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Free-Flight Trim-Angle Predictions for the Aeroassist
Flight Experiment

Leslie A. Yates* and Ethiraj Venkatapathy*
Eloret Institute, Palo Alto, California 94303

The aerodynamic coefficients and trim angle for an aerobrake at Mach numbers of 9.2 and 11.8 were found
using a combination of experiment and computation. Free-flight tests were performed at NASA Ames Research
Center’s Hypervelocity Free-Flight Aerodynamic Facility, and the forebody pressure distribution was calculated
using a three-dimensional Navier-Stokes code with an effective specific heat ratio. The computed drag, lift, and
moments were used to prescribe the number of terms in the aerodynamic coefficient expansions and to specify
values of the higher-order terms, and the experimental aerodynamic coefficients and trim angle were extracted
from the experimental data. The experimental and computed aerodynamic coefficients and trim angles were in
good agreement. The trim angle obtained from the free-flight tests, 14.7 deg, differed from the design trim
angle, 17 deg, and from the Langley wind-tunnel results, 12 deg in air and 17 deg in CF4. These differences are

attributable to real-gas effects.

Nomenclature

A = reference area

Cp, Cr,Ca, Cn, Cy = aerodynamic coefficients for the
drag, lift, moment, yaw, and side
forces, respectively

(o = undetermined parameter

Cps = stagnation pressure coefficient

Seale = function representing calculated
position or orientation of the model

Jexp = function representing experimental
position or orientation of the model

L.L,I,I, = moments of inertia

! = reference length

m = mass

2.q,r = roll, pitch, and yaw rates, respectively,
of the body axes

D> Qs Tow = angular rates of the wind axes

R = ratio of base pressure to the stagnation
pressure

t = time

Vv = velocity

w; = weighting function

X,¥,2 = model coordinates

X5 VERE = Earth-fixed coordinate system

a, B = pitch and yaw angles, respectively

¥ = specific heat ratio

Al = offset parallel to base of the center of
gravity

0 = freestream density

a? = standard deviation

Gy 0 Uy = angles defining the direction of the
wind axes
Introduction

HE design of hypersonic transports, advanced space

L transportation systems, the Aeroassist Flight Experiment
(AFE), and the Mars sample return mission requires accurate
determination of aerodynamic coefficients and trim angles.
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Presently, chemically reactive computational fluid dynamics
(CFD) codes and ideal-gas CFD codes with constant, effective
specific heat ratios y provide drag and lift coefficients ade-
quate for the design of a variety of configurations. For flows
in thermochemical equilibrium and for ideal-gas flows, CFD
codes have also matched experimental moment coefficients
and trim angles for some configurations. For example, mo-
ment coefficients for the AFE that were calculated using an
inviscid, equilibrium-air solver matched those obtained in
wind tunnels.'> However, for flows in thermochemical
nonequilibrium, the ability of CFD codes to predict actual
moment coefficients and trim angles has been questioned,?
and experiments that either simulate flight conditions or that
can be used for validation of real-gas codes are still required
for accurate determinations of the trim angle.

One facility that can be used either to simulate flight condi-
tions or to provide data for validation of real-gas codes is the
Hypervelocity Free-Flight Aerodynamic Facility (HFFAF) at
NASA Ames Research Center. In the HFFAF models are in
free flight and the amplitude of the pitching motion can be
large. Since the aerodynamic coefficients are highly nonlinear
in angle of attack for many of the configurations tested in the
HFFAF, higher-order terms in the coefficient expansions can-
not be ignored. These terms can be accurately identified if
there are multiple runs with more than one cycle of motion
and if the amplitude of the motion varies from run to run.
However, because of time constraints on the facility and diffi-
culties in designing models with the desired aerodynamic char-
acteristics, it is not always possible to meet these criteria. If
they are not met, the data reduction techniques will find
aerodynamic coefficients that, on the average, are correct.
However, individual terms in the expansions will not be cor-
rect.

For trim angle studies the higher-order terms in the mo-
ment-coefficient expansions must be correct. As will be
demonstrated later, a suitable expansion of the moment coef-
ficient for the range of motion of the AFE models tested in the
HFFAF is

Cy = CMa Sin(a - 0‘tx’im) + CM& Sinz(a - atrim)

where « is the angle of attack and «, the trim angle. The
curvature of the function that describes the moment coeffi-
cient is given by Cp2. For the cases illustrated in Fig. 1 the
curvature term has been fixed at — 0.06, 0.00, and 0.06. With
the curvature fixed the data reduction procedure adjusts both
the trim angle and Cy,, to obtain the best possible fit to the
data. As illustrated in Fig. 2, this can result in a large shift in
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: . LASURE SR S expansions and to fix the higher-order terms in the expan-
0.08 : SN b Cug2 = 006 sions. The six-degree-of-freedom procedure is then used to
% ; : —— Cuy2 = 000] find the lower-order terms and trim angles, and the CFD and
0.04 it ; o - experimental results are compared.
SN U "= = Cygp =-0.06]
SIS ; P,
u: 0.00 : T Model Description

TR The AFE is an aerobrake design composed of geometrical
-0.04 : ; ST shapes: an ellipsoidal nose tangent to a 60-deg half-angle
i : Roiao elliptical cone that is raked at a 73-deg angle. The model has
0.08 ; IS a base skirt with the base plane at a 17-deg angle relative to the
I : ; : body axis.® A sketch of the scale model of the AFE tested in

T T T i the HFFAF tests is shown in Fig. 3.

230 -20 -10 0 10 20 30 In HFFAF studies of the AFE, runs 1700 and 1701 (Ref. 4)
were suitable for aerodynamic analysis. The freestream condi-
tions and model center of gravity locations for these two runs
Fig. 1 Moment coefficient for fixed curvature. are given in Table 1. For both runs the models had an AFE
forebody fabricated from aluminum and a screw afterbody
for holding the model in the sabot during launch. At the
symmetry plane, the base diameter of the model was 0.73 in.

angle of attack

; The measured offset of the center of gravity from the design
center of gravity was small (Ax = 0.009 in. and Az = — 0.008
: i in.); these measurements are accurate to + 0.001 in. Each run
o 0 i s it St S freseeeeent had the model in view for 15 of the 16 shadowgraph stations.
) 2 : - There were almost two complete cycles of motion, and the
§ - : amplitude of the motion ranged between =+ 33 deg from de-
E 4 l\ ; sign trim. No roll pins were included on this model, and the
= roll and roll rates were deduced from the pitching and yawing
-6 motion.
-8 Experimental Data Analysis
-10 T The HFFAF can duplicate Reynolds numbers, Mach num-
0.08 -0.04 0.00 0.04 0.08 bers, and enthalpies experienced in hypersonic flight. The
' ’ C;, 2 ’ ' freestreams are known and uncontaminated, and the projec-
a
Fig. 2 Trim angle vs CMa2.
Table 1 Experimental conditions
Pressure, Temperature, Velocity, Mach Xcgs  Zegs
Run Torr K km/s number  in.2 in.2
1700 19.6 297 3.3 9.2 0.059 - 0.008 y
1701 15.0 296 4.1 11.8 0.059 0.008
2Measured from center of the base plane.
z
the calculated trim angle. The trim angle changes from 3.2 deg J
to —9.0 deg when the curvature changes from — 0.1 to 0.1. x o .
This range is too large to be acceptable for vehicle design. Side view Front view
In 1987 HFFAF studies of the AFE,* linearized equations of
motion were used in the data reduction procedures and the Fig. 3 Sketch of the AFE model.

predicted trim angle was 22 deg. This value is much larger than
both the value of the design trim angle obtained from Newto-
nian calculations (17 deg) and the value from wind-tunnel
results (12 deg) (Ref. 5). Linearizing the equations of motion
limits the Taylor series expansions of the aerodynamic coeffi-
cients to first order in angle of attack, and any effects of the
curvature of the moment coefficient on the trim angle are
ignored. As shown in Figs. 1 and 2, this could partially ac-
count for the discrepancy between the free-flight trim angle
and the design and wind-tunnel trim angles.

The AFE free-flight data* that are suitable for aerodynamic
analysis are very limited, and there is not enough information
for the six-degree-of-freedom procedure to accurately resolve
the higher-order terms in the coefficient expansions. These
data, however, do contain valuable information necessary for
AFE design. To extract this information, experimental analy-
sis is used in conjunction with CFD. By use of ideal-gas
computations with an effective v, aerodynamic coefficients
are calculated. These calculated coefficients are then used to
prescribe the number of terms in the aerodynamic coefficient Fig. 4 Shadowgraph of the AFE model.
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tiles are in free flight; hence, there are no sting effects and the
base flows are realistic. The test times are short, and since the
models are small and generally not recoverable, remote instru-
mentation is used. For aerodynamic studies, orthogonal shad-
owgraphs are taken of the model as it flies down the facility;
a representative shadowgraph is shown in Fig. 4. In the HF-
FAF there are 16 shadowgraph stations, and the time at which
the model arrives at each station is known to =+ 35 ns. The
three-dimensional orientation and position of the model are
obtained from the shadowgraphs, and the aerodynamic coeffi-
cients are found using a six-degree-of-freedom, weighted,
least-squares procedure that fits calculated trajectories to the
measured orientations and positions of the model.

The trajectory of a free-flight model with an axis of symme-
try can be described by 11 coupled, first-order, nonlinear,
differential equations’ written in Earth, wind, and body coor-
dinate systems:

Earth axes:
Xg = V cos 8, cos(¥y) 1)
Vg =V cos 8, sin(¥,) )
zg= Vsin 0, 3
Wind axes:
V= —(pAVY/2m)Cp, @)
éw = Py + [qw sin ,, + 1, cOs ¢,] tan 0, ©)
8, = g, cos ¢,, + 1, sin ¢,, (6)
Yw = [gw sin ¢,, + r,, cos ¢,,] sec 6, @)
Body axes:
a=qg—qy sec 3— [p cos a+ rsin «] tan B (8)
B=r,sec B+ psina~—rcos« )

Lg=YpAlV? Cy + Ly(r* = pH + U, —1) rp (10)

Li=Y%pAlV? Cy + Ly(p — gr) + U,~L) pg (1

where

Pw=[p cos a+rsin a] cos 8+ (g— &) sin B (12)
qw = (eAV/2m)Cy 13)
r, = —(AV/2m)Cy 14)

Coriolis and gravity terms, though not shown here, have also
been included in the equations of motion. The differential
equation for roll (p) has been omitted, and p is assumed to be
of the form

P =pPo+pit +pat?+ - 15)

Generally, the aerodynamic coefficients are expanded in sin «
cos B and sin 3 (the crossflow velocity terms divided by the
total velocity; p, g, and r (the angular rates); and & and B3
(Refs. 7 and 8). For run 1700 the model roll was minimal and
the yawing motion was less than a few degrees. For run 1701
the model was both rolling and yawing; however, since so few
experimental data exist and computations for yawed models
were not performed at these conditions, it had to be assumed
that yaw and roll had little effect on the pitching moment and
that pitch and roll had little effect on the yawing moment.
Furthermore, since ¢ = & and r = B, these terms cannot be
separated, and only g and r are used in the coefficient expan-
sions. For this study the coefficient expansions are of the
following form:

Cy = LChy,, [sine ~ ctrim) c0s B1" + Cpy g (16)

Cy= ECN{;Zn c18in?" 1 B+ Cyr 17

Cp = Cp,+ LCp_n [sin(a — atrir) cOs 1"

+ ECD32m+l sin®"+1 g8 (18)
Cp = Cry+ XCrp [sin(a — otyim) cos B]” (19
Cy= ECY62n 41 8in?" 1 g (20)

In the six-degree-of-freedom program the trajectory of the
model is calculated using the nonlinear differential equations
[Egs. (1-11)] and the expansions for the aerodynamic coeffi-
cients [Egs. (16-20)]. The initial conditions, roll, roll rate, and
each term in the coefficient expansions are estimated. A
weighted, least-squares procedure? is then used to find correc-
tions for these estimates. These corrections are found as fol-
lows. First, the square of the residual (SSR) is written as

N of ,
SSR = E Wi [ﬁxp(t,-) — Jfeaclti) — E(ﬁ) ACJ]
=1 i i/ i

where the summation is over all of the data points, w; is the
weight, C; are the undetermined parameters including initial
conditions, f... is the calculated value of the model orientation
or position using the equations of motion and the best esti-
mate for the parameters, and 9f/9C; is found by differentiat-
ing the equations of motion with respect to C; and integrating.
By use of standard least-squares analysis, the square of the
residual is differentiated with respect to the AC;, the resulting
equations are set to zero, and the AC; are found by solving the
matrix equation

AAC =B

_ (N
Ak = fi‘:lw"(ac,)i(ac)i

N a
5-% wi<a—g>i[ﬁxp(t,-) ~ Fealt)]

where

The corrected parameters are then used in the equations of
motion, and the process is repeated until the corrections are
less than some specified value.

In the data analysis procedure it is possible to fix one or
more terms in the coefficient expansions. In this study the
free-flight data for the AFE were very limited, and the second-
and higher-order terms in the expansions of the drag, lift, and
moment coefficients could not be determined accurately. In
the data analysis procedure the second- and higher-order
terms were fixed by CFD computations. The zeroth- and
first-order terms and the trim angle were found using the
least-squares procedure. Discrepancies in the experimental
and computed aerodynamic coefficients and trim angle would
manifest themselves in differences in these low-order terms.

The estimated errors for the coefficients and for functions
of these coefficients are readily available from the least-
squares analysis and the quality of the fit.® For example,
assuming randomly distributed errors and a very simple ex-
pansion for the drag coefficient,

Cp= DDO + CDo: sin «

the error in the experimental drag coefficient is given by

vVAR(Cp), where
VAR(Cp) = VAR(Cp,) + 2COV(Cp,;,,Cp ) sin «

+ VAR(Cp,) sin®
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The variance (VAR) and covariance (COV) terms are

VAR(C)) = A;; lg? and COV(C;,Cy) =A,-;1 o2

The predicted error for the drag coefficient is a function of the
variances for each term in the expansion of the coefficient, the
covariances, and the angle of attack. Since the covariance
terms can be negative, the minimum error does not necessarily
occur at 0 deg. Instead, it typically occurs in the region where
most of the data are clustered or in the vicinity of the root-
mean-square angle. It should be noted that this error analysis
does not include functional errors, i.e., errors resulting from
using incorrect expansions of the aerodynamic coefficients.

Computations

In the HFFATF tests the angle of attack varied between — 33
and + 33 deg. Modeling the higher-order terms in the moment
coefficient expansions requires similar angular ranges in the
computed solutions and small increments between solutions.
Five-degree increments were used in this study. The computer
resources needed for these solutions can become quite exten-
sive, especially if the entire configuration is considered.

‘The CPU requirements of currently available real-gas CFD
codes are too large for this study. For the forebody alone,
some of the three-dimensional nonequilibrium solvers'®!! re-
quire on the order of 40 CPU hours for a single steady solu-
tion at a given angle of attack. Equilibrium gas solvers require
less time; however, the CPU time for a single steady solution
is still on the order of hours. If the afterbody is included in the
computational domain, the required computer time for both
the nonequilibrium and equilibrium gas solvers is even greater
due to base flow complexities.

To reduce CPU requirements, a very efficient ideal-gas
solver (FL3D) with an appropriate choice of v has been used
in this study to compute the forebody pressure distributions.
FL3D is a three-dimensional Navier-Stokes solver based on
Roe’s approximate Riemann solver, and it has global, second-
order spatial accuracy. The governing Navier-Stokes equa-
tions are integrated in time, and a steady solution is obtained
through alternating direction implicit scalar tridiagonal inver-
sions. The details of this numerical scheme are given in Refs.
12 and 13. The FL3D solver has been validated with experi-
ments for a variety of hypersonic three-dimensional corner
and nozzle-plume flows.!*!3 This application of the FL3D
solver to three-dimensional, hypersonic blunt-body flows is
new.

The computational grid is constructed using an algebraic
grid generation program, and the outer boundary is chosen so
that the shock surface remains well within the computational
domain for all angles of attack considered in this study. The
computational grid consists of 34 grid points along the body,
23 points in the circumferential direction, and 25 points be-
tween the body and outer boundary. Since no solutions with
nonzero yaw angles are sought, only half of the physical
domain is included and symmetry boundary conditions are
used to simulate the complete flow. The grid between the body
and outer boundary is relatively coarse. There are approx-
imately seven points in the boundary layer, and the skin-fric-
tion forces are three to four orders of magnitude less than the
pressure forces. Since the skin-friction forces are small, no
attempt has been made to futher refine their contribution to
the aerodynamic coefficients. It should be noted than an Euler
solver would have been sufficient for this study. However,
FL3D is a very efficient solver, and switching to an Euler
solver would have provided only minimal reductions in CPU
requirements.

The AFE forebody solutions require special treatment of
the boundary condition along a singular line that coincides
with the stagnation line at zero angle of attack. No other
modifications of the solver were required. Various boundary
extrapolation and averaging procedures were tried along the
singular boundary, and most of these resulted in oscillatory

solutions in the vicinity of this singular line.!¢ For the present
work the boundary procedure that eliminated the singular line
and resulted in smooth solutions at all angles of attack is
closely related to finite-volume boundary procedures.

In this procedure, a small cylindrical hole region is formed
around the singular axis. Grid points placed on the surface of
the hole region form the axis-boundary surface, the solution is
not solved for inside the hole, and a computed solution from
the interior of the computational domain is extrapolated to
this boundary. Other boundary procedures and local transfor-
mations have also been investigated.'®

In addition to the axis-boundary condition, isothermal, no-
slip boundary conditions are applied at the wall; the wall
temperature is equal to the freestream temperature. Extrapo-
lated outflow boundary conditions are imposed on the out-
flow planes. At the outer boundary surface, freestream
boundary conditions are applied.

Previous studies of blunt bodies (e.g., Refs. 17 and 18) have
shown that the real-gas effects on the pressure distribution can
be approximated using an equivalent ideal gas with an effec-
tive . This effective v can be chosen either by comparing an
ideal-gas solution with a real-gas solution, by comparing com-
puted shock shapes with experimental shock shapes, or by
matching the real-gas isentropic relationships for the density
ratio across a normal shock.!® In this study v was initially
chosen from shock tables,? and shock shape comparisons
were then used to refine the estimate.

In Fig. 5 a shadowgraph of the AFE model and computa-
tional pressure contours for coarse grid solutions using y=1.4
and y=1.2 and a finer, adaptive grid solution using yv= 1.2 are
shown. For the v = 1.4 solution the distance between the com-
puted bow shock and the surface is a factor of 2 too large. For
the coarse grid, v = 1.2 solution, there is extensive smearing of
the shock; however, the experimental shock does lie within the
computational shock width. Once the coarse grid solution was
obtained, more grid points were added and SAGE,?' a three-
dimensional adaptive grid code, was used to cluster the grid
points toward the shock. In the adapted grid solution the
resolution of the shock is greatly improved, and its location is
in excellent agreement with the experimental shock location.
For these conditions an effective v of 1.2 models the real-gas
effects, and the binary scaling factor pA (where A is the shock
standoff distance)?? indicates that the flow is in equilibrium.

To further reduce the computational resource requirements,
the base flow region was excluded from the computational
domain. However, the pressure on the base region cannot be
ignored. Studies have shown that the pressure on the base is
nearly constant and is of the order of 4% of the stagnation
pressure.?* These corrections have been included in the aero-
dynamic computations.

For the test conditions for run 1700, flow solutions were
computed for angles of attack between — 30 and + 30 deg for
y=1.2; for run 1701 solutions were computed between —25
and +25 deg for y=1.2 and between —25 and + 30 deg for
y=1.4. To minimize CPU time, a steady solution was first

Fig. 5 Comparison of experimental and computed bow shock loca-
tion.
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obtained for 0-deg angle of attack and for one of the two
freestream conditions. This first solution required 3000 time
steps for convergence, or 1800 CPU seconds on a CRAY
YMP. For additional flow solutions with differing Mach num-
bers, angles of attack, or v, already computed solutions clos-
est to the new conditions were used as starting solutions. This
reduced the time requirements for the new solution by a factor
of 10; only 180 CPU seconds were required for converged
steady solutions. The FL3D solver is vectorized and has an
efficiency of 2.5x 1075 CPU seconds per grid point per time
step.

The computed surface pressure coefficients at the symmetry
plane are plotted in Fig. 6 for coarse grid solutions with
freestream conditions for run 1700. At negative angles of
attack, the stagnation point is on the ellipsoidal nose, a pro-
nounced peak in the pressure occurs at the stagnation point,
and the peak pressure is much larger than that on the conical
section of the forebody. As the angle of attack increases, the
ratio of the peak pressure to the pressure on the conical section
decreases until the stagnation point moves onto the conical
section of the forebody. At all angles of attack, the pressure
on the conical surface decreases as the distance from the
ellipsoidal nose increases. The motion of the stagnation point
and the change in the ratio of the stagnation pressure to the
pressure on the conical surface cause nonlinearities in the
aerodynamic coefficients.

Contour plots in the symmetry plane, on the surface, and in
the base plane (not shown) indicate that the pressure coeffi-
cient along the conical section of the model decreases gradu-
ally, and the maximum pressure occurs in this region at large,
positive angles of attack. In addition, there is a strong expan-
sion at the base of the forebody, and at large positive and
negative angles of attack there are appreciable circumferential
pressure gradients.

The character of the pressure distribution on the conical
section of the forebody for the y = 1.2 adapted grid solution
differs from that of the v = 1.2 and vy = 1.4 coarse grid solu-
tions. At a 5-deg angle of attack, the pressure at the transition
from the ellipsoidal nose to the conical section for the two
v = 1.2 solutions is approximately the same. However, for the
adapted grid case the pressure on the conical section is almost
constant, whereas for the coarse grid solution it decreases
gradually. The resulting drag, lift, and moment coefficients
are larger for the adapted grid solution. Preliminary results
indicate that the differences in the aerodynamic coefficients
for the coarse and adapted grid solutions are on the order of
the base flow corrections. However, the magnitude and sign of
errors introduced by the relatively coarse grids are not known
over the entire range of angles of attack, and these corrections
have not been included in this study.

For the v = 1.4 coarse grid solution the pressure at the
transition point between the ellipsoidal nose and conical sec-
tion of the forebody is larger than that for either the coarse or
adapted grid v = 1.2 solution. It decreases more rapidly than
for either of the two y = 1.2 cases, and the calculated drag,
lift, and moment coefficients for the v = 1.4 solution are not
appreciably different from those for the y = 1.2 coarse grid
solution. This may change if adapted grids are used for both
the v = 1.4 and vy = 1.2 computations.

$1.0

1.0 0.8 -0.6 0.4 02 0.0 0.2 0.4
Arc length

Fig. 6 Surface pressure coefficient on symmetry plane, conditions
for run 1700, y=1.2.

Future computational work should include studies of the
effects of the grid on the surface pressure distribution, espe-
cially in the conical section of the forebody. The forebody
pressure distribution in this region can be sensitive to v (refs.
1, 2, and 24) and to any variations in v. At least one real-gas
solution should be computed for these cases so that the effects
of v variations on the pressure distribution can be studied.

Aerodynamic Results

The pressure distribution on the forebody was integrated to
give the computed drag, lift, and moment coefficients at vari-
ous angles of attack. The computed trim angles were then
calculated from the moment coefficients, and the aerody-
namic coefficients were approximated by polynomials in
sin(o — oyrim)- A least-squares analysis was used to calculate
the value of each term in the expansions, and the expansions
were truncated when the higher-order terms became small. For
these runs, sin(o — oyyim) reached a maximum value of 0.5, and
several terms in the polynomial expansions had to be kept:
three terms in the moment coefficient expansions (including
trim angle) and four terms in the drag and lift coefficient
expansions. The values of these terms are given in Table 2.

The corrections to these terms from the base pressure con-
tribution are approximated by

ACp = — RCy, cos(a — 17 deg)
AC; = RC,, sin(a — 17 deg)
ACy = RC, AY/1
where / is the reference length (base diameter). For models

such as the AFE the average base pressure is approximately
4% of the stagnation pressure.?? For all CFD computations

Table 2 Computed coefficients

Run 1700, y=1.2 Run 1701, y=1.2

Drag
Cp, 1.264 +0.004 1.246 +£0.003
Cp, 0.984 +0.022 0.905 +0.017
Cpy2 -1.177+£0.034 —1.218 +0.028
Cpy3 —0.807+0.121 —0.662:0.120
Lift
Cr 0.389+0.003 0.371 £0.001
CrLy —0.713+0.015 —0.732+0.008
Cry2 —1.065+0.022 —1.034+0.014
Cry3 0.750+0.080 0.847 £0.060
Moment
arim, deg -1.74 -1.03
CMy —0.153+0.001 —0.151£0.001
Cumy2 —~0.045 +0.003 —0.047 £0.003
Table 3 Experimental coefficients
Run 1700 Run 1701
Drag
Cp, 1.229 +0.004 1.278 £0.024
Cp, 0.95+0.042 0.84+:0.067
Cp,2 —1.14 (fixed) —1.18 (fixed)
Cpy3 —0.81 (fixed) —0.66 (fixed)
Lift
Ci, 0.346+0.011 0.319+0.011
CL, —0.67+0.12 -0.58+0.12
Cry2 —1.05 (fixed) —1.02 (fixed)
CLe3 0.75 (fixed) 0.85 (fixed)
Moment
arim, deg +0.1+0.2 -1.3+0.4
Cum, —0.129+0.001 —0.143 :0.002
Cry2 —0.045 (fixed) —0.047 (fixed)
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the stagnation pressure was about 2, and the corrections to the
aerodynamic coefficients are

ACp = —0.08 —0.02 sin o + 0.04 sin? & + - - -

I

ACp = —0.02+0.08 sin o + 0.01 sin® ¢ + - - -
ACy = 0.003

For the HFFAF runs the higher-order terms could not be
determined because of two factors: the limitation on the num-

1.6 :

1.4 Lo
+ 1] .E

1.2 —

—— Experiment |
o Y=12 |

Experiment
o Y=1.2

'''' Experiment
"7l e y=12
0.2 4————— ]
o -30 -20 -10 0 10 20 30
0.08
= Experiment |-
0.04 | o ve12 |-
< 0.00 : ;
-0.04 f ﬁ}]\
serednen e TI\K
-0.08 T
S
T ¥ L) —l
-30 -20 -10 0 10 20 30
4 Angle of attack

Fig. 7 Aerodynamic coefficients for run 1700.
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ber of data sets and the accuracy of the measurements. If there
are multiple runs with varying amplitudes in the motion, the
higher-order terms can be calculated. However, if there is only
one run, the higher-order terms introduce only small perturba-
tions to the motion described by a truncated expansion of the
aerodynamic coefficients. To further compound the problem,
the orientation and position measurements are less accurate
than is typical for the HFFAF. The angle measurements are
accurate to =+ 0.5 deg, rather than the usual 0.1 deg; the
position measurements are accurate to = 0.02 in., rather than
0.001 in. These errors are caused by difficulties in measuring
the orientations and positions of blunt models in ballistic
range shadowgraphs. New advances in computerized film
reading? should greatly reduce these errors.

However, with one experimental data set there is enough
information to calculate the two lowest-order terms in the lift,
drag, and moment coefficients for models with minimal roll;
the second- and third-order terms were fixed to their CFD
values plus the estimated correction from the base. First-order
terms for the side force and yawing motions were also calcu-
lated; however, there was too little information available to
obtain higher-order terms, especially since the rolling of the
models masked their effects.

The experimental coefficients are given in Table 3, and the
experimental results are plotted in Figs. 7 and 8. The squares
represent the computed values from the forebody solution; the
hash marks give the approximated values with base flow cor-
rections. The solid lines give the upper and lower estimates for
the experimental aerodynamic coefficients. As indicated by
these upper and lower bounds, the moment coefficients can be
determined very accurately with two cycles of motion. The
drag can also be accurately determined. The lift coefficient has
the largest amount of error. In general, lift is the most difficult
aerodynamic coefficient to measure in the HFFAF, and if the
CFD values for the higher-order terms in the expansion of the
lift coefficient are incorrect, the errors are magnified.

The experimental and computed drag and lift coefficients
for run 1700 show good agreement, expecially when the base
corrections have been included. The experimental drag coeffi-
cient lies between the CFD forebody value and the forebody
value plus base correction. The computed lift plus base correc-
tion lies in the center of the upper and lower estimates for the
experimental lift. The first two terms in the expansions of the
experimental and computed drag and lift coefficients also
show good agreement when the base flow corrections have
been added to the computed values.

For run 1701 the agreement between the experimental and
computed drag and lift coefficients is not as good. The exper-
imental drag is larger than its computed value, and the exper-
imental lift is lower. Some of these differences are attributable
to the rolling and yawing of the model. With only one data set,
errors in calculating the yawing moment, side forces, and roll
rates can introduce errors into the drag and lift calculations.
These errors are minimized when multiple sets of data are used
in the data analysis procedure. Since the computations indi-
cated that the drag and lift coefficients had only a small
dependency on Mach number in the range of 9.2-11.8, these
coefficients were found simultaneously for runs 1700 and
1701. The results are shown in Fig. 9.

The use of multiple data sets did significantly improve the
agreement between the experimental and computed drag coef-
ficients, and the experimental error band was reduced from
that obtained with the run 1701 case alone. The error band for
the experimental lift coefficient is still large, and there are
some differences between experiment and computation at neg-
ative angles of attack; however, the fit is now quite good for
positive angles of attack. There is still not enough information
to separate out the effects of the side and lift forces on the
motion of rolling models, and the yaw and roll may be con-
tributing to the pitching motion. Additional experimental data
sets are necessary to further refine the experimental lift coeffi-
cient.
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The experimental pitching moment coefficient for run 1700
does show some deviation from the computed coefficient,
whereas there is little deviation in the run 1701 case. As shown
in Egs. (10) and (11), the moment forces are proportional to
the moments of inertia; for these models it is difficult to
accurately measure the moments of inertia, and there may be
a constant multiplier contributing to the differences between
the experimental and computed moment coefficients. How-
ever, this constant should have only a small effect on the trim
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angle. In addition, there may be some corrections from small
errors in the measured center-of-gravity location.

The center of gravity for the HFFAF models was offset
from the vehicle design center of gravity. This does introduce
a correction to the moment coefficient. The moment coeffi-
cient at the design center of gravity is given by

Cy(design center) = Cy— [Crcos a+ Cp sin o] Ax/]
~ [Cp cos aa— C; sin a]Az/]

where Ax and Az give the displacement from the model center
of gravity to the design center of gravity in the coordinate
system shown in Fig. 4, and /is the diameter of the model. The
moment coefficient for the design center of mass is shown in
Fig. 10. The experimental value was obtained using multiple
sets in the data reduction routine, and both the computed
moment coefficients for runs 1700 and 1701 are shown. There
is good agreement between the experimental and computed
moment coefficients, and the trim angle for the design center
of gravity is ~ 14.7 deg relative to the base plane of the model].



342 YATES AND VENKATAPATHY:

0.6 * . H H ]
A Langley, air, 1
0.5 ¢ Langley, air, 2
0.4 ' SR + Langley, CF,, 1}
' NS _@‘m x Langley, CF,, 2
Q R v VLR
3 0.3 : TEIS H
0.2 1]- - - HEFAF .A‘?L\.
R W
o1+ Y= 1.2, run 1700 s
—— Y= 1.2, run 1701
0.0 T T T T T T H
-12 -8 -4 0 4 8 12
Angle of attack
Fig. 11 L/D comparison.
0.05 — —
o —— HFFAF
0.04 5 A Langley, air, 1
0.03 O © Langley, air, 2
0.02 & ; + Langley, CFq4, 1
< 0.01 .. l X Langley, CFy 2
L] :
0.00 : \\ &5
-0.01 - }\ s
002 e 2R
-0.03 i — 17—

-12 -8 -4 0 4 8 12
Angle of attack
Fig. 12 Moment coefficient comparison.

Comparison to Langley Tunnel Results

In Figs. 11 and 12 the HFFAF experimental and computed
lift-to-drag ratios (L/D) and moment coefficients are com-
pared to those obtained in the Langley 31-In. Mach 10 Tunnel
and the Langley Hypersonic CF, Tunnel.” The conditions for
the Langley tunnel tests included here are given in Table 4.
The test gas in the Langley 31-In. Mach 10 Tunnel was 2air, and
the Mach numbers fell between the two HFFAF values. The
pressures, temperatures, and velocities were much lower than
those for the HFFAF runs. For the Langley Hypersonic CF,
Tunnel tests, the Mach numbers, pressures, temperatures, and
velocities were all lower than the corresponding HFFAF val-
ues. The effective v values, based on calculated thermody-
namic properties behind the shock, were 1.34 for the Langley
31-In. Mach 10 Tunnel tests and 1.11 for the Langley Hyper-
sonic CF, Tunnel tests. For the HFFAF runs the shock stand-
off distance was matched using y=1.2.

The HFFAF experimental results shown in Fig. 11 were ob-
tained using the six-degree-of-freedom data reduction routine
with runs 1700 and 1701. As mentioned previously, the rolling
and yawing motion did affect the calculated lift coefficient,
and the computed L/D does not lie within the upper and lower
bounds of the experimental L/D at negative angles of attack.
However, the computed L/D is in excellent agreement with all
of the Langley results shown here. The effects of Mach num-
ber, Reynolds number, and y on L/D are minimal.

In Fig. 12 the moment coefficients at the design center of
gravity are shown for the HFFAF, Langley 31-In. Mach 10
Tunnel, and Langley Hypersonic CF4 Tunnel tests. The mo-
ment coefficients and trim angles for these three cases do not
agree. For a wide range of conditions, tests at Langley’ indi-
cated that the moment coefficient was independent of the
Mach number and Reynolds numbers; however, variations in
the effective v had a pronounced effect on the moment coeffi-
cient. Computations performed by Micol** also indicated a

AEROASSIST FLIGHT EXPERIMENT

Table 4 Experimental conditions for Langley tunnel tests

Pressure, Temperature, Velocity, Mach Model
Test Torr K km/s number  diam, in.
Air, 1 0.9 51 1.42 9.9 2.50
Air, 2 i.7 50 1.43 10.05 3.67
CF4, 1 1.3 167 0.87 6.28 2.50
CFg4, 2 2.0 162 0.87 6.10 3.67

pronounced effect of vy on the forebody pressure distribution.
Therefore, the differences in the wind-tunnel and ballistic
range results are attributable to variations in y and, hence,
real-gas effects. The curvature of the moment coefficient
(Cu,2) is negative for the Langley 31-In. Mach 10 Tunnel cases
(y = 1.34), negative but less so for the HFFAF cases
(y = 1.20), and positive for the CF, cases (y=1.11). The
respective trim angles for these three cases are 12, 14.7, and 17
deg.

Conclusions

The use of a combination of experiment and CFD has
proven effective in the interpretation of free-flight data. In
this study of the AFE trim angle, sufficient free-flight data
were not available for calculating higher-order terms in the
series expansions of the aerodynamic coefficients. To extract
information from the experimental data, the curvature of the
function describing the moment coefficient had to be known,
and this was provided by CFD. In the analysis of the HFFAF
data, the higher-order terms in the aerodynamic coefficient
expansions were set equal to the CFD values; the lower-order
terms were found using a six-degree-of-freedom, weighted,
least-squares procedure. The resulting experimental and CFD
aerodynamic coefficients and trim angles are in good agree-
ment.

Comparison of the HFFAF and Langley tunnel results
shows a strong dependency of the moment coefficient and
trim angle on real-gas effects. All three facilities had different
effective specific heat ratios: 1.34 for the Langley 31-In. Mach
10 Tunnel, 1.2 for the test conditions in the HFFAF, and 1.11
for the Langley Hypersonic CF, Tunnel. The trim angles
found in these three facilities were, respectively, 12, 14.7, and
17 deg. The trim angle was sensitive to the effective specific
heat ratio, and to accurately predict the trim angle at flight
conditions, the state of the gas must be correctly modeled.

This is important for the AFE. In the current design the
trajectory and angle of attack are controlled by reaction con-
trol systems, and the radiation from particular regions of the
wake flow is measured by rearward-viewing radiometers. Bet-
ter knowledge of the trim angle and its uncertainty will reduce
the amount of fuel required by the reaction control systems
and reduce the uncertainty in the radiometer specifications. By
use of a combination of CFD studies and ground-based exper-
iments, the real-gas effects at flight conditions can be modeled
and the estimates of the trim angle can be improved.

In many cases the HFFAF can be used to simulate actual
flight conditions, and reasonable predictions of the moment
coefficients and trim angles can be obtained in this facility.
Furthermore, the agreement shown here between the experi-
mental and computed results indicates that for blunt bodies,
such as the AFE, at these test conditions, the moment coeffi-
cients and trim angles can be computed using efficient ideal-
gas solvers with an appropriate choice of the specific heat
ratio. The appropriate specific heat ratio can be found from
real-gas CFD solvers or from shock-shape comparisons. In
cases where the actual flight conditions cannot be duplicated
in ground-based facilities, real-gas solvers must be used to
check the validity of using ideal-gas solvers with constant
specific heat ratios to predict moment coefficients and trim
angles. At flight conditions, variations in the specific heat
ratio may have sizable effects on the moment coefficients and
trim angles.
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