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F-16/SPICE Separation Analysis-Summary
of the Risk-Reduction Phase Program
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The full-scale development program of a new store includes determination of the aerodynamic con� guration,
mappingof the aerodynamiccharacteristics, and determinationof the release envelope. In aircraft–store con� gura-
tions involvingexpected tiny distances between the released store and other parts of the aircraft, the risk-reduction
phase of the full-scale development program includes a preliminary store separation analysis. Usually, this pre-
liminary analysis is based on captive trajectory system tests, which may yield inadequate data in cases with very
close distances between store and aircraft. A new preliminary store separation analysis method is suggested that
consists of a six-degrees-of-freedom simulation based on a few carriage wind-tunnel tests and freestream aerody-
namics. This new method was successfully applied for the smart precise impact and cost-effective guidance kit
development program, to determine its aerodynamic con� guration, from a store separation point of view. The
presented method is a quick, cost-effective and approximate version of the full simulative technique that includes
grid tests. The method is described and a comparison is presented between the captive trajectory system tests and
the six-degrees-of-freedom simulation results.

Nomenclature
Cl = rolling moment coef� cient, positive clockwise
Cm = pitching moment coef� cient, positive nose up
Cm® = static stability derivative
Cm0 = zero angle-of-attackpitching moment
Cn = yawing moment coef� cient, positive nose right
CX = axial force coef� cient, positive backward
CY = side force coef� cient, positive right
CZ = normal force coef� cient, positive up
dmin = minimal distance between the released store

and the aircraft, in. (on 1:1 scale)
H = � ight altitudes above sea level, kft
Ix x = store X-axis moment of inertia
Iyy = store Y -axis moment of inertia
Izz = store Z -axis moment of inertia
M = Mach number
N = load factor, g
S0; S1; S2 = store wingspan identi� ers
X = longitudinal axis, positive rearward
Y = lateral axis, positive rightward
Z = store vertical location relative to the carriage

position, positive up, m
®A = aircraft angle of attack, deg
®S = store angle of attack, deg

Introduction

T HE full-scale development (FSD) program of a new store in-
cludes determination of the aerodynamic con� guration, map-

ping of the aerodynamic characteristics, and determination of the
release envelope. In cases of a tight initial aircraft– (A/C–) store
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geometry, the risk-reduction phase (RR) of the FSD usually in-
cludes, additionally,a preliminary separationanalysis.Usually, this
preliminary analysis is based on captive trajectory system (CTS)
tests.

For those cases where the tested store is very close to the A/C or
adjacentstores, theCTS techniquemightbe inadequateto determine
the aerodynamic con� guration. Another technique, a six-degrees-
of-freedom(6DOF) simulationbased on carriage wind-tunnel tests,
grid tests, and freestream aerodynamics, is time consuming and
costly and, therefore, unsuitable for this stage of the project.

An alternative store separation analysis is suggested, the Risk-
Reduction 6 DOF Simulation (RR6DS) method. This method is a
new preliminary store separation analysis approach suggested for
the RR of the store separation analysis. It is a reduced 6DOF sim-
ulation based on a few carriage wind-tunnel tests and freestream
aerodynamics. This is a quick, cost-effective approximate version
of the full simulative technique.

The new methodwas applied to the smart precise impact and cost-
effectiveguidancekit (SPICE) developmentprogram.SPICE is a kit
that includesa tangent-ogivenoseanda conicaltail (shownin Fig. 1).
The frontal part of the kit (the nose), incorporates an electrooptical
guidance unit and has four cruciform aerodynamic surfaces (� xed
canards). The rear appendage part of the kit, incorporating a servo
unit, has a set of four cruciform � xed wings and four cruciform
tail control � ns. The nose and tail parts of the kit are mounted on
standard general-purposebombs (MK-84 or alike), thus creating a
sophisticated precision guided munitions gliding bomb. SPICE is
required to be compatible to a wide range of A/C on their air-to-
ground stations.

When mounted on the F-16 A/C wing, the SPICE is very close
to adjacent stores, imposing an RR for the store separationanalysis.
The RR had a primary goal to determine the SPICE wingspan.

The wind-tunnel tests were carried out at the 4 £ 4 ft Israel
Aircraft Industries, Ltd., trisonic wind-tunnel facility. This paper
presents the CTS tests, the reduced 6DOF simulation results, and a
comparison between the two techniques.

Method Description
There are two widely used approaches for store separation anal-

ysis. One is the CTS wind-tunnel test technique and the other
is a 6DOF simulation. These methods are not always suitable to
determine the aerodynamic con� guration of a store. The suggested
RR6DS is a method based on a reduced version of the 6DOF simu-
lation technique.
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Fig. 1 SPICE con� guration.

CTS Tests

The CTS test system has a sting on which the store is mounted.
The sting is mounted on a support mechanism that enables 6DOF
movement. The store motion is executed in small steps. Inertial
data such as the store mass, reference data, precalculated damp-
ing aerodynamic coef� cients, and precalculatedejection forces are
supplied as input to the CTS system. At each step, the system trans-
lates the measured loads on the model to aerodynamic loads on the
real store. These loads, combined with the ejection forces and other
inertial data, are the input to a builtin 6DOF simulation. The sim-
ulation output is the incremental store movement. The trajectory
determined by the simulation is used to evaluate the store minimal
distances from the A/C and the adjacent stores.

The major advantage of the CTS technique is the short time re-
quired to produceresults.Itsmajordisadvantagesinclude inaccurate
load estimations,1 mainly due to sting effect,anderroneouscollision
warning signals (see results section). Additionally, past experience
for similar stores indicates major discrepancies between the CTS
and � ight tests, especially in the pitch motion.

Off-Line 6DOF Simulations

The 6DOF simulation (ASTOS62) utilizes carriage, grid, and
freestream wind-tunnel test results and inertial data.

Wind-Tunnel Tests

Accuratemeasurementof aerodynamicloads inducedon the store
by the � ow� eldaroundtheparentA/C is essentialto themethod.The
wind-tunnel tests cover all of the three phasesof the store trajectory.
The � rst phase is the captiveone, which is coveredby carriage tests,
providing very accurate carriage-aerodynamic loads on the store.
Aerodynamic loads are measured on the store model at different
Mach numbers and A/C angles of attack. In this test method, the
strain-gauge balance is � xed to the A/C model. The store model is
mounted on the balance.

The second phase, the near-A/C phase, is covered by grid tests
on the store model in the vicinity of the A/C model. In this test
method, the store, mounted on a sting balance, scans the near-A/C
� ow� eld. These tests provide the dependence of the aerodynamic
loads acting on the store and on its position and orientation relative
to the A/C.

The third is free � ight. Wind-tunnel tests are carried out on the
isolated store model to obtain free-� ight aerodynamic loads at dif-
ferent Mach numbers. In this test method, the store, mounted on
a sting balance, scans different angles of attack or Mach numbers.
The second phase overlaps the � rst and third stages, so that cross
checking of the experimental results may be carried out. Results
from the � rst two types of wind-tunnel tests are usually available
from the A/C–store separationanalysis,whereas the free-� ight tests
results, are usually available from the store aerodynamics develop-
ment phase.

Store Aerodynamic Model

The store aerodynamic model near the parent A/C is determined
for each A/C–store con� guration using the wind-tunnel test results.
For illustration, the evaluation method is described for the pitching
moment coef� cient Cm .

1) A linear aerodynamic model is assumed:

Cm D Cm0 C Cm®
¢ ®S

2) The Cm® , the static stabilityderivative,is assumed to be similar
to that of freestream.

3) The zero angle-of-attackpitchingmoment coef� cient is calcu-
lated as

Cm0 .Z ; M/ D Cgrid
m .Z ; M/ ¡ Cm® .M / ¢ ®S

4) Cm0 .Z ; M/ is adapted to match the carriage wind-tunnel test
value at Z D 0 and attain its freestream value at Z D 5 m.

The aerodynamic model is tuned using � ight-test data.

Ejection Force Model

The ejectionforcemodeling is basedona semi-empirictechnique.
1)Ejectionforcedata froma stiffwingat loadfactor1 g is supplied

by the ejection unit manufacturer.3

2) Simulation of A/C and store dynamics includessimpli� ed rep-
resentation of an elastic wing.

3) Ejection unit semi-empirical simulation (using steps 1 and 2)
evaluates the real ejection force curve and its impulse, given the
release condition.

After the determination of the aerodynamic and inertial mod-
els in the A/C near vicinity, extensive store release simulations are
performed. The simulations include cases with perturbed aerody-
namic coef� cients and inertial input, for sensitivity analysis pur-
poses. One of the main outcomes of the simulations is the minimal
distance between the released store, the A/C, and the other loads.

The major advantageof this method is the ability to verify a large
amount of sensitivity combinations and different � ight conditions
with no need of additional expensive wind-tunnel tests. Addition-
ally, inaccurate measured aerodynamic loads can be modi� ed, thus
improving their accuracy. Its major disadvantage is the relatively
long time needed to evaluate the aerodynamic model.

This technique has been used in the past to determine release
envelopes and separation effects for different stores from different
A/C.

RR6DS: Reduced 6DOF Simulation

In the time frame of the development program of a new store,
the complete analysis is not realistic. Thus, to have a more reliable
technique than the one based on the CTS test results, a reduced
procedure is suggested.

The aerodynamicmodel is evaluatedas describedearlierbasedon
a limited number of carriage wind-tunnel tests (without grid tests)
and freestreamaerodynamics.The variationof the aerodynamicco-
ef� cients, from the carriage � ight value to its freestream value is
assumed to be linearly dependent on the store vertical displace-
ment. In some cases, to be more conservative, a step function was
used instead. An extended sensitivity analysis is included, which
compensates for these simpli� cations.

The analysis is performed in two stages. First, a sensitivityanaly-
sis of the aerodynamic coef� cients is performed to de� ne the prob-
lematic points in the release envelope. Next, the sensitivity to the
other parameters (inertia, ejection force, etc.) is analyzed for these
previously determined problematic points.
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Fig. 2 A/C con� guration.

The ef� ciencyof thisRR methodhas been successfullyprovedfor
the SPICE program. It proved to be a quick cost-effectivemethod.

The next stage of this work will be the expansion of the reduced
analysis to the complete 6DOF simulation method as describedear-
lier with the selected store con� guration only.

Store and A/C Con� gurations
As mentioned, the main goal of this RR was to determine SPICE

wingspan.Three differentwingspanswere examined: S0; S1, and S2

(Fig. 1).
The current work mainly focuses on MK-84 kit mounted on

the F-16 wing station 3, with AIM-9L air-to-air (AA) missile on
station 2 andwith orwithouta 600-gallfuel tank on station4 (Fig. 2).
These con� gurations are considered to represent tight geometries
and extreme aerodynamic characteristics.

Sensitivity Analysis
To reduce the sensitivityanalysis combinations,proximitymodes

of the store were determined. Each of these modes is characterized
by a severe movement of the store toward the A/C or one of its
components, thus, resulting in small dmin .

Aerodynamic Sensitivities

The sensitivity analysis is required due to tolerances in the wind-
tunnel test results, uncertainties in the � ow� eld, and the usage of

Table 1 Aerodynamic coef� cient sensitivity combinations

Coef� cient j1j A B C D E

CX 0.10 ¡ ¡ C C C
CY 0.25 ¡ ¡ C C C
CZ 0.25 C C C ¡ C
Cn 0.25 ¡ ¡ C C C
Cm 0.50 C ¡ ¡ C C
Cl 0.12 C C ¡ ¡ ¡

a partial aerodynamic model. Worst-case sensitivity combinations
(A–E) are de� ned for � ve proximity modes (Table 1).

The tolerancesin Table 1 are equivalentto a changeof about2 deg
in the freestreamangles of attack in pitch and yaw, while an equiva-
lent changeof 350deg/s in rollingmoment coef� cientdue to a higher
uncertainty in measurement and prediction of the rolling moment.

Inertial Tolerances

The ejection force varies from a stiff wing (100%) to a � exible
wing (70%). The nominal value was taken as 90% of the stiff wing,
as given earlier. The piston stroke point, in inches, is

¡2 < 1X < C2; ¡0:4 < 1Y < C0:4

The Load factor is 0:9 < N < 2 g. The moments of inertia are §5%.
The A/C weight is §3000 lb.
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Fig. 3 Store separation dynamics for A/C con� guration with 600-gal tank.

Fig. 4 Store separation dynamics for A/C con� guration without 600-gal tank.

Success Criteria
The success criteria de� ned for this program are as follows. For

the nominal aerodynamic coef� cients and CTS tests, a minimal
distanceof 3 in. (4.5 cm) in the entire releaseenvelope is allowed (at
a 1:1 scale). For the sensitivity analysis results, a minimal distance
of 1 in. (2.5 cm) in the entire release envelope is allowed. The
weighted contributions of the inertial parameter tolerances were
superimposed on those of the aerodynamic tolerances.

CTS Test Results
The CTS tests series main � ndings are as follows.
1) As anticipated,very small minimal distances resulted from the

tight geometry.The resultingminimal distancerangedbetween 5 in.
(13 cm) to collisions with the adjacent stores.

2) For the A/C con� guration with the 600-gal tank, the worst
case is at low altitude and high Mach number (M D 0:95). The most
dangerousproximity mode is a nose-out yawing motion that moves
the store’s wing toward the fuel tank.This motion is shown in Fig. 3.

3) For the A/C con� guration without a 600-gal tank (wing
station 4 is clear), the worst case is at high altitude and M D 0:9.

The dangerous mode is a nose-in yawing motion that moves the
store wing toward the AA missile stabilizer. This motion is shown
in Fig. 4. Other references4 quoted a similar anomaly in Mach
in� uence.

To decrease the yawing motion, the canard con� guration was
changed during the CTS wind-tunnel tests from four X type to two
horizontal canards. This change resulted in only a small improve-
ment in dmin (about 0.5-in. (1.2 cm) increase).

A close examination of the results indicated that most collisions
warning signals of the CTS system were erroneous. In one case a
collision was indicated when the store was at a minimal distance of
about3.5 in. (8.4 cm) fromthe tankaccordingto the CTS simulation.

It is known that at distancesof less than 1 in., collisionscan occur
due to vibrations or during a movement from one calculated point
to another. A collision in the case of dmin D 3:5 in. (8.4 cm) is not
acceptable. A possible explanation is a loose bearing in the CTS
arm mechanism that can cause a strong uncontrollable movement
when the side force changes direction.

As a consequenceof these CTS tests, S2 wingspan was rejected.
The S1 wingspan was chosen for SPICE resulting in dmin ¼ 2:5 in.
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Fig. 5 Geometric changes in wing con� guration.

Fig. 6a Aerodynamic coef� cients vs ®A at Z = 0 for wingspan S1: CZ and Cm .

Fig. 6b Aerodynamic coef� cients vs ®A at Z = 0 for wingspan S1: CY and Cn

(6.2 cm) (between the AA missile stabilizer and the store wing
at high altitude and M D 0:9). To increase this minimal distance,
some changes have been made to the SPICE con� guration: The
wings were moved forward, and the wings rear tip were trimmed
off (Fig. 5). These changes increased the minimal distance to about
3.3 in. [(8.2 cm), in agreementwith the alreadymentionedcriterion].

At that point it was decided that to improve con� dence in choos-
ing the proper wingspan, an alternative technique will be used: the
reduced 6DOF simulation.

RR6DS Simulation Results
Comparison with CTS Results

The nominal simulation results, using the aerodynamic model
based on carriage wind-tunnelexperiments,differ from the CTS re-
sults due to the differences in the aerodynamic coef� cients, mainly
in Cl , CZ , andCn . Thesedifferencesare shownin Fig. 6. The aerody-
namic coef� cients based on the CTS measurements at Z D 0 differ
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from the carriage wind-tunnel experiments and are equivalent to a
change of up to 3 deg in the freestream angles of attack.

For comparison between the CTS and the simulation-basedtech-
nique, the 6DOF simulation was run with the aerodynamic model
based on the CTS coef� cients. The store separation dynamics and
minimal distances were in very good agreement (Fig. 7), and both
the erroneous and correct collision warning signs were con� rmed
(Figs. 8 and 9).

Nominal Simulation Results

As in the CTS tests, for the A/C con� guration with the 600-gal
tank, the worst case is at low altitude and at M D 0:95. For the A/C
con� guration without a 600-gal tank, the worst case is at M D 0:9.

The minimal distances, for nominal simulations, were 5.0 and
4.7 in. (12 cm) for the S0 and S1 wingspans, respectively, both ac-
ceptable according to the success criterion.

Sensitivity Analysis Simulation Results

For theA/C con� gurationwith the600-galtank, theworst aerody-
namic sensitivity combination is A (Table 1). For the A/C con� gu-

Fig. 7 Separation dynamicsestablished using the different techniques
for wingspan S1, M = 0.9, H = 40,000 ft, and A/C con� guration without
fuel tank.

Fig. 8 Separationdynamics in a case of erroneous CTS collisionwarn-
ing, wingspan S1 , M = 0.95, H = 8000 ft, and A/C con� guration with fuel
tank.

Table 2 Sensitivity analysis for the A/C con� guration with the
fuel tank, S0 wingspan, M = 0:95, and H = 8000 ft

Parameter Tested value dmin , in. 1dmin , in.

Aerodynamics 1A 2.25 (Base line) ——
Ejection force Stiff wing 2.65 C0.40

Elastic wing 1.25 ¡1.00
N , g 0.9 2.00 ¡0.25

2 4.05 C1.80
Piston action point, cm X ¡ 5 2.30 C0.05

X C 5 2.10 ¡0.15
Y ¡ 1 2.15 ¡0.10
Y C 1 2.50 C0.25

Moments of inertia, 5% Ixx 2.25 0
Iyy 2.20 ¡0.05
Izz 2.10 ¡0.15

®A (due to A/C 1.2 2.20 ¡0.05
weight variation), deg 1.4 2.25 0

Fig. 9 Separationdynamics in a case of correct CTS collision warning,
wingspanS2, M = 0.95,H = 8000ft, andA/C con� gurationwith fuel tank.

ration without the 600-gal tank, the worst sensitivitycombination is
E. The results indicate that the aerodynamic coef� cients, the ejec-
tion force, and N had the most signi� cant effect on the minimal
distances. For illustration, the sensitivity analysis for the A/C con-
� guration with the fuel tank is shown in Table 2. (The nominal dmin

for this case is 5.85 in.)
The minimal distances, for the sensitivity analysis simulations,

were 1.2 (3 cm) and 0.2 in. (0.5 cm) for S0 and S1 wingspans,
respectively,with the 600-gal tank con� guration (at low altitudeand
at M D 0:95). The result for S0 is acceptableaccordingto the success
criterion. In accord with the results, the S0 wingspan was chosen.

Conclusions
A new preliminarystore separationanalysismethod is presented.

The method was successfullyapplied to determinethe aerodynamic
con� guration of the SPICE as part of the FSD RR phase.

The main advantagesof the method are as follows.
1) It yieldsmore reliableresults than the CTS for tightA/C–stores

con� gurations.
2) It requires a relatively short time to select the adequate aero-

dynamic con� guration.
3) The separation analysis evaluated using this method is based

on a few accurate aerodynamic loads measured in carriage and
freestream wind-tunnel tests.

4) It enables detailed sensitivity studies of a variety of toler-
ance combinations, both aerodynamic and inertial, indicating the
hazardous release envelope points. This is in contrast to CTS and
higher-order (computational � uid dynamics-) based methods.

The RR6DS methodis highlyrecommendedfor thosecaseswhere
the tested store is very close to the A/C or adjacent stores.
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