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Summary

A nonlinear, six-degree-of-freedom aerodynamic
model for an early version of the HL-20 lifting body is
described and compared with wind tunnel data upon
which it is based. Polynomial functions describing
most of the aerodynamic parameters are given and
tables of these functions are presented. Techniques
used to arrive at these functions are described.

Basic aerodynamic coefficients were modeled as
functions of angles of attack and sideslip with ve-
hicle lateral symmetry assumed and compressibility
(Mach) effects ignored. Control effectiveness was as-
sumed to vary linearly with angle of deflection and
was assumed to be invariant with angle of sideslip.
Dynamic derivatives were obtained from predictive
aerodynamic codes. Landing-gear and ground effects
were scaled from Space Shuttle data.

The model described is provided to support pilot-
in-the-loop simulation studies of the HL-20. By pro-
viding the data in tabular format, the model is suit-
able for the data interpolation architecture of many
existing engineering simulation facilities. Because of
the preliminary nature of the data, however, this
model is not recommended for study of absolute
performance of the HL-20.

Introduction

The HL-20 lifting body (fig. 1) has been designed
as a component of the proposed personnel launch sys-
tem (PLS). This vehicle would be launched into orbit
by a booster rocket or carried within the payload bay
of the Space Shuttle orbiter. The vehicle would then
deorbit by using an on-board propulsion system and
perform a nose-first reentry and horizontal, possibly
unpowered, landing as described in reference 1.

The HL-20 lifting body has been designed to
carry up to 10 people and very little cargo. New
construction techniques will facilitate maintenance
of the vehicle and permit rapid turnaround between
landing and launching,.

A lifting-body concept has been suggested for the
PLS to provide sufficient cross-range capability to
allow for a higher number of landing opportunities
while keeping aerodynamic heating at acceptable
levels during reentry.

This report describes a preliminary subsonic aero-
dynamic model of an early slab-wing version of the
HI-20 vehicle with a maximum lift-to-drag ratio
of 3.2. The model was developed to provide an early
real-time simulation of the vehicle in the approach
and landing phases of flight. The simulation was used

from February to October of 1990 to support devel-
opment of preliminary guidance algorithms, pilot dis-
plays, manual and automatic flight control systems,
and evaluations of handling qualities and proposed
configuration changes.

The model is based upon measurements of the
aerodynamic characteristics of scaled models, except
where noted. These measurements were obtained
in the Langley 30- by 60-Foot Tunnel and in the
Calspan 8-Foot Transonic Wind Tunnel at Mach
numbers of 0.08 and 0.6, respectively.

The wind tunnel data, in original form, are un-
suitable for use in piloted simulations for several rea-
sons. Data obtained in different wind tunnels with
different scale models of the same vehicle are not
always consistent. In the HL-20 example, different
sets of control-surface combinations were tested in
the two tunnels. Fitting a smooth function through
the wind tunnel data results in smooth derivatives of
those data. The smooth derivatives are important in
performing stability analyses.

This report outlines the technique used to blend
force and moment data from the two wind tunnel fa-
cilities into a single aerodynamic model. Algorithms
that were used for smoothing the wind tunnel data
are referenced. The resulting mathematical descrip-
tions of the aerodynamic functions are given. For
comparison purposes, plots of wind tunnel data and
these model data are shown. Landing-gear, ground
effects, and dynamic derivatives are given in tabular
format.

Most of the functions of nondimensional aero-
dynamic coefficients functions documented in the
appendix of this report are described both mathe-
matically and in tabular format. These tables of coef-
ficients describe the variation of vehicle aerodynamic
characteristics with respect to angles of attack and
sideslip and, in some cases, height above ground and
landing-gear position. The values given in these ta-
bles are equivalent to the values obtained by using
the equations; however, because many real-time sim-
ulation facilities presently use function-table lookup
techniques, tables are provided.

In developing this model, compressibility (Mach)
effects were ignored. Lateral symmetry was assumed.
Data for the vehicle with no control-surface deflection
(hereinafter referred to as basic) were assumed to
vary with angles of attack and sideslip. Control-
surface effects were assumed to vary nonlinearly with
angle of attack and linearly with angle of deflection.
No dependence upon angle of sideslip for control
effects was modeled.



Although general trends in the dynamic charac-
teristics of the HIL-20 vehicle should be adequately
represented by this model, the model is not intended
for obtaining quantitative values of the performance
of the HL-20. Predictions of aircraft performance
should be made after more complete aerodynamic
data are available.

Dynamic derivatives were obtained from predic-
tive aerodynamic codes. Landing-gear and ground
effects were scaled from Space Shuttle data.

Symbols

All forces and moments are referred to the body
axis system. See figures 2 and 3 for body and axis
sign conventions and control-surface nomenclature,
respectively.

b reference span, ft
¢ reference length, ft
C'q axial-force coefficient (4 indicates

force in aft direction)

o rolling-moment coefficient
Cm pitching-moment coefficient
Cn normal-force coefficient (+ indicates

force in up direction)

Ch vawing-moment coefficient

Cx axial-force coefficient (4 indicates
force in forward direction)

Cy side-force coefficient

Cyz normal-force coefficient (+ indicates
force in down direction)

Fx,Fy,Fy aerodynamic force in X, Y, and Z
direction, respectively

h height of center of gravity above
ground, ft

M Mach number

My, My, M7z moment about X, Y, and Z axis,
respectively

P; curve-fit polynomial coeflicient
vector

p,q,T roll, pitch, and yaw rate, respectively

S reference area, ft2

@ angle of attack, deg (4 indicates
aircraft nose up)

15} angle of sideslip, deg (+ indicates

aircraft nose left)

Oq aileron deflection, deg (4 indicates
right wing down)

de elevator deflection, deg (+ indicates
trailing edge down)

5f+ positive flap deflection, deg
(4 indicates trailing edge down)
5f_ negative flap deflection, deg
(4 indicates trailing edge down)
onfy lower left body-flap deflection, deg
(4 indicates trailing edge down)
obf,, lower right body-flap deflection, deg
(4 indicates trailing edge down)
6bful upper left body-flap deflection, deg
(4 indicates trailing edge down)
Ob fur upper right body-flap deflection,
deg (+ indicates trailing edge down)
b4 landing-gear position, deg (0 = up,
98 = down)
Or rudder deflection, deg (+ indicates
trailing edge left)
bufy left wing-flap deflection, deg
(4 indicates trailing edge down)
duwf, right wing-flap deflection, deg
(4 indicates trailing edge down)
onf differential body-flap deflection, deg
(4 indicates right wing down)
Subscripts:
0 basic configuration
GFE ground effect
Abbreviations:
ANL aircraft nose left
ANR aircraft nose right
ANU aircraft nose up
RWD right wing down
TED trailing edge down
TEL trailing edge left
TEU trailing edge up

Model Description
Origin of Data

Most data for this model originated from wind
tunnel tests. Low-speed (M = 0.08) data were ob-
tained in the Langley 30- by 60-Foot Tunnel; higher



speed (M =0.6) data were taken in the Calspan
8-Foot Transonic Tunnel.

Langley 30- by 60-Foot Tunnel. A 4.92-ft
model was tested in the Langley 30- by 60-Foot
Tunnel (Langley tunnel) in a series of runs conducted
at M = 0.08 (ref. 2). These runs covered a range of
angle of attack from 0° to 55° and a range of angle of
sideslip from —10° to 10°. Various configurations of
control-surface deflections of symmetric body flaps,
antisymmetric body flaps, antisymmetric wing flaps,
and all-movable rudder deflections of up to 30° were
tested; only a few configurations with a single body
flap deflected were tested; and no configurations with
single wing flaps or symmetric wing flaps were tested
in these early wind tunnel runs. A summary of the
Langley tunnel runs used in the development of this
model is given in table I.

Calspan 8-Foot Transonic Tunnel. A
20.63-in. model was tested in the Calspan 8-Foot
Transonic Tunnel (Calspan tunnel) at M =0.6

Sign Conventions

(ref. 3). The tests covered a range of angle of attack
from —10° to 30° and a range of angle of sideslip
from —10° to 10°. Control deflections of symmetric
and antisymmetric body flaps, symmetric and an-
tisymmetric wing flaps, and the all-movable rudder
were tested. No deflections of single surface body or
wing flap were tested. A summary of the configura-
tions tested in the Calspan tunnel is given in table II.

Ground proximaty and landing-gear effects.
Ground effects and landing-gear effects were based on
Space Shuttle data given in reference 4. These data
were scaled according to ratios between the HL-20
and the Space Shuttle orbiter reference lengths and
areas.

Dynamic derivatives. The dynamic derivative
coefficients (C’mq,C’Zp,C’ZT,Cnp, and C,,) were pre-
dicted with software called the Aerodynamic Pre-
liminary Analysis System (APAS). The use of this
software is described in references 5 and 6.

Figure 2 illustrates the body and axis-sign conventions used for the aerodynamic coefficient tables. Figure 3
shows the control-surface nomenclature and sign convention used to describe aerodynamic surface deflections.

Computation of Aerodynamic Forces and Moments

Input variables. For the convenience of the reader, table 11T summarizes the independent variables (input
quantities) required for the HL-20 aerodynamic model.

Combination of surfaces. Because most of the wind tunnel tests were conducted by using combinations of
control-surface deflections, individual body-flap and wing-flap surface contributions were difficult to determine.
For this reason, the aerodynamic functions documented in this report are based upon linear combinations of
symmetric and differential surface deflections. These combinations are defined in figure 4.

Force and moment equations. A conventional “coefficient build-up” method is used in the formulation
of the aerodynamic model, in which the vehicle aerodynamic coeflicients for the basic configuration, modeled
as functions of angles of attack and sideslip, are modified by incremental coefficients that represent the effect
of control-surface positions, landing-gear extension, and ground proximity effects. Moment coefficients are also
modified by rotational effects (dynamic derivatives). In general, the incremental coefficients are functions of
angle of attack. Landing-gear effects are functions of angle of attack and landing-gear deflection angle. Ground
effects are functions of angle of attack and normalized height above ground.

The following six equations define how the functions described in the appendix are combined to yield the
six total aerodynamic coefficients:

Cx = Cxg o 8) + O, () &+ Coy (@) [80] 4 Coxy | () eps +Cox, () 8-

h
+Cx |(a) [8as ]+ Coxyy,y (@) 10r] + Cx s (@ 819) + Cx G (a’ 3) .

|oa s

Cy = Cy, B+ Cy,, (a) 8+ CYW (a) éaf + Cy;, (a) & (2)



Cy = CZ,O (o, B) + CZée (o) b + CZ(Sf‘l‘ () 5f+ + CZéf— () 5f— + 027519 (a, 519)

+Cz6E (04, %) (3)

pb b
ov (@) 5y

Cm = Cmo (@, ) + Cy, (@) b + leéal (@) |64] + Cm5f+ () bp+ + Cméf— () & -

C; = Clﬁﬁ + Cléa (a) bq + CléAf (a) 5Af + Clér (a) oy + Clp (a)

qc h
+ Cmg (@) 557 + Cn gy, (@ 81) + Cin 1 (a’ 3) ?

Cp=Chola, )+ Chs, (o) 64 + C”%f (@) épaf + Chs, (o) b,

rb

pb

W (6)

These nondimensional coefficients are then scaled to provide dimensional forces (F;) and moments (M;), as
follows:

Fx =¢SCx (7)
Fy =4SCy (8)
Fy=qS5Cy (9)
My = gSbC) (10)
My = g¢SeCyp, (11)
My = gSbC, (12)

Reference values. The moment reference point for all wind tunnel tests was located at 54 percent of
body length along the X body axis, as measured from the nose. Table IV provides the reference values for the
nondimensionalizing constants S, ¢, and b.

Output variables. Table V summarizes the output quantities calculated by equations (7) through (12).

Development of Model

Measurement axes. The aerodynamic coefficient data were measured about the normal, axial, and
sideward axes (N, A, V) in both wind tunnels (fig. 2). These axes were retained for all data reduction steps
described in this report. The tables given in the appendix provide these same data in body X, Y, Z axes as
this transformation is trivial (C'y = —Cy,Cy = —Cy,Cy = Cy) and the X, Y, Z axes are the conventional
axes for real-time flight simulation.

General procedure. The approach taken to describe the aerodynamics of the HL-20 vehicle included
developing, wherever possible, a polynomial description of each aerodynamic function. This ensured a smooth,
continuous function and removed some of the scatter in the wind tunnel data. Also, measurements of the same
coefficient from the two different wind tunnels were usually taken at dissimilar values of angles of attack and
sideslip, and some means of reconciling the two dissimilar sets of raw data were needed. This curve-fitting
procedure was unnecessary for some coeflficients, and those instances are mentioned subsequently.
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The curve-fitting method used to generate the parameters for each polynomial description was an unweighted
least-squares algorithm, as implemented in the matrix left division operation of the Integrated Systems
MATRIXy software product (ref. 7).

Lateral symmetry of the model was assumed. Thus, longitudinal data (N, m, A measurements) were
reflected about the axis of zero angle of sideslip before curve fitting, as shown in figure 5(a). Lateral-directional
data (I, Y, n measurements) were reflected about the origin before obtaining curve fits to ensure that the
resulting curve fits would pass through a value of zero at an angle of sideslip of 0°. Figure 5(b) illustrates this
procedure.

A three-dimensional polynomial surface was fit through the longitudinal wind tunnel measurements of the
vehicle in the basic configuration (in which control surfaces were undeflected), as a function of angle of attack

and angle of sideslip (Cy, = Cno(@, 8), Cro = Cola, ), and Cy, = Cy,(a,f)).

The lateral coefficients Cy and C] for the basic configuration were found to vary linearly with angle of sideslip
irrespective of angle of attack; they were therefore modeled as scalar sideslip derivative values (Cyﬁ and C’Zﬂ,

respectively).

Yawing moment (C;, ) for the basic configuration did not lend itself to polynomial surface fitting. It was
modeled by using engineering judgement based upon the available data as a function of sideslip for each value
of angle of attack.

To generate the incremental effects of control-surface deflections, the difference between deflected control-
surface and nondeflected control-surface data for that wind tunnel model was calculated prior to smoothing. (A
linear interpolation in angle of attack between the data points for the basic configuration was necessary before
performing the subtraction.) This calculation yielded an incremental coefficient for each control deflection. The
resulting incremental coefficient was then divided by the control-surface deflection angle. This resulted in a set
of derivative coefficients for each measured deflection. A polynomial curve was then fit by using a least-squares
algorithm simultaneously through all derivative data points for a given control-surface combination. This curve
was fourth-order in angle of attack. Figure 6 illustrates this process for a general coefficient €, an incremental
coefficient AC/, and a derivative coefficient Cj.

Tabular data were then generated as a function of angles of attack and sideslip by using the polynomial
descriptions of the clean and derivative functions (appendix). During this process, the change of axes from N,
A, Y to X, Y, Z body axes was performed. Because the aerodynamic functions are continuous (except for
Cr o), it was possible to tailor the distribution of the function-table indices to better describe the functions by
concentrating breakpoints in areas of interest. For example, a higher density of angle of sideslip was chosen on
either side of zero angle of sideslip because most flight occurs at relatively small angles of sideslip. Also, the
density of angle-of-attack breakpoints was increased near the inflection point on the pitching-moment curve,
near an angle of attack of 25°, to better model this aerodynamically interesting area.

Data for basic configuration. The data for the basic configuration from the Calspan tunnel (runs 49-54
in table IT) were used to generate a sixth-order polynomial curve fit by using a least-squares algorithm as a
function of angle of attack («) and absolute value of angle of sideslip (|3]|). Equation (13) gives the general
matrix equation used to generate the curve fits, and equation (14) contains the values of the parameters of the
P, matrix. These equations are

[CNo Cmo Caol=[1 o o o® ot o of |8 p* (B B «olp]] P, (13)



where

T —9.025 x 1072 2.632 x 1072 7.362 x 1072 7
4.070 x 1072 —2.226 x 1073 —2.560 x 104
3.094 x 107> —1.859x 107°  —2.208 x 104
1.564 x 10~° 6.001 x 1077 —2.262 x 1076

—1.386 x 106 1.828 x 1077 2.966 x 10~7
p - 2545 x 1078 —9.733x 1079  —3.640 x 1077 (14)
—1.189 x 10710 1.710 x 10710 9.388 x 10712
2564 x 1073 —5.233x107*  —5.299 x 1074
8.501 x 10~* 6.795 x 107°  —4.709 x 1074
—1.156 x 107%*  —1.993 x 107° 8.572 x 10~°
3.416 x 1076 1.341 x 107 —4.199 x 1076
| —4.862 x 1074 6.061 x 1077 1.295 x 1074 |

Figures 7 through 9 depict the wind tunnel measurements and show comparisons with the numerically
generated curve fits. The Langley tunnel data are shown for comparison with the curve fits and the Calspan
tunnel data. In each figure, the first two parts, (a) and (b), show the curve fits and the wind tunnel data.
The next part, (c), shows the surfaces plotted in three dimensions with constant spacing between a and § grid
points. The final part, (d), shows the same surfaces drawn with the « and 3 grid point sets used to generate
the tables found in the appendix.

As might be anticipated, the lateral-directional components are zero at 8 = 0° for the basic configuration.
The side-force and roll stability derivatives Cy, and C}, were found to be virtually constant with angle of
sideslip and constant at most angles of attack with values given in the following equations:

Cy, = —0.01242 per deg (15)
Clﬁ = —0.00787 per deg (16)

Figures 10 and 11 show the validity of this approximation. These values were generated from an examination
of Calspan tunnel runs 49-54 in table II.

Yawing-moment coefficient for the basic configuration ', , was neither constant nor analytic in nature, and
consequently a function table was derived by inspection of available wind tunnel data as a function of angles
of attack and sideslip. The data were adjusted to pass through zero at 8 = 0°. Figure 12 illustrates the wind
tunnel Cy, , data points (from Langley tunnel runs 2-11 in table I, and Calspan tunnel runs 49-54 in table II)
and the corresponding aerodynamic model function.

Symmetric wing flaps (elevator). Whereas the Calspan tunnel runs included symmetric deflections
of wing flaps, the initial Langley tunnel runs did not include symmetric wing-flap configurations. Thus, the
contribution of symmetric wing flaps to longitudinal aerodynamic characteristics was based entirely on the
tests at M = 0.6 (Calspan tunnel runs 198, 210, and 216). Symmetric deflection angles of 5°, —5° and —10°
were tested. The equation for symmetric wing-flap contributions is given by

Cn;,  Cmg, CA56:|:|:1 o o o o Ps, (17)



where values of P, are as follows:

5140 x 1073 —1.903 x 1073  —1.854 x 1074
3.683 x 107° —1.593 x 107°  2.830 x 107°
Ps, = | —6.092x 107  2.611 x 107 —6.966 x 10~7 (18)
2.818 x 1072 5116 x 107%  1.323 x 10~7
—2.459 x 1072 —1.626 x 1079 —2.758 x 107

Figure 13 shows the effect of symmetric wing flaps per degree of deflection on the normal-force, axial-force,
and pitching-moment coefficients, as well as the corresponding curve fit.

Differential wing flaps (ailerons). The contribution of differential wing flaps to HL-20 aerodynamic
characteristics was based entirely on Langley tunnel tests at M = 0.08 (runs 16, 17, 18, and 19, corresponding
to 15°, 30°, —15°, and —30°, respectively). Because the Langley tunnel tests did not include negative angles
of attack, the curve fits for these coefficients were held constant at the value for angle of attack of 0° for lower
values. The equation for differential elevon contributions is given by

CONial Cmpa) Oy O

5o Chs, Cléa]:[l a o o ot Ps, (19)

where P values are given as follows:

—2503%x 107% 1471 x107%  9.776 x 1074 3.357x 1073 —2.769 x 1073 2.538 x 1073
4.987x 107°  4.673x 107° —2.703x 107° —1.661x 107> —4.377x 107° 1.963 x 107>
Ps, = | —2.274x107% -8282x107% —8303x 1076 -3.280x107%  9.952x 1076 -3.725x107° (20)
—1.407x 1077 4.891 x 1077  6.645x 1077  5.526x 1078 —3.642 x 1077 3.539 x 1078
5135 x 1077 —8.742x 1077 —1.273x 1078 —3.269x 10710  4692x107° —1.778 x 10710

Figure 14 shows the effect of differential wing flaps per degree of deflection on the force and moment coefficients,
as well as the corresponding curve fit.

Because the contribution of CN|<5 | Was small compared to normal-force coefficient Cpy ,, CN|<5 | for the basic
a ? a

configuration was set to zero in the model and does not appear in the data tables found in the appendix.

Positive body flaps. The contributions of symmetric, positive (lower) body-flap deflections to HL-20
aerodynamic characteristics were based on Langley tunnel tests (run 15 (10°) and run 34 (30°)) and on Calspan
tunnel tests (run 192 (10°)). The equation for positive body-flap contributions is given by

— 2 4
Cry, Cma, CA%] =[1 o of|P ot (21)
where values of P5f+ are given as follows:
37791073 —9.896 x 10~ 1.310 x 107*
Ps . =| —7.017x1077 —1.494 x 1079 1.565 x 1076 (22)
Ft

1.400 x 10~10 6.303 x 10711 —1.542 x 1079

Figure 15 shows the effect of positive body flaps per deg of deflection on axial-force, normal-force, and pitching-
moment coeflicients, as well as the corresponding curve fit.

Negative body flaps. The contribution of symmetric negative (upper) body-flap deflections to HL-20
aerodynamic characteristics was based on Langley tunnel runs 12, 13, and 35, and on Calspan tunnel run 180,
at flap settings of —5°, —10°, —30°, and —10°, respectively. Note that the test at —30° did not include the
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vertical all-movable rudder; this effect is considered to be negligible compared with the contributions of the
negative flaps. The equation for negative body-flap contributions is given by

_ 2 3 4
CNéf— Cméf— C’Aéf_] = [1 a o o« ng_ (23)
where values of P(gf_ are given as follows:
3.711 x 1073 —1.086 x 107> —4.415 x 1074
—3.547 x 107°  1.570 x 107°  —4.056 x 1076
Ps = | —2706x107%  4.174 x 1077 —4.657 x 1077 (24)
d 2.938 x 1077 —1.133 x 107 0
—5.552x 1072 2.723 x 1079 0

Figure 16 shows the effect of negative body flaps per degree of deflection on axial-force, normal-force, and
pitching-moment coefficients, as well as the corresponding curve fit.

Differential body flaps. The contribution of differential body flaps to HL-20 aerodynamic characteristics
was based on Langley tunnel runs 22 through 26, which included data taken at angles of sideslip from
—10° to 10°, with —30° differential body flap (&, = —30°, &5 = 30°), and Calspan tunnel run 186, with
—10° differential body flap. The differential body flaps had very little effect on normal force or pitching
moment, therefore, these effects were not modeled. The equation for differential body-flap contributions is
given by

CA|<5Af| CY&Af CnéAf ZéAf:| = [1 o a2 a3 044] P5Af (25)
where values of P(gAf are given as follows:
—6.043 x 1074 2.672x107°  —5.107 x 1077 7.453 x 10~*
~1.858 x 107°  —3.849 x 107" 1.108 x 107°  —1.811 x 107"
Ps,, = | 8000x1077 4564 x 107" —1.547x 107  —1.264 x 1077 (26)
—4.845 x 1078 1.798 x 1078  —1.552x 1078 9.972 x 1078
1.360 x 1072 —4.099 x 10710 1.413 x 10710 —2.684 x 1079

Figure 17 shows the effect of differential body flaps per degree of deflection on the other force and moment
coefficients, as well as the corresponding curve fits. The large amount of scatter apparent in these plots was
due to sideslip, which was not modelled in the curve fit.

All-mowvable rudder. The contribution of the all-movable rudder to HL-20 aerodynamic characteristics
was based on Langley tunnel runs 28 and 29, corresponding to 15° and 30° of the all-movable rudder. Because
the Langley tunnel did not include negative angles of attack, the curve fits for these coefficients were held
constant at the value for «« = 0°. The equation for all-movable rudder contributions is given by

_ 2 3 4
Cngy Cmpy Cayy vy Cuy G| =1 @ o o® o] Py (27)
where values of P are given as follows:
5173 x 1074 —5.116 x 10> 5.812 x 104 1.855 x 1073 —1.278 x 1073 2.260 x 10™¢
7.359 x 107°  —1.516 x 107> 1.410 x 10~° 1.128 x 10™° 1.320 x 10™° —1.299 x 10™5
Ps; = | -8270x 1077  1.720x 1075 —2585x107%  6.069x 1076 —4.720x 1075 5.565 x 107° (28)
—6.034x 1077  —2.481 x 1078 3.051 x 1077 —1.780x 1077 2371 x 1077 —3.382x 10~
2.016 x 1078 —7.867x 10710 _8.161x107? —1.886x 10712 _3340x 1079  6.461 x 1079



Figure 18 shows the effect of the all-movable rudder
per degree of deflection on each of the force and
moment coefficients, as well as the corresponding
curve fits.

Because the contributions of Cy;. | and Cm|5r| are
T

small, they are set to zero in the model and do not
appear in the data tables found in the appendix.

Dynamic derivatives. The five dynamic deri-
vative coefficients used in this model (C’mq, C’Zp, Ci,,
Cpyy and C, ) were generated with APAS. (See refs. 5
and 6.) The method by which these data were
generated is described in reference 1. Figure 19 shows
a plot of these coefficients as a function of angle of
attack.

Landing-gear effects. The aerodynamic con-
tributions of landing gear were obtained from Space
Shuttle aerodynamic models and scaled for a pre-
liminary version of this vehicle, based upon relative
reference lengths and areas. The original data from
which these values were derived are given in refer-
ence 4. Reference 2 provides examples of the calcu-
lations used in developing these values. The lateral-
directional effects of landing gear are not modeled
because of the relatively small effect of these val-
ues and the uncertainty of the final landing-gear and
gear-door configuration.

The landing-gear effects are scheduled by angle of
attack and angle of gear extension, where 0° corre-
sponds to gear fully retracted and 98° represents gear
fully extended. Figure 20 presents these coefficients
(CXvélg’ C’mﬁlg, and C’Z%) in graphic form.

Ground effects. In a manner similar to landing-
gear effects, the ground effects data were scaled from
Space Shuttle data, as a first approximation to HL-20
ground effects. Again, the lateral-directional deriva-
tives were not included because of their relatively
small contribution.

Although the reference point used in calculating
height above the runway in the Space Shuttle data
is the elevon hinge line, the HL-20 reference point
is the aerodynamic reference point (54 percent of
body length). This point was chosen to partially
compensate for the anticipated lesser effect of ground
proximity for the HL-20, compared with the Space
Shuttle orbiter, owing to the difference between the
position of the wings of the Space Shuttle and the
canted winglets of the HL-20.

The ground effects data were scheduled by the
ratio of altitude (of the reference point) to the span

of the vehicle (given as h/b) and angle of attack.
Figure 21 shows these effects graphically.

Concluding Remarks

This study was undertaken to develop an aero-
dynamic model of the HL-20 lifting-body vehicle suit-
able for preliminary control-system design efforts and
studies of the subsonic flight and landing character-
istics in a real-time piloted simulation. This report
documents the process whereby limited wind tunnel
and predicted aerodynamic data were converted into
a format suitable for real-time simulation. The re-
sulting model is based upon data obtained in two
different wind tunnels with two different test mod-
els, scaled Space Shuttle data, and predicted dy-
namic characteristics from the Aerodynamic Prelim-
inary Analysis System software. A least-squares fit
was used to combine and smooth the data from the
two wind tunnels. Comparison plots between the
original wind tunnel data and the fitted polynomial
curves are given. Polynomial descriptions of the re-
sulting curves are given as well as tabular listings of
all aerodynamic functions.

Several simplifications were made in the devel-
opment of this model of the HL-20 aerodynamics.
For the most part, these simplifications were made
because of the scarcity of wind tunnel data at this
early stage in the definition of the vehicle. Simplifica-
tions include the omission of compressibility (Mach)
effects, assumption of linear control-surface effects
with deflection, and no variation in control effects
with angle of sideslip.

The linear control effects simplification was man-
dated by the limited amount of control effects wind
tunnel data. This simplification will not invalidate
initial control power estimates and control configu-
ration decisions; however, when more data are avail-
able, flight control-system designs will need to be re-
visited to allow for minor nonlinearities in control
effects.

The reader is cautioned against using data con-
tained herein to make quantitative predictions of the
performance of the HL-20, owing to the preliminary
and limited nature of the data used to generate this
model. This model is intended to support qualitative
evaluations of the flight characteristics of the HL-20.

NASA Langley Research Center
Hampton, VA 23681-0001
June 24, 1992
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Table I. Langley 30- by 60-Foot Tunnel Test Matrix at M = 0.08 for 4.92-ft Model

[From ref. 2]

a, B, bufys By b, 8 fup & fyy 8 fup» 8 fy,»
Run deg deg deg deg deg deg deg deg deg
2 (a) -10 0 0 0 0 0 0 0
3 -5
4 -2
5 0
6 2
7 5
8 10
9 12 (b)
10 14 (b)
11 16 (b)
12 (a) 0 -5 -5
13 -10 -10
15 10 0 10 0
16 15 —15 0 0
17 30 -30
18 —15 15
19 -30 30
22 -10 0 0 -30 30
23 -5
24 0
25 5
26 10
28 0 15 0 0
29 30 0
34 0 30 30
35 Off 0 —30 —30

? Angle-of-attack sweep, 0°-55° by 5° increments, except 10°-20° by 2° increments.
b Angle-of-sideslip sweep, —10°-10° by 2° increments.



Table II. Calspan 8-Foot Transonic Tunnel Test Matrix at M = 0.6 for 20.63-in. Model

[From ref. 3]

@, B, by b frs br, Ob g bbfyy» Ob fups b f,,»
Run deg deg deg deg deg deg deg deg deg
49 5 (b) 0 0 0 0 0 0 0
50 10
51 15
52 20
53 (a) 2
54 0
180 -10 -10
186 -10 10 0
192 10 0 10
198 5 5 0 0
210 -5 -5 J
216 —10 —10

? Angle-of-attack sweep, —10°-30° by ~2° increments.
b Angle-of-sideslip sweep, —10°~10° by ~1° increments.

Table III. Input Quantities Required for the HL-20 Aerodynamic Model

Symbol Units Positive direction Description
buwf deg TED Left wing-flap position
duwf, deg TED Right wing-flap position
Obf. deg TED Upper left body-flap position
onfy deg TED Lower left body-flap position
b fur deg TED Upper right body-flap position
5bflr deg TED Lower right body-flap position
Or deg TEL Rudder position
q lb/ft2 Dynamic pressure
o deg ANU Angle of attack
Jé; deg ANL Angle of sideslip
P rad/sec RWD Roll rate
q rad/sec ANU Pitch rate
T rad/sec ANR Yaw rate
|4 ft/sec Wind relative velocity
b1y 0°-98° 0= "Up Landing-gear extension
h ft Up Height above ground of reference point

12




Table IV. Reference Values for HL-20 Aerodynamic Model

Reference area, S .
Reference length, ¢
Reference span, b

286.45 ft2
28.24 ft
13.89 ft

Table V. Output Quantities From HL-20 Aerodynamic Model

Symbol Units Positive direction Description
Fx b Forward Aerodynamic force, X body axis
Iy b Right Aerodynamic force, Y body axis
Fy b Down Aerodynamic force, Z body axis
My ft-1b RWD Aerodynamic torque, X body axis
My ft-1b ANU Aerodynamic torque, Y body axis
My ft-1b ANR Aerodynamic torque, Z body axis

13
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Top hatch

Top view

Side view Aft view

Figure 1. HL-20 lifting-body vehicle.

S

A

Figure 2. Measurement and axis sign conventions.



&(+ TEL)

Bpf,y (= TEV) %f, (= TEV)
S (+ TED) 8 (+ TED)

Bb’il (+ TED) 6b’ir(+ TED)

Figure 3. Control-surface nomenclature and sign conventions (viewed from rear).

, 5= Swr| - Swf,

2

/ 5oz Wit Owly

2

[ 5.+= 50fnt Sbh,
2
/ 5 = Spfyt Obfyr

2

/ 5pf = Spfy* Obf é5bfur - dbfi,

ANadd

Figure 4. Control-surface combination definitions (viewed from rear).
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Step 1. Measure longitudinal data Step 3. Fit polynomial curve

E E
g o o° ° R g o0 ° o ° oo
+— o o
8 ° o °° ° %o E ° 5 ) ° %o
— ° 4 ° CI_.) ° 4 ° 2%
2 % o° o 8o
£ b=
o [}
O O
O
- 0 + - 0 +
Sideslip angle Sideslip angle
Step 2. Reflect points Step 4. Reflect curve
[} [}
= =
g oo . L0 oo g oo .
IS ° 5 0. ® °o oo IS ) ° %o
(] ° o © °° ) o 5 -
E B o° © 5
© 5
[@] @]
@) O
_ 0 + - 0 +
Sideslip angle Sideslip angle

(a) Longitudinal data coefficients.

Step 1. Measure lateral-directional data Step 3. Fit polynomial curve

+

Coefficient value
o
o
q
1o
Coefficient value
o

Sideslip angle Sideslip angle

Step 2. Reflect points Step 4. Reflect curve

Coefficient value
o
J
q
1o
Coefficient value
o
q
|0}

Sideslip angle Sideslip angle

(b) Lateral-directional data coefficients.

Figure 5. Curve-fitting technique assuming lateral symmetry. Shaded circles indicate points that have been
reflected.
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c 6.deg L 6 60 6 6 O ©
30 ° 00O
15 U
O W
0 a, deg +

(a) Typical measurements of original wind tunnel coefficient.

0, deg
AC 30

<><><><><><><><>

15 [
]

0 a, deg +

(b) Increments to basic configuration due to deflection (linear interpolation of basic data points required).

83,deg|:|

C
5| ® \ooooog
30 <><><><><><><>
S

0 a, deg +
(c) Derivatives with deflection showing polynomial curve fit (formed by dividing increments by deflection).

Figure 6. Procedure for obtaining polynomial curve fits for derivative data.
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Curve fit
M=0.6
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a, deg

(a) Cn,, versus aat 3 = 0°.
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12

-12

B, deg

(b) Cn, versus 3 at various values of a.

)

Figure 7. Wind tunnel data and polynomial curve fits for normal-force coefficient C'y , for basic configuration.
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-10 10

(c) CN,, polynomial surface with constant spacing between « and 3 grid points.

-10 10

(d) CN,, polynomial surface drawn with o and § grid point sets used to generate table A3.

Figure 7. Concluded.
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Figure 8. Wind tunnel data and polynomial curve fits for pitching-moment coefficient C

ration.
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(d) Cp o definition grid polynomial surface drawn with o and § grid point sets used to generate table A2.

Figure 8. Concluded.
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Figure 9. Wind tunnel data and polynomial curve fits for axial-force coefficient Cy , for basic configuration.
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(d) C4,, polynomial surface drawn with o and $ grid point sets used to generate table Al.

Figure 9. Concluded.
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Figure 11. C} versus 3 for o between —10° and 20°.
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Figure 12. Yawing-moment coefficient C), , versus 3 for the basic configuration.
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Figure 12. Continued.
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Figure 12. Continued.
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Figure 13. Effect of symmetric wing flaps on longitudinal aerodynamic characteristics.
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Figure 14. Effects of differential wing flaps on aerodynamic characteristics.
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Figure 15. Effect of positive body flaps on aerodynamic characteristics.
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Figure 16. Effect of negative body flaps on aerodynamic characteristics.
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Figure 17. Effect of differential body flaps on aerodynamic characteristics.
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Figure 18. Effects of all-movable rudder on aerodynamic characteristics.
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Figure 19. Predicted dynamic derivatives generated with APAS.
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Appendix
Data Tables

This appendix contains tabular listings of values used in the preliminary HL-20 real-time simulation at
Langley Research Center. These listings represent the functions given in polynomial form in the body of
this report and include the scaled Space Shuttle orbiter landing-gear and ground effects data, as well as the
predicted dynamic derivatives generated with APAS. Data are presented as follows:

Table

X Body Axis Force Coefficient for Basic Configuration . . . . . . . . . . . . . . . .. Al
Pitching-Moment Coefficient for Basic Configuration . . . . . . . . . . . . . . . .. A2
Z Body Axis Force Coeflicient for Basic Configuration . . . . . . . . . . . . . . . .. A3
Yawing-Moment Coefficient for Basic Configuration . . . . . . . . . . . . . . . . .. A4
Incremental Force and Moment Coefficients per Degree of Deflection of Symmetric

Wing Flap . . . .« « « L L L e e e e e e e Ab
Incremental Force and Moment Coefficients per Degree of Deflection of Differential

Wing Flap . . . .« « « L L L e e e e e e e A6
Incremental Force and Moment Coefficients per Degree of Deflection of Positive

Body Flap . . . . . .« . . 0oL L e e e e s A7
Incremental Force and Moment Coefficients per Degree of Deflection of Negative

Body Flap . . . . A8
Incremental Force and Moment Coefficients per Degree of Deflection of Differental

Body Flap . . . e A9
Incremental Force and Moment Coefficients per Degree of Deflection of All-Movable

Rudder . Ce e e e A10
Dynamic Derivatives . . . . . . . . . . . L L e e e e e All
Incremental X Body Axis Force Coefficient due to Deflection of Landing Gear . . . . . . Al2
Incremental Pitching-Moment Coefficient due to Deflection of Landing Gear . . . . . . . Al3
Incremental Z Body Axis Force Coeflicient due to Deflection of Landing Gear . . . . . . Al4
Incremental X Body Axis Force Coefficient due to Ground Effect . . . . . . . . . . .. Al5
Incremental Pitching-Moment Coefficient due to Ground Effect . . . . . . . . . . . .. Al6
Incremental Z Body Axis Force Coefficient due to Ground Effect . . . . . . . . . . . . Al17
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Table A1l. X Body Axis Force Coefficient for Basic Configuration

Cx o for B, deg, of—

O[’

deg —10.00 —7.50 —5.46 —3.84 —2.56 —1.55 —0.73 0
—10.00|—3.81 x 1072 | —4.24 x 1072 | —4.59 x 1072 | =4.97 x 1072 | =5.32 x 1072 | =5.60 x 1072 | —5.82 x 102 | —5.97 x 1072
—6.50 | —=5.01 —5.32 —5.58 —5.89 —6.18 —6.42 —6.59 —6.71
—3.03|-5.99 —6.19 —6.36 —6.59 —6.83 —7.02 —7.16 —7.25

0.38|—6.53 —6.63 —6.70 —6.86 —7.04 —7.19 —7.29 —7.35

3.71|—6.57 —6.56 —6.55 —6.64 —6.76 —6.86 —6.93 —6.96

6.93 | —6.14 —6.03 —5.93 —5.95 —6.02 —6.08 —6.12 —6.11
10.01 | —5.36 —5.14 —4.96 —4.92 —4.94 —4.96 —4.96 —4.93
12.94| —4.36 —4.05 —3.79 —3.69 —3.66 —3.64 —3.61 —3.55
15.67 | —3.29 —2.89 —2.56 —2.40 —2.33 —2.27 —2.21 —2.13
18.21|—2.27 —1.79 —1.39 —1.18 —1.06 —0.98 —0.89 —0.78
20.51(—1.39 —0.83 —0.38 —0.11 0.04 0.16 0.27 0.40
22.57|—0.68 —0.06 0.45 0.75 0.94 1.09 1.22 1.37
24.36|—0.17 0.51 1.06 1.41 1.63 1.79 1.95 2.12
25.88| 0.16 0.89 1.49 1.86 2.11 2.29 2.46 2.65
27.11| 0.36 1.13 1.76 2.16 2.42 2.62 2.81 3.00
28.04| 0.46 1.26 1.91 2.33 2.61 2.82 3.02 3.22
28.67| 0.49 1.31 1.98 2.42 2.71 2.93 3.13 3.34
28.98| 0.51 1.34 2.01 2.45 2.75 2.98 3.18 3.39
29.06| 0.51 1.34 2.02 2.46 2.76 2.99 3.19 3.40
29.38| 0.51 1.35 2.04 2.49 2.79 3.02 3.23 3.45
30.00| 0.50 1.37 2.07 2.53 2.84 3.08 3.30 3.52
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Table Al. Concluded

Cx o for B, deg, of—

O[’
deg 0.73 1.55 2.56 3.84 5.46 7.50 10.00
—10.00 | —5.82x1072 | =5.60x 1072 | =532 x 1072 | —4.97x 1072 | =459 x 1072 | —4.24 x 1072 | —3.81 x 1072
—6.50 | —6.59 —6.42 —6.18 —5.89 —5.58 —5.32 —5.01
—3.03 | =7.16 —7.02 —6.83 —6.59 —6.36 —6.19 —5.99
0.38 | —7.29 —7.19 —7.04 —6.86 —6.70 —6.63 —6.53
3.71 | —6.93 —6.86 —6.76 —6.64 —6.55 —6.56 —6.57
6.93 | —6.12 —6.08 —6.02 —5.95 —5.93 —6.03 —6.14
10.01 | —4.96 —4.96 —4.94 —4.92 —4.96 —5.14 —5.36
12.94 | —3.61 —3.64 —3.66 —3.69 —3.79 —4.05 —4.36
15.67 | —2.21 —2.27 —2.33 —2.40 —2.56 —2.89 —3.29
18.21 | —0.89 —0.98 —1.06 —1.18 —1.39 —1.79 —2.27
20.51 0.27 0.16 0.04 —0.11 —0.38 —0.83 —1.39
22.57 1.22 1.09 0.94 0.75 0.45 —0.06 —0.68
24.36 1.95 1.79 1.63 1.41 1.06 0.51 —0.17
25.88 2.46 2.29 2.11 1.86 1.49 0.89 0.16
27.11 2.81 2.62 2.42 2.16 1.76 1.13 0.36
28.04 3.02 2.82 2.61 2.33 1.91 1.26 0.46
28.67 3.13 2.93 2.71 2.42 1.98 1.31 0.49
28.98 3.18 2.98 2.75 2.45 2.01 1.34 0.51
29.06 3.19 2.99 2.76 2.46 2.02 1.34 0.51
29.38 3.23 3.02 2.79 2.49 2.04 1.35 0.51
30.00 3.30 3.08 2.84 2.53 2.07 1.37 0.50
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Table A2. Pitching-Moment Coefficient for Basic Configuration
Ch,o for 3, deg, of —

O[’

deg —10.00 —7.50 —5.46 —3.84 —2.56 —1.55 —0.73 0
—10.00] 38.07 x 1073| 40.27 x 1073 42.89 x 1073 44.91 x 1073 46.36 x 1073 47.43 x 1073 48.29 x 1073| 49.09 x 1073
—6.50 31.39 33.07 35.25 36.93 38.11 38.96 39.65 40.29
—3.03| 26.10 27.25 29.01 30.35 31.25 31.90 32.41 32.90

0.38 20.74 21.37 22.71 23.71 24.35 24.79 25.13 25.47

3.71 15.15 15.28 16.20 16.88 17.27 17.50 17.67 17.86

6.93| 9.73 9.37 9.89 10.25 10.39 10.42 10.44 10.49
10.01] 4.91 4.08 4.23 4.29 4.18 4.03 3.89 3.80
12.94| 0.99 —0.28 —0.49 —0.72 —1.05 —1.39 —1.67 —1.89
15.67| —1.92 —3.60 —4.16 —4.66 —5.20 —5.70 —6.12 —6.46
18.21| —3.82 —5.89 —6.76 —7.51 —8.24 —8.90 —9.45 —9.90
20.51| —4.75 —7.17 —8.32 —9.29 —10.21 —11.01 —11.67 —12.22
22.57| —4.74 —7.46 —8.87 —10.05 —11.12 —12.04 —12.81 —13.45
24.36| —3.84 —6.84 —8.47 —9.82 —11.04 —12.07 —12.93 —13.65
25.88) —2.23 —5.46 —7.27 —8.78 —10.11 —11.24 —12.17 —12.96
27.11| —0.17 —3.58 —5.55 —7.17 —8.60 —9.80 —10.79 —11.64
28.04] 1.95 —1.60 —3.68 —5.40 —6.90 —8.16 —9.20 —10.08
28.67| 3.70 0.05 —2.11 —3.89 —5.44 —6.73 —7.80 —8.72
28.98| 4.68 0.98 -1.21 —3.02 —4.60 —-5.91 —7.00 —7.93
29.06| 4.94 1.23 —0.98 —2.80 —4.37 —5.69 —6.78 —7.71
29.38)  6.02 2.26 0.02 —1.83 —3.43 —4.77 —5.88 —6.82
30.00] 8.43 4.57 2.25 0.34 -1.31 —2.69 —3.28 —4.79
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Table A2. Concluded

Ch,o for 3, deg, of —

O[’
deg 0.73 1.55 2.56 3.84 5.46 7.50 10.00
—10.00 | 48.29x 1073 | 4743 x107%| 46.36x 1073 | 44.91x1073 | 42.89x1073| 4027 x1073| 38.07 x 1073
—6.50 | 39.65 38.96 38.11 36.93 35.25 33.07 31.39
—3.03| 3241 31.90 31.25 30.35 29.01 27.25 26.10
0.38 | 25.13 24.79 24.35 23.71 22.71 21.37 20.74
3.71| 17.67 17.50 17.27 16.88 16.20 15.28 15.15
6.93 | 10.44 10.42 10.39 10.25 9.89 9.37 9.73
10.01 3.89 4.03 4.18 4.29 4.23 4.08 4.91
12.94 | —1.67 —1.39 —1.05 —0.72 —0.49 —0.28 0.99
15.67 | —6.12 —5.70 —5.20 —4.66 —4.16 —3.60 -1.92
18.21 | —9.45 —8.90 —8.24 —7.51 —6.76 —5.89 —3.82
20.51 | —11.67 —11.01 —10.21 —9.29 —8.32 —7.17 —4.75
22.57 | —12.81 —12.04 —11.12 —10.05 —8.87 —7.46 —4.74
24.36 | —12.93 —12.07 —11.04 —9.82 —8.47 —6.84 —3.84
25.88 | —12.17 —11.24 —10.11 —8.78 —7.27 —5.46 —2.23
27.11 | —10.79 —9.80 —8.60 —7.17 —5.55 —3.58 —0.17
28.04 | —9.20 —8.16 —6.90 —5.40 —3.68 —1.60 1.95
28.67 | —7.80 —6.73 —5.44 —3.89 —2.11 0.05 3.70
28.98 | —7.00 —-5.91 —4.60 —3.02 -1.21 0.98 4.68
29.06 | —6.78 —5.69 —4.37 —2.80 —0.98 1.23 4.94
29.38 | —5.88 —4.77 —3.43 —1.83 0.02 2.26 6.02
30.00 | —3.82 —2.69 -1.31 0.34 2.25 4.57 8.43
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Table A3. Z Body Axis Force Coeflicient for Basic Configuration

Cyz, for B, deg, of—

O[’
deg —10.00 —7.50 —5.46 —3.84 —2.56 —1.55 —0.73 0
—10.00| 4.48 x1071| 461 x 1071 476x1071| 491 x1071| 504x1071| 513x1071| 521 x1071| 5.26x1071
—6.50| 3.00 3.08 3.20 3.32 3.42 3.50 3.56 3.61
—3.03| 1.70 1.74 1.82 1.92 2.00 2.06 2.11 2.14
0.38| 0.47 0.47 0.52 0.59 0.65 0.69 0.73 0.75
3.71|—0.73 —0.77 —0.76 —0.71 —0.68 —0.65 —0.63 —0.62
6.93|—1.91 —2.00 —2.01 —1.99 —1.97 —1.96 —1.96 —1.96
10.01|—3.05 —3.17 —3.22 —3.23 —3.23 —3.23 —3.23 —3.25
12.94|—4.12 —4.27 —4.34 —4.38 —4.39 —4.41 —4.43 —4.45
15.67|—5.07 —5.26 —5.36 —5.41 —5.45 —5.48 —5.51 —5.54
18.21|—5.90 —6.12 —6.25 —6.32 —6.37 —6.41 —6.45 —6.50
20.51| —6.60 —6.85 —7.00 —7.09 —7.15 —7.21 —7.26 —7.31
22.57| —7.17 —7.44 —7.61 —7.72 —7.80 —7.86 —7.92 —7.97
24.36| —7.62 —7.91 —8.10 —8.22 —8.31 —8.38 —8.45 —8.51
25.88| —7.96 —8.27 —8.48 —8.61 —8.71 —8.79 —8.86 —8.93
27.11]—8.22 —8.54 —8.76 —8.90 —9.01 —9.09 —9.17 —9.24
28.04| —8.39 —8.73 —8.96 -9.11 —9.22 -9.31 —9.39 —9.46
28.67|—8.51 —8.85 —9.08 —9.24 —9.35 —9.45 —9.53 —9.61
28.98 | —8.56 —8.91 —9.14 —9.30 —9.42 —9.52 —9.60 —9.68
29.06| —8.57 —8.93 —9.16 —9.32 —9.44 —9.53 —9.61 —9.70
29.38| —8.63 —8.98 —9.22 —9.38 —9.50 —9.60 —9.68 —9.76
30.00| —8.73 —9.09 —9.33 —9.50 —9.63 —9.73 —9.81 —9.90
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Table A3. Concluded

Cyz, for B, deg, of—

O[’
deg 0.73 1.55 2.56 3.84 5.46 7.50 10.00
—10.00 5.21 x 1071 5.13 x 1071 5.04 x 107¢ 4.91 x 1071 4.76 x 1071 4.61 x 1071 4.48 x 1071
—6.50 3.56 3.50 3.42 3.32 3.20 3.08 3.00
—3.03 2.11 2.06 2.00 1.92 1.82 1.74 1.70
0.38 0.73 0.69 0.65 0.59 0.52 0.47 0.47
3.71 | —0.63 —0.65 —0.68 —0.71 —0.76 —0.77 —0.73
6.93 | —1.96 —1.96 —1.97 —1.99 —2.01 —2.00 -1.91
10.01 | —3.23 —3.23 —3.23 —3.23 —3.22 —3.17 —3.05
12.94 | —4.43 —4.41 —4.39 —4.38 —4.34 —4.27 —4.12
15.67 | —5.51 —5.48 —5.45 —5.41 —5.36 —5.26 —5.07
18.21 | —6.45 —6.41 —6.37 —6.32 —6.25 —6.12 —5.90
2051 | —7.26 —7.21 —7.15 —7.09 —7.00 —6.85 —6.60
22.57 | —7.92 —7.86 —7.80 —7.72 —7.61 —7.44 —7.17
24.36 | —8.45 —8.38 —8.31 —8.22 —8.10 —7.91 —7.62
25.88 | —8.86 —8.79 —8.71 —8.61 —8.48 —8.27 —7.96
27.11 | =9.17 —9.09 —9.01 —8.90 —8.76 —8.54 —8.22
28.04 | —9.39 -9.31 —9.22 -9.11 —8.96 —8.73 —8.39
28.67 | —9.53 —9.45 —9.35 —9.24 —9.08 —8.85 —8.51
28.98 | —9.60 —9.52 —9.42 —9.30 —9.14 —8.91 —8.56
29.06 | —9.61 —9.53 —9.44 —9.32 —9.16 —8.93 —8.57
29.38 | —9.68 —9.60 —9.50 —9.38 —9.22 —8.98 —8.63
30.00 | —9.81 —9.73 —9.63 —9.50 —9.33 —9.09 —8.73
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Table A4. Yawing-Moment Coefficient for Basic Configuration

Ch o for 3, deg, of —

58

O[’
deg —10 -5 -2 0 2 5 10
-10 —2.30 x 1072 —1.15 x 1072 —0.46 x 1072 0 0.46 x 1072 1.15 x 1072 2.30 x 1072
-5 —2.80 —1.40 —0.56 0.56 1.40 2.80
0 —4.00 —2.00 —1.00 1.00 2.00 4.00
5 —3.00 —1.40 —0.50 0.50 1.40 3.00
10 —3.00 —1.80 —0.80 0.80 1.80 3.00
15 —3.00 —1.50 —0.60 0.60 1.50 3.00
20 —1.20 —1.00 —0.70 0.70 1.00 1.20
25 —0.99 —0.53 —0.17 0.17 0.53 0.99
30 —0.02 0.24 0.29 —0.29 —0.24 0.02
Table Ab. Incremental Force and Moment Coefficients per
Degree of Deflection of Symmetric Wing Flap
«,
deg OX&e Om&e OZ&e
—10.00 4.43 x 1074 —155%x 1073 —4.13 x 107
—6.29 2.68 -1.71 —4.66
—3.12 2.05 —1.83 —4.97
—0.43 1.87 —1.90 —5.12
1.84 1.82 -1.92 —5.19
3.75 1.78 -1.92 —5.19
5.36 1.72 -1.91 —5.16
6.73 1.63 —1.88 —5.11
7.92 1.52 —1.85 —5.04
8.99 1.38 —1.81 —4.96
10.00 1.22 —1.77 —4.88
11.01 1.03 -1.72 —4.77
12.08 0.78 —1.66 —4.65
13.27 0.47 —1.59 —4.49
14.64 0.05 —1.49 —4.27
16.25 —0.52 —1.37 —3.97
18.16 —1.29 —1.20 —3.55
20.43 —2.29 —0.99 —2.94
23.12 —3.55 —0.71 —2.07
26.29 —4.94 —0.36 —0.77
30.00 —6.10 0.03 1.15




Table A6. Incremental Force and Moment Coefficients per Degree of
Deflection of Differential Wing Flap

O[’
deg Cxig,) Crmjg,| C,, Cis, Cng,
—10.00 | —9.04 x 10~* 2.08 x 1074 3.32x 1073 256 x 1073 | —2.82x 1073
—6.29
—3.12
—0.43
1.84
3.75 | —7.92 2.30 3.25 —2.81
5.36 | —6.86 2.28 3.18 2.54 —2.77
6.73 | —5.96 2.18 3.11 2.51 —2.71
792 | —5.23 2.06 3.05 2.48 —2.65
8.99 | —4.63 1.96 2.98 2.44 —2.59
10.00 | —4.14 1.88 2.91 2.40 —2.53
11.01 | —3.73 1.82 2.85 2.35 —2.46
12.08 | —3.40 1.79 2.77 2.29 —2.39
13.27 | —3.15 1.81 2.68 2.22 —2.30
14.64 | —3.02 1.89 2.57 2.13 —2.20
16.25 | —3.09 2.09 2.44 2.01 —2.09
18.16 | —3.43 2.43 2.27 1.86 —1.95
20.43 | —4.08 2.93 2.06 1.66 —1.80
23.12 | —4.88 3.48 1.81 1.39 —1.62
26.29 | —5.20 3.63 1.50 1.04 —1.42
30.00 | —3.22 2.21 1.13 0.59 —1.16
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Table A7. Incremental Force and Moment Coefficients per
Degree of Deflection of Positive Body Flap

O[’
deg C’X(str C'm(str C’Z(str
—10.00 —2.72x 107 —9.89 x 10~* —3.71x 1073
—6.29 —1.91 —9.90 —3.75
—3.12 —1.46 —3.77
—0.43 —1.31 —3.78
1.84 —1.36 —3.78
3.75 —1.53 —3.77
5.36 —1.75 —3.76
6.73 —1.99 —3.75
7.92 —2.23 —9.89 —3.74
8.99 —2.47 —3.72
10.00 —2.72 —3.71
11.01 —2.98 —3.70
12.08 —3.27 —9.88 —3.68
13.27 —3.59 —9.88 —3.66
14.64 —3.96 —9.87 —3.63
16.25 —4.37 —9.86 —3.60
18.16 —4.79 —9.83 —3.56
20.43 —5.16 —9.79 —3.51
23.12 —5.27 —9.72 —3.44
26.29 —4.76 —9.60 —3.36
30.00 —2.91 —9.40 —3.26




Table AS8. Incremental Force and Moment Coefficients per
Degree of Deflection of Negative Body Flap

O[’
deg C’X&f C’m&f C’Z&f
—10.00 4.47 x 1074 —10.61 x 10~* —3.45 x 1073
—6.29 4.34 —11.36 —3.75
—3.12 4.33 —11.28 —3.79
—0.43 4.40 —10.93 —3.73
1.84 4.51 —10.57 —3.64
3.75 4.63 —10.27 —3.55
5.36 4.77 —10.05 —3.48
6.73 4.90 -9.91 —3.43
7.92 5.03 —9.81 —3.38
8.99 5.16 —9.76 —-3.35
10.00 5.29 —9.74 —3.32
11.01 5.43 —9.74 —3.30
12.08 5.58 —9.78 —3.29
13.27 5.77 —9.85 —3.28
14.64 6.01 —9.97 —3.28
16.25 6.30 —10.17 —3.29
18.16 6.69 —10.46 —3.33
20.43 7.19 —10.83 —3.40
23.12 7.84 —11.22 —3.49
26.29 8.70 —11.43 —3.59
30.00 9.82 —10.93 —3.65
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Table A9. Incremental Force and Moment Coefficients per Degree of
Deflection of Differential Body Flap

O[’
deg CXMM\ OY‘SAJ‘ oy, N
—10.00 —2.76 x 10~* 4.35 x 1074 7.87 x 1074 —14.64 x 107°
—6.29 —4.42 2.82 8.25 —11.73
—3.12 —5.37 1.51 7.97 —8.53
—0.43 —5.96 0.43 7.53 —5.58
1.84 —6.36 —0.42 7.12 —3.08
3.75 —6.65 —1.10 6.80 —1.05
5.36 —6.87 —1.64 6.58 0.56
6.73 —7.05 —2.07 6.43 1.83
7.92 —7.20 —2.42 6.33 2.85
8.99 —7.33 —2.72 6.27 3.69
10.00 —7.45 —2.99 6.24 4.40
11.01 —7.57 —3.24 6.24 5.04
12.08 —7.69 —3.49 6.27 5.61
13.27 —7.81 —3.74 6.33 6.13
14.64 —7.94 —4.01 6.43 6.56
16.25 —8.08 —4.30 6.58 6.81
18.16 —8.20 —4.59 6.80 6.74
20.43 —8.26 —4.87 7.05 6.10
23.12 —8.17 —5.14 7.24 4.53
26.29 —7.71 —5.39 7.12 1.49
30.00 —6.48 —5.64 6.06 —3.73




Table A10. Incremental Force and Moment Coeflicients per Degree of
Deflection of All-Movable Rudder

«,
deg OX\M OY&r Ol&r O"&r
—10.00 —6.00 x 107 1.90 x 1073 2.19 x 1074 —-1.27 x 1073
—6.29
—3.12
—0.43
1.84
3.75 —6.12 1.97 2.39 —1.28
5.36 —6.23 2.06 2.70 —-1.31
6.73 —6.35 2.15 3.01 —1.34
7.92 —6.50 2.24 3.30 —-1.37
8.99 —6.67 2.32 3.55 —1.39
10.00 —6.87 2.40 3.79 —1.42
11.01 —7.10 2.48 4.01 —1.44
12.08 —7.38 2.56 4.23 —1.46
13.27 —7.73 2.66 4.44 —1.49
14.64 —8.16 2.76 4.64 —1.51
16.25 —8.68 2.88 4.84 —1.53
18.16 —9.25 2.99 5.02 —1.54
20.43 —-9.71 3.10 5.25 —1.55
23.12 —9.65 3.16 5.66 —1.54
26.29 —8.11 3.11 6.71 —1.51
30.00 —3.06 2.85 9.46 —1.48
Table A11. Dynamic Derivatives
a, Cng: Crys ., Cor .,
deg per rad/sec per rad/sec per rad/sec per rad/sec per rad/sec
0 —2.03 x 1071 3.81x 1071 —4.98 x 1071 —7.94 x 1071 4.96 x 1071
5 —1.58 3.53 —6.00 —8.37 5.98
10 —1.16 2.19 —3.98 —-9.21 8.40
12 —1.76 2.44 —-5.79 —9.22 8.06
14 —1.76 1.79 —4.25 —8.67 6.86
16 —1.75 1.67 —4.99 —9.22 5.72
18 —1.74 2.01 —6.49 —9.46 6.03
20 —2.52 2.22 —6.19 —10.07 8.99
22 —2.99 3.07 —8.10 —10.90 9.57
25 -5.71 3.79 —8.72 —12.86 13.57
30 —8.00 8.50 —24.10 —20.41 44.90
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Table A12. Incremental X Body Axis Force Coefficient Due to Deflection of Landing Gear

OXyélg for landing-gear position, deg, of—

O[’
deg 1 4 10 23 53 83 98
—10 —0.14x 1072 | —0.46 x 1072 | —0.75 x 1072 | —1.21 x 1072 | —1.84 x 1072 | —2.36 x 1072 | —2.65 x 1072
-5 —0.12 —0.41 —-0.67 —1.09 —1.66 —2.12 —2.38
0 —0.11 —0.35 —0.58 —0.93 —1.42 —1.82 —2.04
—0.10 —0.32 —0.52 —0.84 —1.28 —1.64 —1.84
10 —0.09 —0.31 —0.50 —0.81 —1.23 —1.58 —1.77
15 —0.32 —0.51 —0.83 —1.26 —1.62 —1.82
20 —0.31 —0.51 —0.83 —1.26 —1.61 —1.81
25 —0.31 —0.51 —0.82 —1.24 —1.59 —-1.79
Table A13. Incremental Pitching-Moment Coefficient Due to Deflection of Landing Gear
Omyélg for landing-gear position, deg, of—
O[’
deg 1 4 10 23 53 83 98
-10 —0.34x1073 | —1.14x 1073 | —1.86x 1073 | —3.00x 1073 | —4.56 x 1073 | —5.84 x 1073 | —6.56 x 1073
-5 —0.31 —1.06 —1.72 —2.77 —4.23 —5.42 —6.07
0 —0.30 —1.00 —1.63 —2.63 —4.00 —-5.13 —5.76
5 —0.31 —1.04 —1.69 —2.73 —4.16 —5.33 —5.99
10 —0.34 —1.14 —1.86 —3.00 —4.57 —5.86 —6.57
15 —0.36 —1.19 —1.93 —3.12 —4.74 —6.07 —6.82
20 —0.26 —0.89 —1.43 —2.32 —3.52 —4.52 —5.06
25 —0.10 —0.33 —0.53 —0.86 —1.32 —1.69 —1.89
Table Al4. Incremental Z Body Axis Force Coefficient Due to Deflection of Landing Gear
Ozyélg for landing-gear position, deg, of—
O[’
deg 1 4 10 23 53 83 98
-10 —0.57x 1073 | =1.90x 1073 | —3.08 x 1073 | —4.99 x 1073 | —7.60 x 1073 | —9.74 x 10~3 | —10.93 x 1073
-5 —0.41 —1.37 —2.22 —3.58 —5.46 —6.99 —7.84
0 —0.28 —0.91 —1.47 —2.39 —3.64 —4.66 —5.23
5 —-0.17 —0.58 —0.94 —1.52 —2.31 —2.97 —3.33
10 —0.10 —0.34 —0.56 —0.90 —1.36 —-1.75 —1.96
15 —0.03 —0.12 —0.19 —0.31 —0.47 —0.61 —0.68
20 0.02 0.07 0.11 0.19 0.28 0.37 0.40
25 —0.01 —0.02 —0.03 —0.05 —0.08 —0.10 —0.11
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Table A15. Incremental X Body Axis Force Coefficient Due to Ground Effect

Cx,gg for normalized altitude, h/b, of—
O[’
deg 0.025 0.05 0.1 0.2 0.25 0.5 1 1.5
—4 | —362x1072 | —325%x1072 | —242x 1072 | —1.26 x 1072 | —0.72x 1072 | —0.41 x 1072 | —0.09 x 1072 | 0
0| —3.89 —3.50 —2.71 —1.58 —1.02 —0.52
4 | —3.31 —2.81 —2.10 —1.20 —0.75 —0.55
8 | —1.09 —1.07 —1.00 —0.74 —0.51 —0.46
12 0.13 —0.08 —0.20 —0.27 —0.26 —0.33 —0.07
16 2.09 1.28 0.33 —0.06 —0.05 0.04 —0.08
20 0.24 —0.06 0.02 —0.11 0.34 0.34 —0.08
Table A16. Incremental Pitching-Moment Coeflicient Due to Ground Effect
Cp,cE for normalized altitude, h/b, of—
O[’
deg 0.025 0.05 0.1 0.2 0.25 0.5 1 1.5
—4 2.07 x 107¢ 1.78 x 107 ¢ 1.31 x 107¢ 0.69 x 10~ ¢ 0.36 x 107¢ 0.11 x 107 ¢ 0.07x 1071 | 0
0 1.80 1.56 1.18 0.61 0.30 0.11 0.07
4 1.56 1.35 0.97 0.48 0.21 0.05 0.03
8 1.13 0.92 0.65 0.31 0.15 0.05 0.03
12 0.54 0.44 0.30 0.14 0.10 0.05 0.03
16 | —0.47 —0.30 —0.17 —0.07 —0.06 0.00 0.00
20 | —1.23 —0.91 —0.53 —0.24 —0.14 —0.03 0.00
Table A17. Incremental 7 Body Axis Force Coefficient Due to Ground Effect
Cz ar for normalized altitude, h /b, of—
O[’
deg 0.025 0.05 0.1 0.2 0.25 0.5 1 1.5
—4 2.96 x 107¢ 2.56 x 107¢ 1.98 x 107 ¢ 1.07 x 107 ¢ 0.63 x 1071 0.29 x 1071 0.06 x 1071 | 0
0 1.95 1.67 1.16 0.57 0.32 0.14 0.02
4 0.87 0.62 0.41 0.21 0.14 0.04 0.00
8 | —0.69 —0.53 —0.28 —0.10 —0.10 —0.05 0.00
12 | —1.63 —1.30 —0.85 —0.38 —0.19 —0.10 —0.01
16 | —2.62 —2.11 —1.39 —0.65 —0.41 —0.23 —0.02
20 | —3.01 —2.42 —1.64 —0.81 —0.50 —0.30 —0.03
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