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Pegasus™, a three-stage, air-launched, winged space booster, was developed to provide fast and efficient
commercial launch services for small satellites. The aerodynamic design and analysis of the vehicle were con-
ducted without wind-tunnel and subscale model testing, using only computational aerodynamic and fluid-dynamic
methods. All levels of codes, ranging in complexity from empirical database methods to three-dimensional Navier-
Stokes codes, were used in the design. This article describes the design and analysis requirements, the unique and
conservative design philosophy, and the analysis methods considered for the various technical areas of interest

and concern.

Nomenclature

= aspect ratio

= drag coefficient

= lift coefficient

w = pitching-moment coefficient
= normal-force coefficient

= mean aerodynamic chord

= gravitational acceleration

= altitude

= reference length

= Mach number

= local pressure

= freestream pressure

= dynamic pressure

= reference area

= time

axial coordinate measured from the nose
lateral coordinate

vertical coordinate

angle of attack, deg

= angle of sideslip, deg

= horizontal tail deflection angle, deg
= angle of roll, deg

= taper ratio

T~ O
57T 0000

g 8

>R OWR N X TN

Subscripts

= center of pressure
= center of moments
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Introduction

EGASUS (Fig. 1) is an air-launched space booster designed

to satisfy launch requirements for small payloads in a variety
of missions. The objective of this privately financed development
program is to provide reliable space launch services at a low cost on
a near-term schedule. Under this joint venture between Orbital Sci-
ences Corporation and Hercules Aerospace Company, the design
approach is based on a conservative development using conven-
tional techniques while exploiting state-of-the-art technology and
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experience. The aerodynamic design and analysis was based on
proven, readily available computational codes, and no wind-tunnel
tests were performed as part of the program.

The aerodynamic analysis and support considered a number of
different technical areas such as trajectory requirements, aerody-
namic loading distributions, stability and control, and aerodynamic
heating.! The flight conditions included carriage and launch from
the B-52 parent aircraft, transonic flight at high angles of attack,
supersonic flight over the entire angle-of-attack range, and hyper-
sonic flight to first-stage burnout. For this entire flight regime, it was
necessary to select and validate appropriate prediction methods, es-
timate the level of accuracy achieved, and limit the flight envelope
as necessary according to experience and engineering judgement.

The computational techniques used, from engineering methods
(empirical, database, theoretical codes) to computational fluid dy-
namics (CFD) methods, and the results obtained from each level
of prediction method are presented. Though specific codes will be
described, it is not the purpose of this article to evaluate individual
codes, but to evaluate the approach of using a number of different
codes for detailed aecrodynamic design of a new flight vehicle for
which no test data exist. Portions of this article previously appeared
as part of Ref. 1.

Background
Pegasus Mission

To gain the advantages of increased payload performance and
operational flexibility, Pegasus is carried aloft beneath the wing of a
B-52 bomber. The performance improvements over ground launch
are a result of both the aircraft forward velocity and the initial launch
altitude. Launch at 40,000 ft contributes to lower dynamic pressure,
lower drag, and lower structural and thermal stresses. The reduced
atmospheric pressure range encountered by the first stage permits
optimization of the first-stage nozzle.

In level flight at Mach 0.8 and 40,000 ft, Pegasus is released from
the carrier aircraft and allowed to free-fall for 5 s. After first-stage
ignition, Pegasus begins a 2.5-g pullup maneuver using wing lift
and thrust while accelerating through the transonic speed regime
and maximum dynamic pressure. When first-stage burnout occurs
after 82 s, the vehicle has reached Mach 8.7 at an altitude of over
200,000 feet. The first stage, which includes all the aerodynamic
lifting surfaces, is separated from the second and third stages at this
time. A typical baseline flight profile is illustrated in Fig. 2. The end
of the aerodynamic analysis is at first-stage burnout.

Geometry

A sketch of the complete configuration is shown in Fig. 1. The
blunt-nose body is cylindrical with a constant diameter of about 4
ft over the total body length of 50 ft. A fairing between the wing
and the body and a slight flare near the tail to accommodate the
nozzle of the first-stage rocket engine are the only modifications to
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the cylindrical shape. The graphite composite wing, a clipped delta
planform with a modified double wedge airfoil section, is mounted
on top of the fuselage, slightly aft of midlength. The wing span of
22 ft is dictated by the available clearance from the B-52 aircraft
and is the same as for the X-15 research aircraft. The position of the
wing is critical to minimize the pitching-moment variation due to
the large center-of-gravity travel during first-stage burn.

The tail section is composed of horizontal stabilizers with clipped
delta planform and a vertical rudder. These all-movable surfaces are
also double wedge sections made of graphite composite material.
Other important details of the geometry that must be considered
in the aerodynamic analysis are the interaction of the wing and
tail surfaces and the contours and corners produced by the wing-
body fairing.

Although significantly different from the X-15 geometry, there
are a number of similarities between the configurations that are
dictated by the B-52 carriage and launch requirements (Fig. 1b).
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Given these similarities, the aerodynamic characteristics of Pegasus
can be compared with measured and predicted X-15 aerodynamics
to check the computational results.

Aerodynamic Requirements

A typical baseline mission profile for Pegasus is shown in Fig. 2
to illustrate the aerodynamic requirements during the first 80 s of
the mission. Briefly, launch from the B-52 occurs at M, = 0.8 at
a low angle of attack. The angle of attack immediately increases to
nearly 20 deg as Pegasus accelerates through the transonic regime
to supersonic speed. During this part of the mission, Pegasus is
gaining altitude using both rocket thrust and wing lift. By M., = 3,
the angle of attack is down to 5 deg, and by M, = 6 it is nearly 0.
Different missions will dictate different angle-of-attack and Mach-
number envelopes.

A typical flight envelope is illustrated by the solid curve in Fig. 3,
and the names of various computer codes are shown to illustrate their
range of applications. Before a decision about appropriate aerody-
namic prediction methods can be made, the aerodynamic require-
ments for the various technical areas are needed. A minimum set
of requirements is shown in Table 1. For trajectory simulations,
the longitudinal and lateral aerodynamic characteristics must in-
clude effects of control-surface defiections, since trim calculations
are required throughout the trajectory. Some of the other items in
Table 1 are specific to Pegasus; for example, the wing-fairing shock
interference is of interest because of a specific vehicle component,
and the B-52 pylon carriage loads and separation trajectories, are
required because of the nature of the launch. The number of flow
conditions shown for each requirement is a conservative estimate
based on preliminary design considerations. In reality, items such as
the longitudinal and lateral aerodynamic matrices were calculated
each time the design changed; therefore, the 1400 flow conditions
shown were calculated as many as four different times.

Aerodynamic Design Philosophy .

Economics, accuracy, and schedule were under constant consid-
eration during the computational aerodynamic analyses. In some
cases, the number of calculations required dictated the codes and
methods that could be used; for example, even if it were techni-
cally possible, the aerodynamic matrices could not be developed
using CFD methods because of the cost and time involved. These
aerodynamic characteristics were calculated using simpler, faster
engineering methods. However, certain of the calculations involv-
ing flow separation and shock-wave interference are too complex for
simple methods, and these results can only be obtained using modern
CFD techniques involving solutions of the Navier-Stokes equations.
In other cases, intermediate methods such as panel methods and so-
lutions of the Euler equations provided the design details required.

Additional considerations in the aerodynamic design philosophy
were code availability, ease of use, engineering capability, and con-
fidence level. Obviously, codes that are difficult to acquire and vse
cannot be considered for a design study like Pegasus, because of the
time constraints involved. Also, there is little time available for code
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Table 1 Predicted aerodynamic requirements

Flow
Trajectory simulations conditions
Longitudinal matrix 504
(M 00,u,8 )
Lateral matrix 918
(Moo.a,ﬂ,aA.éR)
Wing and fin detail design loads - 4
Nose distributed loads 1
Plume-induced separation 3
Wing-fairing shock interference 2
B-52 pylon carriage loads 3
Separation trajectory 4
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Fig. 3 Aerodynamic analyses flight envelope.

development and training; therefore, reliable codes familiar to the
design group are a necessity. Finally, since no specific wind-tunnel
data on Pegasus are available for guidance, there must be a high de-
gree of confidence in the prediction methods so that a large amount
of time is not spent validating the selected codes. The objective of
the Pegasus effort was to use the highest-level code required for a
specific task.

In this commercial design effort, time became an important factor
since the goal was two years from design initiation to the first flight.
The basic aerodynamic analysis had to be completed quickly in the
conceptual design stage so that the design effort could move on
toward final design. As geometric modifications were made, rapid
aerodynamic evaluation was necessary so that performance charac-
teristics were available in a timely manner for mission analysis.

Afterthe preliminary aerodynamic design, there is generally more
time available for acrodynamic support. For example, the calculation
of aerodynamic heating and aerodynamic loads for structural design
require the use of more complex methods, but the timing, though still
important, is not as critical. Similarly, very detailed fluid-mechanic
analysis of certain flow characteristics may require a significant
effort using modern CFD methods, but the results of this study,
though important for the final design, may be carried out over a
longer period of time after the final aerodynamic design is fixed.
The method-selection process for this design effort is described in
greater detail in the next section.

Technical Discussion and Results
A number of different aerodynamic design and analysis codes
were applied to Pegasus; the portions of the flight envelope con-
sidered by various codes are shown in Fig. 3. The different codes

Table 2 Prediction methods

Code Developed by Description
MISL3 NEAR (DOD/NASA) Database/theory
DATCOM McDAC (AF) Database/theory
SUBDL NEAR (Navy) Panels/viscous effects
SUPDL NEAR (NASA) Panels/viscous effects
SHABP McDAC (AF) Shock exp/impact theory
MADM McDAC (AF) Shock exp/impact theory
SWINT NSWC Euler

UPS NASA/AMES Parabolized Navier-Stokes
ARC2D NASA/AMES Two-dimensional N-S
TURF NASA/AMES Axisymmetric N-S
F3D NASA/AMES Three-dimensional N-S
SUBSTR NEAR (AF/Navy) Subsonic store separation

used are identified in Table 2, and descriptions of each code are
presented in the following paragraphs. Since it is important to see
the relationship between the specific aerodynamic task and the code
or codes selected, sample results are presented and discussed at the
same time the prediction methods are described.

Preliminary Design

Speed and accuracy are important considerations for the codes
used for preliminary design purposes. A number of possible codes
are available for this task, but not all codes are applicable to the
configuration and flow conditions of interest for this investigation.?
Since no experimental data on Pegasus were to be available, a
conservative approach was taken for the analysis, and a number
of different codes were selected for the preliminary aerodynamic
design phase.

Two independent engineering codes for preliminary design and
analysis, MISL3>* and Missile DATCOM,>® were used in paral-
lel to predict the longitudinal and lateral aerodynamic character-
istics of Pegasus over the first part of the flight envelope below
Mach 5. Between Mach 4 and 8, the S/HABP? and MADMS® codes
were selected.

MISL3 is a semiempirical code that uses a combination of the-
oretical methods with nonlinear corrections for the body and an
extensive experimental data base for wing-alone and fin-on-body
loads. The data base inherently includes viscous and compressibil-
ity effects as well as fin-body gap effects. The code emphasizes
high angles of attack and transonic speeds, important flow regimes
for Pegasus. Mutual interference between control surfaces is also
considered in the data base, another important feature for the antici-
pated flight profile. To provide some confidence in the applicability
of this code, MISL3 has been validated by comparison of mea-
sured and predicted aerodynamic characteristics with a number of
different configurations.>*°1° The range of application of the flow
parameters in the MISL3 data base is

0.5 < My < 5.0,
—450<a <450,
00<¢ <900

025 < AR <40
00<Ar <10

Missile DATCOM is based on the body-buildup method and in-
cludes a number of empirical prediction methods for each compo-
nent of the configuration. It was developed specifically for prelimi-
nary design applications, and it has also been validated by numerous
comparisons with experimental data.>1®3! Even though MISL3 and
Missile DATCOM use some similar approaches, they are indepen-
dent codes with individual strengths and weaknesses. For example,
Missile DATCOM predicts axial force or drag much better than
MISL3, but MISL3 predicts vortex-induced forces and moments at
high angles of attack better. The body loads in Missile DATCOM
have proved to be more accurate than those from MISL3 for sub-
sonic flow.

Both of these codes provide independent predictions of Pegasus
aerodynamics. Throughout the preliminary aerodynamic analysis,
both codes were run in parallel for all flow conditions and the results
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Fig. 4 Comparison of MISL3 and Missile DATCOM longitudinal
aerodynamic characteristics.

were compared. Since some of the flight regime involves high an-
gles of attack where vortex-induced nonlinearities can dominate the
aerodynamic characteristics, there is likely to be some disagreement
between the results from the two codes. When this occurs, higher-
level codes can be used to predict a limited number of results to help
resolve the differences.

Predicted static longitudinal aerodynamic characteristics of the
complete Pegasus configuration with control surfaces undeflected
are shown in Fig. 4 for a range of Mach numbers. Results from both
MISL3 and Missile DATCOM are shown. Agreement is very good
for the entire range of Mach numbers at moderate angles of attack,
but there is some disagreement above « = 10 deg, a good indication
that predicted vortex effects are different between the two codes. The
final aerodynamic characteristics are determined by a combination
of the two results, giving consideration to the respective strengths
of both codes. One application of these aerodynamic results is for
trajectory simulations; therefore, the calculations were repeated for a
range of horizontal tail deflection angles to complete the longitudinal
aerodynamic matrix.

A matrix of Pegasus lateral aecrodynamic characteristics was gen-
erated by varying the sideslip angle and the rudder deflection angle.
Roll control information was generated by computing the effects of
differential deflection of the horizontal tail surfaces.

Verification of the above approach for longitudinal aerodynamic
characteristics was essential to build confidence in the calculation
procedure. Experimental results are available!? on a similar config-
uration at My, = 2, and comparisons of measured and predicted
lift, drag, and center of pressure are shown in Fig. 5 for a range of
angles of attack up to the maximum angle permitted for the Pegasus
mission. The comparisons are in very good agreement. Since the
longitudinal center of pressure was not in as good agreement as the
force coefficients, a sensitivity study was performed to illustrate the
effect of moving the moment center an amount equal to 10% of the
mean aerodynamic chord. It is apparent that this is approximately
the magnitude of the error in the predicted center of pressure.

The two previous codes have an upper limit of Mach 5; therefore,
another code was required for the higher Mach number ranges. Mis-
sile DATCOM has a hypersonic option, which was used at selected
flow conditions; however, other codes may be more appropriate to
this flow regime. S/HABP? and MADM?® were applied to Pegasus
for Mach numbers between 4 and 8. Note that there is also an over-
lap in the Mach region at which preliminary design codes were used
to be certain of continuity of results. MADM is a major upgrade of
the S/HABP code and includes additional capability to improve the
pressure prediction at supersonic speeds. Both codes are panel codes
that use impact methods to predict pressure distributions on arbitrary
configurations. The disadvantages with these codes are the absence
of wing-tail vortical interference effects and the requirement that
the user select the appropriate force calculation procedure from the
many options. However, it is possible to validate the codes with
experimental or other predicted results. Since the angle of attack at
the higher Mach numbers is typically very low, and it is expected
that the aerodynamic characteristics are well-behaved, MADM was
used for most of the calculations. The MADM results were com-
pared with MISL3 and Missile DATCOM results between Mach 4
and 5 to verify consistency and accuracy.

Predicted lift and drag coefficients at M, = 8 are shown in Fig. 6
for a range of angles of attack and tail deflection angles far beyond
that expected during flight. An impact-panel representation of Peg-
asus is also shown in the figure. No data on a similar configuration
in this Mach range are available for comparison purposes.

Engineering Methods

The next level of code available for aerodynamic calculations is
a panel method. For Pegasus, the high angles of attack experienced
at both subsonic and supersonic speeds add the requirement that
vortex-induced effects be included. These vortex effects are those
associated with vortex shedding from the body ahead of the wing.
SUPDL," an improved version of the NWCDM-NSTRN super-
sonic code, was immediately available for analysis over the Pegasus
flight envelope up to Mach 3. A subsonic version, SUBDL,'* was
also available for use in the limited flight regime between launch
and the onset of transonic flow.

SUPDL represents the components of the configuration with dis-
tributions of singularities derived from supersonic linear theory. The
body is modeled with lipeaﬂy varying supersonic line sources and
doublets to account for volume and angle-of-attack effects, and the
lifting surfaces and body interference regions are modeled with pla-
nar supersonic lifting panels. Nonlinear fin loads associated with
leading-edge and side-edge separation at high angles of attack are
included. Other important nonlinearities from forebody and after-
body separation vortices are included, as is the interference effect
of the wing trailing vorticity on the tail fins. SUPDL also has the ca-
pability of predicting the aerodynamic characteristics of the config-
uration under constant pitch, yaw, and roll rates. This is particularly
useful for obtaining damping derivatives to a first approximation.

The predicted distributions of aerodynamic loads from both
SUBDL and SUPDL are easily converted for use in the struc-
tural analysis code NASTRAN. This information on the wing and
tail fins at a number of different flow conditions was provided
to the structural designers. Predicted loading distributions on the
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Fig. 6 Predicted aerodynamic characteristics at M, = 8.

wing in subsonic and supersonic flow at a high angle of attack
are shown in Fig. 7. The arrows represent the magnitude of the
aerodynamic loading at specific wing locations considered in the
aerodynamic analysis.

Carriage and Launch Methods
Areas that do not bear directly on the aerodynamic design of
Pegasus are the carriage and launch characteristics. The carriage
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Fig. 7 Predicted aerodynamic loading distribution on the Pegasus
wing.

loads are critical to the design of the B-52 pylon adaptor as well
as flight safety and mission viability. The launch characteristics are
important not only for the safety of the launching aircraft but for
the initial flight conditions of Pegasus. These characteristics can be
measured experimentally, but the expense and delay in the design
schedule were not practical for this commercial effort; therefore, an
analytical approach was selected.

Carriage loads and launch characteristics require that Pegasus’s
aerodynamic loads be known in the flowfield of the launching air-
craft, a B-52 for the initial analysis. Previous work in the pre-
diction of store separation from various aircraft,'’ including the
B-52,'6 provided the necessary capability. Previous validation of
these methods!” on a number of different store-separation problems
was sufficient to give confidence in the predicted results.

Carriage loads were calculated using both the loads prediction
method in the store-separation code, SUBSTR, ' and the panel code
SUBDLY integrated into SUBSTR. In each case Pegasus was placed
in the predicted nonuniform flowfield associated with the B-52 at
various flight conditions. Altitude, airspeed, and perturbations to the
flight path caused by gusts were considered: Forces and moments
on Pegasus were predicted, and the loads on the pylon attachment
points were calculated and examined for possible problems.

Launch characteristics were calculated using SUBSTR' with
its six-degree-of-freedom trajectory simulation capability. For this
analysis, Pegasus is launched from the B-52 with all controls inac-
tive and neutral for the first 5 s; therefore, the initial flight trajectory
while in the influence of the B-52 determines the position and at-
titnde of Pegasus at ignition. The first 3 s of a normal launch are
shown in Fig. 8. Notice that Pegasus falls away from the B-52 with
a slightly nose-down attitude and small roll angle away from the
fuselage. The predicted Pegasus trajectory is in good agreement
with measured and predicted X-15 trajectories;'® however, the pitch
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b)

Fig. 8 Simulated Pegasusstandard drop from the B-52, SUBSTR code,
Mo = 0.8, =0,0.5,1.0,2.0, and 3.0 5.

and roll angles associated with Pegasus are much less than those
experienced by the X-15.

Another feature of the analytical launch-prediction method is its
ability to investigate nonstandard launch characteristics. Though not
planned, Pegasus might be dropped with controls locked in various
fully deflected positions corresponding to pitch, yaw, or roll control;
it is essential to identify a priori any emergency launches that could
endanger the B-52 aircraft. A number of extreme launch conditions
were simulated with SUBSTR. In every case Pegasus cleared the
B-52 and fell safely away from the aircraft.

Other Methods

Based on the results presented above, the missile designer may
begin to believe that all aerodynamics problems can be solved with
one code or another. Before that happens, it is time to return to
reality and examine the calculation of static and dynamic stability
derivatives, an important area in which large uncertainties exist in
analytical methods.

The Missile DATCOM, MISL.3, SUBDL, and SUPDL codes have
the capability of calculating important stability derivatives, and, fol-
lowing established procedures, several independent methods were
used to build the confidence level for the results. Static longitu-
dinal and lateral derivatives are available from Missile DATCOM
and MISL3 at specified flow conditions between Mach 0.6 and 5.0.
The results from the MADM code were in good agreement with
these results between Mach 4 and 5; therefore, MADM was used
for predictions to Mach 8. The SUBDL and SUPDL codes were
used to check the above results at selected flow conditions at mod-
erate Mach numbers, and this higher-level calculation verified the
simpler methods. )

The prediction of dynamic stability derivatives has higher uncer-
tainty, and there are few codes available for this task, A method'®
based on supersonic linear theory had proved successful for the
X-15, and this approach was applied to Pegasus. As a check on
this approach, the code SUPDL was applied to the Pegasus config-
uration, and the pitch, roll, and yaw damping results are in good
agreement with the linear theory.!

Fortunately, the similarity between the X-15 and Pegasus provides
ameans to estimate the quality of the predicted stability derivatives.
Experimental measurements of the stability characteristics of the X-
15 are available,?® and, in general, the static and dynamic derivatives
predicted for Pegasus and measured on the X-15 are similar in na-
ture over the entire flight range. Comparisons of Pegasus and X-15
longitudinal and lateral stability derivatives are presented in Ref. 1.

Computational Fluid Dynamics

As shown in Fig. 3 and Table 2, a number of CFD codes were used
for detailed flow simulations. Calculations have been made with
an Euler code, a parabolized Navier-Stokes code, two-dimensional
and axisymmetric Navier-Stokes codes, and a three-dimensional
Navier-Stokes code. Different applications of various CFD codes are
described below to illustrate the use of these advanced techniques
in practical configuration design and analysis.

Euler Solutions

SWINT? has been used for a number of different calculations
during the Pegasus analysis. First, it was used to predict the dynamic-
pressure defect on the lee side of the configuration at supersonic
speeds to assess rudder effectiveness for lateral-stability analyses.
This correction is included as part of the MISL3 code. Euler cal-
culations were also used to predict detailed fuselage loads for the
nose-fairing design.

Parabolized Navier-Stokes Solutions

In the early design phase of Pegasus, a potential for separation of
the flow near the aft end of the fuselage, caused by the first-stage
rocket plume, was identified. Since a separated-flow region would
occur in the vicinity of the control fins (Fig. 1), a significant loss in
fin effectiveness could occur if the fins were immersed in this flow.
A rapid CFD analysis was proposed to determine the possibility of
flow separation in this region. Considering the flight envelope shown
in Fig. 3, most of the flight occurs near an angle of attack less than
5 deg; therefore, to further simplify the CFD analysis, the angle
of attack was assumed zero, the wing and fins were neglected, and
calculations were performed for the body only. These assumptions
permit an axisymmetric analysis, which considerably reduces the
required computational effort.

Flow-separation calculations were performed at three Mach num-
bers, 1.5, 5, and 8, corresponding to Mach numbers on the baseline
mission profile. A zonal calculation approach using three differ-
ent computer codes was used for the supersonic analysis. First, an
Euler blunt-body code? was used to compute the axisymmetric
flow over a sphere to approximate the flow in the vicinity of the
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Fig. 9 Pegasus plume interference predictions, M, = 5.

nose. These results are used as starting conditions for a parabo-
lized Navier-Stokes (PNS) calculation using the UPS code? from
NASA Ames Research Center. The PNS calculation produces a
nonseparated viscous solution in a very efficient manner, since it
uses a marching-type solution procedure. Turbulence in the fuse-
lage boundary layer is modeled using the Baldwin-Lomax algebraic
turbulence model.*

The grid used for the PNS calculations, 100 x 82 points in the
streamwise and body-normal directions, respectively, was sufficient
to insure adequate resolution of the fuselage boundary layer. At the
upstream boundary, flow conditions obtained from the blunt-body
calculation were imposed, and freestream conditions were applied
at the far-field boundary, which is located just beyond the nose bow
shock. Each PNS calculation required approximately 15 min on the
NAS Cray-2.

Axisymmetric Navier-Stokes Solutions

The results of the PNS calculation were used as initial conditions
for a Navier-Stokes calculation in the region of the first-stage rocket
nozzle. These calculations were performed using the axisymmet-
ric Navier-Stokes solver in the TURF code” from NASA Ames
Research Center. Turbulence is modeled with the £-¢ equations.

The grid used for the Navier-Stokes analysis of the base flow has
78 x 100 points in the streamwise and normal directions, respec-
tively. The PNS results were applied at the upstream boundary, and
the far-field boundary was treated as described above. A conical
inviscid flow corresponding to the design rocket nozzle conditions
was applied at the nozzle exit plane. These Navier-Stokes compu-
tations required approximately 15 min on the NAS Cray-2.

Predicted Mach number contours at M, = 5 are shown in Fig. 9.
An obligue shock occurs due to the presence of the ramp at the rocket
nozzle, and at higher Mach numbers (and altitudes), the spreading
of the plume induces a second oblique shock, which intersects the
first shock, creating a lambda shock near the ramp. The pressure
jump across the oblique shocks increases with Mach number. In all
cases, the flow remains attached, even for the highest Mach number,
where the plume expansion is largest. These results are strictly valid
only for the higher-Mach-number cases in the flight profile, where
the angle of attack is small; however, since the plume expands less at
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Fig. 10 Pegasus grid for three-dimensional Navier-Stokes calcula-
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lower Mach numbers and altitude, it is unlikely that plume-induced
flow separation is a critical problem.

As an interesting side benefit, surface heat transfer rates derived
from the CFD calculations provided a check on thermal calcula-
tions made for the design of Pegasus’s thermal protection system.
The predicted boundary-layer thickness provided verification that
adverse effects on control-fin loading on the portion of the fins sub-
merged in the boundary layer were not a problem. The boundary-
layer and Mach-number profiles near the body also helped identify
a possible heating problem on the control-fin actuators.

Three-Dimensional Navier-Stokes Solutions

In early analyses of Pegasus, there was concern over possible dele-
terious effects from interaction between the shock waves produced
by the wing and tail leading edges and the boundary layer on the
body. The concern involved flow separation due to the shock-wave
boundary-layer interaction and increased heat transfer due to the
high compression of the flow through the shock coming in contact
with the body surface. Each of these conditions could affect the de-
sign of the thermal protection system. A two-phase CFD analysis,
using a complete three-dimensional model of Pegasus, examined
the possibility of these adverse effects. The first phase involved a
model of the fuselage and wing for two distinct flow conditions: 1)
My = 1.2, 0 = 20 deg, and 2) M, = 5, @ = 5 deg. The second
phase addressed the modeling of the complete Pegasus configuration
for calculations at the higher Mach number.

Development of the computational grid is a major part of any
CFD study, and Pegasus is no exception. The Chimera composite-
grid approach® was chosen for the discretization process to achieve
an accurate model of the entire configuration. The grid required for
simulating the flow field around Pegasus was composed of two sec-
tions. The first section enclosed the body and wing, extending one
grid cell beyond the trailing edge of the wing. The second section
extended from the wing trailing edge to the base of the body. For
the forward section, because of the blunt nose and the thick, round-
edged wing, the grid was generated using the NASA Ames Research
Center code HYGRIIID,” a three-dimensional hyperbolic grid gen-
erator. For the aft section, because of the simpler, more cylindrical
geometry, the grid was generated using a NEAR code, HYPDAPT,?
a two-dimensional hyperbolic grid generator. The two-dimensional
grid generator was applied to compute grids in cross sections, which
were combined to create a fully three-dimensional grid.

The final grid is presented in Fig. 10, where part of the grid on
the surface of the body and wings is shown, along with the grid
in the cross section at the trailing edge of the tail fins and in the
plane of symmetry. Only 25% of the actual grid points are shown
for clarity. The final cross section of the forward section is normal to
the body in order to match more easily with the cross sections of the
grid on the aft section. Note that a plane of symmetry was used to
save computer time for longitudinal calculations. The forward grid
contains 92 x 83 x 51 points, and the aft grid contains 54 x 83 x 51
points, a total of 618,018 points.
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Fig. 11 Predicted flow charactéri§tics in the vicinity of the Pegasus
wing fillet, Moo = 5, = 5 deg.

The computation of the flowfield was carried out using the
F3D code? from NASA Ames Research Center. The code solves
the compressible three-dimensional thin-layer Navier-Stokes equa-
tions, uses upwind spatial differencing in a streamwise direction,
and is either first-order or second-order accurate in space. For
the calculations described herein, the accuracy in time is first
order.

Numerical computations on the complete Pegasus configuration
were carried out at M, = 5 and o = 5 deg for a Reynolds number
of 1.33 x 10°. A total of about 25 h of CPU time on the Cray-2
computer was required for these calculations.

A typical outcome of a CFD computation is a large quantity of
information that is difficult to assimilate using traditional methods.
For example, results include surface streamlines, flowfield velocity
vectors, and surface pressure contours on the entire configuration;
therefore, careful examination can reveal many interesting details
about the flow around the vehicle. Flowfield vectors and pressure
contours are shown in Fig. 11 at a station aft of the wing root chord

leading edge to illustrate the flow in the region of the wing-fuselage
fairing. These details show a separated region beneath the wing
and the approximate position of the wing leading edge shock wave.
It was an initial concern that the wing shock wave could impinge
on the fuselage and fairing and cause heating problems. It appears
from the computations that the wing shock wave never reaches the
fuselage surface. Further examination of results aft of this station
show vortices on top of the fairing behind the wing, and, in the tail
region, the vortex from the fairing seems to get “trapped” at the base
of the rudder.

Conclusions

A major conclusion is an evaluation of the design capabilities
of a number of the codes currently available to the missile design
community. Though only a few of the available codes were used
in this study, the experience illustrates the requirements for useful
prediction methods at all levels of complexity.

In the preliminary design application, anumber of codes are avail-
able that can provide moderately accurate results at a reasonable
cost. They are generally available and easy to use, and for moderate
flight conditions there is good agreement in the results from differ-
ent methods. For extreme flight conditions at high angles of attack,
codes that include effects of nonlinearities are required; for exam-
ple, Missile DATCOM and MISL3 are complementary methods,
each providing a necessary portion of the aerodynamic characteris-
tics.

As the level of complexity increases and as more detailed infor-
mation is needed, engineering-level codes, generally in the form
of panel methods, are available. It is essential that codes on this
level also include nonlinear effects associated with body vortices
and lifting-surface leading-edge vorticity. The cost of these codes
in both engineering time and computation time increases with the
level of information produced, but the need for aerodynamic load
distributions and vortex-induced effects makes the extra effort jus-
tified. The use of these codes to check results from the preliminary
design codes at selected flow conditions proved to be a valuable
technique to increase confidence in the results from the simpler
codes. ’

Finally, the use of CFD codes for practical application to design
problems is becoming more feasible as the codes are further devel-
oped. Their use will only continue to increase as the codes become
better and easier to use and computers run faster.

The use of Navier-Stokes codes for missile design is still in
the preliminary or research stage. Their use is restricted to very
special problems that cannot be solved in any other manner; for
example, flow problems involving flow separation or other vis-
cous phenomena. These codes are not yet available to many small
missile-design groups because of the difficulty using them and the
high cost involved with solutions. In spite of the current disadvan-
tages, CFD will soon be a readily available analysis tool for missile
designers. ‘

Epilogue

Initial test flights on the B-52 were made in early 1990 to check
out the Pegasus systems and carriage loads. It was verified that ac-
tual carriage loads imposed on the B-52 pylon were well within
the predicted levels. On April 5, 1990, the first drop and flight
of Pegasus was accomplished successfully. The second flight oc-
curred on July 17, 1991, In both flights, Pegasus cleared the B-52
safely as predicted, the aerodynamic portion of the mission pro-
file was completed as planned, and, most importantly, payloads
were placed into orbit. Comparison of measured and predicted aero-
dynamic characteristics of Pegasus will be the subject of a future
paper.
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