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Abstract

The Aeronautical Systems Center’s Engineering Directorate implemented portions of the construct known as Simulation Based Acquisition in the demonstration phase of the Predator Weaponization Program.  During Phase I, the Reconnaissance Systems Program Office was challenged with a 90-day effort to execute three, first-ever, live launches of an Army Hellfire missile from an Unmanned Air Vehicle. The effort included the use of many Modeling, Simulation, and Analysis tools such as Computational Fluid Dynamics; stability and control margin, and response analysis; a high-fidelity, six-degree-of-freedom simulation for aircraft response to missile launch; and a Forward Looking Infrared performance model.  These Simulation Based Acquisition tools provided critical insight into the technical performance issues, increased confidence, reduced flight test launches, and shortened schedule.  The flight test program was a complete success, and by implementing Simulation Based Acquisition, the Systems Program Office reduced the schedule from nine months to three months, reduced the flight test program from 75 to 50 flight test hours, and reduced the cost from $3.4M to $3.0M.  For the Phase II expansion of altitude, launch range, and warhead type, the use of Simulation Based Acquisition is expected to reduce the schedule from 90 days to 45 days, reduce the flight test program from 115 to 75 flight test hours, and reduce the cost from $3.5M to $2.5M.

Introduction

As a result of potential mission changes to the Predator Unmanned Air Vehicle (UAV), Figure 1, the Reconnaissance Systems Program Office was planning the first-ever flight test launch of a live Army Hellfire missile, Figure 2, from a UAV.  The Phase I flight test called for self, laser-designated, Hellfire C missile shots from altitudes of 2,000 feet or less at speeds between 70 and 80 knots with a stationary target within four km, Figure 3.  Phase II of the flight test was to expand the altitude and launch range, include stationary and moving targets, use beyond line-of-sight datalinks, use an improved laser ball, and include the Hellfire K warhead.
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Figure 1: Predator UAV
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Figure 2: Hellfire Missile
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Figure 3: Mission Scenario

A Simulation Based Acquisition (SBA) approach was adopted to solve the technical challenges presented by the mission changes.  The SBA approach eliminated the need for costly incremental testing and allowed the limited testing to focus on validating simulation predictions.  The technical areas that required modeling and simulation to determine the limits of the system’s capability and the system’s risk levels were aerodynamics, flight performance, stability and control, structures and dynamics, laser tracking, and avionics.

Specific safety concerns arose relative to impingement of the high temperature exhaust plume on the Predator’s tail and propeller surfaces during a missile launch from the airframe.  An additional area evaluated was the reduction in aerodynamic performance due to carrying the missile.  Stability and control safety issues included missile effects on directional stability, launch transient controllability, and controllability during a hangfire (failure to release the missile after igniting the rocket motor).  Concerns about the structural capabilities of the Predator to carry the additional weight, withstand the launch forces, and land safely were also addressed.

The integration of the missile system into the Predator’s communication system was completed.  For the actual launches, the determination of the launch zone limits (altitude above ground and range from target) was critical for both stationary and moving targets.  Issues for the laser target designator included weather and atmospheric conditions which impact detection and recognition range performance.  At the conclusion of the simulations, a technical risk assessment was reported.

Computational Fluid Dynamics

The Predator geometry, along with the pylon / rail / missile configuration, was created in-house using a computer-aided design package.  The results from the computational fluid dynamics (CFD) code, Air Force Research Lab’s (AFRL) Cobalt60, indicated that the high temperature and pressure from the Hellfire missile’s exhaust plume would clear the Predator’s tail by one foot and the propeller by one and a half feet.  This worst-case result was for the Phase II (high altitude) scenario.  The conclusion for the flight test program was that the plume effects with regard to high temperature effects and force and moment changes were no longer a risk.

Geometry Models: A clean, Predator UAV was modeled in-house using Unigraphics CAD, I3G/VIRGO, and Gridgen, and was created based on drawings, sketches, and photographs of the aircraft.  The laser designator was the only pod modeled, Figure 4.  The wing and tail airfoils were proprietary; so approximate airfoils were created.  The wing was approximated by a NACA65-620,a=0.5 airfoil, and the tail was approximated by a NACA-0013 airfoil.
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Figure 4: Vehicle CFD Geometry

The pylon / rail / missile geometry was added to the lower surface of the Predator’s left wing, Figure 5.  The pylon, nine inches tall and 25 inches long, was centered at buttline 72.  The rail was approximately two inches square and 54.4 inches long.  The AGM-114 Hellfire C and K variants were 64 inches long and seven inches in diameter.  The missile was inclined five degrees below the horizontal.  All surfaces were modeled as rigid surfaces, but, computationally, the propeller and its spinner hub were rotated during the simulation.
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Figure 5: Pylon / Rail / Missile CFD Geometry

Grid Generation: Two, unstructured grids were created in NASA Langley’s Gridtool/Vgrid package: the clean Predator configuration, and the Predator with the pylon / rail / missile in carriage.  The grid cells were packed at the surface for a viscous turbulent solution.  The propeller was modeled as an actuator disk with a forward plane, a one-inch thickness, and an aft plane.  The exit plane of the missile exhaust plume was modeled with five rings to simulate the pressure and temperature gradients that were measured during a ground test.  The farfield was modeled as a cube 3000 inches from the aircraft.  AFRL’s Blacksmith code was used to combine boundary layer tetrahedral cells into prisms and reduce each single-zone grid to about five million cells.  

Flow Solution: Computational analysis cases were solved at the flight conditions for Phase I (2,000 feet altitude) and Phase II (higher altitude) at 70 KTAS and zero degrees angle of attack and sideslip.  A total of four solutions were computed.  At the low altitude, the solutions included the clean Predator, the missile in carriage but not firing, and the missile firing at the rail location.  At the high altitude, the solution was the missile firing at the rail location.

The solutions were computed with a fully turbulent boundary layer, and the turbulence was modeled with the k- equations.  A modified Riemann invariant was employed at the farfield. For the propeller and its spinner hub, the rotation speed (1600 rpm) and direction (clockwise – aft looking forward) were input as well as the propeller’s thrust (100 lbs.).  For the missile exhaust rings, the inputs were Mach number (1.05), pressures, and temperatures.  The temperatures were taken from ground test data and the pressures were adjusted to the test measured thrust value.  Figure 6 shows the inputs for Phase I.  The thrust value for Phase II was 1833 lbs.  The boundary condition for the solid surfaces was viscous and adiabatic walls.
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Figure 6: Missile Exhaust Boundary Conditions

The solutions were run at the Major Shared Resource Center at ASC on the IBM SP3, and required 20 Gb of memory.  With AFRL’s Cobalt60, the user specifies the extent of zonal decomposition.  Typically, 32 zones were used during each run, and then Cobalt60 rebuilt the single zone solution at run completion.  The solutions were run second-order accurate in space and were stopped when the forces and moments in the body axis converged to a constant level.  The solutions converged in about 2000 iterations and 2000 CPU hours.

CFD Results: The largest risk concern for the program office during flight test planning was the potential impact of the high temperature and pressure missile plume on the tail surface and propeller of the UAV.  The CFD results indicated that the missile plume did not significantly impact the tail or propeller.  Figure 7 shows the temperature contour of the Hellfire’s plume, analyzed at the trailing edge of the Predator’s tail.  The high temperature of the exhaust cleared the tail by one and a half feet and the propeller by two feet for Phase I.  A top view of the plume outlined by a 600 R (141 F) iso-surface for the Phase I results is shown in Figure 8.  For Phase II the plume cleared the tail by one foot and the propeller by one and a half feet. 
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Figure 7: Plume Clearance of Predator Geometry
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Figure 8: Plume clearance of Predator Propeller

Figure 9 shows that the surface temperature of the Predator tail did not increase.  However, there was a change in the pressure distribution across the tail surface, Figure 10, which resulted in a change in the direction of the tail’s lift force.  With the missile in carriage, the tail force was down, but when the missile was fired, the tail force was up.  The increase in UAV lift was four percent.  The UAV pitching moment changed from 0.067 to –0.031.

A comparison between the clean configuration and the missile in carriage configuration computed with fully turbulent flow indicated that the increase in drag during cruise performance was nine percent with a decrease in lift of one percent. 
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Figure 9: No Surface Temperature Rise
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Figure 10: Pressure Forces Do Change

Stability and Control

Stability and Control analysis addressed three key issues: was the missile carriage within Predator capability, what was the Predator transient response to the Hellfire missile launch, and would the aircraft remain controllable during missile launch anomalies?  Results indicted that the Predator was capable of carrying the Hellfire missile; the initial yaw rate at launch was controllable; and the motion would damp out rapidly.  With the initial proposed geometry, a  hangfire would likely result in Predator loss of control.  A new location for the hardpoint and a new design for the rail holdback spring were needed in order to avoid violating autopilot rate limits. 

To address the capability of the Predator to carry the Hellfire, the Predator geometry was compared to the I-GNAT, a similar unmanned aircraft.  The I-GNAT has flown with larger stores in symmetric and asymmetric configurations with minimal observed impact on directional stability; therefore, the Hellfire carriage by Predator was not expected to present problems.  To address the transient response of the Predator to missile launch, a six-degree-of-freedom simulation was conducted for a flight condition of 70 knots indicated and a rail release force of 700 lbs.  An eight-foot moment arm and a release time of 36 milliseconds were used. Figure 11 shows that the Predator response to Hellfire firing is small and damps out in approximately one second. 
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 Figure 11: Predator Response to Hellfire Firing

Analysis was performed to determine combinations of missile release conditions that would not violate autopilot limits.  Figure 12 shows the tradeoff between missile release time and thrust at release, which equates to holdback spring force.  With a nominal release time of 36 msec, adequate margin was available for both the original holdback force value of 700 lbs. and the reduced value of 200 lbs.  The curves indicate that a hangfire would not be survived; however, only one hangfire has occurred in 10,000 launches.
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Figure 12: Control Margin

Structures and Dynamics

A new hardpoint on the wing had to be designed, manufactured, and assembled into an existing wing.  The hard point required the capability to carry a store with maximum weight of 125 lbs. at approximately six feet from the centerline and one foot below the wing outer mold line. Figure 13 shows the wing-mounted structural design.  The wing hardpoint design included two, bonded ribs and two, fastened aluminum brackets.  The wing upper skin was cut in a three-foot spanwise section at the 72-inch buttline location, and the ribs were modified. 
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Figure 13: Wing Mounted Design

Structural certification of the hardpoint was based on a proof-test, design criterion to be used on each modified wing.  The proof load was set at 115 percent of the Predator’s baseline wing design limit load, which equated to a 3.9 g loading without yielding.  To check for potential failures at ultimate load, an analysis was done to 150 percent of design limit load, and all margins of safety were adequate.
The rail holdback force was designed to ensure that the limit of the rear spar / fuselage interface was not exceeded during missile launch.  To achieve this requirement, the design of the rail system was changed to reduce the missile holdback spring force to 200 lbs.  For verification of the structural integrity of this location during missile separation, the rear spar / fuselage interface was proof tested to loads exceeding the predicted 200 lbs.  The model of the original, dual-spring (inner and outer) holdback design is shown in Figure 14, but the final design was a single-spring, holdback system. 
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Figure 14: Dual-Spring Holdback Design

With the new design, however, there was concern that the missile might disengage from the launch rail during a hard landing.  However, test data indicated that a maximum forward load factor of a half g, for reasonable operating conditions, would be well below the level required to disengage the missile.  Crash conditions and / or emergency landings were not considered.

To assess the flutter characteristics of the Predator with a hellfire in carriage, a simple ground vibration test was conducted using a rotating eccentric weight.  Based on these test results, and on review of the flutter analysis conducted by General Dynamics Corporation, the Predator aircraft was predicted to be flutter free throughout the operational envelope with a significant margin of safety on the never-to-exceed speed currently published for the platform.

For Phase I, the landing weight was restricted to 1900 lbs., and the sink speed to six feet per second.  For Phase II, the maximum weight was increased to 2250 lbs. based on additional proof load testing, analysis, and the evaluation of the vertical acceleration information recorded during Phase I.

For landing conditions with missiles aboard, a dynamic landing analysis was performed that produced a nominal, dynamic, magnification factor from the aircraft c.g. to the hardpoint location of 1.3. This factor was utilized to establish load factor / sink speed limits based on the hard-point demonstrated capability.  Figure 15 shows the resultant recommended landing limit envelopes with the corresponding actions required should these envelopes be exceeded based on post-flight, data review.
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Figure 15: Landing Limits with Stores

To verify wing loading distribution with the hellfire missile configuration, a linear, elastic-panel, vortex analysis was completed.  Figure 16 shows the wing bending moment distribution for a 1-g level flight condition.   
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Figure 16: Wing Bending Moment

The analysis clearly shows that the missile carriage configuration was not critical for normal flight loads.  A similar analysis was conducted for the wing shear, with similar conclusion.
Flight Performance

For the initial assessment of the weaponized Predator, the drag of the Hellfire missile at representative flight conditions was provided by the Army.  The drag increments for the pylons, rails, and the interference effects of mounting the Hellfire missiles under the Predator’s wings were estimated using semi-empirical aerodynamic methods.  These methods were also utilized to estimate the aerodynamics of the full air vehicle.  The calculated air vehicle drag matched the contractor’s drag estimates reasonably, so the contractor values were used in subsequent performance calculations.  These estimates were later validated with more detailed CFD analysis.  This analysis revealed that carriage of the Hellfire missiles increased the drag by 11 percent for the take-off configuration, and from this, flight performance analyses were used to study the impact of the Predator’s weaponization. Areas studied included the flight envelope for structural analyses, dive angle limit for weapon targeting, specific range for mission analyses, and takeoff for airfield performance.

Take-off and landing performance was calculated for the Predator with a pair of Hellfire missiles mounted (one under each wing).  Contractor-provided propeller efficiencies and aerodynamics were used to validate performance estimates against the flight test-validated Tech Order.  Once the performance calculations were validated, the incremental drag effects of the Hellfire were then added to the simulation. The analysis considered typical conditions at the test location, Indian Springs, Nevada.  The runway was 2000 feet above sea level with a temperature of 100F.  Calculations were performed for gross weights ranging from zero fuel weight to max take-off weight.  The impact on performance was minimal as can be seen in, Figures 17 and 18.
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Figure 17: Rate of Climb

[image: image18.wmf]Weight (lbs.)

Takeoff Distance (ft)

1000

1200

1400

1600

1800

2000

2200

2400

1500

1750

2000

2250

2500

         

EN Assessment

      EN Assess + Missile

      TO

•

¨

2000 feet, 100°F Day


Figure 18: Takeoff Distance

The decrease in rate of climb was 30 feet per minute, which was considered negligible.  The takeoff distance increased only ten feet.  Negligible changes were calculated for the landing distances because the approach speed could be maintained by a slight increase in power and the drag increase would slightly reduce ground roll.

Weapon Integration

The Hellfire C model has a field of view (FOV) of 20 degrees, but the probability of keeping the target in its FOV decreases significantly when the cueing error in the yaw direction reaches 7.4 degrees, Figure 19.  The probability of a target hit is greatest if the Hellfire can keep the target within an eight-degree (H) by 3.5-degree (V) FOV.  While these restrictions are relieved somewhat for the K model used in Phase II, there still is a tight limit in the vertical direction because the seeker’s search pattern was originally designed for a low altitude launch.  Because of this restriction, the Predator and Hellfire must be kept within three degrees of the mission planned pitch attitude at launch.
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Figure 19: Hellfire Field of View

A key requirement for the effective use of the Hellfire was the ability to provide accurate target laser designation.  A concern in the Predator / Hellfire program was that the sensor / designator would severely limit the Hellfire weapon launch envelope.  For tank-sized targets, large pointing / stabilization errors can significantly limit the weapon launch envelope as can the inability to recognize targets at the required ranges.  Another potential limit to launch ranges was the laser beam divergence.  Larger beam divergences result in larger amounts of laser energy over spilling the target and misleading the missile.

Two aspects were addressed: the ability to recognize the target and the ability to laser designate it.  FLIR92, a standard, infrared performance model developed and maintained by the Army, was used to quantify the ability of the Predator FLIR (Forward Looking Infrared) to recognize vehicle targets at ranges throughout the Hellfire weapon envelope.  For these targets, the FLIR performance did not limit the weapon's utility.   A laser performance model developed in-house was used to determine that the proposed sensor system's pointing / stabilization errors and beam divergence supported a high probability of kill throughout the missile's kinematic range.  Figure 20 shows the results of inert Hellfire K missiles during the Phase II testing.

[image: image20.wmf]
Figure 20: Tank Hits with Inert Hellfire K

To integrate the Hellfire with the Predator several tasks were accomplished.  The M229 Launcher electronics were repackaged and placed in the UAV.  A Hellfire command and control window was developed for the Predator, ground-station, pilot display.  Appropriate 1553 bus messages were developed to control the Hellfire and integrated into the UAV software.  Electrical power was supplied to the repackaged electronics which included 28 volts and nine amps for the launcher and missile, 28 volts and 20 amps for the motor fire squib, and 115vac low current for launcher bit.  The check-outs were performed in the systems integration lab and on the aircraft in the field.

Risk Assessment

The risk assessment was conducted per Mil-Std-882D.  The baseline Predator had a remote chance of a catastrophic failure, but, with the weaponization of the UAV, it was expected that the probability of occurrence would be raised to occasional with a mishap risk assessment value of four, Table 1.  Since the Predator / Hellfire system was being categorized as high risk, acceptance of the risk required the signature of the Component Acquisition Executive.  Figure 21 shows the probability of mission failure of the clean Predator UAV and the Predator / Hellfire configuration.  The risk for the Predator by itself was high, and it was even higher with the addition of the weapon system.

Table 1: Risk Assessment Levels
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Figure 21: Risk Assessment
Conclusions

The Predator UAV should not experience any flight test risk with respect to the aerodynamics associated with firing a Hellfire missile from the cruise condition of 70 knots true airspeed at operationally useful altitudes.  The high temperature and pressure of the missile plume clear the UAV geometry by at least a foot.  The changes in drag, lift, and pitching moment are all within the aircraft’s capabilities.  With the redesign of the holdback spring, the launcher was made compatible with the Predator UAV.  The concerns with respect to stability, controllability, takeoff, landing, climb, structural integrity, flutter, and weapons integration were analyzed, and the impacts were demonstrated to be within the aircraft’s capabilities. The integrated Predator / Hellfire system was assessed to be an order of magnitude higher risk than the clean Predator UAV.  The Phase I flight test program was a complete success, and, by implementing Simulation Based Acquisition tools, the Systems Program Office reduced the schedule by 67 percent, reduced the flight test hours by 33 percent, and reduced the cost by 12 percent.

For Phase II at high altitude, Simulation Based Acquisition will be used for sensor / target acquisition performance prediction, to define critical test conditions and operational limits, to define missile performance limits, to determine launch conditions, to analyze test results and resolve problems, and to support the safety clearance process.  For Phase II at high altitude, the use of Simulation Based Acquisition is expected to reduce the schedule by 50 percent, reduce flight test hours by 35 percent, and reduce the cost by 29 percent.
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