. The initial
and final planforms are shown in Fig. 8 and Table 6
compares the two designs.

The vertical tail initially increased in size to sat-
isfy the engine out constraint, but was reduced as
the engines continued to move inboard, see Fig. 9.
In this case, more weight is saved by moving the en-
gines in and reducing the vertical tail size than by
taking advantage of wing bending moment relief to
reduce the wing weight. In the final design, the en-
gines are moved in as far as the constraints allow.
This results in a slightly heavier wing compared to
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Figure 7: Convergence of Case 27a
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Case 26a. But this also allows a small vertical tail
to be used to satisfy the engine out constraint. The
weight penalty for going to this design is very small,
about 0.27% of the TOGW.

The stability and control derivatives were esti-
mated using the interlacing technique. This tech-
nique worked well, and examples are shown in Fig. 10
for one stability derivative and in Fig.11 for one con-
trol derivative. The jumps that occur every five cy-
cles are the updated derivatives from Kay’s code.
The estimations for Cj, show the greatest differences,
although the magnitude of the jumps is not larger
than the jumps in the other derivatives.

6.2.2. Case 27b

It seemed odd that the optimizer moved the en-
gines inboard, reducing the wing bending moment
relief and resulting in a heavier wing. So we per-
formed a second optimization, Case 27b, using the



Table 6: Comparison of Initial and Final Designs,

Case 27a
Initial Final
Gross Weight (1bs) 580,000 547,300
Fuel Weight (Ibs) 290,900 272,800
Fuel Wt / Gross Wt 50.2%  49.8%
Wing Area (&%) 9,108 9,808
Wing Weight (1bs) 81,900 70,060
Aspect Ratio 2.36 1.57
Vertical Tail Area (ft?) 450.0 431.0
Vertical Tail Weight (lbs) 1,730 1,640
Nacelle 1 position, y (f¢) 17.8 9.4
Nacelle 2 position, y (f¢) 32.1 17.6
Range (n.mi.) 5,342.4  5,493.4
Landing angle of attack 11.35° 11.99°
(L/D)mas 9.239  9.577
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Figure 9: History of nacelle positions and vertical
tail area, Case 27a

same initial design as Case 27a, but we started with
a larger vertical tail. There was initially no violation
of the engine out constraint. This allowed the en-
gines to remain well outboard where there is a larger
wing bending moment relief effect.

The optimal design occurred after only 11 opti-
mization cycles, but due to noisy derivatives, the op-
timizer slowly wandered away from this design. The
optimal design has a TOGW of 543,700 lbs, a re-
duction of 37,700 Ilbs from the initial design. Thus,
the changed initial condition allowed the optimizer to
find a minimum 0.66% TOGW less than Case 27a,
and 0.38% TOGW less than our optimized baseline,
Case 26a. These changes are probably within the
noise of the methodology. The initial and final plan-
forms are shown in Fig. 12 and Table 7 compares the
two designs.
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Figure 11: History of C,,,, for Case 27a

The range decreased by 100 n.mi. when the ver-
tical tail size was increased by 400 f¢2. This is due to
the increased drag from the larger tail. Although this
seems like a large penalty, the final design is slightly
better than the Case 27a final design. The nacelles
are split because the vertical tail must balance the
net yawing moment. Thus, the net yawing moment
will remain the same by moving nacelle 1 in and na-
celle 2 out by equal distances. These cases show our
derivative based optimization is very susceptible to
local minima. Also, these two cases indicate that na-
celle position is not a design driver and nacelles can
be placed using other considerations, such as landing
gear interference with inlet flow or rotor burst.

The most critical constraints for the final design
are range and the engine out constraint. Some of
the section Cy constraints and the landing angle of
attack constraint are also critical. Also important
in this design is fuel volume, nacelle strike on the
inboard nacelle, and minimum wing t/c.
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Table 7: Comparison of Initial and Final Designs,
Case 27b

Initial Final
581,400 543,700
290,900 272,100

Gross Weight (1bs)
Fuel Weight (Ibs)

Fuel Wt / Gross Wt 50.0%  50.0%
Wing Area (f12) 9,108 9,870
Wing Weight (1bs) 82,010 67,940
Aspect Ratio 2.36 1.53

Vertical Tail Area (ft?) 850.0 734.8
Vertical Tail Weight (lbs) 2,970 2,570
Nacelle 1 position, y (f¢) 17.8 9.7

Nacelle 2 position, y (f¢) 32.1 40.2

Range (n.mi.) 5,242.7  5,499.0
Landing angle of attack 11.39° 11.99°
(L/D)mas 9.092  9.574

6.3. Vertical and Horizontal Tail
Considerations

Next we added horizontal tail sizing to our opti-
mization. This increased the number of design vari-
ables to 28 and the number of constraints to 67. The
constraints added are the takeoff rotation constraint,
the approach trim constraint and a constraint to pre-
vent the wing and horizontal tail from overlapping.

6.3.1. Case 28a

The starting design from Case 27a is used, with
the addition of a horizontal tail. Adding the horizon-
tal tail only increased the weight by 9,000 lbs, but
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the additional drag caused a 400 n.mi. reduction in
the range. This design satisfies the three additional
constraints for the horizontal tail.

The weight of the final design is 630,000 lbs, an
increase of over 40,000 [bs from the starting weight,
and more than 80,000 Ibs heavier than the previous
optimized designs. Most of this weight increase is
fuel weight. Almost 70,000 lbs more fuel is required
for this design than for Case 27a. The planforms are
all very similar, although the trailing edge is some-
what less swept in this case.

The initial and final planforms are shown in Fig-
ure 13 and Table 8 compares the two designs’ The
convergence histories for TOGW and range are shown
in Fig. 14 and the horizontal tail size history is shown
in Fig. 15. The noisy convergence is a product of our
variable complexity modeling and the noisy analysis.

For the final design, range and landing angle of
attack are again the critical constraints. There are a
number of constraints which were important, but not
critical, to this design. These include fuel volume,
section Cy, time required to rotate, minimum nacelle
spacing, the engine out limit, and maximum thrust
required during the cruise-climb.

Initial Design

Final Design

Figure 13: Initial and final planforms, Case 28a

6.3.2. Case 28b

We performed another optimization using the
same initial design variables, but increasing the size
and thrust of the engines, and reducing (T'/W)|eng
by one, to see the effects of engine technology. En-
gine thrust increased from 39,000 [bs to 46,000 lbs per

tCrisafulli et al.25 found that reducing the trailing edge
flap deflection to 20° from the value of 30° had the effect of
reducing the trailing edge sweep to near zero.



Table 8: Comparison of Initial and Final Designs,
Case 28a

Initial Final
589,200 630,000
290,900 340,200

Gross Weight (1bs)
Fuel Weight (Ibs)

Fuel Wt / Gross Wt 50.0%  54.0%
Wing Area (ft?) 9,108 9,713
Wing Weight (Ibs) 82,630 77,720
Aspect Ratio 2.36 1.95
Vertical Tail Area (ft?) 450.0 447.1
Vertical Tail Weight (lbs) 1,740 1,760
Nacelle 1 position, y (f¢) 17.8 9.4
Nacelle 2 position, y (f¢) 32.1 17.1
Horz. Tail Area (ft?) 1,500.0  1,400.1
Horz. Tail Weight (1bs) 7,930 7,510
Time to rotate (sec) 4.56 4.67
Range (n.mi.) 4,935.9 5,465.2
Landing angle of attack 11.27° 11.97°
(L) D)mas 8.709  8.711
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Figure 14: Takeoff Gross Weight and Range conver-
gence, Case 28a

engine, nacelle diameter and length increased from 5
ft and 27 ft to 6.5 ft and 35 ft, respectively. This in-
creased the propulsion system weight by over 28,000
Ibs and the TOGW by about 35,600 lbs. Also, the
range decreased by 436 n.mi., although the drag on
the aircraft only increased by about two counts. The
initial weight of this design is only about 5,000 [bs less
than the optimized design in the previous case, but
the range is 1,000 n.msd.less than our required range.

After 40 optimization cycles, our TOGW is
755,400 [bs. Although this could be a poor local mini-
mum, this large increase in weight can be explained.
With no other changes, the large range deficiency
would require approximately 100,000 lbs of fuel to
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Figure 15: Horizontal Tail Size convergence, Case
28a

satisfy the range constraint. Adding this much fuel
weight would cause numerous other constraint viola-
tions, such as the thrust constraints, the fuel volume
constraint, the landing angle of attack, and the take-
off rotation constraint. Satisfying these constraints
would further increase the weight. The actual in-
crease in fuel weight is about 118,000 [bs.

Initial Design

Final Design

Figure 16: Initial and final planforms, Case 28b

The final planform is very similar to our previous
designs, but the wing is much bigger. The initial and
final planforms are shown in Fig. 16. These designs
are also compared in Table 9. In this design, range,
landing angle of attack, section Cy, and the engine
out limit are the critical constraints. Once again,
fuel volume, inboard nacelle strike, time to rotate,
and maximum thrust required for cruise-climb are
the other important constraints.



Table 9: Comparison of Initial and Final Designs,
Case 28b

Initial Final
Gross Weight (1bs) 624,800 755,400
Fuel Weight (Ibs) 290,900 408,600
Fuel Wt / Gross Wt 50.0%  54.0%
Wing Area (ft?) 9,108 11,193
Wing Weight (1bs) 84,300 95,800

Aspect Ratio 2.36 2.08

Vertical Tail Area (ft?) 450.0 564.6
Vertical Tail Weight (lbs) 1,770 2,270
Nacelle 1 position, y (f¢) 17.8 10.1
Nacelle 2 position, y (f¢) 32.1 19.5
Horz. Tail Area (ft?) 1,500.0 1,647.1
Horz. Tail Weight (1bs) 8,030 9,150

Time to rotate (sec) 4.47 4.68

Range (n.mi.) 4,500.6 5,471.9
Landing angle of attack 12.26° 12.00°
(L/D)maz 8.573  8.684

6.4. Engine Sizing (Case 29a)

Our next optimization included engine sizing, as
well as the vertical and horizontal tail sizing. This
added one design variable, up to 29, and one con-
straint, up to 68. The balanced field length con-
straint of 10,000 ft is the additional constraint. Cases
28a and 28b both violate this constraint considerably
with balanced field lengths of 11,650.9 ft and 12794.3
ft, respectively. The initial design for this case is the
final design from case 28b.

The final design is much heavier than the initial
design. The weight increases by 110,000 lbs. The
final design has a much larger wing. Wing area in-
creases by 1,569 ft and wing weight increases by over
33,000 lbs. Increasing the wing area often reduces
the wing loading, which decreases the balanced field
length, but in this case, the wing loading increases
from 59.04 Ibs/ft? to 60.22 lbs/ft>. This is a rela-
tively small increase in wing loading and it allows a
smaller, lighter wing to be used.

To satisfy the balanced field length constraint the
thrust to weight ratio is increased by 13.5%, from
0.244 to 0.277. This is accomplished by increasing
the thrust per engine by almost 14,000 lbs. Increas-
ing the thrust causes the propulsion system weight to
increase by almost 25,000 [bs. Clearly, the balanced
field length constraint was a critical requirement. As
shown below, relaxing the BFL constraint to 11,000
ft results in a large weight savings, and the 10,000 ft
requirement may be too restrictive.

Initial Design

Final Design

Figure 17: Initial and final planforms, Case 29a
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Figure 18: Takeoff Gross Weight and Range conver-
gence, Case 29a
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Figure 19: Balanced field length convergence, case
29a

For the final design, the constraints on range, na-
celle strike, BFL, and the engine out condition were



Table 10: Comparison of Initial and Final Designs,
Case 29a

Initial Final
Gross Weight (1bs) 755,400 865,000
Fuel Weight (Ibs) 408,600 453,800
Fuel Wt / Gross Wt 54.1%  52.5%
Wing Area (f12) 12,794 14,363
Wing Weight (1bs) 95,780 129,200
Aspect Ratio 2.08 2.00
Vertical Tail Area (ft?) 564.6 670.5
Vertical Tail Weight (lbs) 2,270 2,740
Nacelle 1 position, y (f¢) 10.1 7.9
Nacelle 2 position, y (f¢) 19.5 17.3
Horz. Tail Area (ft?) 1,646.6  1,924.3
Horz. Tail Weight (1bs) 9,150 10,990
Time to rotate (sec) 4.68 4.95
Engine thrust (lbs) 46,000 59,798
Nacelle length (f¢) 35.00 39.91
Nacelle diameter (ft) 6.50 7.41
Propulsion system weight (Ibs) 77,290 101,200
Range (n.mi.) 5,472.1  5,500.1
Landing angle of attack 12.00° 10.62°
Balanced Field Length (f¢) 12,794 10,044
(L/D)mas 8.684  9.000

all critical. The nacelle strike constraint is limit-
ing the landing angle of attack in this case. The
BFL constraint sizes the engine, and the engine out
condition sizes the vertical tail. The constraints on
maximum thrust required, section Cy, time to rotate,
and horizontal tail/wing overlap were nearly critical.
The horizontal tail is sized by the time to rotate con-
straint.

The initial and final planforms are shown in Fig. 17
and the designs are compared in Table 10. The con-
vergence is very noisy between cycles 10 and 30, but
improves dramatically for cycles 30 to 45, as can be
seen in Fig. 18. Figure 19 shows the history of the
balanced field length.

6.5. Subsonic Leg (Case 29b)

For this optimization, we added a subsonic leg
to our mission requirement. We required the initial
500 n.mi. be flown at Mach 0.9 and then continue on
with the supersonic cruise-climb. This did not add
any design variables, but did require two more con-
straints. The additional constraints require that the
available thrust be greater than the required thrust
for the subsonic leg and the transition from the sub-
sonic to supersonic leg. In this optimization, the
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transition is an instantaneous jump. The addition of
these constraints results in 29 design variables and
70 constraints.

The initial design for this case is the final design
from Case 29a. After adding the subsonic leg to the
mission, the range for this design dropped to 5,221.5
n.mi., a 280 n.mi. decrease. The range constraint is
the only constraint which is initially violated.

The optimizer had trouble improving the range
without violating the BFL constraint. Many attempts
were made using different move limits to find a de-
sign which would satisfy both constraints. The final
design satisfies both constraints, but weighs 100,000
lbs more than the initial design.

Seventy percent of the increase in weight is due
to added fuel. Another 20% of the increase comes
from increased wing weight. The rest of the weight
increase comes from various sources, including the
vertical tail, horizontal tail, and the propulsion sys-
tem.

The final design does not appear too different
from the initial design. There is an increase in as-
pect ratio which improves the subsonic aerodynamic
performance. Figure 20 shows both the starting and
ending designs and Table 11 compares them. The
convergence histories of TOGW, range, and BFL are
shown in Figures 21 and 22.

The increase in weight agrees with trends pre-
dicted in other studies. A study by the Douglas Air-
craft Company?® showed large increases in weight
with increasing subsonic mission segments. Martin
et al.* also predicted increases in weight correspond-
ing to increasing subsonic leg.

The actual subsonic leg requirements for an HSCT
could be less than the 500 n.ms. that we have used.
Reducing this requirement would make it easier for
the optimizer to find a feasible design. An increase
in the allowable BFL could also help the optimizer.

6.6. Sensitivity To Parameters

and Analysis Accuracy

6.6.1. Engine Sizing with Relaxed BFL

Constraint (Case 29c)

This optimization study was conducted to inves-
tigate the effect of relaxing the BFL constraint on
the engine size and overall aircraft parameters, in-
cluding the TOGW and horizontal and vertical tail
sizes. Since this requirement was one of the most
critical, resulting in a very large increase in TOGW,
we decided to investigate the design sensitivity to the
BFL.
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Figure 20: Initial and final planforms, Case 29b

Table 11: Comparison of Initial and Final Designs,
Case 29b

Initial Final
Gross Weight (1bs) 865,000 966,400
Fuel Weight (Ibs) 453,800 523,900
Fuel Wt / Gross Wt 52.5%  54.2%
Wing Area (ft?) 14,363 15,610
Wing Weight (1bs) 129,200 148,900
Aspect Ratio 1.99 2.18
Vertical Tail Area (ft?) 670.5 778.2
Vertical Tail Weight (lbs) 2,740 3,210
Nacelle 1 position, y (f¢) 7.9 11.0
Nacelle 2 position, y (f¢) 17.3 19.9
Horz. Tail Area (ft?) 1,924.3 2,293.4
Horz. Tail Weight (1bs) 10,990 13,400
Time to rotate (sec) 4.95 4.86
Engine thrust (1bs) 59,798 62,972
Nacelle length (f¢) 39.91 40.95
Nacelle diameter (ft) 7.41 7.61
Propulsion system weight ({bs) 101,200 107,200
Range (n.mi.) 5,221.5 5,519.2
Landing angle of attack 10.62°  10.25°
Balanced Field Length (f¢) 10,047 9,984
(L/D)mas 8.098  8.953

The number of design variables (29) and the val-
ues and number of constraints (68) were unchanged
compared to Case 29a, and the only difference was
that the value of the BFL constraint was changed
to 11,000 ft from the value of 10,000 ft used in Case
29a. The initial design for this case was one of the
intermediate designs from the optimization run 29a.
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Figure 21: Takeoff Gross Weight convergence, Case
29b
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Figure 22: Range and BFL convergence, Case 29b

The resulting 11,000 ft BFL design, Case 29c, is
compared to the 10,000 ft BFL design, Case 29a, in
Table 12. The planforms are compared in Fig. 23.
For Case 29c the constraints of range, nacelle strike,
wing and horizontal tail overlap, bank angle and the
engine out condition were all critical. Interestingly,
the BFL constraint is not critical any more, and en-
gine sizing is done by the requirements on the thrust
at cruise. The rotation time constraint determines
the horizontal tail size, and vertical tail size is deter-
mined by the engine out condition.

The significant weight and size reductions of the
HSCT from Case 29a to 29c are readily apparent
in Table 12. TOGW is reduced by over 92,000 lbs
and fuel weight is reduced by over 50,000 lbs. The
wing area decreases by 1,172 ft2, vertical tail area de-
creases by 216.4 ft> and horizontal tail area decreases
by 429.9 ft?. Relaxing the BFL constraint made it
non-critical for the thrust requirements, which led to
engine sizing based on the cruise thrust requirement,
thus decreasing the size and weight of the engines.



Table 12: Comparison of Final Designs for Case 29a
and 29c

Case 29a Case 29c
Gross Weight (1bs) 865,000 772,981
Fuel Weight (Ibs) 453,800 403,346
Fuel Wt / Gross Wt 52.5% 52.1%
Wing Area (f12) 14,363 13,191
Wing Weight (1bs) 129,200 113,086
Aspect Ratio 2.00 1.99
Vertical Tail Area (ft?) 670.5 454.1
Vertical Tail Weight (lbs) 2,740 1,898
Nacelle 1 position, y (f¢) 7.9 7.08
Nacelle 2 position, y (f¢) 17.3 14.41
Horz. Tail Area (ft?) 1,924.3 1,494.4
Horz. Tail Weight (1bs) 10,990 8,346
Time to rotate (sec) 4.95 5.27
Engine thrust (1bs) 59,798 49,258
Nacelle length (f¢) 39.91 37.40
Nacelle diameter (ft) 7.41 6.95
Propuls. system weight (lbs) 101,200 82,791
Range (n.mi.) 5,500.1 5,502.9
Landing angle of attack 10.62° 10.58°
Balanced Field Length (f¢) 10,044 10,922
(L) D) mas 9.000  9.155

150 -
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Figure 23: Comparison of planforms for Case 29a
and 29c.

Propulsion weight was reduced by 18,409 /bs and en-
gine thrust reduced by 10,540 lbs. Reduced engine
thrust also led to reduced vertical tail size, which is
driven by the engine out condition. The overall re-
duction of weight and inertia moments resulted in
considerably reduced horizontal tail area, which is
driven by the rotation time constraint.
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6.6.2. TOGW  Sensitivity
Drag Change

to

A series of optimization runs was made to inves-
tigate the sensitivity of take-off weight of the HSCT
to changes in drag estimation. Several reasons led to
this investigation, among which were the uncertainty
of the drag coefficient values when using simplified
aerodynamics equations, and the need to assess the
penalty in TOGW with changes in trim drag. Work
by Knill et al.'® suggested that the current drag es-
timation methods differed from more accurate calcu-
lations by around 2 counts.

For this investigation it was decided to use the
Case 29c configuration as the baseline and then per-
form optimization studies while changing friction drag
values slightly. Four different optimized designs were
obtained during the investigation, with drag changes
of -2, -1, +1 and +2 counts. The starting point for
all four designs was the final configuration of Case
29c. Changes were made in the friction drag sub-
routine so that the drag coefficient over the entire
flight profile was changed. Convergence was reached
in about 25 optimization cycles for the reduced drag
designs and in about 35 cycles for the increased drag
designs.

In all four cases the optimizer converged to differ-
ent configurations, which can be seen in Figures 24
to 27. The new planforms are plotted along with
the baseline configuration for comparison. Config-
urations for -1 and +1 drag count change are very
close to the baseline planform. However, as expected,
the weight decreases with a decrease in drag and in-
creases with an increase in drag. Table 13 tabulates
the results. The configurations for -2 and +2 drag
counts show a clear tendency to change the wing
sweep with a change in drag. Increased drag causes
the optimizer to reduce the drag by using a wing
planform with more sweep to get better supersonic
performance to compensate for the drag penalties.
When the drag was decreased the optimizer took ad-
vantage of the improved performance and chose a
wing planform with less sweep to reduce wing weight.

The results of this study illustrate the difficulty of
performing optimization studies with typical real-life
analysis methods and with a significant number of
design variables and constraints. Because of the fine-
grain noise from the analysis methods and the likely
non-convex design space associated with the design
variables and constraints, smooth variations of the
results with the change in drag were not obtained.
Nevertheless, trends can be identified. Figure 28
shows the TOGW found by the MDO design pro-
cedure for the different drag increments. Although
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Figure 25: Baseline and negative 1 drag count plan-
forms

not smooth, the plot shows large weight penalties for
the optimized designs with small changes in drag.
The extreme sensitivity may be in part explained by
the degraded engine technology used in the baseline
Case 29c, which results in a design very near the
limits of an achievable design.

Figures 29 to 30 show how some of the design
parameters change with the drag change. Note that
the lines do not represent continuous functions of
drag and are drawn only to help in visualizing the
trends.

Examining the plots one can see that most of the
TOGW increase is due to the extra fuel weight neces-
sary to compensate for the range deficiency because
of the extra drag. Structural weight of the HSCT
changes very little, as can be seen on the wing weight
plot, Fig. 29, even though the size of the aircraft is
slightly larger for greater drag (wing area 13,387 ft2
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Figure 26: Baseline and positive 1 drag count plan-
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Figure 27: Baseline and positive 2 drag count plan-
forms
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Table 13: Comparison of the baseline design (Case 29¢) to the changed drag designs

-2 counts -1 count baseline +1 count +2 counts
Gross Weight (1bs) 754,560 767,907 772,981 807,774 829,099
Fuel Weight (1bs) 391,817 401,316 403,346 426,628 440,564
Fuel Wt / Gross Wt 51.93% 52.3% 52.1% 52.82% 53.14%
Wing Area (ft?) 12,476 12,597 13,191 13,153 13,387
Wing Weight (1bs) 107,071 107,364 113,086 115,077 119,053
Aspect Ratio 2.00 1.95 1.99 1.96 1.975
Root wing thickness (%) 2.52 2.50 2.48 2.46 2.63
L.E. break wing thickness(%) 1.85 1.80 1.77 1.84 1.75
Tip wing thickness (%) 1.70 1.69 1.59 1.65 1.59
Vertical Tail Area (ft2) 444.5 449.2 454.1 479.3 481.9
Vertical Tail Weight (lbs) 1,851 1,877 1,898 2,014 2,039
Nacelle 1 position, y (f¢) 7.17 7.10 7.08 7.43 7.21
Nacelle 2 position, y (f¢) 14.1 13.8 14.41 13.91 13.46
Horz. Tail Area (ft?) 1,616.8 1,650.8  1,494.4 1,706.8 1,932.8
Horz. Tail Weight (1bs) 8,986 9,208 8,346 9,617 10,946
Engine thrust (1bs) 48,835 50,554 49,258 53,309 54,155
Prop. system weight (1bs) 81,992 84,989 82,791 89,873 91,416
Range (n.mi.) 5,503.9 5,499.4  5,502.9 5,498.2 5,493.1
Landing angle of attack 10.93° 11.17° 10.58° 11.14° 11.09°
Balanced Field Length (f¢) 10,947 10,988 10,922 10,979 10,963
(L/D)max 9.165 9.055 9.155 8.940 8.892
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Figure 29: Fuel and wing weight variation for Figure 30: Engine thrust and wing loading variation

changed drag designs

for changed drag designs
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for +2 drag count configuration versus 12,476 ft> for
-2 drag count). Engine thrust, however, does in-
crease with drag, as can be expected, to compensate
for poorer take-off performance and increased cruise
drag, as shown in Fig. 30). Out of the 74,539 lbs
weight increase from -2 to +2 count designs, the
contribution of the fuel weight is 48,747 lbs (65.4%),
the contribution of the propulsion system weight is
9,424 Ibs (12.6%), and the wing weight contributes
11,982 lbs (16.1%), with the other 4,386 Ibs (5.9%)
coming from the other components (tails, fuselage,
etc.).

Figure 28 suggests that the baseline design, with
no change in drag, is inconsistent with all the other
results and possibly represents a different local mini-
mum. Several attempts to recompute the results for
the changed drag cases with different starting points
failed to change them appreciably.

6.6.3. TOGW Sensitivity to Rotation
Time (Case 29d)

The rotation time in all previous cases was re-
stricted to 5 seconds. The choice of this value, al-
though reasonable, is somewhat arbitrary. Occa-
sionally, the five second constraint could not be met.
Therefore, it was decided to investigate the effect of
changing the rotation time constraint on the TOGW
and other parameters of the HSCT. Two optimiza-
tion runs were conducted for this purpose, with the
rotation time set to 6 seconds (Case 29d-6) and with
the rotation time set to 20 seconds (Case 29d-20).
All the rest of the constraints and requirements were
the same as for Case 29¢ (relaxed BFL case).

The two optimizations were started from the same
initial point as the baseline design (Case 29c). The
final configurations are compared with the baseline
in Figures 31 and 32. Some major parameters of the
designs are compared in Table 14.

As one can see, the TOGWs of both new designs
(6 sec and 20 sec) are slightly larger than that of
the baseline configuration (779,358 and 774,134 1bs),
even though we expected the TOGW to decrease.
This indicated that the rotation time constraint was
not critical for finding the optimum HSCT for these
conditions. Observe that in Table 14 the actual rota-
tion time of the new designs is 5.81 sec for the 6 sec
design, and 5.63 sec for the 20 sec design. Clearly,
the rotation time constraint was not active in either
case and, in these cases, had no effect on the final
configurations of HSCT. The fact that the new de-
signs have heavier weights may again be explained
by the complex design space, which, along with the
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Figure 31: Configurations for Cases 29c and 29d-6
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Figure 32: Configurations for Cases 29c and 29d-20

noise in the system, allows the optimizer to settle in
a local minimum.

7. Summary and Conclusions

Multidisciplinary design optimization using vari-
able complexity modeling can produce feasible, op-
timized designs satisfying important constraints as-
sociated with real aircraft design. We have extended
our code to include these constraints and explored
design issues which are often not considered at this
level of aircraft design. A summary of the opti-
mization cases studied, together with the resulting
TOGWs, is shown in Table 15.

These essential trim and control constraints make
a large difference to the resulting HSCT design. Ad-
ding the engine-out constraint forces the vertical tail
to be sized based on the engine location. We found
that the spanwise engine location is constrained by
the aerodynamic control requirements. Generally



Table 14: Comparison of Final Designs for Case 29d and 29c, used to study the effect of the rotation time
constraint.

Gross Weight (1bs)
Fuel Weight (Ibs)
Fuel Wt / Gross Wt
Wing Area (ft?)
Wing Weight (1bs)
Aspect Ratio

Vertical Tail Area (ft?)
Vertical Tail Weight (lbs)
Nacelle 1 position, y (f¢)
Nacelle 2 position, y (f¢)

Horz. Tail Area (ft?)

Horz. Tail Weight (1bs)

Time to rotate (sec)
Engine thrust (1bs)

Propulsion system weight (lbs)

Range (n.mi.)

Landing angle of attack
Balanced Field Length (f¢)

(L/D)maw

Case 29d-6 Case 29d-20 Case 29¢

779,358 774,134 772,981
407,523 403,910 403,346
52.3% 52.18% 52.1%
12,956 12,916 13,191
112,254 110,290 113,086
2.03 1.98 1.99
456.8 450.7 454.1
1,913 1,887 1,898
7.09 7.39 7.08
14.0 13.4 14.41
1,350.8 1,301.2 1,494.4
7,557 7,269 8,346
5.81 5.63 5.27
51,391 51,856 49,258
86,463 87,233 82,791
5,503.5 5,495.2 5,502.9
10.80° 10.92° 10.58°
11,035 10,913 10,922
9.079 9.064 9.155

Table 15: Summary of optimizations

Case
26a
27a
27b
28a
28b
29a,
29b
29c

29d

Additional Requirement TOGW (bs)

None (baseline case)
Vertical tail sizing
Vertical tail sizing
Horizontal tail sizing
Reduced engine technology
Balanced field length
Subsonic leg

Relaxed BFL

Changed drag:

-2 counts

-1 count

+1 count

+2 counts

Changed rotation time:
6 seconds

20 seconds

545,800
547,300
543,700
630,000
755,400
865,000
966,400
772,981

754,560
767,907
807,774
829,099

779,358
774,134
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the engines are placed as far inboard as the nacelle
lateral spacing constraints allow, and the vertical tail
size is minimized. But, as was shown in Case 27b,
there is another local minimum which has a larger
vertical tail and one nacelle located on the outboard
wing section. This takes advantage of the greater
bending moment relief effect, which lowers the wing
weight by about 2,000 [bs.

The inboard nacelle strike constraints were active
in every case. In the first five cases, it is not clear
what these constraints affected. It is possible that
these constraints limit the amount of trailing edge
sweep in those cases. In the last two cases, 29a and
29b, these constraints limit the allowable landing an-
gle of attack.

The horizontal tail size is based on the require-
ment that the aircraft must rotate to the take-off
position in under 5 sec, except for Cases 29d. The
tail size required to do this is highly dependent on
the landing gear location (tipback angle). The tail
deflection for approach trim was not critical for any
of our designs.

The increased vertical tail size and the addition
of a horizontal tail increases the TOGW directly by
only 2.5%, but they result in drag penalties, which
translate to large increases in weight. This increased
weight is mostly fuel. Although we found that trim
and control increased the weight, adding these con-



siderations provides a more realistic model and bet-
ter designs.

Reducing the technology level of the engines
[A(T/W)|eng = —1] caused a large increase in en-
gine weight and size. This caused a large decrease
in range and a large weight penalty was incurred to
satisfy the constraints with reduced engine technol-
ogy. Engine sizing was added along with the BFL
requirement. The requirement of a 10,000 ft BFL
was found to be very restrictive, and caused a very
large increase in TOGW.

Adding a 500 n.mi. subsonic leg to our mission
caused a large decrease in total range. Overcom-
ing this range deficit while maintaining the 10,000 ft
BFL requirement was difficult. The final design was
much heavier than the starting design. Although this
design is extremely heavy, it demonstrates that our
MDO technique is capable of producing successful
designs, even when faced with very difficult require-
ments.

Sensitivity studies showed the dependence of the
TOGW and other parameters on the balanced field
length and the rotation time constraints, and also the
effect of small changes in the drag estimates. Relax-
ing the BFL constraint from 10,000 ft to 11,000 ft
reduced the TOGW by over 90,000 lbs. The para-
metric drag study showed a large weight decrease
with decrease in drag coefficient. The difference in
TOGW between the -2 count and +2 count designs
was 74,539 Ibs, with most of the weight increase be-
ing contributed by the fuel weight change (48,747 lbs
or 65.4%). Finally, the relaxed rotation time con-
straint did not impact the HSCT configuration and
TOGW.
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