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Novel Approach for Maneuvering Reentry Vehicle Design
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A novel approach to the design of a trajectory-shaping reentry vehicle is proposed. The design takes advantage
of readily available aeroshells and control devices. The idea is to use existing hardware with minimal changes to
the substructure to perform the maneuvering mission at a minimum cost. Most of the new hardware required to
perform the maneuvering � ight is available as commercial-off-the-shelf items. One distinguishing feature of the
present design is that the basic aerodynamics of the reentry vehicle are not affected by the control devices during
the lifting maneuvers. The fuel required to conduct the glide/evasion is kept to a minimum; at the same time the
reentry vehicle can attain large angle of attack if needed. The basic concept of the approach is 1) to place the
reentry vehicle center of mass at the aerodynamic center and 2) to insert four to six reaction jets at the reentry
vehicle base as close to the centerline as possible. Wind-tunnel tests and numerical computations were performed
to substantiate the present design.

Nomenclature
A = reference area
ALPP = angle of attack, deg
CN® = slope of normal force coef� cient
d = jet nozzle throat diameter
Fjet = jet thrust force
h = altitude or distance from nozzle exit to Mach disk
L = total body length
` = distance between base-mounted jet and

missile/reentry-vehiclecenter of gravity
Me = Mach number at the boundary-layeredge
M1 = freestream Mach number
pambient = ambient pressure or reference pressure
p� are = static pressure on the � are
pwall = surface pressure
p0; p0c = jet stagnation pressure
p0e = stagnation pressure in the shock layer at the edge

of the boundary layer
q1 = freestream dynamic pressure
Re = freestream Reynolds number per foot
rB = body base radius
rC = body cylinder radius
SM = static margin, X cp– XCG

TT = freestream total temperature
XCG = axial distance measured from nose stagnation point

to reentry vehicle’s center of mass
X cp = axial distance from nose stagnation point

to reentry vehicle’s center of pressure
x = axial distance
°e = speci� c heat ratio of shock-layer gas
° j = speci� c heat ratio of injected gas
µ = cone half-angle, deg
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Introduction

T HERE are many existing control concepts that can be used
in designing a trajectory-shaping reentry vehicle (TsRV), for

example, variable � are geometries,multi� aps/split windward � aps,
aileron/� n devices, swivel nose/radial moving mass, and frustum-
mounted jets. All of these TsRV designs have their advantagesand
disadvantages.One of the disadvantagesshared by all of these con-
cepts is that the basic bare-body aerodynamic coef� cients are af-
fected by the addition of the control devices.

Figure 1 illustrates the � ow� eld around a frustum-mounted jet.
The jets have the potential to induce boundary-layer separation,
strong viscous � ow, and shock-layer interaction.The viscous inter-
actions are stronglyaffectedby the state of the boundary-layer� ow,
that is, whether it is laminar, transitional, or turbulent. Separated
� ow can increase local heating, creating an issue for the thermal
protectiondesign,and ultimatelyan increasein reentryvehicle (RV)
weight.

One disadvantage of frustum-mounted jets or multi� aps is that
the � ow� eld can be inherently unsteady if the boundary layer is
separated. The aerodynamic coef� cients can be dif� cult to pre-
dict because they depend highly on the Reynolds and Mach num-
bers. Extensive wind-tunnel tests are required to nail down the ba-
sic trim aerodynamics. In most cases ground-test facilities cannot
duplicate the � ight environments (e.g., the Reynolds-number and
Mach-number similitude, etc). Consequently, only expensive and
time-consuming � ight tests can truly validate the aerodynamics.

A new design approach is presented in this paper, which employs
a different control mechanism. The salient featuresof the presented
design are that it can use existinghardwaresuch as the aeroshelland
control devices. The control devices are available as commercial-
off-the-shelf items. Wind-tunnel testing can be kept to a minimum
because the aerodynamiccoef� cients are well known for the simple
conic bodies. Finally, the fuel required to perform the maneuvering
mission (e.g., large angle of attack or long lifting � ight time) can
be kept to a minimum. This is possible because the aerodynamic
uncertaintiesare small, and only small control forces are needed to
perform large angle-of-attackmaneuvers.

Basic Design
The basicdesignemploysan axialmovingmass to place theTsRV

center of gravity (XCG) at its center of pressure (Xcp) position.1

Figure 2 illustrates the present design approach.Under this arrange-
ment the TsRV staticmargin can be maintainedat almost zero value.
Four jet reaction controls (JRC) are placed at the base of the TsRV
to induce the necessary trim force to perform lifting � ight. Two
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Fig. 1 Environmental shadowgraph of a typical jet interaction and sketch of � ow� elds and pressure distribution (frustum-mounted jet).

a)

b)

Fig. 2 New control concepts for maneuveringvehicle design: a) SM > 0
and b) SM < 0.

additional control jets are placed on the TsRV base to control roll
position.

With this arrangement, it is possible to obtain a large angle of
attack with very small jet thrust, that is,

® D
· Fjet`

CN®
q1 A.SM /

(1)

where ® is the desired angle of attack, ` D L – XCG, and · the ampli-
� cation factor.

As the static margin approaches zero by the proper actuation of
the axial moving mass (i.e., SM ! 0), the required JRC thrust can

become very small, Fjet ! 0. In fact, very large angle of attack ®
can be achieved even with small JRC thrust. Therefore, one can
minimize JRC fuel consumption or RV weight. In principle, the
JRC can be � red for jets located on the leeward plane when the
static margin is positive (SM > 0; Fig. 2a) or for jets located near
the windward plane when the static margin is negative (SM < 0;
Fig. 2b). The advantage and disadvantage of these two approaches
will be discussed later.

The TsRV aeroshell can be any existing conic or biconic body
with suf� cient payloadcapabilities.It is particularlyattractiveto use
decommissioned reentry vehicles because their basic aerodynamic
coef� cients are known through � ight experience.The hardware for
JRC control can be purchased as commercial-off-the-shelf items.
The design and manufacture of the axial moving mass is not a triv-
ial task. The hardware must withstand the maneuvering axial and
lateral loads duringascent and reentry � ight, and it must actuate fast
enough to perform the desired command. But the task is straightfor-
ward. A prototype of axial moving mass hardware design has been
demonstrated by Textron.1

It must be emphasized that the present approach can be applied
to any aerodynamic frame, regardless of its lift-to-drag (L/D) ra-
tio or range of � ight Mach-number regime. The body cross section
does not have to be circular or axisymmetric. The control algo-
rithms can be skid-to-turn or bank-to-turn. Another important ad-
vantage of the proposed design is its fast lifting force reaction time
because TsRV static margin can be made as small as the design
allows.

Concept Validation
One of the important requirements for the proposed design is

that excursions of the center of pressure during � ight in response
to control commands must be well behaved in order to easily
keep XCG ¼ XCP. In other words, the RV c.p. position should be
a known function of Mach number, Reynolds number, and angle of
attack. It should not be strongly affected by the Reynolds number
or boundary-layertransition phenomena. More importantly, shock-
layer � ow separation should be avoided, if possible. This require-
ment can be met by locating the jet nozzles at the TsRV base and
recessingthembelowthebaseshoulder,so that thepenetrationof the
jet plume will not affect the RV frustumshock layer.An engineering
criterion is proposedherein to provideguidelineson positioningthe
base-mounted jets. First, we shall de� ne the � ow regimes and then
delineate the rationale for specifying the optimum JRC locations.

Three primary � ow regimes have been identi� ed for the baseline
design thruster location. These � ow regimes, and the methodology
used to compute the plume Mach disk location and the plume pen-
etration height into the shock layer, are delineated as follows.

Regime 1
The Mach disk is located within the base recirculation region

(Fig. 3).
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Table 1 Leeward meridian Mach disk location and penetration height for � ight conditions
(RB = RV base radius = 15.8 in., d = 1.03 in., p0 j = 400psi)

h.1/ h.2/

Altitude, P� are , (Pa D Pbase ), (Pa D P� are ), h.3/,
kft M ® Me psi in. in. in.

72 19.0 4.7 4.75 6.770 17.22 5.11 1.86
66 20.9 1.6 5.00 18.48 15.00 3.10 1.02
43 13.2 9.9 4.70 3.130 8.700 7.50 2.90
34 12.7 7.6 4.54 13.90 7.00 3.60 1.32

Fig. 3 Regime 1.

Fig. 4 Regime 2.

Fig. 5 Regime 3.

The position of the Mach disk can be approximately estimated
from the Crist et al. correlation2 for a jet exhausting into a quiescent
gas, that is,

h=d D 0:645.p0=pambient/
0:5 (2)

In this � ow regime pambient is taken to be the base pressure, and we
estimate it to be roughlyequal to p1, dependingon the jet injection
rate. This approximation (pbase ¼ p1/ appears to be supported by
wind-tunnel tests, as will be discussed later.

Regime 2
The Machdisk is locatednear theRV baseshoulder(Fig. 4). There

is signi� cant lateralde� ectionof the base-� ow separatedshear layer
but negligible � ow interference with the � ow in the frustum shock
layer. In this � ow regime the Mach disk location can be approxi-
mately estimated from Eq. (2) with pambient D p� are, where p� are is
the undisturbed RV frustum pressure.

Regime 3
The Mach disk is located well above the RV shoulder region and

starts to perturb the frustum shock layer (Fig. 5). Flow separation
upstream of the plume causes higher pressure on the frustum and
signi� cant � ow interference.The penetrationheight measured from
the nozzleexit can be approximatelyestimatedfromthe Zukoskiand
Spaidcorrelation3;4 for lateral injectioninto a supersonic/hypersonic
shock layer. The correlation yields

h3
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where Me is the Mach number at the boundary layer edge in the
meridian plane of the thruster and pe is the � are pressureat the base
shoulder in the meridian plane of the thruster (i.e., pe D p� are).

The procedure used to compute the baseline design Mach disk
location and jet penetration height at various trajectory points is as
follows: At each critical � ight condition plume penetration heights
are � rst computedusing the regime 1 correlation[Eq. (2)]. When the
computedpenetrationheight is bigger than the nozzleexit offsetdis-
tance below the RV’s shoulder, the Mach disk position is computed
using regime 2 and regime 3 correlations. If the penetration height
is less than the nozzle offset distance, there is no jet-interaction
plume perturbation on the reentry vehicle forebody aerodynamics.
The only perturbation is the slight axial-force coef� cient reduction
produced by nozzle plume impingement on the base.

Table 1 illustrates the procedure used to estimate the Mach disk
location.In this example, the jet stagnationpressureis p0c » 400psi,
and ° j D 1:2. For all casesconsidered,the inviscidshock-layerprop-
erties Me and pe were evaluated at the RV aft station using Hall and
Sontowski’s three-dimensionalinviscid � ow � nite differencecode.5

The thruster is located on the leeward meridian because the surface
pressureis lowest at the leeward meridianand the penetrationheight
is largest.

For the example consideredin Table 1, the nozzle exit is recessed
6 in. below the shoulder of the RV base. The location of the Mach
disk h.1/, or the penetration height into the leeward shock layer, is
� rst computed using Eq. (2) with pb ¼ p1 in Table 1. Everywhere
h.1/ is greater than the nozzle offset distance of 6 in. With h.1/ > 6
in., it is possible to test on values of h.2/ and h.3/. If h.2/ is less than
6 in., then there is no penetration into the frustum shock layer, and
the Mach disk is predicted to be locatedat the base shoulderwith the
pressure downstream of the disk at the same level between pe and
pB . This criterion is met by all cases considered in Table 1 except
at 43 kft altitude (where h.2/ D 7:5 in. > 6:0 in.). Some degree of
shock penetration is predicted for this case. Examination of values
of h.3/ from the Zukoski–Spaid correlation shows that h.3/ is less
than 6 in. for all of the � ight conditionsconsideredin Table 1, so that
no signi� cant shock-layerpenetrationis predictedusing Eq. (3). For
the case of h.2/ > 6 in. (and h.3/ < 6 in.), the Mach disk probably
extends past the shoulder somewhat, with pambient slightly greater
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than pe , but with insuf� cient shock-layer penetration to produce a
strong normal shock upstream of the plume. In the event that the
calculatedh.3/ is larger than the nozzleoffsetdistance,one caneither
lower the jet chamber pressure, move the nozzle inward, or � re the
jet at the windward meridian. The empirical correlations de� ning
the three � ow regimes will be checked with the wind-tunnel tests,
as discussed later.

The selection of nozzle exit position is important because it can
minimize the aerodynamicuncertaintiesas compared to the case of
frustum-mounted JRC. Additionally, the aerodynamic coef� cients
of the RV are unalteredfrom the original reentry body’s aerodynam-
ics. Therefore, no new wind-tunnel tests are required to de� ne the
TsRV aerodynamics as would be needed for TsRV with � aps, � ns,
frustum-mounted jets, or bent cone.

Numerical Simulations
To validate our design concepts, wind-tunnel tests and compu-

tational � uid dynamics (CFD) were performed. Three-dimensional
inviscid � ow,5 parabolized Navier–Stokes, and Navier–Stokes for-
mulation [e.g., Generalized Aerodynamic Simulation Program
(GASP)6 and Advanced Aerothermal Algorithm (AAA)7 codes]
were used to estimate the complex � ow� elds for a RV at angle
of attack with base-mounted jets located at the leeward and wind-
ward planes. Both laminar and turbulent � ow with equilibrium air
conditions were calculated.

For the GASP code the numerical grid was constructed with
GRIDGEN and six zones; 467,154 cells were used in most of
the calculations reported here. Grid re� nements with 1:5 £ 106 and
930,300 cells were carried out at 9-deg angle of attack and hyper-
sonic � ow to ascertain the numerical convergence.The three sets of
grid systems gave comparable results.

For wind-tunnel simulations, no slip, constant surface temper-
ature, and no wall ablation boundary conditions were speci� ed.
The jets were simulated by specifying a 10-deg divergent nozzle
exit condition.The Baldwin and Lomax algebraic turbulencemodel
was used in most of the numerical computations, although the two-
equation k–" turbulence model was also used to compare with the
turbulentalgebraicmodel results. The numerical results of the CFD
codewere alsovalidatedwith wind tunneldataaswill be shownlater.

Data on a sphere-cone-cylinder-� are (SCCF) body geometry are
presented here to illustrate the new design approach. The con� gu-
ration is shown in Fig. 6a .rB D 15.9 in., rC D 9:5 in., µ1 D fore cone
angle D 20 deg, µ2 D 0 deg, and µ3 D � are angle D 15 deg).

Figure 6b depicts the pressure contours (isobar) on the SCCF at
80 kft altitudewith the JRC � ring in the base region. The freestream
Mach number is 22, and the angle of attack is zero. The correspond-
ing velocity vector projection is shown in Fig. 7. The numerical re-
sults indicateno jet plume penetrationinto the � are region. Figure 8
depicts the surface-pressure distribution on the vehicle surface. It
shows that the wall pressure is the same, with or without the base-
mounted jets. The interaction of the plume Mach disk and the hy-
personic shock layer takes place away from the body, where the
pressure can be very high as shown in Fig. 6.

Results at 10-deg angle of attack and altitude 80 kft are given in
Figs. 9–11. Herein, the JRC is located at the leeward meridian. At
this high altitude and relatively large angle of attack, the leeward
� ow� eldsstart to be affectedby theMachdiskpenetration.Figure10
shows that the boundary layer in the rear � are region is separated at
the leewardplane.The adversepressuregradient,observedalong the
leewardmeridian, is another indicationof upstreamin� uence by the
JRC plume (Fig. 11). Consequently, the basic aerodynamics of the
trajectory-shapingvehicle could be affected by the � ow separation.
One way to obtain high angle of attack without the jet interference
is to place the jets at the RV base on the windward plane, and move
the c.g. slightly behind the c.p. (i.e., SM < 0; see Fig. 2b). In this
way, according to our CFD results, no boundary-layer separation
would occur, even at 20-deg angle of attack and at altitudeof 80 kft.

Wind-Tunnel Tests
The CFD computations were compared with wind-tunnel tests,8

which were conducted at Arnold Engineering Development Center

Fig. 6a Representative numerical grids used in the CFD calculations.

Fig. 6b Pressure contour near reentry vehicle base region (® = 0 deg).

(AEDC) in Tullahoma, Tennessee, in May 1999. Tests were run in
Tunnel B at Mach 8 and Tunnel A at Mach 4 conditions.Both lam-
inar and tripped turbulent � ow conditions were employed. Several
boundary-layer trip heights varying from 10 to 100 mils were ex-
plored. Most of the measurements were conducted with boundary
trip height of 78 mils located aft of the nose-tip region.

The test model was a 40% subscale con� guration of a represen-
tative reentry vehicle (i.e., a multiconic body with base radius of
rB D 15:9 £ 0:4 D 6:36 in.; Figs. 12a and 12b). The base-mounted
jets were arranged in several locations (Fig. 12c) below the base
shoulder to test the engineering relations [i.e., Equations (2) and
(3)] for Mach disk location.

The test measurements consisted of force and moment, surface
pressure, heat transfer, and � ow visualization. The high-quality
shadowgraphimages canshowdetailsof thrusterplume-shock-layer
interaction, embedded shocks, and, in some cases, � ow separation.
One representative example is shown in Fig. 12d, which reveals a
complex � ow pattern near the RV base region with plume-shock
layer interaction.

Wind-tunnel conditionswere carefully selected to achieve simil-
itude of jet plume interactioneffects in the ground-testfacility.This
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Fig. 7 Velocity vector projection near the RV base at h = 80 kft and
® = 0 deg, showing no frustum boundary-layer separation.

Fig. 8 RV surface pressure at h = 80 kft and ® = 0 deg, showing no
in� uence of base-mounted jet upon the wall pressure.

Fig. 9 Pressure contour near reentry vehicle base region (® = 10 deg).

Fig. 10 Velocity vector projection near the leeward plane at
® = 10 deg. (Boundary layer is separated near the end of leeward � are.)

Fig. 11 Surface-pressure distribution at ® = 10 deg and h = 80 kft,
showing JRC interference and leeward boundary-layer separation.

requires the replication of the ratio of p0c=p0e:

.p0c=p0e/� ight D . p0c=p0e/wind-tunnel

This ratio was varied over a large range in the test program, cov-
ering altitudes from sea level to over 120 kft. This experiment thus
provides an extensive aerodynamic interactiondatabase for vehicle
angles of attack from C9 (windward thrusters) to ¡12 deg (leeward
thrusters). Several nozzle designs/positions were tested. Tests were
performed for single and dual pitch/yaw thrusters, and with a single
pitch thruster operating with a roll control thruster.

Air was used as the injected gas. In � ight ° j D 1:2, whereas in
the tunnel tests ° j D 1:4. Based on the Zukoski–Spaid correlation,
for a given pressure ratio, the penetration height in the tunnel tests
is larger than in � ight by the ratio (1.4/1.2)1=2 D 1:08.

The experimental measurement uncertainties at AEDC Tunnels
A and B are given as follows: the surface-pressuregauge will give
a 5.2% accuracy on the readings in the range of measurement in-
terest. For heat-transfer rate data, the quoted uncertainties are 5%
in the nominal range of 0.5 to 10 Btu/(ft2 s). There were many
repeated runs to establish data repeatability. The uncertainties on
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Table 2 Mach disk location and plume penetration heights for AEDC wind-tunnel conditions (p1 = 0.071 psia)

pe, p0c ,
M1 ® psia Me psia h.1/ h.2/ h.3/ Comments

8 0 0.46 2.81 60 7.5 2.95 1.841 No jet interference (h < 2:4 in.)
8 6 (lee) 0.22 3.256 60 7.5 4.26 2.32 No jet interference (h < 2:4 in.)
8 6 (wind) 0.903 2.435 60 7.5 2.1 1.50 No jet interference (h < 2:4 in.)
8 9 (lee) 0.157 3.44 60 7.5 5.0 2.61 Jet interference (h > 2:4 in.)
8 9 (wind) 1.235 2.257 60 7.5 1.80 1.38 No jet interference (h < 2:4 in.)

Fig. 12a AEDC Wind-Tunnel model con� guration (rB = 6.36 in., µ1 =
20 deg, µ2 = 0 deg, µ3 = 15 deg).

Fig. 12b Wind-tunnel test model (40% subscale con� guration).

the freestream parameters are Mach number 8 § 0.03 at Tunnel B
and4 § 0.02 at TunnelA andReynoldsnumber3.0EC 6 § 3.3EC 4
at TunnelB. The accuracyon force andmoment coef� cientmeasure-
ments is 3 and 5% of the maximum measured values, respectively.

First, the estimate of Mach disk location for a base-mounted jet
was validated.Table2 depictsthecomputationsof Machdiskheights
h.1/, h.2/, and h.3/ for AEDC Tunnel B (M1 » 8/ as discussed ear-
lier [e.g., Eqs. (2) and (3)]. The numerical results in Table 2 indicate
that there is no plume interference on the frustum � ow� eld except
at a leeward plane at angle of attack of ® D 9 deg (with the jet � r-
ing toward the leeward side). The AEDC Tunnel B wall pressure
and schlieren photograph observations discussed in the following
paragraphsappear to correlate with the approximate empirical cor-
relation. This indicates that Eqs. (2) and (3) can be used to place the
base-mounted jets in order to avoid JRC � ow interference.

Figure 13a depicts the Tunnel B, Mach 8 measured surface-
pressure distribution at the leeward plane at zero angle of attack
with various jet stagnationpressures (i.e., p0c D 0 to 277 psia). Un-
der all conditions the frustum pressure is not affected by the opera-
tions of the JRC even at the highest p0c D 277 psia. Comparing the
wind-tunnel data with predicted wall pressure without jet injection
indicates that JRC operation does not affect basic TsRV aerody-
namics. Tunnel B results are similar for jet operation at the leeward
plane at ® D 6-deg angle of attack (Fig. 13b). Again, there is no jet
plume interference on the frustum � ow� elds for all jet stagnation

Fig. 12c Aft view of model base: thruster locations.

Fig. 12d Tunnel B test shadowgraphs: M1 = 8, ® = ¡¡9 deg, jet “A”,
and p0c = 120 psi.

pressures considered in the AEDC Tunnel B test matrix except at
the highest jet stagnation pressure p0c D 278 psia.

Jet interaction effects were also considered for angle of attack of
9 deg, with the jets � red at either the windward or leeward plane.
Those tests showed that frustum surface pressure is not affected on
either the windward or leeward side by jet operation in the base
region for windward thrust at ® D 9 deg (Figs. 14a and 14b) at all
jet stagnation pressure values p0c considered in the AEDC Tunnel
B experimental matrix. On the other hand, the surface pressure on
the leeward plane was altered by leeward thrust at ® D ¡ 9 deg and
JRC chamber pressure p0c > 119 psi (Fig. 14d). The perturbations
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Fig. 13a Wind Tunnel B surface-pressure distributions: ® = 0 deg.
(Reaction jets are � red at the model base.)

Fig. 13b AEDC Wind Tunnel B surface-pressure distributions (non-
dimensionalizedwith freestream pressure) with leeward jetat® = 6 deg.

from the base plume are large enough to cause leeward boundary
layer separation.The separationbubble penetratesahead of the � are
section and extends as far forward as the cylindrical section of the
body.When this occurs, the basicTsRV’s aerodynamicsare affected
by the operations of base-mounted jets. As mentioned before, the
� ow separation can be avoided by implementing the thrust at the
windward meridian. The windward thrust represents the case at
which the TsRV would operate at a negative static margin (Fig. 2b).

Figures 15a and 15b presentAEDC Tunnel B measured force and
moment coef� cient data derived from Tunnel B’s six-component
� ow-through balance. The � gures show body-� xed aerodynamic
coef� cients with and without the base-mounted jet as a function
of angle of attack. The freestream Mach number is eight, and the
boundary layer is turbulent. The values of normal-force coef� cient
and pitching-momentcoef� cient have been modi� ed to remove the

thrust effects (i.e., thrust-induced force and moments in still air).
These values were compared with three-dimensional inviscid � ow
predictions assuming no base-mounted jets. There is good agree-
ment between the three-dimensional inviscid � ow force/moment
results and wind-tunnel data with JRC for angles of attack up to
¡9 deg and p0c D 60 psi level. This is consistent with the surface-
pressure data as shown before.

At a higher angle of attack (® > 9 deg) and higher jet chamber
pressure, the leeward plane frustum � ow� eld exhibits boundary-
layer separation.Consequently,the three-dimensionalinviscid � ow
approximation becomes invalid. Even at the highest jet pressure
level of 278 psi, the interference effects are small (»7%). Similar
results depict Tunnel B data on force/moment coef� cient with base-
mounted jets � ring at the windward plane. In this case the bare-body
force/moment aerodynamiccoef� cients are not affectedby the base
jets at any angle of attack, even at the highest jet pressure level.
This is also consistent with the wall-pressure measurement, which
shows the frustum shock layer is not perturbed by the base jets. The
high wall pressure on the windward plane prevents the upstream
in� uence of the jet penetration.

Code Validation
For computer code validation purposes a comparison of CFD

results with data at p0c D 60 psia,Mach 8, and ® D 0 deg is shown in
Figs.16a–16d.Goodagreementbetween themeasuredwall pressure
and Navier–Stokes prediction is noted.

Fig. 14a Wind Tunnel B windward surface-pressure distributions:
® = 9 (Reaction jets are � red at windward plane.)

Fig. 14b Wind Tunnel B leeward surface-pressure distributions:
® = ¡¡9 deg. (Reaction jets are � red at windward plane.)
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Fig. 14c Wind Tunnel B windward surface-pressure distributions:
® = ¡¡9 deg. (Reaction jets are � red at leeward plane.)

Fig. 14d Wind Tunnel B leeward surface-pressure distributions at
M1 = 8 and ® = ¡¡9 deg showing boundary-layer � ow separation at
jet stagnation pressures 119, 198, and 278 psia. (Reaction jets are � red
at leeward plane.)

Fig. 15a Normal-force coef� cient (thrust component removed).

Fig. 15b Pitching-moment coef� cient (thrust component removed).

Fig. 16a Comparison of AEDC Tunnel B data with CFD (GASP)
predictions.

Fig. 16b Predicted pressure contour near RV base region (M1 = 8
and ® = 0 deg.

The next case considered was for the TsRV � ying at angle of
attack of 9 deg and the base- mounted JRC � ring at the windward
plane. Figure 17 presents the calculated surface-pressure distribu-
tion from three-dimensional inviscid � ow code5 at the windward
plane and compares it with with AEDC data. In this case, the frus-
tum � ow� eld is not affected by the JRC plume. The inviscid � ow
predictions compare favorably with the Tunnel B data.

In thecaseof the JRC � ring at the leewardplaneof thebase region,
the surface-pressurepredicted by GASP still compares reasonably
well with the AEDC data on the windward plane (Fig. 18a) but less
satisfactorilyat the leewardplane (Fig. 18b). The three-dimensional
� ow� eld indicates that the frustum boundary layer separates at the
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Fig. 16c Predicted Mach contour near RV base region (M1 = 8 and
® = 0 deg.

Fig. 16d Predicted � ow velocity projection near RV base region:
M1 = 8 and ® = 0 deg. (JRC was � red at the base.)

leeward plane and the separation bubble extends upstream of the
� are, that is, the cylindrical section of the body (Fig. 19). Similar
observationscan be inferred from the AEDC shadowgraphsand the
wall-pressure measurements. However, the predicted surface pres-
sure and the Tunnel B data do not agree very well. Additionally, the
calculated � ow� elds exhibited a transient behavior, that is, numeri-
cal calculationsdid not converge to a truly steady solution. Instead,
the numerical results indicate that the separation bubble started to
slowly pulsate in size, and small oscillationsin � ow properties (e.g.,
wall pressure) were noted. A similar type of unsteady boundary-
layer separation was found by Wang et al.9 in their analysis of jet
interaction with a supersonic � ow.

The cause of the discrepancy between the GASP prediction and
Tunnel B data on wall pressure for the case (® D 9 deg, jet � ring at
the leeward plane) involving shock-layerseparationis not known at
this time. Grid re� nements were made in the GASP code (i.e., the
mesh points in leeward separated � ow regimes were tripled). How-
ever, this � ner grid did not improve the agreementwith the test data.
Next, it was postulated that the turbulence model used in the simu-
lation plays a role. To � nd out, calculations were performed using
a k–" turbulence model. Numerical results did not differ signi� -
cantly from the Baldwin and Lomax turbulence model results and
did not signi� cantly improve the agreement with AEDC Tunnel B
data. It was also speculated that the use of boundary-layer trips in
AEDC Tunnel B might play a role on the state of the boundary
layer. Regardless of this discrepancy,because one major purposeof
the wind-tunnel tests and the CFD computations is to estimate the

onset of frustum separation caused by the jet interaction, we have
achieved our goal.

Finally,AEDC Tunnel A tests were plannedto simulate the TsRV
aerodynamicsat low altitude,where Mach number is low but ambi-
ent pressureand Reynoldsnumber are high.As expected,the Tunnel
A (M1 D 4/ force/moment data indicated no jet interactioneffects,
regardless of thrust level or angle of attack (i.e., at the highest jet
stagnation pressure and highest angle of attack tested). This is be-
cause the p0c=pambient is smaller at lower altitudes [see Eq. (2)].
Consequently, the jet penetration or Mach disk is smaller in size at
higher ambient pressure environments (i.e., with constant jet cham-
ber pressure).

The aerodynamic coef� cients and wall-pressure measurements
just discussed show conclusively that base-mounted thrusters can
be con� gured to avoid the signi� cant aerodynamic perturbations
that are observed with frustum-mounted jets or windward � aps.

Fig. 17 Wind Tunnel B windward surface-pressure distributions
(nondimensionalized with freestream pressure) windward jet at
® = 9 deg.

Fig. 18a Comparison of AEDC Tunnel B data with CFD prediction
on windward wall pressure: M1 = 8 and ® = 9 deg. (JRC was � red at
leeward plane.)
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Fig. 18b Comparison of AEDC Tunnel B data with CFD prediction
on leeward wall pressure: M1 = 8 and ® = 9 deg. (JRC was � red at
leeward plane.)

Fig. 19 Velocity vector projection at leeward plane: ® = 9 deg and
M1 = 8. (Jet � ring at RV base at leeward meridian.)

Tunnel B (M1 D 8/ results indicate no measurable perturbations
in forces/moments for jet stagnation pressures of up to 60 psia at
® < ¡10 deg, for JRC � ring at the leeward plane. This condition
simulates one of the worst-case � ight conditionsof a particularma-
neuvering mission .h D 80 kft, ® D 10 deg). Some degree of inter-
action begins at ® < ¡10 deg; however, the aerodynamiccoef� cient
perturbation by leeward thrusters is small at angles of attack up to
¡14 deg. If a higher angle of attack, or operation at higher jet stag-
nation pressure is desired, the interaction forces can still be kept to
virtually zero by using a windward thruster (see Figs. 2b, 14a, and
14b). In this case the TsRV must operate at a slightly negative mar-
gin. The autopilot control algorithms must be designed carefully.
Over the years, maneuveringRVs with negative static margins have

Color reproductions courtesy of Northrop Grumman Mission Systems.

beendesignedand � ight tested.One has to be sure the TsRV is � ying
in the design � ight regime.

Summary
A new design approach has been proposed for the trajectory-

shaping reentry vehicle. Using an axial moving mass to place the
TsRV’s c.g. at its aerodynamic center of pressure, a very small,
base-mounted jet thrust can trim the RV at large angles of attack.
As a result, very little jet fuel weight is required. Because the vehi-
cle’s static margin can be kept to almost zero, the lifting command
reaction time is fast. Also, by properly positioning the jet below
the base shoulder of the TsRV plume and shock-layer interaction
can be avoided. Consequently, the aerodynamic coef� cients of the
RV are unaltered by the insertion of base jets (except for a small
reduction in axial-force coef� cient caused by the jet impingement
on the RV base). Usually, the aerodynamic coef� cients of the basic
conicbodiesare well known,and simple inviscid� owCFD tools can
predict them. Therefore expensivewind-tunnel tests are not needed
for the proposed design. The hardware for jet reaction control can
be obtainedas commercial-off-the-shelf items. Although the design
of a moving mass is by no means simple, it is straightforward and
doable.

ExtensiveNavier–Stokes computationswere made to validate the
concept of the use of base-mountedJRC to produce large trim angle
without causing interference to the missile/RV frustum � ow� elds.
The CFD resultswere comparedwith AEDC TunnelB andTunnelA
data, and reasonablygood agreementwas found between the tunnel
measurements and numerical predictions, up to the point where
frustum shock layer is perturbed by the jet interaction.

The basic concept proposed here is demonstrated with an
aeroshell of sphere-cone-cylinder-� are con� guration (whose lift to
dragratio is of the orderofL/D » 1.6). Actually,thedesignapproach
can be applied to any aerodynamic frame, even for a vehicle with
noncircular cross section (where L/D can be relatively large, e.g.,
L/D » 4), or to anycontrolalgorithms(skid-to-turnor bank-to-turn).
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