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Multidisciplinary Analysis of a Lifting Body Launch Vehicle

Paul V. Tartabini,* Kathryn E. Wurster, J. J. Korte,* and Roger A. Lepsch®
NASA Langley Research Center, Hampton, Virginia 23681

As part of phase 2 of the X-33 Program, NASA selected an integrated lifting body/aerospike engine configu-
ration as the study vehicle for the conceptual analysis of a single-stage-to-orbit reusable launch vehicle. A team
at NASA Langley Research Center participated in the screening and evaluation of a number of proposed vehicle
configurations in the early phases of the conceptual design process. The performance analyses that supported
these studies were conducted to assess the effect of the vehicle’s lifting capability, linear aerospike engine, and
metallic thermal protection system on the weight and performance of the vehicle. These performance studies were
conducted in a multidisciplinary fashion that indirectly linked the trajectory optimization with weight estimation
and aerothermal analysis tools. This approach was necessary to develop optimized ascent and entry trajectories
that met all vehicle design constraints. Significant improvements in ascent performance were achieved when the
vehicle flew a lifting trajectory and varied the engine mixture ratio during flight. Also, a considerable reduction in
empty weight was possible by adjusting the total oxidizer-to-fuel and liftoff thrust-to-weight ratios. However, the
optimal ascent flight profile had to be altered to ensure that the vehicle could be trimmed in pitch using only the
flow diverting capability of the aerospike engine. Likewise, the optimal entry trajectory had to be tailored to meet
thermal protection system heating rate and transition constraints while satisfying a crossrange requirement.

Nomenclature

C, = lift coefficient
I = specific impulse, s
M, = edge Mach number
My, = freestream Mach number
O/F = total oxidizer-to-fuelratio
q = dynamic pressure, psf
q-o = dynamic pressure times angle-of-attack,psf- deg
Re, = momentum thickness Reynolds number
S = aerodynamic reference area, ft
T/W = thrust-to-weightratio
(T/W)e = engine thrust-to-weightratio
w = entry weight, Ib
Wempty = empty weight, Ib

ins = inserted weight, Ib
X/L = body position over vehicle length
o = angle of attack, deg
A payload = changein payload from

Introduction

ANY papershavebeen writtendescribing the difficulty of de-
signing a fully reusable single-stage-to-ortit (SSTO) launch
vehicle.!=® The physical difficulty of this problem is exacerbated
by the large degree of coupling between the various design dis-
ciplines. Nearly every subsystem design decision has far reaching
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consequences that must be evaluated in a multidisciplinary fashion
to assess the impact on the weight and performance of the entire
vehicle. This paper discusses this process as it relates to the con-
ceptual design and analysis of an integrated lifting body/aerospike
engine reusable launch vehicle (RLV) concept.

From 1996 to 2001, the X-33 technology development program
was run as a joint venture between NASA and Lockheed Martin
Skunk Works (LMSW). Part of the program included the concep-
tual design and analysis of a full-scale SSTO vehicle. The primary
study vehicle used in these analyses was LMSW’s VentureStar™
RLYV, which included a number of unique features that differen-
tiated it from other SSTO concepts evaluated in the past.* Chief
among these differences was the integration of an aerospike engine
with a lifting body design. The linear aerospike engine integrated
well with the lifting body shape, which helped reduce the weight
and complexity of the thruststructure. In addition, the aerospikehad
performance that was comparable to state-of-the-artbell nozzles but
operated at lower stagnation pressures, providing potential weight
and operational advantages, and it could be differentially throttled
for pitch control, eliminating the need for gimbal actuators. More-
over, a lifting body offered potential weight savings through the
reduction of lifting surfaces, and its increased planform area helped
reduce entry temperatures, thus enabling more extensive use of a
metallic thermal protection system (TPS), which may be more op-
erationally cost-effective than alternative high-temperatureceramic
tiles. The VentureStar configuration is shown in Fig. 1.

The analyses and methodologies presented in this paper were
developed as the result of a cooperative effort between the NASA
Langley Research Center (LaRC) and the Lockheed vehicle de-
velopers to mature the conceptual analysis of the full-scale RLV.
During this phase of concept maturation, LaRC participated in the
design, analysis, and screening of different vehicle concepts and
configurations’ Throughout the duration of the LaRC study, the
feasibility of numerous configurations was evaluated in terms of
vehicle mass and payload capability. These mass properties are di-
rectly related to the overall performance of the vehicle. Because
many design parameters affect both weight and performance, accu-
rate determinationof vehicle sizing informationrequires a multidis-
ciplinary approach to performance analysis. The approach utilized
in this study indirectly coupled trajectory optimization, weight esti-
mation, and heating analysis tools to ascertain the impact of various
designoptionson the payload capability of each configuration. With
this approach, trade studies were conducted to maximize vehicle
performance and cost effectiveness. The primary objective of these
studies was to address designissues that presented opportunitiesand
challenges that were unique to the integrated lifting body/aerospike
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Fig. 1 VentureStar configuration.

vehicle concept. Specifically, this paper addressesissues that pertain
to 1) theeffectof the vehicle’s lifting capabilityand aerospikeengine
on ascent performance, 2) the ability to influence vehicle sizing by
varying the engine size and mixture ratio, and 3) the ramifications of
the metallic TPS on the entry trajectory design. A multidisciplinary
approachwas the only way to ensure that the system fully exploited
the performancebenefits offered by the vehicle design while staying
within the operational limits imposed by its cost-saving elements.

Approach

Many of the trades discussedin this paperrequired the calculation
of various physical characteristics of the vehicle, including payload
capability, empty weight, and gross lift-off weight (GLOW). These
quantities were predicted using a multidisciplinary analysis that in-
cluded trajectory optimization, weights and sizing estimation, and
engine performance prediction.

Trajectory optimization, which formed the core of this analysis
method, was performed using the three-degree-of-freedbm version
of POST.® This program has been developed as a joint government/
contractor effort, and it is available and widely used within the
aerospacecommunity. Inputs to this code include Earth atmospheric
and gravitational models, system mass properties, engine perfor-
mance, and vehicle aerodynamics.

Mass property estimation was conducted using CONSIZ.”
CONSIZ utilizes parametric mass-estimatingrelationshipsbased on
historical regression, finite element analysis, and technology readi-
ness level. With knowledge of the vehicle layout, CONSIZ can also
be used to estimate the location of the vehicle c.g. for trim calcu-
lations. In this paper, mass property data were generated by LaRC
using CONSIZ and were calibrated to weight statements released
by LMSW. Another required input to POST was a propulsion data
model that was computed using a suite of computer codes that simu-
lated linear aerospike engine performance. These codes were able to
generate an aerospikeengine databaseas a function of altitude, mix-
ture ratio, power level, and thrust vectoring for use within the POST
trajectory code. The capabilities and development of these tools, as
well as representative aerospike performance data, are presented in
Ref. 8. A final input to the trajectory optimization was an aerody-
namic database that included coefficients for lift, drag, and pitching
moment as a function of Mach number, angle of attack, and control
surface deflection. This database was obtained through the blending
of solutions from computationalmethods and wind-tunneldata. Up-
datesto the aerodynamiccoefficients were made periodicallyduring
the conceptual design phase to reflect configuration shape changes.

All of the entry performance trades discussed in this paper were
performed using POST and MINIVER.® POST was the ideal tool
to perform entry trajectory optimization, but was limited in its abil-
ity to provide heating environments. An aerothermal analysis tool,
MINIVER, was chosen to complement POST and to provide a
reliable measure of the heating levels during trajectory develop-

ment. MINIVER is an engineering code that uses approximate heat-
ing methods with simple flowfield and geometric shapes to model
heating on critical regions of the vehicle. MINIVER has been used
extensively as a preliminary design tool and has demonstrated ex-
cellent agreement with more detailed heating solutions for stag-
nation and windward acreage areas on a wide variety of vehicle
configurations.'®~! In addition to providing sufficiently accurate
heating levels, it can be used to estimate the onset of transition to
turbulent flow.

Results and Discussion
Ascent Performance

The reference mission used for this analysis was delivery of a
25,000-1b design payload to the International Space Station (ISS).
Thereferenceascenttrajectorybegan with launchat NASA Kennedy
Space Center and ended with the insertion of the payload into a
50 x 248 n mile orbit inclined 51.6 deg. At this point, the RLV
coasted to apogee, where the orbital maneuvering system engines
were used to circularize at the ISS altitude. The figure of merit used
for the ascent trade studies was payload capability. This parameter
was determined for each vehicle assuming a constant propellantvol-
ume, which ensured that the vehicles being compared were similar
in size (dry weight), thus minimizing errors due to scaling. That is,
the vehicle size was fixed for these trades with the payload targeted
at 25,000 1b but allowed to vary according to changes in ascent
performance.

The aerospike engine performance reflected the propulsion sys-
tem at the conclusion of this study with eight engines operating at a
chamber pressure of 2500 psia and an area ratio of 196. Reference
8 discusses a version of this database that was created to provide
realistic engine performance across the mixture ratio/power level
envelope, thereby minimizing the amount of interpolation error.

The reference ascent trajectory was determined by maximizing
the weight inserted into the target orbit. The point of insertion
into the targetorbit was free. The trajectory was optimizedby adjust-
ing the pitch attitude, engine power level, and engine mixture ratio
flight profiles. These control variables were constrained by angle
of attack and engine operating limits. An additional constraint was
imposed on the mixture ratio profile, which had to be varied such
that the ratio of oxidizer to fuel was consistent with the vehicle tank
design value of 6.0. The optimized trajectory had to meet a num-
ber of inflight constraints, including limits on axial acceleration,
dynamic pressure, g - «, and angle of attack. The parameter q - «
is proportional to the structural loading of the vehicle during flight
and is the product of dynamic pressure and angle of attack. Also,
the referencetrajectory was untrimmed. A trimmed case required an
engine database that modeled the thrust vector control capability of
the aerospike. This part of the database became availablein the later
stages of the program as the fidelity of the engine models increased.
A subsequentsection will discuss the effect of a trim constraint on
vehicle performance. The values of all flight constraints and control
limits are listed in Table 1.

The significant flight parameter profiles for the reference ascent
trajectory are shown in Figs. 2a and 2b. Main engine cutoft (MECO)
took place near perigee of the transfer orbit, at an altitude of 57 n
mile and a flightpath anglenear 0.1 deg. The peak dynamic pressure
of 540 psf occurred at a Mach number of 1.1 and the ¢ - « limit of
1500 psf-deg was held for roughly 25 s, from Mach 0.4 to 0.6.

Table1 Constraints imposed on nominal
ascent trajectory.

Constraint value

50 x 248 n mile

Constraint name

Final orbit

Final inclination 51.6 deg
Axial acceleration limit ay<3g
Dynamic pressure limit q <600 psf

q - o limits lg - | <1500 psf
Angle-of-attack limits —4 <a<12deg
Liftoff thrust to weight ratio 1.35
Overall tank ratio 6.0

Engine power level
Engine mixture ratio

0.2 < power level < 1.0
5.5 < mixture ratio < 7.0




790 TARTABINI ET AL.

400 - 32 18
350 |- 28 15 ;
L | i s
300 24 12} //
+ H - /
ssol 2ol ol A Altitude /
I /
z L L Lo} /
A - > R /
B2 816 S 6l : /" Mach
2 = 5 [\ p
< B B M\ //
150 12+ 3 ™ /
B p— T
- - N ST TN
100 8 o ~. / .
F F *ll //’ Angle of attack "~
50 - 4+ 3H: %
] Va
L | | //
>
oL oL -6 it A T I AT S A S N S |
0 50 100 150 200 250 300 350 400
Time, sec
a) Altitude, Mach, and angle-of-attack profiles
5 600~ 2000
I " I If\ Dynamic pressure
\
4 asol 1500 ANE
o [ % I
<@ =3 Acceleration
S5 31 & 360 1000
= = (o3
© 173 o
s | & L %
3 8 E
e 2 g
8 2 § 2401 © 500
© f=
] &
g-o
1 120 0 e -
7 ~
oL oL 500 PR IR T AT S NN T PSS PR AR SR MV R T
50 100 150 200 250 300 350 400
Time, sec

b) Acceleration, dynamic pressure, and ¢ - o profiles

Fig. 2 Important flight parameter profiles for the nominal ascent
trajectory.

When these two structural constraints are maintained throughout
the trajectory, the peak normal force was limited to 2.3 times the
landed weight of the vehicle, which was less than the allowable
normal load factor of 2.5 expected to be reached during entry. The
engine was flown at 100% power level from liftoff until the 3-g axial
acceleration limit was reached at approximately 125 s into flight
(h=112,000 ft, M =4.2). At this point, the engine was gradually
throttled down to nearly 20% at MECO to maintain the 3-g limit.
The enginemixtureratio was varied continuouslythroughoutascent.
The manner in which this parameter is varied during flight has a
significant effect and will be discussed in more detail later.

Structural Constraint

The reference ascent trajectory was designed to take advantage
of the lifting ability of the vehicle. When a lifting trajectory was
flown, it was possible to decrease the amount of gravity losses sig-
nificantly, thereby improving vehicle performance and payload ca-
pability. However, increasing the amount of lift during ascent gener-
ally required flight at higher angles of attack and resulted in greater
stress on the vehicle structure. Accordingly, the referenceascenttra-
jectory was constrained to limit the parameterq - « to 1500 psf - deg
to ensure that the peak normal force did not exceed 2.5 times the
landed weight, which was the structural load that the vehicle was
designed to withstand during entry and landing.

The effectof the g - o constrainton vehicle performanceis shown
in Fig. 3. There was a considerablebenefit associated with using lift
during ascent because flying a nonlifting trajectory resulted in a
payload penalty of over 1500 1b when compared to the reference
case. As long as the maximum load factor was kept below the 2.5
entry design limit, the payload capability increased as the ¢ - o limit
was raised because the vehicle could use more lift to further reduce
gravity losses. However, once the design limit was exceeded, addi-
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Fig. 3 Effect of the g - a structural design constraint on vehicle payload
capability.
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Fig. 4 Effect of the axial acceleration limit on vehicle payload
capability.

tional structure was needed to sustain the larger loads. The weight
penalty associated with this added structure was estimated by in-
creasing the size of the wing to account for the higher aerodynamic
loading. There was no benefit to increasing the g - o limit beyond
1700 pst - deg (where the peak normal load factor was 2.5) because
the wing weight penalty was severeenoughto causean overall degra-
dation in payload capability. Even though trajectories that achieved
these higher values of g - « had the benefit of more lift, the actual
increasein ascent performance was minimal becauseincreaseddrag
losses, whichare alsoincurred when flying a lifting trajectory,began
to offset the reductionin gravity losses. Consequently, when ascent
loads were used to size the vehicle, the growth in the weight of the
wings dominated any small increases in performance, and the net
effect was a reduction in vehicle payload capability.

Axial Acceleration Limit

A series of ascent trajectories was optimized at a range of axial
accelerationconstraintsfrom 3 to 5 g. Changing this constrainthad a
small effect on the vehicle payload capability (Fig. 4). Increasingthe
accelerationlimit from 3.0 to 3.3 g resulted in slightly lower gravity
losses, which led to an additional 300 1b of payload capability. As
the limit was increased beyond 3.3 g, the lower gravity losses were
eradicatedby an increasein thrust vectoringlosses (the AV required
to turn the velocity vector). To insert into a 50 x 248 n mile orbit,
the vehicle had to perform much of its pitchover at altitudes high
enough to avoid accumulating excessive drag losses. As the g limit
was increased, the velocity at which this pitchoveroccurred became
higher, and more energy had to be expended to turn the velocity
vector. Although changing the acceleration limit had a small effect
on payload capability, increasing the limit may be beneficial to the
engine development because a higher limit enables higher power
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levels at MECO and shorter burn times (Fig. 4). The former could
facilitate the design of the engine control system, whereas the latter
may increase the overall engine life.

Pitch Trim Capability

The vehicle was required to be trimmed during ascent using only
thrust vector control (TVC) supplied by the linearaerospike engine.
The aerospike could produce a thrust moment to counteract the
aerodynamic pitching moment of the vehicle by diverting up to
15% of the outflow from the top engine banks to the bottom engine
banks, or vice versa. Diverting the flow created a couple from the
difference in axial force between the top and bottom of the engine
(although the net axial force remained unchanged). This couple was
the largest contributor to the total thrust moment. (There was an
additional smaller contributordue to differencesin the normal force
actingon the top and bottom engine ramps.) An engine performance
databasecreated by LaRC thatincluded TVC data was used to assess
the impact of a trim constrainton the referenceascenttrajectory. The
trimmed trajectory was designed such that no more than 50% of the
control authority was used throughout the ascent. The vehicle c.g.
was varied linearly with weight from the liftoff position of 39.9% of
the reference length (nose to cowl) to the MECO value of 77.6%. To
keep the amount of TVC used below 50%, the angle of attack had
to be kept within the envelope shown in Fig. 5. Note that the TVC
effectiveness varied with altitude and was lowest at 35 kft, where
the angle of attack had to be kept within a 1.3-deg window. Also in
Fig. 5, the angle-of-attackprofile for the trimmed ascenttrajectoryis
compared to the untrimmed reference trajectory. At altitudes below
40,000 ft, the angle of attack had to be kept lower than optimal to
meet the trim constraint. When the angle of attack was limited, less
lift was available for reducing gravity losses, and the result was an
1100-1b penalty in vehicle payload capability.

The reference configuration discussedin this paper had the liquid
oxygen (LOX) tank positioned in the nose. One trade that was con-
sidered by the LaRC team was moving the LOX tank to the aft end
of the vehicle, which could potentially decrease the weight of the
liquid hydrogen (LH,) tank and the intertank structure significantly.
One concern with moving the LOX tank aft, however, was the effect
of the resulting rearward shift in c.g. location on the ability of the
vehicle to trim during ascent. The effect of pitch trim was computed
for two LOX aft vehicles that were modeled as having a constant
c.g. position during ascent at locations of 78 and 82% of the ref-
erence body length (nose to cowl), respectively. Figure 6 compares
the trim capability of these LOX aft configurations with the refer-
ence LOX forward configuration. These results show that the TVC
requirements actually decreased the more the longitudinalc.g. was
moved aft. This behavior occurred because most of the thrust mo-
ment was due to the couple created by the difference in axial force
between the top and bottom engine banks. Because this couple was
independent of longitudinal c.g. position, the maximum attainable
thrust moment did not change much as the c.g. was moved. The
effect of the c.g. location was much stronger on the aerodynamic
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Fig. 5 Effect of trim constraint on angle-of-attack profile for nominal
ascent trajectory.
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moment, and a rearward shift in c.g. generally resulted in smaller
aerodynamic moments for the low angles of attack seen during as-
cent. Therefore, the net effect of moving the LOX tank aft was to
increase the pitch trim control margin. With an increase in the con-
trol margin, higher angles of attack can be flown in the flight regime
where the trim constraint is most critical, enabling a more optimal
ascent trajectory to be flown. Although moving the LOX tank aft
may ease pitch trim concerns during ascent, more work is necessary
to understand the effect of such a move on pitch trim during entry.

Engine Performance Trades

With the aerospikeengineit was possible to vary the mixtureratio
between values of 5.5 and 7.0 during flight. In general, as the engine
mixture ratio was increased, total thrust increased and the specific
impulse Iy, decreased. Ideally the mixture ratio should be set high
early in flight, where high thrust levels are required to accelerate
the fuel-heavy vehicle, and later transitioned to the lowest allow-
able value to maximize vacuum /;,. Generally, engine development
becomes more complicated and expensive as the flexibility of the
engine to vary mixture ratio is increased.

A performance assessment was made for three different modes
of mixture ratio adjustment during flight (constant, step, and con-
tinuously varying). In cases where the mixture ratio was varied, the
total O /F ratio (the ratio of total LOX weight to total LH, weight)
had to be kept consistent with the vehicle propellant tank design.
(Reference O /F was 6.0.) The mixture ratio profiles for each case
are shown in Fig. 7 along with the corresponding effect that each
had on the I, trend. By continuous variation of the mixture ratio,
the inserted weight could be increased by 1900 1b over the constant
case and 200 1b over the step case. In the step and variable cases,
the mixture ratio was initially set to 6.5 because the slight increase
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in thrust that could be gained by increasing the mixture ratio to 7.0
was overpowered by a greaterloss in /y,. The variable case differed
from the step case at low altitudes because the mixture ratio profile
could be tailored to take advantage of a lower I, caused by shock
interference with the nozzle wall.® The profile differed at higher al-
titudes because it was more efficient to lower the thrust to meet the g
limit by decreasing mixture ratio (variable case) rather than power
level (step case). The added design complexity of a continuously
varying engine over one that performs a step change may not be
worth the small accompanying performance increase.

Vehicle Sizing Studies

The liftoff T/W and total O/F ratios were critical parameters
that influenced the weight and performance of the vehicle. Because
both of these parameters affected weight and performance in op-
posite ways, it was important to link the weight estimation and
trajectory optimization to capture the combined effect. An itera-
tive process was undertaken that coupled the results of POST and
CONSIZ. This process began with an initial guess of the mass ratio
(GLOW/ Wy,), which is a measure of vehicle performance. Next,
values for the liftoff 7/W and O/F ratio were selected. All three
of these parameters were inputinto CONSIZ to determine their ef-
fect on the empty weight of the vehicle. The mass ratio essentially
determined the total propellantload of the vehicle. The liftoff 7/ W
was directly proportional to the size of the engine and impacted
the weight of the propulsion system (engines, feed system, etc.)
and thrust structure. The total O /F ratio determined the propellant
bulk density and, consequently,affected the weight of the tanks and
propellants.

In this analysis, CONSIZ was used to size the vehicle to deliver
a 25,000 1b payload to the ISS. That is, as changes were made to
mass ratio, liftoff 7/ W, and the total O /F, the vehicle was photo-
graphically scaled to maintain a fixed 25,000-1b payload. Favorable
changes to these three parameters resulted in a vehicle that was
smaller than the reference configuration (in physical dimensions
and empty weight) and could still deliver the required payload. The
vehicle was scaled under the assumption that the volumetric effi-
ciency (ratio of tank volume to total volume) remained constant.
The impact of this assumption was not significant because vehicles
were not scaled by huge amounts (less than 15% throughout the
study) and the results were concerned primarily with changes in
empty weight rather than absolute values. With this technique, the
effect of the liftoff 7/ W and total O/F on the empty weight was
determined with the assumption that a vehicle with a lower empty
weight would ultimately have lower developmentcosts.

The other key component of this iterative sizing process was the
optimization of the ascent trajectory using the weights calculated
with CONSIZ. The same mission and constraints listed in Table 1
were used in the trajectory calculations. For each optimized trajec-
tory, the engine performance model was scaled to meet the required
liftoff 7/ W, and the engine mixture ratio was varied such that the
total O /F was consistent with what was used in the weight cal-
culation. Trajectories were determined that maximized the weight
inserted into orbit (which was equivalent to the lowest possible
mass ratio). Once the minimum mass ratio was determined from
the trajectory optimization, it was fed back into CONSIZ, and this
whole process was repeated until convergence. This entire multi-
disciplinaryanalysis was performed for enough valuesof 7/ W and
O/F to demonstrate how the empty weight changed with respect
to the reference vehicle.

The effect of the total O / F ratio on the empty weight is shown in
Fig. 8. All valueshave been normalized with respectto the reference
vehicle(T/W = 1.35and O /F = 6.0). Changingthe O / F ratiohad
anotableeffect on empty weight and led to differences of more than
5% between the best and worst values. The optimal O /F value for
aliftoff 7/ W of 1.35 was approximately 6.5 and was characterized
by a reduction in empty weight of over 2.5% from the reference.
Two additional curves are shown in Fig. 8 to demonstrate the impor-
tance of coupling the performance and sizing analyses. When only
performance changes due to varying the total O /F were considered
(i.e., weightchangesdue to varying the propellantbulk density were
neglected),the empty weight increasedrapidly as the total O / F was

120 QO Performance only — lsp effect
| [J Weights only — bulk density effect
LRSI SN Weights and performance
110+
0o Reference
Normalized
empty 1.00-
weight
95
.90 (~
.85~
.80 1 1 1 1 1 L ] 1 1 | ]
5.6 58 6.0 6.2 6.4 6.6 6.8 7.0
Total O/F

Fig. 8 Variation of vehicle empty weight with total O/F ratio (normal-
ized with reference).

1.10

1.08 O Tw=1.10
OTw=123

LR A TW =135

1.04

1.02
Normalized
empty 1.00
weight

Reference

.98

.96

.94

LA L L L L I L L B L |

.92

.90 I 1 I i I 1 I | I | I | I |
5.60 5.80 6.00 6.20 6.40 6.60 6.80 7.00

Total O/F
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raised. This increase occurred because the engine had to operate at
high mixture ratios for a longer duration during the trajectory to
raise the total O /F, thus decreasing the average I, and increasing
the mass ratio. On the other hand, if the mass ratio was assumed to
remain constant as the total O /F ratio was changed (i.e., the effect
of total O /F on performance was neglected) then the empty weight
went down as the total O /F was increased. This improvement in
empty weight occurred because of the increase in propellant bulk
density resulting from the higherratio of LOX to LH,. With a larger
bulk density, more propellant could be held in a given volume, so
that, with no penalty in performance, a smaller vehicle could carry
the same amount of propellant and consequently deliver the same
payload to the target orbit. In reality, both effects work against each
other, resulting in the actual curve that was minimized around 6.5.
This trend was nearly independent of the liftoff 7/ W, with the op-
timal ratio of LOX to LH, weight being around 6.5 for values of
liftoff 7/ W between 1.15 and 1.35 (Fig. 9).

A similar trade was conducted to determine the sensitivity of
empty weight to liftoff 7/ W. The results of this trade, assuming a
total O /F ratio of 6.0, are presented in Fig. 10. Each point on the
curve was determinedusing the same iterative process that was used
inthe O/F trade. The empty weight was minimized when the liftoff
T /W was approximately 1.23. Changing the /W from 1.35 (ref-
erence)to 1.23 resultedin a 2% decreasein empty weight. If GLOW
was minimized instead of empty weight (also shown in Fig. 10), the
optimal 7/ W was somewhat higher (between 1.30 and 1.35). The
optimal 7'/ W differed between the two curves because the increase
in engine weight that would accompany a higher liftoff 7/W was
a much larger percentage of empty weight than GLOW. Therefore,
the performance benefit from a higher 7/ W was overcome by the
added engine weight sooner when empty weight was minimized.
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Fig. 10 Variation of GLOW and vehicle empty weight with liftoff 7/W
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Fig. 11 Effect of O/F ratio and engine T/W on optimal liftoff 7/W
(normalized with reference).

Because cost is more closely related to the empty weight rather
than GLOW, the lower 7/ W of 1.23 would likely lead to the lower
cost configuration. However, the benefit in empty weight resulting
from a lower T/W would have to be weighed against the effect
such a change might have on the engine-out abort capability of the
vehicle. With the linear aerospike engine considered in this study,
a single engine-out is actually two engines-out. (An additional en-
gine must be powered down to eliminate thrustimbalances between
each side of the linear aerospike.) This would limit the lower 7/ W
bound to about 1.25, assuming a 10% throttle-up of the remaining
engines.

The trend of empty weight with liftoff 7/ W was independent of
the total ratio of LOX to LH,, with the optimal 7 /W being about
1.23 for O/F ratios between 6.0 and 6.5 (Fig. 11). As shown in
Fig. 11, a 5% decrease in empty weight is possible by changing the
reference values of liftoff 7/W from 1.35 to 1.23 and total O /F
from 6.0 to 6.5, abort concerns notwithstanding. Also in Fig. 11,
the influence of the weight of the engine per pound of thrust (en-
gine T/ W) on the optimal value of liftoff 7/ W is shown. The engine
T /W is a key input to the weights model and directly influences the
weight of a number of propulsion system elements. For a decrease
in engine T/ W of 10%, the trend of empty weight with respect to
liftoff 7/ W was unchanged, although the empty weight increased
uniformly by over 6%.

Entry Trajectory Performance

An aerospacevehicle that operatesin the hypersonicflightregime
must be protected from the aerodynamic heating environment. The
use of a relatively low-temperature (~1800°F maximum) metal-
lic TPS has been proposed to meet this need for the lifting body
configurations with large planform areas. In contrast, the current
Space Shuttle Orbiter employs relatively high-temperatureceramic

65
Reference peak heat rate = stagnation heating

60— to a1 ft sphere
55—

Reference

peak |

heat rate, =l

Bwufttsec | 7
£ R Metallic TPS limit

Reference
40—
35 | | | | ] ]
30 40 50 60 70 80 90

Hypersonic W/C; S, Ib/ft2

Fig. 12 Variation of peak reference heating rate with W/Cy, - S.

tiles (~2600°F maximum). Although the metallic system may offer
some benefit in reduced maintenance requirements, its lower tem-
perature capability necessarily constrainsthe vehicle flight envelope
so that excessive heating levels are avoided. The lowest achievable
peak laminar heating rate is a function of the vehicle configuration,
hypersonicaerodynamics,and weight (W /C . S) (Ref. 13). Based on
the preliminary assessment shown in Fig. 12, it appeared possible,
in theory, to maintain the laminar heating levels on the vehicle to
within the limits required for the metallic TPS. However, turbulent
heating levels can easily double the laminar values. Reference 14
illustrates the dramatic impact transition can have on TPS require-
ments, particularly in the case of a metallic system.

The objective of the entry trajectory development was to limit
the laminar heating to levels within the capability of the proposed
TPS and to delay the onset of transition such that turbulentheating
levels did not exceed those experienced in the earlier laminar phase
of the entry. A coupled approach that used POST and MINIVER
together was employed to achieve these heating objectives and to
satisfy other flight constraints such as the minimum crossrange re-
quirement (750 n mile). Initially, a two-phased approach was used
to develop an entry trajectory that met the thermal constraints. In
the first phase, aerothermal constraints were imposed on the entry
through the use of a reference heating indicator based on the work
of Chapman."® This correlation, as applied in POST, is roughly
proportional to p'/2V3. Although it is only an indicator of stagna-
tion heating rates and loads, windward areas of the vehicle (where
laminar continuum flow predominates) typically tend to track this
indicator. Thus, it can be used directly in the optimization process
if the appropriate target value can be determined. For this investi-
gation, it was assumed that keeping the chine and nosecap regions
below radiation equilibrium temperatures of 2000°F, was sufficient
to limit most of the acreage to temperaturesbelow the 1800°F allow-
able for the metallic TPS. Heat transferdistributionsfor the similarly
shaped X-33 vehicle supported this assumption.'® Transforming the
temperature limit (2000°F) to a heating rate, adjusting for the vehi-
cle scale, and applying a hot-wall correctionresulted in the desired
reference heating rate for the trajectory optimization process. This
value (~45 Btu/ft’-s) was very close to the theoretical minimum
noted in Fig. 12.

Once a trajectory that met the laminar heating constraint was
computed, the trajectory was postprocessedusing MINIVER to de-
termine the occurrence of transition and the expected laminar and
turbulent heating levels at the vehicle surface. The thermal model
used in MINIVER was the same as that used in Ref. 11, which
was shown to yield excellentagreement with detailed computational
fluid dynamics (CFD) predictionsobtained for a similar lifting body
configuration. The parameter used to predict transition onset in this
study, Rey /M, ,is one thathas been extensively validatedin the shut-
tle program.!” Unlike a simple length-based Reynolds number, this
local parameter takes into account angle-of-attackeffects, known to
have a strong influence on the occurrence of transition. The transi-
tion work of Thompson et al.'® led to selection of a value of 250 for
this study. In the Thompson et al. paper, this parameter was predicted
using the inviscid/boundary-layercode LATCH'" and compared to
experimental observations of transition on the X-33 forebody. A
value of 300 was found to predict smooth-body transition results
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accurately. Potential roughness elements on the metallic TPS led
to the selection of the more conservative value of 250 for the work
presented here.

Anevaluationof theinitial entry trajectory that was postprocessed
using MINIVER indicated acceptable laminar but excessive turbu-
lentheatingrates. The high turbulentheatingrates occurred because
the optimized trajectory required flight at altitudes low enough to
induce transition between 10,000 and 15,000 ft/s, where laminar
heating rates were still fairly high. The flight profile was optimized
at these lower altitudes because the density was higher and more
lift could be generated to help meet the 750-n mile minimum cross-
range requirement. This two-phase approach, in which a trajectory
was first developed based on laminar heating constraints and then
postprocessedto evaluate for transitional heating levels, was found
to be cumbersome and failed to take advantage of the optimization
capability within POST. An alternativeapproachwas taken thatindi-
rectly coupled POST and MINIVER so that the transition parameter
Rey /M, could be used to influence the trajectory design. A series
of MINIVER solutions were generated at a reference point imme-
diately ahead of the expansion on the windward surface (90% of
the vehicle length) for a range of velocities from 5000 to 17,000 ft/s
and angles of attack from 20 to 50 deg. For each angle of attack and
velocity, the altitude at which the transition parameter (Rey/M,)
reached a preselected value was determined. Tables representing a
series of transition surfaces similar to the one shown in Fig. 13 were
generated for transition parameter values ranging from 200 to 350.
These tables were used to place additional constraints on the trajec-
tory optimization to delay transition to as low a Mach number as
possible.

The successof this approachdependedon the ability of MINIVER
to predictthe transition parameter Re, /M, accurately. This capabil-
ity is demonstrated in Fig. 14 where MINIVER-based predictions
were compared to predictions made using LATCH. This compari-
son is illustrative of the level of agreement between MINIVER and
LATCH windward centerline predictions for the geometry of the
study vehicle and the subscale X-33 demonstrator. Similar agree-
ment was obtained for five other representative flight conditions
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Fig. 13 Optimized entry trajectory and transition constraint surfaces.
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Fig. 14 MINIVER/LATCH Reg/M, centerline comparison.

ranging from Mach 10 to 20 and five angles of attack from 25 to
45 deg.

By the use of the existing reference heating calculation, together
with the new transition tables, an optimized entry trajectory that
targeted the desired heating rates and loads while simultaneously
delaying the onset of transition to turbulent flow was generated.
This optimized entry trajectory is presented in Fig. 15. The trajec-
tory began with a deorbit maneuver from the ISS orbit that put the
vehicle at atmosphericinterface (altitude 0of 400,000 ft) with a flight-
path angle of —1.1 deg. At this point, the angle-of-attack and bank
angle profiles were tailored to minimize the reference heating rate
and to meet the 750-n mile minimum crossrange requirement. In
addition, the effect of trimming the vehicle in pitch using body flap
and elevon deflections was modeled, and constraints were placed on
the trajectory to ensure that the control surface deflections required
for trim remained below 20 deg. Also, for this trajectory, transi-
tion was delayed to approximately Mach 9.3. To delay transition
for as long as possible, the vehicle flew near the transition surface
(Fig. 13) beginning at a velocity of approximately 12,000 ft/s un-
til transition finally occurred near 10,000 ft/s. Subsequent heating
predictions, based both on MINIVER and more detailed solutions
using LATCH, indicatedthat peak laminar and turbulentheatinglev-
els were indeed within the capability of the metallic TPS. Figure 16
shows the effect of the crossrange requirement on the minimum
peak heating rate for a typical lifting body configuration. As shown,
lowering the 750-n mile requirement would not enable significantly
lower peak heating rates.

The transition surfaces generated for this study cannot be ap-
plied directly to other configurations. However, the procedure to
developsimilartransitionsurfacesis straightforward. MINIVER has
been successfully used to predict the windward centerline heating
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Fig. 15 Altitude, reference heating rate, and crossrange profiles for
optimized nominal entry trajectory.

60 —
WIC| S =53 lb/ft?

Reference
peak
heating 50 —

rate,
Btu/ft2-sec

a5

40

| | | | |
500 600 700 800 900 1000

Crossrange, nmi

Fig. 16 Effect of minimum crossrange requirement on reference peak
heating rate.



TARTABINI ET AL. 795

environments for a wide variety of configurations. When it is as-
sumed that a reasonable assumption can be made for the transi-
tion value of Rey/M,, surfaces similar to those developed here can
be generated rapidly to aid in the trajectory development process
for other vehicles. The integration of the aerothermal/TPS consid-
erations directly within the trajectory optimization as developed
here can potentially reduce the number of design cycles required
to achieve the optimal trajectory/TPS balance for hypersonic flight
vehicles.

Conclusions

As part of the X-33 program, conceptual studies were conducted
thatfocusedon the design, analysis, and screeningof a range of full-
scale SSTO configurations. These configurations integrated a linear
aerospike engine into a lifting body configuration and employed
a metallic TPS. This investigation presents the results of various
performance trade studies that were performed in support of this
effort. These trade studies were conducted using a multidisciplinary
performance analysis approach that indirectly coupled trajectory
optimization, weight estimation, and heating analysis tools.

The sensitivity of vehicle performance to a number of ascent
trajectory constraints was determined. Results were presented that
quantified the benefit of flying a lifting trajectory. Although the
flight profile had to be limited so that structural design limits were
not exceeded, using lift during ascent still resulted in an additional
payload capability of over 1500 Ib. In addition, it was found that the
axial acceleration limit did not have a significant effect on payload
capability, although altering it may ease engine-operating require-
ments. Finally, requiring the vehicle to be trimmed in pitch during
ascent limited the range of angles of attack that could be flown and
resulted in a payload penalty of roughly 1100 1b when compared to
an untrimmed reference case where this requirement was ignored.
Also, the pitch trim control authority of the linear aerospike thrust
vectorcontrolsystem was relatively independentof longitudinalc.g.
location. This insensitivityto c.g. locationmay be advantageousfor a
configuration with the LOX tank locatedin the aft end of the vehicle.

The linear aerospike engine had the ability to vary the mixture
ratio during flight. Varying the mixture ratio in a steplike or contin-
uous manner throughout the ascent increased the vehicle payload
capability by nearly 2000 Ib compared to the case in which it was
held constant. Also, by variationof the mixtureratio profile, the total
oxidizer-to-fuelratio of the vehicle could be affected. Because this
ratio influenced the weight and performance of the vehicle, its true
effect could only be determined through an approach that coupled
the vehicle sizing with the trajectory optimization. This approach
was also used to determine the optimal liftoff thrust-to-weightratio,
which was directly related to the size of the engine. By changing the
oxidizer-to-fuelratio to 6.5 and the liftoff thrust-to-weightratio to
1.23, the vehicle empty weight could be reduced by 5% compared
to the reference case.

In addition to the ascent trajectory trades, coupled trajectory/
thermal analyses were conducted to optimize the entry flight pro-
file to the typical requirements of a metallic TPS. The objective of
these analyses was to limit the laminar heating to levels within the
capability of the proposed TPS and to delay the onset of transition
such that turbulent heating levels did not exceed those experienced
in the earlier laminar phase of the entry. Using an aerothermal anal-
ysis tool, transition surfaces were generated that could be used to
predict transition onset as a function of altitude, velocity, and an-
gle of attack. These surfaces were used directly by the trajectory
optimization tool to achieve the heating objectives while meeting
the minimum crossrange requirement of 750 n mile. Reducing the
crossrange requirement did not result in significantly lower peak
heating rates.

This study provided a broad view of a number of issues and con-
cerns that should be considered in the performance analysis of a
lifting body SSTO RLV. Emphasis was placed on the multidisci-
plinary nature of the analyses that were performed. It was necessary

to couple the trajectory optimization with other discipline tools be-
cause changesin vehicle performance often affected the weight and
design of many different systems. Capturing the effect of various
design changes on both weight and performanceis vital if the phys-
ical difficulty and small margins that characterize the design of a
fully reusable single-stage launch vehicle are to be overcome.
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