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Novel Approach for Maneuvering Reentry Vehicle Design
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and
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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 flight 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

Cra = slope of normal force coefficient

d = jet nozzle throat diameter

Fie, = jet thrust force

h = altitude or distance from nozzle exit to Mach disk

L = total body length

L = distance between base-mounted jet and
missile/reentry-vehicle center of gravity

M, = Mach number at the boundary-layeredge

M, = freestream Mach number

Pambient = ambient pressure or reference pressure

Priare = static pressure on the flare

DPwall = surface pressure

Po, Poc = jetstagnation pressure

Poe = stagnation pressure in the shock layer at the edge
of the boundary layer

I = freestream dynamic pressure

Re = freestream Reynolds number per foot

rp = body base radius

re = body cylinderradius

SM = static margin, X¢,~Xcg

T = freestream total temperature

Xco = axial distance measured from nose stagnation point
to reentry vehicle’s center of mass

Xep = axial distance from nose stagnation point
to reentry vehicle’s center of pressure

X = axial distance

Ve = specific heat ratio of shock-layer gas

VY = specific heat ratio of injected gas

0 = cone half-angle, deg
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Introduction

HERE are many existing control concepts that can be used

in designing a trajectory-shapingreentry vehicle (TsRV), for
example, variable flare geometries, multiflaps/split windward flaps,
aileron/fin devices, swivel nose/radial moving mass, and frustum-
mounted jets. All of these TsRV designs have their advantages and
disadvantages. One of the disadvantagesshared by all of these con-
cepts is that the basic bare-body aerodynamic coefficients are af-
fected by the addition of the control devices.

Figure 1 illustrates the flowfield around a frustum-mounted jet.
The jets have the potential to induce boundary-layer separation,
strong viscous flow, and shock-layerinteraction. The viscous inter-
actions are strongly affected by the state of the boundary-layerflow,
that is, whether it is laminar, transitional, or turbulent. Separated
flow can increase local heating, creating an issue for the thermal
protectiondesign,and ultimately an increasein reentry vehicle (RV)
weight.

One disadvantage of frustum-mounted jets or multiflaps is that
the flowfield can be inherently unsteady if the boundary layer is
separated. The aerodynamic coefficients can be difficult 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 flight environments (e.g., the Reynolds-number and
Mach-number similitude, etc). Consequently, only expensive and
time-consuming flight tests can truly validate the aerodynamics.

A new design approachis presentedin this paper, which employs
a different control mechanism. The salient features of the presented
design are thatit can use existing hardware such as the aeroshelland
control devices. The control devices are available as commercial-
off-the-shelfitems. Wind-tunnel testing can be kept to a minimum
because the aerodynamic coefficients 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 flight time) can
be kept to a minimum. This is possible because the aerodynamic
uncertainties are small, and only small control forces are needed to
perform large angle-of-attack maneuvers.

Basic Design

The basicdesignemploys an axial moving mass to place the TSRV
center of gravity (Xcg) at its center of pressure (X,) position.!
Figure 2 illustrates the present design approach. Under this arrange-
mentthe TsRV static margin can be maintained at 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 flight. Two
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Fig. 1 Environmental shadowgraph of a typical jet interaction and sketch of flowfields and pressure distribution (frustum-mounted jet).
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Fig. 2 New control concepts for maneuvering vehicle 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,

Kk Fi l

& g AGSM) )

where « is the desired angle of attack, £ = L-X g, and k the ampli-
fication 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, Fj,, — 0. In fact, very large angle of attack o
can be achieved even with small JRC thrust. Therefore, one can
minimize JRC fuel consumption or RV weight. In principle, the
JRC can be fired 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 sufficient payload capabilities.Itis particularlyattractiveto use
decommissioned reentry vehicles because their basic aerodynamic
coefficients are known through flight experience. The hardware for
JRC control can be purchased as commercial-off-the-shel 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 during ascent and reentry flight, 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.!

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 flight 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 flight in response
to control commands must be well behaved in order to easily
keep Xcg ~ 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 flow separation should be avoided, if possible. This require-
ment can be met by locating the jet nozzles at the TsRV base and
recessingthem below the base shoulder, so that the penetrationof the
jet plume will not affect the RV frustum shock layer. An engineering
criterionis proposed herein to provide guidelines on positioningthe
base-mounted jets. First, we shall define the flow regimes and then
delineate the rationale for specifying the optimum JRC locations.

Three primary flow regimes have been identified for the baseline
design thruster location. These flow 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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Table1l Leeward meridian Mach disk location and penetration height for flight conditions
(Rp =RV base radius = 15.8 in.,d = 1.03 in., po; = 400psi)
X! el
Altitude, Phare, (Pa = Phasc)a (Pa = Pﬂarc)a h(3)5
kft M o 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
Regime 3

h(1) < RB - b=6 inches

Fig. 3 Regime 1.

bow shock
_\

h(@ = RB - b=6 inches

Fig. 4 Regime 2.

bow shock
\

h(3) > RB - b=6 inches

Fig. 5 Regime 3.

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

h/d = 0-645(p0/pambicm)0'5 (2)

In this flow regime pampiene 1S taken to be the base pressure, and we
estimate it to be roughly equal to p,, depending on the jet injection
rate. This approximation (py,s. & po,) appears to be supported by
wind-tunnel tests, as will be discussed later.

Regime 2

The Machdiskis locatednearthe RV base shoulder(Fig. 4). There
is significant lateral deflection of the base-flow separated shearlayer
but negligible flow interference with the flow in the frustum shock
layer. In this flow regime the Mach disk location can be approxi-
mately estimated from Eq. (2) with pampient = Pfiare, WheTe Ppare 18
the undisturbed RV frustum pressure.

The Mach disk is located well above the RV shoulderregion and
starts to perturb the frustum shock layer (Fig. 5). Flow separation
upstream of the plume causes higher pressure on the frustum and
significant flow interference. The penetrationheight measured from
the nozzleexitcan be approximatelyestimated fromthe Zukoskiand
Spaid correlation®* for lateralinjectioninto a supersonichypersonic
shock layer. The correlation yields

1 (y2
Me Pe Ye B
5o 2 (e + I)MLZ [ye/(ve = D] Vet 1 1/(ye—1) -
B yeMez 2 2VHML’2 — Ve +1

1
. ( 2 )( 2 )[(y,+1)/<y,—l)] L (ﬂ)(w—b/w 4
vi— 1/ \y;+1 Do

where M, is the Mach number at the boundary layer edge in the
meridian plane of the thrusterand p, is the flare pressure at the base
shoulder in the meridian plane of the thruster (i.e., p. = Paare)-

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 flight condition plume penetration heights
are first computed using the regime 1 correlation[Eq. (2)]. When the
computed penetrationheightis bigger than the nozzle exit 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 perturbationis the slight axial-force coefficient 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 p,. ~ 400psi,
and y; = 1.2. For all cases considered, the inviscidshock-layerprop-
erties M, and p, were evaluated at the RV aft station using Hall and
Sontowski’s three-dimensionalinviscid flow finite differencecode.’
The thrusteris located on the leeward meridian because the surface
pressureis lowest at the leeward meridian and 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 1V, or the penetration height into the leeward shock layer, is
first computed using Eq. (2) with p, &~ p., in Table 1. Everywhere
hV is greater than the nozzle offset distance of 6 in. With AV > 6
in., it is possible to test on values of 4® and h®. If h® is less than
6 in., then there is no penetrationinto the frustum shock layer, and
the Mach disk s predicted to be located at the base shoulder with the
pressure downstream of the disk at the same level between p, and
pp. This criterion is met by all cases considered in Table 1 except
at 43 kft altitude (where h® =7.5 in. > 6.0 in.). Some degree of
shock penetrationis predicted for this case. Examination of values
of h® from the Zukoski-Spaid correlation shows that #® is less
than 6 in. for all of the flight conditionsconsideredin Table 1, so that
no significant shock-layerpenetrationis predicted using Eq. (3). For
the case of #® > 6 in. (and A® < 6 in.), the Mach disk probably
extends past the shoulder somewhat, with p,ppiene Slightly greater

o=

hy
i (3)




608 LIN ET AL.

than p,, but with insufficient shock-layer penetration to produce a
strong normal shock upstream of the plume. In the event that the
calculatedh® islarger than the nozzle offsetdistance, one can either
lower the jet chamber pressure, move the nozzle inward, or fire the
jet at the windward meridian. The empirical correlations defining
the three flow 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 aerodynamic uncertainties as compared to the case of
frustum-mounted JRC. Additionally, the aerodynamic coefficients
of the RV are unaltered from the originalreentry body’s aerodynam-
ics. Therefore, no new wind-tunnel tests are required to define the
TsRV aerodynamics as would be needed for TsRV with flaps, fins,
frustum-mounted jets, or bent cone.

Numerical Simulations

To validate our design concepts, wind-tunnel tests and compu-
tational fluid dynamics (CFD) were performed. Three-dimensional
inviscid flow,? parabolized Navier-Stokes, and Navier-Stokes for-
mulation [e.g., Generalized Aerodynamic Simulation Program
(GASP)® and Advanced Aerothermal Algorithm (AAA)’ codes]
were used to estimate the complex flowfields for a RV at angle
of attack with base-mounted jets located at the leeward and wind-
ward planes. Both laminar and turbulent flow 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 calculationsreported here. Grid refinements with 1.5 x 10° and
930,300 cells were carried out at 9-deg angle of attack and hyper-
sonic flow to ascertain the numerical convergence. The three sets of
grid systems gave comparableresults.

For wind-tunnel simulations, no slip, constant surface temper-
ature, and no wall ablation boundary conditions were specified.
The jets were simulated by specifying a 10-deg divergent nozzle
exit condition. The Baldwin and Lomax algebraic turbulence model
was used in most of the numerical computations, although the two-
equation k-¢ turbulence model was also used to compare with the
turbulentalgebraic model results. The numerical results of the CFD
code were also validated with wind tunneldata as will be shown later.

Data on a sphere-cone-cylinda-flare (SCCF) body geometry are
presented here to illustrate the new design approach. The configu-
rationis shownin Fig. 6a (r =15.91in.,rc = 9.5 in., 6, =fore cone
angle = 20 deg, 6, =0 deg, and 0; =flare angle = 15 deg).

Figure 6b depicts the pressure contours (isobar) on the SCCF at
80 kft altitude with the JRC firing in the base region. The freestream
Mach numberis 22, and the angle of attack is zero. The correspond-
ing velocity vector projection is shown in Fig. 7. The numerical re-
sults indicate no jet plume penetrationinto the flare 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
flowfields startto be affected by the Mach disk penetration.Figure 10
shows that the boundary layer in the rear flare region is separated at
the leeward plane. The adversepressure gradient,observedalong the
leeward meridian, is anotherindication of upstreaminfluence by the
JRC plume (Fig. 11). Consequently, the basic acrodynamics of the
trajectory-shapingvehicle could be affected by the flow 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 altitude of 80 kft.

Wind-Tunnel Tests

The CFD computations were compared with wind-tunnel tests
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 (o = 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 flow 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 configuration of a represen-
tative reentry vehicle (i.e., a multiconic body with base radius of
rg =159 x 0.4=6.36 in.; Figs. 12a and 12b). The base-mounted
jets were arranged in several locations (Fig. 12¢) 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 flow visualization. The high-quality
shadowgraphimages can show details of thrusterplume-shock-layer
interaction, embedded shocks, and, in some cases, flow separation.
One representative example is shown in Fig. 12d, which reveals a
complex flow pattern near the RV base region with plume-shock
layer interaction.

Wind-tunnel conditions were carefully selected to achieve simil-
itude of jet plume interactioneffects in the ground-testfacility. This
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Fig. 11 Surface-pressure distribution at o = 10 deg and i = 80 kft,
showing JRC interference and leeward boundary-layer separation.

requires the replication of the ratio of py./ po.:

(p()c/p()e)ﬂight = (p()c/pfle)wind-lunncl

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 interaction database for vehicle
angles of attack from +9 (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 flight y; = 1.2, whereas in
the tunnel tests y; =1.4. Based on the Zukoski-Spaid correlation,
for a given pressure ratio, the penetration height in the tunnel tests
is larger than in flight by the ratio (1.4/1.2)!/> =1.08.

The experimental measurement uncertainties at AEDC Tunnels
A and B are given as follows: the surface-pressure gauge 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/(ft?> s). There were many
repeated runs to establish data repeatability. The uncertainties on
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Table2 Mach disk location and plume penetration heights for AEDC wind-tunnel conditions (p~, = 0.071 psia)

Pes Poc
My o psia M, psia h® h® h® 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 configuration (r = 6.36in., 6, =
20 deg, 0, = 0 deg, 63 = 15 deg).

0.08 deg

Re = 5.068"
Boundary _
Layer Rc =10.15" is
Trips
(X =35 15.06 deg

i Component Flow |
:Thmugh Balance (-091)}

7572 2.780"

[ - 3206" |
[ L=32.06 |

Fig. 12b Wind-tunnel test model (40% subscale configuration).

the freestream parameters are Mach number 8 +0.03 at Tunnel B
and4 £ 0.02 at Tunnel A and Reynoldsnumber3.0E+ 6 &= 3.3E+- 4
at Tunnel B. The accuracyon force and moment coefficient measure-
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. Table 2 depictsthe computationsof Mach disk heights
AV, h® and h® for AEDC Tunnel B (M., ~ 8) as discussed ear-
lier [e.g., Egs. (2) and (3)]. The numerical results in Table 2 indicate
that there is no plume interference on the frustum flowfield except
at a leeward plane at angle of attack of « =9 deg (with the jet fir-
ing toward the leeward side). The AEDC Tunnel B wall pressure
and schlieren photograph observations discussed in the following
paragraphs appear to correlate with the approximate empirical cor-
relation. This indicates that Egs. (2) and (3) can be used to place the
base-mountedjets in order to avoid JRC flow 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 stagnation pressures (i.e., po. =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 p,. =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 @ = 6-deg angle of attack (Fig. 13b). Again, there is no jet
plume interference on the frustum flowfields for all jet stagnation

Theta = 0 deg

Pitch/Yaw Thruster Pairs
AelAt=10:A/B, C/D
Ae/At=6: EF

Ae/At=10:R1,R2

Theta = 270 deg Theta = 90 deg

Theta = 180 deg

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

Fig. 12d Tunnel B test shadowgraphs: Moo = 8, o = —9 deg, jet “A”,
and py, = 120 psi.

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

Jetinteraction effects were also considered for angle of attack of
9 deg, with the jets fired 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 « =9 deg (Figs. 14a and 14b) at all
jet stagnation pressure values p,. considered in the AEDC Tunnel
B experimental matrix. On the other hand, the surface pressure on
the leeward plane was altered by leeward thrustat « = — 9 deg and
JRC chamber pressure po. > 119 psi (Fig. 14d). The perturbations
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Fig. 13a Wind Tunnel B surface-pressure distributions: o = 0 deg.
(Reaction jets are fired at the model base.)
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Fig. 13b AEDC Wind Tunnel B surface-pressure distributions (non-
dimensionalized with freestream pressure) with leeward jetat o = 6 deg.

from the base plume are large enough to cause leeward boundary
layer separation. The separationbubble penetrates ahead of the flare
section and extends as far forward as the cylindrical section of the
body. When this occurs, the basic TsRV’s aerodynamicsare affected
by the operations of base-mounted jets. As mentioned before, the
flow 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 present AEDC Tunnel B measured force and
moment coefficient data derived from Tunnel B’s six-component
flow-through balance. The figures show body-fixed aerodynamic
coefficients 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 coefficient
and pitching-momentcoefficient have been modified to remove the

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

At a higher angle of attack (o > 9 deg) and higher jet chamber
pressure, the leeward plane frustum flowfield exhibits boundary-
layer separation. Consequently, the three-dimensionalinviscid flow
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 coefficient with base-
mounted jets firing at the windward plane. In this case the bare-body
force/moment aerodynamic coefficients are not affected by 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
influence of the jet penetration.

Code Validation

For computer code validation purposes a comparison of CFD
results with dataat py. = 60 psia, Mach 8, and @ = 0 deg is shownin
Figs.16a-16d. Good agreementbetween the measured wall pressure
and Navier-Stokes prediction is noted.
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Fig. 14a Wind Tunnel B windward surface-pressure distributions:
a =9 (Reaction jets are fired at windward plane.)
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Fig. 14b Wind Tunnel B leeward surface-pressure distributions:
a = —9 deg. (Reaction jets are fired at windward plane.)
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Fig. 14d Wind Tunnel B leeward surface-pressure distributions at
Mo, = 8 and o = —9 deg showing boundary-layer flow separation at

jet stagnation pressures 119, 198, and 278 psia. (Reaction jets are fired
at leeward plane.)

1.0000 T
5.0000 S .
|| AEDC Tunnel B
| M=8, Re=3.0E6 1/ft B I
|| Turbulent flow
o 90900171 By Tiip Height=078 in
H [ Aref=Acyi=0.3127 2
(.'0I | | Lref=Dcyl=0.6310 ft
z
©.0.5000 I == H
. | © Run=4025, Jet=A, Poc= 0psi, PHII=0 deg
O Run=579 , Jet=A, Poc=  30psi, PHII=0 deg ||
A Run=580 , Jet=A, Poc= 60psi, PHIl=0 deg | |
X Run=581 , Jet=A, Poc= 120psi, PHII=0 deg | |
-1.0000 — Run=582 , Jet=A, Poc= 200psi, PHII=0 deg ||
O Run=583 , Jet=A, Poc= 275psi, PHII=0 deg | |
E = Nominal Prediction (w/o Jets Firing) L
s T T I e T 1 T T T T T
2 N o o
15000 5 X e SO e
-15.00 -10.00 -5.00 0.00 5.00 10.00
Missile Axis Angle of Attack, ALPP - DEG
Fig. 15a

Normal-force coefficient (thrust component removed).

Pressure (psf)
69.10

Fig. 16b Predicted pressure contour near RV base region (M., = 8
and o = 0 deg.

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

Inthe case of the JRC firing at the leeward plane of the baseregion,
the surface-pressure predicted by GASP still compares reasonably
well with the AEDC data on the windward plane (Fig. 18a) butless
satisfactorilyat the leeward plane (Fig. 18b). The three-dimensional
flowfield indicates that the frustum boundary layer separates at the
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Fig. 16c Predicted Mach contour near RV base region (M., = 8 and
o =0 deg.
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Fig. 16d Predicted flow velocity projection near RV base region:
M =8 and o = 0 deg. (JRC was fired at the base.)

leeward plane and the separation bubble extends upstream of the
flare, 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 flowfields 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 flow properties (e.g.,
wall pressure) were noted. A similar type of unsteady boundary-
layer separation was found by Wang et al.? in their analysis of jet
interaction with a supersonic flow.

The cause of the discrepancy between the GASP prediction and
Tunnel B data on wall pressure for the case (@ =9 deg, jet firing at
the leeward plane) involving shock-layerseparationis not known at
this time. Grid refinements were made in the GASP code (i.e., the
mesh points in leeward separated flow regimes were tripled). How-
ever, this finer grid did not improve the agreement with the test data.
Next, it was postulated that the turbulence model used in the simu-
lation plays a role. To find out, calculations were performed using
a k-¢ turbulence model. Numerical results did not differ signifi-
cantly from the Baldwin and Lomax turbulence model results and
did not significantly 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 purpose of
the wind-tunnel tests and the CFD computationsis to estimate the

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

Finally, AEDC Tunnel A tests were planned to simulate the TSRV
aerodynamics at low altitude, where Mach number is low but ambi-
ent pressureand Reynolds number are high. As expected, the Tunnel
A (M, =4) force/moment data indicated no jet interaction effects,
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 po./Pambient 1S 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 coefficients and wall-pressure measurements
just discussed show conclusively that base-mounted thrusters can
be configured to avoid the significant aerodynamic perturbations
that are observed with frustum-mounted jets or windward flaps.
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Fig. 17 Wind Tunnel B windward surface-pressure distributions
(nondimensionalized with freestream pressure) windward jet at
o =9 deg.

24

22 o\

20 \ Pg ~ 292 psia

\ Moo = 7.9
18 \ o = 9° (windward)
16
\ —— GASP

E14 = O Wind Tunnel
o \ / N\D/ﬁ\ Data
E 12 \ /

4
NV
2 . ; .
0 10 20 30 40
X (in)

Fig. 18a Comparison of AEDC Tunnel B data with CFD prediction
on windward wall pressure: M, = 8 and o = 9 deg. (JRC was fired at
leeward plane.)
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Fig. 18b Comparison of AEDC Tunnel B data with CFD prediction
on leeward wall pressure: M., = 8 and o = 9 deg. (JRC was fired at
leeward plane.)

Fig. 19 Velocity vector projection at leeward plane: o = 9 deg and
M = 8. (Jet firing at RV base at leeward meridian.)

Tunnel B (M., =8) results indicate no measurable perturbations
in forces/moments for jet stagnation pressures of up to 60 psia at
o < —10 deg, for JRC firing at the leeward plane. This condition
simulates one of the worst-case flight conditions of a particularma-
neuvering mission (& = 80 kft, = 10 deg). Some degree of inter-
actionbegins at @ < —10 deg; however, the aerodynamic coefficient
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, maneuvering RVs with negative static margins have

beendesignedand flighttested. One has to be sure the TSRV is flying
in the design flight 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 aresult, 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 coefficients of the
RV are unaltered by the insertion of base jets (except for a small
reduction in axial-force coefficient caused by the jet impingement
on the RV base). Usually, the aerodynamic coefficients of the basic
conicbodiesare well known, and simple inviscidflow CED tools can
predictthem. Therefore expensive wind-tunnel tests are not needed
for the proposed design. The hardware for jet reaction control can
be obtained as commercial-off-the-shel items. Although the design
of a moving mass is by no means simple, it is straightforward and
doable.

Extensive Navier-Stokes computations were made to validate the
conceptof the use of base-mounted JRC to producelarge trim angle
without causing interference to the missile/RV frustum flowfields.
The CFD results were compared with AEDC Tunnel B and Tunnel A
data, and reasonably good agreement was 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-flare configuration (whose lift to
dragratiois of the orderof L/D ~ 1.6). Actually, the designapproach
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 any control algorithms (skid-to-turnor bank-to-turn).
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