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AIAA Atmospheric Flight Mechanics Conference2 - 5 August 2010, Toronto, Ontario CanadaAIAA 2010-7930Hypersonic Vehicle Flight Dynamics with Coupled Aerodynamics andReduced-order Propulsive ModelsDerek J. Dalle , Scott G. V. Frendreis† , James F. Driscoll‡ , Carlos E. S. Cesnik§University of Michigan, Ann Arbor, MI 48109DOI: 10.2514/6.2010-7930A new model is developed to more accurately capture the dynamics and control of an air-breathing hypersonicvehicle using a computationally inexpensive formulation. The vehicle model integrates a scramjet engine analysis tool developed specifically for use in a control-oriented model and a six-degree-of-freedom rigid-body flightdynamics model. The combined hypersonic vehicle model requires less than ten seconds with a single 2.6 GHzprocessor to calculate the total thrust, lift, and aerodynamic moment on the vehicle. The inlet and nozzle analysishandles shock-shock and shock-expansion interactions, and expansions are considered to be a series of discretewaves. The combustor model utilizes scaling laws that retain some of the fidelity of higher-order simulations. Onthe parts of the vehicle that are not part of the propulsive flowpath, modified shock-expansion theory is used tocalculate the pressure. In this approach the role of the propulsive model will be only to calculate the net forcesand moments on the inlet, combustor, and nozzle. The result is a control-oriented hypersonic vehicle model thatqualitatively captures the nonlinear interactions between vehicle dynamics and the scramjet engine.EfiLpsp0 ω SubscriptsB CL CM e cross section area [m]specific heat [J/kg·K]force [N]specific enthalpy [J/kg]inertia matrixmass [kg]Mach numbermoment [N·m]normal vectorpressure [Pa]position vector [m]transformation matrixtemperature [K]flow velocity [m/s]velocity [m/s]molecular weight [kg/kmol]spatial coordinate [m]spatial coordinate [m]spatial coordinate [m]mass fractionshock angleratio of specific heatsdeflection anglepitch angledensity [kg/m3 ]sideslip angleroll anglefuel-air equivalence ratioyaw angleangular velocity Earth framefuelspecies indexleft side of vehicleconstant pressurepertaining to speciesstagnation valuefreestreamSuperscripts(·)0 quantity per unit widthOverscripts (·) ˆ(·) (·) (·) vector quantityunit vectorskew-symmetric matrixtime derivativeI.body framecenterlinecenter of masselevatorCopyright 2010 by Derek J. Dalle, Scott G. V. Frendreis, JamesF. Driscoll, and Carlos E. S. Cesnik. Published by the American Institute ofAeronautics and Astronautics, Inc., with permission. Graduate Research Assistant, Department of Aerospace Engineering;dalle@umich.edu. Student member AIAA† Graduate Research Assistant, Department of Aerospace Engineering;scottgvf@umich.edu. Student Member AIAA.‡ Professor, Department of Aerospace Engineering; jamesfd@umich.edu. Fellow AIAA.§ Professor, Department of Aerospace Engineering; cesnik@umich.edu.Associate Fellow AIAA.1IntroductionAmong the many challenges facing the development of air-breathinghypersonic vehicles is maintaining controlled flight. In addition tomaximizing fuel efficiency, ensuring adequate thrust and lift, and limiting heat transfer, the vehicle has to be able to balance all of the forceson it. In order to balance these forces in a simulation, a model is required that can evaluate the performance of the entire vehicle in a fewseconds or less.Additionally, flight at such high speeds causes complex interactions among the airframe, propulsions system, vehicle aerodynamics,and other aspects. As a result, it is not possible to design each component of the vehicle independently. Therefore a fast model that cananalyze a range of vehicles can also be useful to assist the design of ahypersonic vehicle. The overall goal of this hypersonic vehicle modeling effort is to create a three-dimensional flight simulation framework that includes coupled inertial, aerodynamic, propulsive, elastic,and thermal analysis in such a way to enable accurate control simulation. The model should be accurate to within 10% and able to analyzea vehicle in a few seconds or less on a single-processor computer.In addition to high-fidelity hypersonic vehicle analysis by Candleret al. [1, 2], Higgins and Schmidt [3], and many others, there has beena considerable effort to develop low-order hypersonic vehicle simulations that can run in short time periods using only moderate computational resources. Oppenheimer et al. [4,5] and Chavez and Schmidt [6]have developed longitudinal (two-dimensional) hypersonic flight dynamics models that can be used to simulate a variety of vehicle trajectories. Mirmirani et al. [7] investigated merging experimental andcomputational data to generate control algorithms for hypersonic vehicles.At the same time, progress has been made by O’Brien et al. [8]and Torrez et al. [9, 10] in developing fast simulations of air-breathing
DALLE ET AL.2Figure 1. Isometric view of hypersonic vehicle used in this analysis.hypersonic propulsion systems. The present work aims to extend athree-dimensional flight dynamics model [11] by including a more accurate propulsion model. Our approach is to separate the vehicle intoportions that are part of the propulsive system and portions that arenot. We model the propulsive components, i.e., the inlet [12], combustor [10], and nozzle [13], using a two-dimensional representationthat has the required fidelity for propulsive analysis. We analyze theremaining portions of the vehicle using a simpler three-dimensionalmodel that only calculates the pressure and temperature on the vehiclesurfaces.The use of a two-dimensional model for some parts of the vehiclelimits the types of geometries that the proposed model can analyze. Forexample, the approach cannot be used for a vehicle with an inwardturning inlet [2] or a conical-type nozzle. However, for hypersonicvehicles similar to those shown in Fig. 1, the proposed approach shouldbe relatively accurate because the portions that are modeled as twodimensional do not vary much in the one of the directions normal to thefreestream flow. In this paper all analysis is of the geometry providedby VSI Aerospace, Inc. [14] which is shown in Fig. 1.II.Hypersonic Vehicle ModelThe focus of this paper is to integrate a three-dimensional, six-degreeof-freedom flight dynamics model, an unsteady aerodynamic model,and a control-oriented propulsion model. The flight dynamics modelconsists of the six-degree-of-freedom rigid body equations of motioncoupled with a simple unsteady aerodynamic model. The aerodynamicmodel determines the aerodynamic forces and moments acting over thevehicle. However, because the inlet, isolator, combustor, and nozzle areso tightly coupled, the propulsion model is responsible for analyzingthe inlet and nozzle in addition to the isolator and combustor.In our proposed model, the vehicle itself consists of many polygonal surfaces. Each of these polygons is either a part of the propulsivesystem, part of the remaining vehicle, or on the border between the two.The results of both components are combined to generate a net forceand moment on the vehicle, which can be used in a rigid-body flightdynamics simulation. This is an improvement over previous formulations because it combines a fast, higher-fidelity model of the propulsionsystem with a model of a complete hypersonic vehicle in a six-degreeof-freedom simulation framework.A.Rigid Body Equations of MotionThe six-degree-of-freedom rigid body equations of motion are derivedusing a Newtonian approach, assuming a flat-earth inertial referenceframe. The translational velocity vector, vB , and rotational velocity B , are expressed in a body-fixed reference frame whose orivector, ωgin is located at an arbitrary fixed point on the vehicle. During longduration simulation of free flight, a hypersonic vehicle is expected toconsume a significant portion of its total mass in fuel. Therefore therigid body equations of motion are written for a vehicle with varyinginertial properties (total mass, center of mass location, etc.). Theseequations of motion take the form"#( ) "#( ) ( )m mr̃CM v Bmω̃B mω̃B r̃CM vBF B (1) Bmr̃CMIBmr̃CM ω̃Bω̃B IBω BωNBwhere m is the vehicle mass, rCM is the position of the center of is the skewmass with respect to the body-fixed reference frame, (·)symmetric matrix operator, and IB is the inertia matrix with respect to B , comethe center of mass. The external forces, F B , and moments, Mthe vehicle aerodynamics, propulsion system, and gravity.The aircraft attitude is expressed using the roll (φ), pitch (θ), andyaw (ψ) Euler angles. The Euler angle kinematics are related to therigid body rotational velocity by 1 sin(φ) tan(θ) cos(φ) tan(θ) φ̇ ωB,x 0 cos(φ) sin(φ) ωB,y θ̇ (2) ω cos(φ)sin(φ) ψ̇ 0B,zcos(θ)cos(θ).The position of the vehicle is expressed in terms of the earth-fixedinertial reference frame. The inertial position kinematics are related tothe Euler angles and rigid body translational velocity through ẋ v E B,x vB,y ẏ R(φ,θ,ψ)(3) EEB żE vB,z where REB is the body-to-Earth transformation matrix.B.Unsteady Aerodynamic ModelWe have developed a simple modification to two-dimensional shockexpansion theory to develop a model that is relatively accurate in all
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3DALLE ET AL.81a1b1c1d2a3a4a4b5a6aFigure 2. An example geometry. The station numbers are extensible by adding successive letters to each station for a more complex geometry.regions and based on well-established compressible flow physics withminor modifications. This method is a local inclination method, i.e., thepressure at any point on the surface of the vehicle is determined by thatpoint’s total velocity and orientation (and independent of the geometryof the rest of the vehicle). For each surface, as shown in Fig. 1, a localpressure is calculated, which is multiplied by the area of the triangle todetermine the force applied on each surface. Then the incident velocityon the surface is v v ω r(4) is the angular velocitywhere v is the freestream (vehicle) velocity, ωof the vehicle, and r is the vector from the vehicle’s center of mass tothe center of the current surface. The deflection angle δ is given bysin δ (5)rρ M kvkγp (8)(9)a) Proposed model solution(6)!(7)where β is a shock angle. If the deflection angle is sufficiently small,it is possible for an attached shock wave to exist, and the shock anglecalculated using the implicit formulatan δ 2 cot βM 2 sin2 β 1 cos 2β) 2M 2 (γInletThe inlet model considers scramjet inlet designs that are approximatelytwo-dimensional. A satisfactory control-oriented model must require arelatively small amount of computational time and still yield a relatively accurate solution for the inlet flow. Instead of solving directlyfor the flow conditions at each point in the flow, as is done in computational fluid dynamics (CFD), our method solves for the positions ofthe relevant waves, which separate regions in which the flow propertiesare considered to be uniform. The locations of the shock waves and expansions are determined using established two-dimensional supersonictheory. To make this possible in a digital computing environment,expansion fans are approximated as a number of discrete isentropicwaves. In many ways this is a generalized and automated version ofthe method of characteristics. This method has been described in several previous papers [10, 13, 15, 16].The output of this inlet model is a set of polygons, each with anassociated set of thermodynamic conditions (density, pressure, temperature, Mach number, and flow direction). The result resembles the output of two-dimensional CFD, as shown in the comparison in Fig. 3.The reduced-order solution and CFD solutions are shown for the sameinlet flying at a flight Mach number of M 10.0 and angle of attackof α 0.where γ is the specific heat ratio. If δ 0, Prandtl-Meyer theory isused. Otherwise the pressure is calculated using the formulaγ 12γM 2 sin2 β γ 1γ 1Propulsion ModelThe propulsion model can further be split into three components: theinlet, the combustor, and the nozzle. In the scramjet mode, neithercomponent affects the one upstream of it, and the three parts can besolved in sequence. In ramjet mode the flow through the combustorsection is subsonic, and signals can travel upstream, but we are onlyconsidering scramjet-mode operation in the present analysis. This alsomeans that the isolator, which is the portion of the engine flowpathbetween the inlet and the combustor section, can be largely ignored.The station numbering associated with the propulsion model is shownin Fig. 2.1.n̂ · vkvkwhere n̂ is the unit normal to the surface. We then convert the incidentvelocity into a Mach number usingp p C.The maximum value for the shock angle issin2 βmax p(γ 1)M 2 4 (γ 1)2 M 4 8(γ2 1)M 2 164M 2 γwhich leads to a maximum deflection angle by substituting the resultof (9) into (8). If the deflection angle is too large for an attached shock,i.e., δ δmax , the wave angle is given by an interpolation;β βmax δ δmax(π/2 βmax )π/2 δmaxb) CFD Solution(10)This aerodynamic model corresponds to a normal shock if the deflection angle is exactly 90 . In light of this, our model avoids large errorsfor all possible inclination angles.Figure 3. Comparison between solution from proposed inlet model andhigh-fidelity CFD solution. Darker shades of blue represent regions ofhigher pressure; white represents freestream pressure and black representsp/ p 90.
DALLE ET AL.4MAΣAΨΣBMBΘBa) Geometry and definitionsFigure 5. Reduced-order solution of example scramjet nozzle. Darkershades of blue represent higher temperatures.b) ExampleFigure 4. Illustration of Prandtl-Meyer expansion wave. The geometryand nomenclature of the problem are shown 4a while 4b shows an example solution from the proposed inlet model in which the expansion fan ismodeled as five discrete waves. Darker shades of blue represent higherpressures.Of critical importance to the inlet model is the discretization of expansion fans. An expansion fan can be seen in both graphics of Fig. 3starting at the corner in the upper surface. Prandtl-Meyer theory canbe used to obtain the exact solution to this type of flow. However,this result is continuous, and needs to be modeled as a discrete changein some way to be useful in our model. Unfortunately, any attemptto discretize the Prandtl-Meyer expansion results in a approximationthat does not conserve momentum [13]. Our approach is to model theexpansion as a series of weak expansion shocks, which is a close approximation to Prandtl-Meyer theory and conserves mass, momentum,and energy. The geometry and an example of a discretized expansionare shown in Fig. 4.Another critical modeling problem occurs when two waves intersect each other. The inlet model resolves this situation by solving atwo-dimensional Riemann problem [10]. Finally, the combustor modelassumes that the flow leaving from the inlet is uniform (i.e., does notvary with coordinates normal to the flow direction). To match this constraint with the two-dimensional result from the inlet analysis, we select the thermodynamic state in the combustor so that the total fluxesof mass, momentum, and energy are equal at the end of the inlet andthe beginning of the combustor.2.Duct SolutionThe combustion code marches the flow conservation equations fromthe beginning of the combustor (station 3a in Fig. 2) to the end of theinternal nozzle (station 5a). All flow states are allowed to vary in thedownstream axial direction. To keep the model one-dimensional, onlyderivatives with respect to the axial coordinate are considered. Somequantities, such as jet spreading and mixing, vary in the transverse directions, but they may only vary algebraically such that their evolutionsdo not depend on the information propagating downstream.The conservation equations, along with the equation of state, formthe basis of the model. By taking derivatives in the x-direction, thesegive a set of ordinary differential equations. The simultaneous solutionprovides all the information needed to calculate the evolutions of thestate variables (p, ρ, T ) and the heat release through the duct.The two simplest differential equations used in the propulsionmodel follow. In these equations, W is the average molecular weight ofthe gas, and A is the area of the combustor duct as a function of x. Theequation of state takes the form1 dT 1 dρ1 dW1 dp p dxT dx ρ dx W dx(11)which comes from differentiating the equation of state, p ρRT . Theconservation of mass gives1 dρ1 dṁ 1 du 1 dA ρ dx ṁ dx u dx A dx(12)where ṁ is the mass flow rate through the duct, and dṁ/dx representsthe mass flow rate of fuel added as a function of x. The total mass flowrate of fuel added isZdṁṁ f dx(13)dxThe fuel-air equivalence ratio, Φ, is the ratio of the fuel mass flow rateto the maximum amount of fuel that could burn based on the amountof oxygen in the combustor. The conservation of momentum states1 dp 1 dṁ1 du 2 u dxρu dx ṁ dx(14)If we define a mass-averaged specific heat asc̄ p nspXc p,i Yi(15)i 1and neglect viscous forces, the conservation of energy takes the form!nspc̄ p dT X 1 dṁi dYi hiu du 1 dṁ (16)h0 dxṁdxdxhhṁ dx00 dxi 1These are essentially the equations used in the combustor model [10].The rates of change for each species, dYi /dx, are calculated at eachpoint in the combustor using a flamelet model.3.NozzleTo accurately predict thrust, a nozzle model must analyze the expansionand acceleration of the exhaust gases from the combustor. In a typicalscramjet nozzle, the lower edge of the exhaust plume is a slip stream,and its location varies according to combustor and flight conditions.An example of a scramjet nozzle flow is shown in Fig. 5.The temperature in the combustor section reaches temperatureshigh enough to cause significant dissociation of the gas, which means
5DALLE ET AL.that at the beginning of the nozzle, some of the combustion productswill be split into smaller molecules. However, the temperature dropsdramatically in the nozzle, and these smaller molecules, e.g., N and O,will recombine into stable molecules such as N2 and O2 . In most flows,the release of energy caused by such a chemical change would have asignificant effect. However, the velocities are so large in scramjet nozzles that the chemical energy release is small compared to the kineticenergy of the flow [13]. For that reason, and because it would slowdown the computation, we do not consider chemistry in the nozzle.In addition, it is crucial to determine the streamline that forms thelower edge of the exhaust plume. This streamline determines the effective area of the nozzle and thus is has a significant effect on thetotal thrust of the nozzle. Calculating this streamline using a onedimensional model would be impossible because information in a supersonic flow travels along characteristics, which are the lines shownin Fig. 4.Previous models have considered one-dimensional models withseveral simplifying assumptions [5, 6, 16]. Because the nozzle does nothave the sensitive behavior of the inlet, these one-dimensional modelscan produce a representative approximation of the forces on the nozzle. However, even if it were possible to determine the location of theexhaust plume, a one-dimensional model gives inaccurate thrust predictions [13]. We solve this problem by modeling the nozzle using aslightly modified version of the inlet model, which accurately considersthe two-dimensional nature of the nozzle.III.IntegrationThere are two largely disparate models in our proposed method ofanalysis for the hypersonic vehicle. In particular the models used inconjunction with the propulsion model are two-dimensional, and themodels used with the aerodynamic model are three-dimensional. Sincethe aerodynamic model does not accurately compute the conditions inthe gas away from the surface of the vehicle, it cannot be used to accurately model the propulsion. Likewise, the propulsion model cannot predict the three-dimensional forces necessary for a six-degree-offreedom simulation.Thus we are forced to use both models, and we must determinefor each of the vehicle’s surfaces which model to use. In addition, wemust extract the two-dimensional geometries to use with the propulsionmodel. We have developed an automated utility to complete both ofthese tasks, and the result is visualized in Fig. 6. The surfaces in redare part of the inlet or nozzle, and the boundary between these regionsand the rest of the vehicle is shown with a thick black line. The tracesof the two-dimensional geometries used in the propulsive model areshown with dotted blue lines.A.Region DeterminationDetermining which surfaces are part of the isolator and combustor isrelatively easy because they are the surfaces surrounded by the cowl.Most of the work is in determining the geometry of the inlet and nozzle. Our general approach to this is to start with points on the edge ofthe inlet cowl or nozzle cowl and trace streamlines in the appropriatedirections.For instance, to trace the boundary of the inlet, we begin with thethree points: the left, center, and right points of the inlet cowl. InFig. 6, these are the two right-most corners of the inlet pentagon and thepoint in the middle of the edge joining those two corners. Starting withthose three points, we trace the intersection of the vehicle and a planecontaining that point and unit vectors pointing in the flow directionand vertical direction. This same process is repeated for the other twoinlet cowl points, which generates the three blue dotted lines in theinlet region of Fig. 6. Finally, lines are traced along the surface to jointhe endpoints of the three blue dotted lines. Then the entire process isrepeated for the nozzle.B.Engine FlowpathTo limit the adverse effects of using a two-dimensional model on someparts of the vehicle, the propulsion code is run twice for each simulationof the vehicle. This is the purpose of the three dotted lines in Fig. 6.Note that only two calculations are necessary because the left and rightflowpaths are identical to each other. The engine flowpath geometriesare shown in Fig. 7.C.Force and Moment CalculationsThe output of the propulsive calculations is a force per unit width andmoment per unit width at the nose of each two-dimensional section.Since the propulsive geometry is two-dimensional, it is not possible to0calculate a force and moment directly. If F CLis the force per unit width0 of the centerline flowpath and FL is the force per unit widh of the otherflowpath geometry, the total force from the propulsion system is 0 F L0F (yCL yL ) F CL(17)where y is the coordinate of the geometry in the direction perpendicular to the flow. This corresponds to trapezoidal integration in the ydirection. The matching equation for the moment ishi0 (yCL yL ) N CL L0 ( rL rCL ) F L0N N(18)where r is the position at which the forces are calculated.IV.Trim AnalysisTo demonstrate the capabilities of our reduced-order model, we used itto trim a hypersonic vehicle for steady-level Mach 8 flight at 26000 maltitude. The vehicle considered was the three-dimensional vehicle ofFigs. 1 and 6 with the propulsive flowpath geometries from Fig. 7. Thepropulsive model was found to have too much noise to complete thistask easily, so a curve fit model was constructed. With the curve fitmodel constructed we were able to trim the vehicle for this state andvisualize the performance of the propulsion system. We also presentthe state nearest to trim obtained using the full propulsive model.A.Surrogate model and propulsion system performanceThe results from the propulsion model were highly sensitive to smallchanges in angle of attack and fuel-air equivalence ratio. As a result,we were not able to find a condition in which all forces and momentson the vehicle were balanced using a gradient-based minimization routine. In order to make gradient-based optimization easier, we generateda surrogate model by calculating the propulsive performance on a regularly spaced grid with 35 angles of attack and 35 fuel equivalence ratiosall at the same altitude and Mach number. The results of the propulsivemodel for all these conditions are shown in Fig. 8.The minimum and maximum angles of attack considered were 0 and 4 , respectively. The minimum and maximum fuel equivalenceratios considered were 0.5 and 3.0, respectively. For conditions withinthese limits of angle of attack and equivalence ratio but not on the regular grid, the performance was calculated using cubic interpolation. Theexternal aerodynamic model did not use a surrogate model.The very high equivalence ratios were considered because most ofthe fuel does not burn even when the equivalence ratio is below 1.0.In our propulsive model, the fuel is injected from only one wall [10],which is the top wall in Fig. 7. Because of this one-sided injectionand the fact that the combustor is very tall, the fuel cannot easily mixwith the oxygen near the bottom of the combustor. Adding more hydrogen beyond an equivalence ratio of 1.0 simply increases diffusion.We found that an equivalence ratio of about 3.0 is needed to use allof the oxygen in the combustor. This means that either adding someof the fuel from the bottom wall of the combustor, increasing the fuelinjection pressure, or using a smaller combustor would conserve fuelrelative to this design.B.Flight Dynamics Model ResultsThe vehicle is trimmed for steady-level, Mach 8 flight at an altitude of26 km, using the two available scramjet models. This task is achievedby determining a flight condition and set of control inputs that yieldzero net force and moment on the vehicle. Trimming can be treated asa minimization problem, where the cost function is of the formh i ( F B ) J bF B NB c W ,(19)NB
DALLE ET AL.6Figure 6. Lower side of hypersonic vehicle with cells in the propulsive flowpath shown as red and the two-dimensional cuts shown with the blue dashed line.21.24 m3.41 m1.82 m2.78 m1.62 m15.54 m4.74 m8.92 ma) Centerline propulsive geometry21.24 m3.34 m1.76 m4.74 m2.78 m1.62 m7.47 m8.92 mb) Left/right propulsive geometryFigure 7. Schematics of two-dimensional propulsive flowpath geometries. The colors delineate components of the propulsion system: inlet, isolator,combustor, and nozzle.where W is a weighting matrix used to scale the various forces and moments. The cost function J is zero at the trimmed condition and strictlypositive at all other conditions. The minimization is performed numerically in MATLAB using the fmincon (constrained minimization)function. The inertia properties of the vehicle used in the followingtrim analysis are given in Table 1.Table 1. Vehicle Inertia Properties Used For TrimSymbolmIxxIyyIzzIxyIxzIyzNameMassMoment of inertia about x-axisMoment of inertia about y-axisMoment of inertia about z-axisProduct of inertiaProduct of inertiaProduct of inertiaValue2.22 105 kg3.42 106 kg · m23.95 107 kg · m23.95 107 kg · m20 kg · m20 kg · m20 kg · m2The trimmed values for the flight dynamics states and control variables using the surrogate propulsion model are presented in Table 2.The trimmed values using the full propulsive model are presented inTable 3. Note that ψ, xE , and yE are ignored in this process becausethey do not contribute to the vehicle dynamics directly.The trim state obtained using the surrogate model corresponds toa valid steady-level flight condition, because all accelerations have anTable 2. Steady-Level Flight Trim Using Propulsion SurrogateStatek vB k zEαβθφv̇B,xv̇B,zω̇B,yδeΦNameVelocity magnitudeAltitudeAngle of attackSideslip anglePitch Euler angleRoll Euler anglex-component of v Bz-component of v B By-component of ωElevator deflection angleScramjet fuel-air equivalence ratioValue2.40 km/s26 km2.89 deg0 deg2.89 deg0 deg 1.87 10 5 m/s21.45 10 5 m/s2 1.52 10 8 rad/s226.9 deg1.73acceptably small magnitude. On the other hand, the trim state obtainedwith the full propulsive model has a non-negligible acceleration in thex-direction.In both trim cases, the elevator deflection angle is larger than expected for a hypersonic vehicle. This is necessary to correct the largenose-down pitching moment caused by the rest of the vehicle. Threepossible remedies for this adverse moment are shifting the center ofgravity, redesigning the nose of the vehicle, and implementing controlsurfaces with greater authority. The current nose of the vehicle does
7DALLE ET AL.Table 3. Steady-Level Flight Trim Using Full Propulsive ModelStatek vB k zEαβθφv̇B,xv̇B,zω̇B,yδeΦ2000Fx [kN]1500100050004NameVelocity magnitudeAltitudeAngle of attackSideslip anglePitch Euler angleRoll Euler anglex-component of v Bz-component of v B By-component of ωElevator deflection angleScramjet fuel-air equivalence ratioValue2.40 km/s26 km2.86 deg0 deg2.86 deg0 deg4.28 10 1 m/s28.89 10 5 m/s2 1.59 10 6 rad/s227.4 deg1.953221α [ ]00Φnot have enough compression on the inlet ramp and is blunt on the top.Reversing this will provide greater compression for the engine and generate more lift near the nose. The control surfaces on the vehicle arecurrently limited to a pair of elevators. By either increasing the surfacearea of the elevators or using all-moving elevons, the control surfaceswill be able to provide the necessary forces at lower deflection angles.Shifting the vehicle’s center of mass a couple of meters aft would alsohelp to counter the nose-down moment. However, the other two design modifications would still improve the vehicle’s ability to maintaincontrolled flight for a range of conditions.a) Installed thrust.3000Fz [kN]2500V.20001500100043221α [ ]00Φb) Inlet/nozzle total lift.4x 10 3N y [kN·m] 4 5 6 7 8302121Φ304α [ ]
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and low altitude of flight.10 For example, terrestrial-based radar cannot detect hypersonic weapons until late in the weapon’s flight.11 Figure 1 depicts the differences in terrestrial-based radar detection timelines for ballistic missiles versus hypersonic glide vehicles. 4 P.L. 115-232, Section 2, Division A, Title II, §247.
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potential the cruise phase offers in fuel saving. Most studies focus on optimal periodic cruise solutions for hypersonic vehicles. [24]-[27] assess the fuel reduction achieved with the utilization of periodic cruise trajectories over steady state trajectories using various numerical methods. E.g. [27] attempts to realize periodic hypersonic
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– determination on how to appropriately modify vehicle configuration to improve its dynamic controllability without compromising vehicle performance. All done in close collaboration with AFRL/VACA researchers who will provide primarily the control design and modeling expertise as part of the Collaborative Center.
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Grammar as a Foreign Language Oriol Vinyals Google vinyals@google.com Lukasz Kaiser Google lukaszkaiser@google.com Terry Koo Google terrykoo@google.com Slav Petrov Google slav@google.com Ilya Sutskever Google ilyasu@google.com Geoffrey Hinton Google geoffhinton@google.com Abstract Synta
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Attention is All you Need - NIPS

Google Brain avaswani@google.com Noam Shazeer Google Brain noam@google.com Niki Parmar Google Research nikip@google.com Jakob Uszkoreit Google Research usz@google.com Llion Jones Google Research llion@google.com Aidan N. Gomezy University of Toronto aidan@cs.toronto.edu Łukasz Kaiser Google Brain lukaszkaiser@google.com Illia Polosukhinz illia .
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GSA Implementation of Google (G) Suite

Google Meet Classic Hangouts Google Chat Google Calendar Google Drive and Shared Drive Google Docs Google Sheets Google Slides Google Forms Google Sites Google Keep Apps Script D
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Google Drive (Google Docs, Google Sheets, Google Slides)

Google Drive (Google Docs, Google Sheets, Google Slides) Employees are automatically issued a Kyrene Google account. Navigate to drive.google.com. Use Kyrene email address and network password to login. Launch in Chrome browser for best experience. Google Drive is a cloud storage sys
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Quick Guide of Using Google Home to Control Smart Devices

Configuration needs Google Home app. Search "Google Home" in App Store or Google Play to install the app. 3.1 Set up Google Home with Google Home app You can skip this part if your Google Home is already set up. 1. Make sure your Google Home is energized. 2. Open the Google Home app by tapping the app icon on your mobile device. 3.
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Elaboração de Provas Online usando o Formulário Google Docs

2 Após o login acesse o Google Drive ou o Google Docs e selecione a ferramenta Google Forms (Formulários). Clique na caixa de Ferramentas do Google, localizada no canto direito superior da tela e selecione o Google Drive. Na tela do Google Drive clique em New , opção More e selecione Google Forms. OBS: É possível acessar o google
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ACS WASC Templates

File upload, Folder upload, Google Docs, Google Sheets, or Google Slides. You can also create Google Forms, Google Drawings, Google My Maps, etc. Share with exactly who you want — without email attachments. Search or sort your list of files, folders, and Google Docs. Preview files and Google Docs.
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Share a Google Doc in Schoology - fcps.edu

After you have connected your Google Drive to Schoology (directions in a separate handout), another way to share a Doc with students is to use the Google Drive Resource App. To share a Google Doc using the Google Drive Resources App: 1. From the Add Materials drop down menu, select Import from Resources. 2. Select Apps. Then Google Drive .
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Google Drive - San Bernardino City Unified School District

Google Apps All of the Google applications that are available upon logging into Google.com (G , Gmail, Gphotos, Gdrive, etc.). Google Suite Google’s online cloud based office companion applications (Docs, Sheets, Slides). Google Drive Google’s online cloud storage and file sharing/collaboration application.
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Single Sign On for Google Apps with NetScaler Unified Gateway

Google Apps for Work is a suite of cloud computing productivity and collaboration applications provided by Google on a subscription basis. It includes Google’s popular web applications including Gmail, Google Drive, Google Hangouts, Google Calendar and Google 
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Best practices for managing identities when you move to Google Cloud

Google Cloud. To provide t he informat ion an organizat ion would ne e d to transfer data and ownership from one Google Account to anot her for s ome of t he noncore Google s er vice s, such as Google Ads, Google Analyt ics, or DV360. Intende d audience Organizat ion administrators. Sta planning Google Cloud / Google Wor kspace migrat ion. Key .




1y ago




452 Views






















Google Analytics 101 - Content Jam

Google Analytics 101 201 301 Google Ads 101 201 Google Tag Manager 101 Google Data Studio 101 Google Optimize 101. Welcome Fun Facts: Share . Google Analytics 301 35 Web Property The web property ID is of the form UA-XXXXXX-YY. It's often called the "UA number" since it starts with
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Introduction - Google Earth User Guide

Google Earth Community: Learn from other Google Earth users by asking questions and sharing answers on the Google Earth Community forums. Using Google Earth: This blog describes how you can use some of the interesting features of Google Earth. Selecting a Server Note: This section is relevant to Google Earth Pro and EC users.
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Using Google Forms to Manage Officials Signups

Google Sheets, deleting a response from the form or sheet will not affect the other. Once the Google Form is linked to a Google Sheet, clicking on the spreadsheet icon will open the linked Google Sheet. Google Responses Sheet Google automatically creates and populates the sp
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Our systems have detected unusual traffic from your computer network. This page checks to see if it's really you sending the requests, and not a robot.

















