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Abstract: Flow-fields around basic SSTO-rocket configurations are numerically simulated by the Navier-
Stokes computations. The study starts with the simulations of the Apollo-type configuration, in which the
simulated results arecomparing with NASAexperiments and the capability of CFD approach is discussed.
Computed aerodynamic coeffcients of Apollo configuration agree well with the experiments at subsonic,
transonic and supersonic regime at all angles of attack and the present computational approach is validated.
Effects of the configuration parameters on the aerodynamic characteristics are then numerically investigated
and clarified in detail. It turns out that the aerodynamic characteristics of the body is mainly influenced by the
location of the flow separation, the shock waves on the surface and the pressure level behind the body. The
shoulder radius of the body has strong influence to the Mach number dependency of the aerodynamic
characteristics. The fineness ratio of the body mainly influences to the lift characteristics.

Nomenclature

X, Y,z Cartesian body axes Cn Normal force coeffcient,normal
u, vyw Velocity components force/@,, Sref)

p Density Co Drag coeffcient,dragl(, Sref )

e Total energy per unit volume C. Lift coeffcient,lift/(q,, Sref )

T Temperature L/D Lift to drag ratioCL/Cp

p Pressure Coo Zero-lift drag coeffcient

q Dynamic pressure Cma pitching-moment coeffcient
Dmax Maximum diameter of the body computed about theoretical apex
Sef Reference area, frontal area of the body

M Mach number

Re Reynolds number based Brmax Subscripts

Pr Prandtl number inf (c0 ) freestream condition

¥ Viscosity max  maximum value

a Angle of attack, deg lam  laminar state value

Ca Axial force coeffcient,axial forced(, Sref ) tur turbulent state value

1 INTRODUCTION

Current expendable launch vehicles (ELVs) and Shuttles are able to launch spacecraft, crews, and
payloads needed for commercial and scientific purposes. However, the cost of the access to space is far too
high, and reliability and operability of the system fall short of desired levels.Considering these factors, next-
generation space-launch vehicle is definitely needed to replace current ELVs. In the past twenty years, many
concepts have been considered and studied aiming to reduce launch costs and improve the reliability and
flexibility of space transportation systems. In 1994, NASA headquarters concluded that one option
recommended for the access to space was a development of a fully reusable, all rocket propelled, Single-Stage-
To-Orbit (SSTO) launch vehidlé With improved ground and flight operations, fully reusable SSTO rocket
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system has the potential to fulfill the requirements as a space transportation system in the next generation.

Generally, there exist two concepts of such SSTO rocket system; vertical-takeoff/horizontal-landing
(VTHL) and vertical-takeoff/vertical-landing (VTOL) concept. NASA developed X-33 as a technology
demonstrator, designed as a VTHL-SSTO vehicle with a lifting body. On the other hand, as a VTOL, Delta
Clipper - the experimental (DC-X and XA) vehicles have extensively demonstrated the re-usability of the
SSTO rocket and the flight capability of VTOL vehicles. Unfortunately, all the activities were stopped due to
the budget problem and technical diffculties(Fig. 1). At the Institute of Space and Astronautical Science
(ISAS), ground and flight tests of the VTOL-SSTO rocket system are presently conducted for the
establishment of the basic technolo&ig§ig. 2).

Since the configuration of such VTOL-SSTO rockets is totally different from conventional rocket
configurations and its flight trajectory includes a wide range of flow conditions; subsonic through hypersonic
and variety of attack angles, there should be various considerations for the’ sedgctelynamics to realize
atmospheric flight.

As shown in Fig. 3, there also exist two types of entry flight concepts; nose and base entry, each has its
own advantage, aerodynamic analysis of such vehicles should include whole range of flow conditions. In
addition, high lift-to-drag-ratios (L/D), high maneuverability is one of the key issues for the design of the
vehiclés configuration as general VTOL-SSTO rocket has no wing on their body. However, there exist little
aerodynamic data of such vehicles and even basic flow-fields have not been clarified.

In the preliminary design stage of the vehicle configuration, CFD analysis has strong advantages as it
supplies a wide range of aerodynamic data, whereas only limited data can be obtained by the wind-tunnel
experiments. CFD analysis is already an established essential tool in the design process of aircraft based on the
fact that certain level of reliability has been established by the accumulation of the flow simulations. In the
other fields, however, CFD reliability has not been established, and this is also true for the space launch
vehicles. In the present paper the results of the CFD simulations for the aerodynamic analysis of basic SSTO
configurations are presented. The research starts with the simulations of the subsonic, transonic and supersonic
flow-field for the Apollo configuration at wide range of attack angles for the establishment of the CFD-
approach reliability. Apollo configuration was chosen since there are large amount of experimental data
available, although this configuration was designed only for entry flight and is not adequate as a SSTO rocket
configuration. Capability of CFD estimation of the aerodynamic characteristics is discussed by the comparison
with the NASA's experiments. Based on the confirmation of the reliability of the CFD approach, the effect of
the configuration parameters is next discussed. The results show the effect of each parameter on the
aerodynamic characteristics. The flow mechanisms behind the aerodynamic characteristics were also revealed.

(a) Flight testing. (b) Schematic view of flight trajectory.

Figure 1: Delta Clipper Experimental (DC-X) http://www.hqg.nasa.gov/offce/pao/History/x-33/menu dcx.htm.
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(a) Flight testing. (b) Schematic view of flight trajectory.

Figure 2: Subscale VTVL testing vehicle.
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Figure 3: Concepts of the entry type.
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2 Numerical Methods
2.1 Geometries

Body configuration considered in the present study is axismmetric basic form as shown in Fig. 4, which
has four configuration parameters; radius of the cone &pexone half-angl@ shoulder radiusks and
diameter of the base sphdReAll body configurations are shown in Fig. 5. Three sets of configurations (set
01, set 02 and set 03) are considered and their configuration parameters are shown in Tables 2, 3 and 4,
respectively. Set 01 is used for the investigation of the effect of the configuration paraRiets8, and
on the aerodynamic characteristics, Set 02 is used for the effectRfdheheCpq characteristics at = 18
and Set 03 is used for the effect of the Rs onGkecharacteristics at= 180. All geometries are non-
dimensionalized by the maximum diameter of Ehex.

Figure 4: Definition of the configuration and the parameters.

2.2 Flow solver

Compressible Navier-Stokes Equations
The three-dimensional compressible (Favre-averaged) Navier-Stokes equations in the generalized
coordinate system governing the flow of an unsteady, ideal gas can be written in the conservation-law form:
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Here,

U =&t+& xU+& YV +E W

Vo=t U+n gV +n W 3)
W = t+0 XU+ yV+{ W
Mot = Hi+M¢

m = x2+( y2+z 22
m =Zx”z +C xVz +( x™

me = Ml W@+v2+w2g /2 +Dy {1 ijn:: + gn:r [@02@ (4)

Length,p and velocity components v, w are normalized bDmax, p . andc,,, respectively.

For high-Reynolds-number flows, the viscous effects are confined to a thin layer near the wall
boundary and are dominated by the viscous terms associated with the strain rates normal to the wall.
The terms associated with the strain rates along the body surface are comparatively small and
negligible. Also, since the computational grid is highly concentrated near the body surface, resulting
in the mesh aspect ratio becoming very large, the inclusion of these terms would not change the
solution. Thus, the thin-layer approximation has been introduced in Eqgs. (1), as is typically done in
most of the Navier-Stokes computations in the past.

Compressible flow closure approximations are achieved by using Molkdwpothesis. The
pressure, density and velocity components are related to the energy for an ideal gas by the following
equation:

p=0y-fLh e—%p] w2+ V2wl ] (5)

The metrics are evaluated using second-order central-difference formulas for the interior-points.

Numerical fluxes for the convective terms are evaluated by the SHUS scheme(Simple High-
resolution Upwind Schem8), extended to high-order space accuracy by the 3rd-order upwind-
biased MUSCL interpolatidfi based on the primitive variables. The viscous terms are evaluated by
the 2nd-order central differencing. The LU-ADI factorized implicit algorihie used for the time
integration, and inner iterations are not used.

The flow-field is considered to be fully turbulent, and the Baldwin-Losakgebraic
turbulence mod&l(BL-model) with the Degani-Schif modificatio] is applied. Note that this
popular turbulence model is intensionally used as the objective of the present paper includes the
assessment of the prediction capability of the conventional CFD method.

Detached Eddy Simulation (DE®) versions of Spalart-Allmaras one equation turbulence
model8] (SA-DES model) is applied for the investigation of the effects of the turbulence model. In
the DES analysis the distance from the wall d in the SA-model is replaced by

d = min d,CpesA\ (6)

WhereA is maximum grid spacing size defined&s= max@ x, Ay, A z). When d <<A , the
model acts in a RANS mode and when d&>>he model acts in a Smagorinski LES mode. Original
constant value of ££s = 0.65 is used in the present study.
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2.3 Computational Domain and Grid

The flow-fields are assumed to be symmetric about the pitch-plane (y=0). Therefore, the computational
domain covers only half of the body. The computational mainly grid used in this study is Grick 839561
with O-O topology, as shown in Fig. 6. This small grid size is intentionally used since one of the main purpose
is to assess the capability of CFD where large number of cases could be simulated under the standard computer
environment. Other two computational grids, Grid 02 and Grid 03 are used for the grid resolution study. The
details of the computational grids are shown in the Tab. 1. The minimum grid spacing near the wall is 3.0
1095 and the computational domain ranges from -10.0 to +10.0 in all directions as shown in Fig. 7.

2.4 Body system of axes

As shown in Fig. 8a = 1805corresponds to the base entry and- ODcorresponds to the nose entry. An
anti-clockwise rotation corresponds to the direction of decreasing angles of attack. The pitching-moment
coeffcientCma is computed about the theoretical apex. The definition of the aerodynamic forces are shown in

Fig. 8.

Table 1: Details of computational grids.

Grid-Name Minimum grid spacing  § -dirn -dir{ -dir)  total grid points

Grido1 3.0x 10 (91x 53x 61) 294203 pts.
Grido2 3.0x 10 (131x 83x 116) 1261268 pts.
Grido3 3.0x 10 (171x 53x 165) 1495395 pts.

25 Flow parameters

Since the variation range pfiamis small as compared {ot which is shown in the previous studigs,is
fixed 1.0 in all the computations. Mach number ranges from 0.6 through 2.0, the angle of attack ranges from
0.0 through 18DReynolds number is 1.8 106. Consideration of the subsonic to supersonic aerodynamic
characteristics is important for the preliminary design stage, therefore aerodynamic characteristics in this speed
regime is especially focused onjdf Prur andp 1am are fixed 0.72, 0.90 and 1.0 in the present computations.

2.6 Dataprocessing

All of the aerodynamic coeffcients in the following discussions are time-averaged physical variables
obtained by the computations using local time stepping technique. The aerodynamic forces of the body are
strongly influenced by the flow unsteadiness behind the body. The lee-side pressure varies in time due to the
unsteady re-circulating wake flow behind the body. Even with the local time stepping, the flow unsteadiness
still remains. Therefore the results are averaged in time. Our experience for wide variety of the flow
simulations in the past showed that it is acceptable for the flow-fields that does not include complicated flow
structure. The estimated lee-side pressure behind the body tends to be slight higher in the computations using
the local time stepping technique.
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Table 2: Configuration parameters compared with Apollo (set 01).

case R rs rf 0 LpO Lb/Dmax

Apollo 1.195(1.0) 0.05(1.0) 0.0594(1.0) 33|0  0.831(1.000)  1.662(1.000)
case 1 1.195(1.0) 0.05(1.0) | 0.1140(2.0) | 33.0 | 0.877(1.055)| 1.754(1.055)
case 2 1.195(1.0) | 0.25(5.0) 0.1140(2.0) | 33.0 | 1.032(1.242)| 2.064(1.242)
case3a | 1.195(1.0) 0.05(1.0) | 0.1140(2.0) | 21.0 | 1.249(1.503) | 2.498(1.503)
case3b | 1.195(1.0) 0.05(1.0) 0.0594(1.0) 21.0 | 1.348(1.622) | 2.695(1.622)
case 4a | 1.195(1.0) | 0.10(2.0) 0.1140(2.0) | 33.0 | 0.880(1.059)| 1.759(1.059)
case4b | 1.195(1.0) | 0.10(2.0) 0.0594(1.0) | 33.0] 0.926(1.114 1.851(1.114)

Table 3: Configuration parameters of Case Ba34-4 compared with Apollo (set 02).

case R rs rf 0 LpO Lb/Dmax
Apollo 1.195(1.0)] 0.05(1.0)] 0.0594(1.0) 33.0 0.831(1.000) 1.662(1.000)
case 3a 1.195(1.0) 0.05(1.0) 0.1140(2.0) 21.0 1.249(1.503) 2.498(1.503)
case3a-1 | 1.195(1.0)| 0.10(2.0) | 0.1140(2.0)) 21.0 1.293(1.556) 2.586(1.556)
case3a-2 | 1.195(1.0)| 0.15(3.0) | 0.1140(2.0) 21.0 1.337(1.609) 2.674(1.609)
case3a-3 | 1.195(1.0)| 0.20(4.0) | 0.1140(2.0) 21.0 1.382(1.663) 2.764(1.663)
case3a-4 | 1.195(1.0)| 0.25(5.0) | 0.1140(2.0) 21.0 1.428(1.718) 2.856(1.718)

Table 4: Configuration parameters of Apollo, Case 5, Case 3b and Case 6 (set 03).

case R rs rf 0 Lpd Lb/Dmax
Apollo 1.195(1.0)| 0.05(1.0) 0.0594(1.0) 33.0 0.831(1.000) 1.662(1.000)
Case 5 1.195(1.0 0.05(1.0 0.0594(1.®7.0 | 1.064(1.280)| 2.128(1.280)
case 3b 1.195(1.0 0.05(1.0) 0.0594(1.@1.0 | 1.348(1.622), 2.695(1.622)
Case 6 1.195(1.0 0.05(1.0 0.0594(1.a)5.0 | 1.845(2.220)| 3.689(2.220)
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Figure 5: Configuration of the bodies.
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Figure 6: Entire view of the grid (Grid 01).

Figure 7: Entire view of the grid (Grid 01).
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Figure 8: Sketch showing body system of axes.
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3 Resultsand Discussion
3.1 CFD Validation and Discussion

CFD estimation of the aerodynamic characteristics for the Apollo at various freestream conditions are
carried out, and compared with the experimentallfftr the validation of CFD approach. The freestream
conditions used in the computations are shown in Table 5. All computations are carried out with constant
Reynolds number 1.9 1(%.

Although there exist some differences of the Reynolds number with the William et al experiment (Table
6), it was numerically shown that the effect on the aerodynamic characteristics is small since the viscous
component of aerodynamic forces are much smaller than the pressure component.

The aerodynamic coeffcients are compared in Figs. 9(a)-9(c). The present CFD results are in excellent
agreement with the experiments for all the angles of attack at whole speed regime expgctfor7 witha
H 100 The discrepancies of ti& andCma tend to be smaller wheM.. increases. Under the condition of
subsonic flow with high angles of attack, the complicated viscous separation occurs on the inclined surface of
the cone part as shown in Fig. 10(b). It is shown that the discrepancy mainly due to the poor grid resolution.
The detailed description can be seen in the Appendix A. Some effect of the grid resolution and little effects of
the turbulence model were observed at certain flow conditions. However for the preliminary stage of the
configuration design, the computed results on the Grid 01 can be considered to be suffciently reliable. The
wind-tunnel experiments were conducted for the Apollo-like configurations. Although they are not shown

here, the computed results for them are in reasonable agreement with the experimental data, maximum
discrepancy is within 0.1 for all the configurations.

Table 5: Flow conditions.

Moo 0.7,0.9,1.2,2.0

Re 1.0x 106

a 0, 15, 24, 36, 45, 60, 70, 80, 90,
100, 110, 120, 130, 144, 156, 165, 1801

Table 6: Flow conditions for William et’al exp

Moo 0.7,0.9,1.2,2.0
Re | 3.9,3.3,2.8,3.6x 106
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3.2 Effectsof configuration parameterson the aerodynamic characteristics

Based on the results in the previous section, CFD simulation is used for the prediction of the aerodynamic
forces and moments for other body configurations. The freestream conditions are shown in Table 7. Although
the flow computations are carried out fdg, =0.7, 0.9, 1.2 and 2.0, the discussions are limited to two flow
conditions,M,, =0.9 and 1.2. The computed aerodynamic coeffcients for the Apollo, Case 2a and Case 3a
against angles of attack are shown in Figs[0120 for each Mach number and in Figs.[2127 for each
geometry.

The influence of the radius of the cone apex, radius of the shoulder and the fineness ratio are discussed in
the following sections.

3.21 Base-entry aerodynamics(a =900 180'%
Effect of the Radius of cone apex
Apollo and Case 1

The difference of the configuration between the Apollo and Case 1 is the radius of the cone apex. Little
difference of the aerodynamic characteristics is observed for the base entry as expected.

Effect of the Shoulder radius

Apollo and Case 2a

The shoulder radius has significant effect on the aerodynamic characteristics for the base entry as can be
seen in Figs. 14 and 1% ()max for the Case 2a is approximately half as compared to that of the Apollo. The
computed pressure distributions and the near-surface streamlines are shown in Figs. 28 and 29 for each
geometry. The separation line is fixed at the shoulder for the Apollo because of the small shoulder radius as
shown in Fig. 28. On the other hand, the separation line is not fixed at the shoulder for the Case 2a as shown in
Fig. 29. Thus, high-pressure region appears on the base surface (area: D-A-B in Fig. 28) in case of the Apollo
and this region creates high lift.

In the Case 2a, on the other hand, there exists a high-pressure region that generates the down-force (area:
01-D, direction Fd in Fig. 29). This is the main reason of the dtpdl the Case 2a. In both cases, the base
region mainly creates lift, and thuS, takes its peak value arouisd = 135” as shown in Figs. 22(b) and
24(b). The angle of the flow direction against the base surfacéliat4bis attack angl€p for the Case 2a is
smaller than that of the Apollo between= 1407 and 18@atMm =0.9 and 1.2 (Figs. 14(b) and 15(b)). In the
Case 2a, the pressure level behind the body is high as compared to that of the Apollo due to the large shoulder
radius, resulting in the small magnitude of CA in the Case 2a as shown in Figs. 18(a) and 19(a). This is the
main reason for smallp in the Case 2&Cp for the Case 2a is plotted in Fig. 24(a) for each Mach numbers.
There exists a significant Mach number dependency i€theariations, although Mach number dependency
are small for the Apollo as shown in Fig. 22(a). This is mainly due to the complicated separation flow and the
pressure level variation behind the body. In the transonic flows, there occur local shock waves near the
separation point. The appearance of local shock waves chang&scharacteristics at transonic flow regime.

Note that there occurs flow unsteadiness both in the computations and experiments in the transonic regime.
Effect of shoulder radius on tl@&na is observed in Figs. 14(c) and 15(c). In case of the Apollo, the magnitude

of theCma is very small around = 180" In the Case 2a, the pressure distribution on the surface changes in
the axial direction with the angle of attack due to the large shoulder radius as shown in Fig. 29, resulting in the
difference of the pitching moment characteristics.

Effect onCpo(Case 3, 3a-11 3a-4)
Effect of the shoulder radius on tBgo(a = 18(% is also investigated for the four configurations, Case
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3a-100 3a-4. Radius of the cone apBx, diameter of the base sph&eand the cone half-ang are same

as those of Case 3a. Other parameters are shown in Table 3. The shoulder radius of Case 3a-1, 3a-2, 3a-3 and
3a-4 are 2, 3, 4 and 5 times larger than that of the Case 3a. Flow conditions are shown in Table 8, and the
computedCpo are shown in Fig. 30(a). The averaged presBareworking on thesurface: S1 behind the body

is plotted against Mach numbers in Fig. 30(b). Surface:S1 is defined as shown in the sameafigimeall

the configurations rapidly decreases linearly until the freestream becomes supersonic. If the freestream
becomes supersoniBave still continues decrease and its variation becomes gradual. The variationGpfothe
against Mach numbers is strongly related to the variation oP4itee In addition,Cpo is small at all Mach
numbers for the configuration which has the large shoulder rattigsdecreases by roughly 010%.1 when

shoulder radius becomes two times larger. In total, the shoulder radius has strong effect on the lee-side
pressure distributions so that the aerodynamic force changes especially in the axial direction.

Table 7: Flow conditions.
M., 0.7,0.9,1.2,2.0
Re 1.0x 106
0, 15, 24, 36, 45, 60, 70, 80, 90,
100, 110, 120, 130, 144, 156, 165, 180

O

Table 8: Flow conditions for Case 3ai13a-4.
Moo 0.70, 0.90, 0.95, 1.05, 1.10, 1.20, 1.50, 2.00
Re 1.0x 106
a 180.0

Effect of the Finenessratio (cone half-angle)

Apollo and Case 3a

As Apollo and Case 3a have the same base geometry, the aerodynamic characteristicstbetvidén
and 186’ is estimated to be similar. Effect of the lee-side configuration on the aerodynamic characteristics
appears as the angle of attack decreases.

As the cone half-angle is small in the Case 3a, aerodynamic characteristics of the Case 3a tend to be
influenced by the lee-side configuration at earlier angle of attack. The influence tends to come out earlier when
the Mach number is high. The computed pressure distributions for the Apollo and the Chke 3 &t2,a
= 144 are shown in Figs. 31(a) and 31(b). In both cases, high-pressure region appears on the cone part due to
the freestream. Since the pressure level of the Case 3a is higher than that of the Apollo, down-force in this
high-pressure region is larger for the Case 3a resulting in sn@allefhe magnitude of th€ma begins to
increase rapidly at = 144-for M, = 0.9 (Fig. 14(c)) and at = 156 for M, = 1.2 (Fig. 15(c)), as the
down-force on the lee-side surface creates large pitching mo@ent.the Case 3a is larger than that of the
Apollo betweern = 90 and 136 as shown in Figs. 14(b) and 15(b). This occurs mainly due to the difference
of the area of the projection. The area of the projection is plotted for each configurations in Fig. 32. The area
of the projection for the Apollo has minimum valueoat= 90—, however, that for Case 3aat= 90-is 30
percents larger than that for Apollocat= 180"
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Summary of the Base entry aerodynamics
Effects of the configuration parameters on the base entry aerodynamic characteristics are summarized bellow.

-

Figure 11: The structure of flow-field for Case3b M, =1.2,a = 144D.

Radius of the cone apex
« Radius of the cone apex has little effects.

Shoulder radius
e Low C (L/D).
 Strong Mach number dependencies of the aerodynamics.
 Pressure level behind the body decreases with shoulder radius, resulting in decrease of Cpo.

Finenessratio
e Low C (L/D).
* Large Cma.
« Different CL and Cp characteristics.

3.22 Noseentry aerodynamics(a =00 QOD)
Effect of the Radius of cone apex

Apollo and Case 1

Ca and Cy characteristics for the Apollo and Case 1 are shown in Fig. 27(a). Ca variations for the Apollo
and the Case 1 are amost same at M., = 1.2 but some difference is observed at M., = 0.9. Little differenceis
observed in the Cy variations at M, =0.9 and 1.2. This indicates that Cy is not sensitive for the change of the
radius of the cone apex. The radius of the cone apex has little effect on the Crna @ M, =0.9 and 1.2 as shown
in Fig. 27(b).

Effect of Shoulder radius

Apollo and Case 2
The effect of the shoulder radius on the nose entry aerodynamic characteristics is expected to be small
and therefore is not discussed.
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Effect of the Finenessratio (cone half-angle)

Apollo and Case 3a

Effect of the fineness ratio exists both in ieandCpvariations at all the angles of attack, from= 0
to 9d] as shown in Figs. 14 and 16, for the Case 3a is about three times larger than that for the Apollo
betweena = 0 and 40. High-pressure region is generated on the windward surface behind the strong
detached shock wave as shown in Fig. 33(c)(area: B-C direction:F2), and the pressure component to the lift is
larger than that of the Apollo due to its small cone half-angle (Apollo; 8ase 3a: 21). This is the main
reason for the larg€L in the Case 3a. Variation of tli® against the angles of attack is almost linear in the
Case 3a. On the other hand, @efor the Apollo has strong dependency on the Mach number, which is non-
linear betweem = 0 and 40 (Figs. 14(a) and 15(a)).

The computed surface pressure distributions in the symmetry plane for the Apollo at the condition of base
entrya = 156~ and nose entrg = 24~ are shown in Figs. 34(a) and 34(b), all the pressure distributions are
normalized by the stagnation pressure p0. As shown in Fig. 34(a), the lee-side pressure distributions are
constant (region: A-B and D-A; cone and cone-apex part) and decrease with the Mach number, while the
windward pressure distributions are constant and do not change with the Mach number. There exist little
Mach-number dependencies of the aerodynamic characteristics for the base entry conditions. On the other
hand, for the nose entry conditions, the pressure distributions change not only in the lee-side base-region
(region: A-B and D-A) but also in the lee-side cone-part(C-D) as shown in Fig. 34(b). In addition, the pressure
level in the lee-side cone-part strongly depends on Mach numbers. The aerodynamic characteristics at the nose
entry conditions, therefore, have high Mach number dependency. In the Ca3eiBagupersonic flow
becomes smaller than that for the subsonic and transonic flows. The pressure distributions on the body surface
in the symmetric plane are shown in Fig. 35 (The A-D shown in Fig. 33(c)). The pressure level in the base
region B-A-D forM, = 1.2 is significantly low as compared to that kb, = 0.9. As a resultC, for My, =
1.2 becomes lower than that fiek, = 0.9 (Figs. 14(a) and 15(a)). There exist large difference between the
variation ofCp for the Case 3a and the ApolloM}, = 1.2 as shown in Fig. 15(a). This can be explained by
the Newtonian Impact theory, and there exists the difference of the area of the projection and the direction of
the normal vector of the surface to a freestream. Figure 32 shows that the projection area for the Apollo has
minimum value att = 9OD. On the other hand, Case 3a has a maximum Vahﬂe:’ngD and is 30 % larger
than that for the Apollo att = o". Effect of the fineness ratio can be clearly observed inGhe
characteristics shown in Figs. 14(c) and 15(c). In the Case 3a, the magnitude€ph thewo times larger
than that of the Apollo in both conditionsMf, =0.9 and 1.2. In the Case 3a, the magnitude of the CN is large
due to the small cone half-angle, and specific arm length for pitching moment is longer compared to that for
the Apollo. These are main reasons for the |&ggfor Case 3a.

Effect on theCpg(Apollo, Case 5, 3b, 6)

Effects of the fineness ratio on tBgo(a = OD) characteristics are also investigated for the four types of
configurations, Apollo, Case 5, 3b and 6. Radius of the coneRgpediameter of the base sphd&tand the
shoulder radius rs are same as those of Apollo. Other parameters are shown in Table 4. Flow conditions used
in the computations are shown in TableC8o for all the configurations rapidly increase until the freestream
becomes supersonic as shown in Fig. 36(a). Once the freestream becomes suPetstatkies its peak value
and begins to decrease gradually with the Mach numbers. The Mach number for tBppeagends on the
fineness ratio of the body (ApolldM, =1.4, Case 5M,, =1.2, Case 3bM. =1.15 and Case 6V, =1.10).
The result indicates that tl@po takes its peak value earlier for the configuration with the large fineness ratio.
In addition,Cpo becomes large in all the Mach numbers for the configuration which has the small fineness
ratio, Cpo increases by roughly 0.1 at subsonic conditions, 0.2 at supersonic conditions when cone half angle
increases by 6. The pressure distributions p/pare shown in Figs. 37(a)-37(d) for the Apollo and the Case
3b. As shown in Figs. 37(a) and 37(b), the pressure level decreases in the base-region with Mach number and
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increases in the windward region for the Apollo and the Case 3b when the flow is subsonic. Some is true for
the supersonic flows as shown in Figs. 37(c) and 37(d). There exist little difference of the pressure level of the
base-region between the results for the Apollo and the Case 3b. There exists significant fineness ratio effect on
the pressure distributions of the windward region. The pressure level for the Apollo is larger than that for the
Case 3b and that the main reason for the large Cpo for the Apoallo.

Table 9: Flow conditions for Apollo, Case 5, 3b,
Moo 0.70, 0.90, 0.95, 1.05, 1.10, 1.20, 1.50, 2.00

Re 1.0x 106
a 0.0

Summary of the Nose entry aerodynamics
Effects of the configuration parameters on the nose entry aerodynamic characteristics are summarized

bellow.

—
e
': Kriulpng

Figure 12: The structure of flow-field for Case3bM,, =1.2, a = 36

Radius of the cone apex
» Ca characteristics changes only when the flow is subsonic, which increase with radius of the cone apex.
« Cn characteristicsis not sensitive for radius of the cone apex.

Shoulder radius
« Shoulder radius haslittle effects on the nose entry aerodynamics when 000< o < 60[]

Finenessratio
« High C_ (L/D).
* Large Cma.
- Different C_ and Cp characteristics.
» Cpoincreases by roughly 0.1 at subsonic conditions, 0.2 at supersonic conditions when cone half-angle
increases by 601
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4 Summary and Conclusions

CFD capability for the aerodynamic estimation of the basic SSTO-rocket configurations were
investigated and discussed. The computed aerodynamic data for the Apollo and Apollo-like configurations
showed good agreement with the experiments. CFD aerodynamic analysis can be considerdtcteriy su
reliable for the preliminary design stage of the vehicle configuration.

Effects of the configuration parameters on the aerodynamic characteristics were numerically investigated.
Radius of the cone apex influences only on@kavhen the flow is subsonic or transonic and has littlece
on theCy andCr.

The shoulder radius strongly influences on the position of the separation line and the lee-side pressure
level so that the aerodynamic characteristics significantly changes. The separation line is not fixed at the
shoulder having large radius and the local shock wave appears near the separation point at the transonic
conditions resulting in the strong Mach number dependencies of the aerodynamic characteristics at the base
entry conditions.

High pressure region appears on the cone surface due to the small cone half-angle on the conditions that
the fineness ratio is large at base entry. The down-force is generated in this region resulting@n amall
compared to that for the body which has the smaller fineness ratio. On the other hand, at the nose entry
conditionsCi becomes larger as the aerodynamic force working on the wind-side mainly contributes to the
lift. Cma becomes larger in both the conditions as the specific arm length becomes longer. The fineness ratio
has little éfect on the lee-side pressure level but significéfieceon the wind-side pressure levetiat= 0]

5 Database of Aerodynamic characteristics

All aerodynamic data are available from http://flab.eng.isas.ac.jp/ssto_aero/.
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A. Grid resolution and Turbulence model dependency

The grid resolution study is carried out and the grid resolution required to resolve the flow-field for the
Apollo configuration is discussed. The flow conditions are shown in Table 10, subsonic flow is considered as
the discrepancy mainly existedMt, = 0.7 in the result above. The computed results on the Grid 02 and Grid
01 are shown in Figs. 38(a)-(c). The result shows the discrepancy with the experiment is reduced and the
agreement becomes good. The flow separation line moves upstream comparing with the results on the Grid 01
in the computation the Grid 02. As a result, the aerodynamic characteristics is better predicted in the
computation on the Grid 02.

Effects of the grid resolution and the turbulence model are investigated also at the condittior 67,
o =00 Since the higher grid resolution is required for the DES(Detached Eddy Simulation) antbcisife
the turbulence model is investigated based on the results with Grid 03 using global time stepping. Time-
averaged Mach number contours and stream lines limited in the symmetric plane are shown in Figs. 39 (a)-(c).
Time-averaged pressure distributions in the symmetric plane are shown in Fig. 40. There exists large
difference of the flow structure in the re-circulating region between the results on Grid 01 and Grid 03 with the
BL model as shown in Figs. 39 (a) and (b). The stagnation point for Grid 03 moves further downstream than
that for Grid 01. The re-circulation region is smaller and is located far from the body for Grid 03. As a result,
the lee-side pressure level becomes higher than that on Grid 01 as shown in Eigwé8.better estimated
with the fine Grid 03 as shown in Table 11. The result indicates that the CFD solutions on the coarse grid
typically under-predict the leeward pressure levels, resulting in higher drag coeffcients. Little difference of the
flow structure is observed in the computation with the BL model and SA-DES model as shown in Figs. 39 (b)
and (c). The stagnation point in the recirculation region obtained with the SA-DES is located slightly
downstream as compared to that of the BL model. The stagnation point of SA-DES model is located slightly
downstream comparing with the BL model. In addition, the wake flow of SA-DES model is narrower than that
of the BL model. Slight improvement of ti@ prediction was obtained in the calculation with the SA-DES
model as shown in Table 11.

Table 10: Flow conditions for grid resolution study.

M., 0.7
Re 1.0x 106 o
a 60, 70, 80, 90, 100, 110

Table 11: Comparisons of computédM« = 0.9 = OD.

Turbulence model Grid name CA
Experiment N/A 0.6111
BL model Grid 01 0.6864
BL model Grid 03 0.6560
SA-DES model Grid 03 0.6383
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