Simulation Analysis

	· Inlet CFD Analysis 

· Inlet Protection Systems 

· Ramjets and Scramjets 

· Air Turbo Rocket Engine 

· Liquid Rocket Engines 

· Solid Rocket Motors 

· Solid Propellant Controls 

· Gelled Propellant Analysis 

· Electrostatic Atomization 

Inlet CFD Analysis

CFDRC engineers have conducted detailed analysis for both in-house and 3rd party applications, ranging from supersonic inlets to subsonic commercial transport inlets. Analysis typically focuses on pressure recovery and possible boundary layer separation. Shown below left is one quadrant of a "quadfurcated" supersonic inlet for an ATR-powered missile, while on the right is half of a bifurcated inlet at ground test conditions.


[image: image1.png]



Inlet Protection Systems

Inlet systems for some vehicles, such as helicopters, must be able to ingest significant quantities of sand, and separate these particles from the core air stream so that the engine can function properly. CFDRC engineers have supported our customers in conducting detailed inlet system analysis to predict sand particle trajectory and separation characteristics. Shown below is a generic inlet system in which almost all the sand bypasses the main core flow.
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For more information, please contact us.

Ramjets and Scramjets

CFDRC can contribute on all levels of hypersonic vehicle analysis and simulation. 

Previous CFD activity has included the following areas:

· 2D and 3D inlet analysis

· Isolator and mixing analysis going into combustor

· Injection of hydrocarbon fuels in ramjet combustor

· 3D reacting flowfields in scramjet combustors 


CFDRC personnel also have experience in running the 1D cycle codes:

· RJPA (JHU/APL)

· RAMSCRAM (NASA GRC) 

Shown below is the Mach number field from a nose-to-tail analysis of a Mach 5 ramjet-powered vehicle. The analysis featured discrete boundary layer bleed in the inlet, injection and combustion of a hydrocarbon fuel in the combustor, and the passing of the combustion products through a choked throat and out the nozzle.
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Air Turbo Rocket (ATR) Engine

CFDRC has developed engine cycle software to simulate all possible versions of the ATR engine. Gas generator options include:

· Solid Propellant

· Liquid Bi-Propellant

· Liquid Monopropellant

· Turbo Hybrid (Paraffin) 

Software includes specific maps of actual engine components.

Shown at right is the main page from the latest ATR analysis software suite. 
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Below is a schematic of a solid propellant ATR-powered tactical missile 
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For more information, please contact us.

Liquid Rocket Engines

CFDRC engineers have developed and applied advanced computational spray technologies and reaction dynamics to enable the transient simulation of bi-propellant rocket engines, including start transients and motor pressurization. The first figure shows the very initial stages of a transient simulation involving the propellants IRFNA and MMH being injected from 7 unlike doublet paired elements.
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Click to Play Animation 

Solid Rocket Motors

CFDRC personnel are knowledgeable on issues affecting solid propellant motors and combustion. Capabilities include: 

· Limited grain design and ballistics 

· Internal burning 

· Nozzle flow 

· Throttleable Solids 

CFDRC's APMOD pintle motor software can be used to design and analyze axial pintle motors such as that shown to the right.

See also the Pintle Motor section under Prototypes.
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For more information, please contact us.

Solid Propellant Controls

CFDRC has several years of experience in developing technologies for control of throttleable solid propellant systems. These include both solid propellant gas generators, such as for ramjets, and throttleable tactical solids. CFDRC's pintle-controlled SRM demonstrated on-demand thrust modulation of a tactical solid. Shown below is a comparison of the final boost/sustain/re-boost firing trace (blue) from CFDRC's pintle motor test bed program with the original uncontrolled progressive burn (red).
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Gelled Propellant Technology

CFDRC has experience in all phases of the use of gelled propellants for tactical and strategic missile systems: mixing of gelled propellant, rheology of gels in feed systems and combustion dynamics in the rocket chamber. Feed system CFD modeling incorporates the Non-Newtonian flow behavior or the propellants in steady state or transient simulations. 
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Electrostatic Atomization

CFDRC's advanced CFD flow solvers include special models for the droplet breakup caused by electrostatically charging the droplets. This simulates the true physical process.

CFD picture here
For more information on our technologies and capabilities in this area and to discuss your specific needs, please contact us.


Combustion

	CFD Research Corporation (CFDRC) provides combustion R&D, engineering, and consultant services to gas turbine manufacturers, fuel injector manufacturers, government labs, universities, and other combustion-related businesses. We specialize in:

· 3D combustion CFD analysis of gas turbines, microturbines, burners/boilers, furnaces, and propulsion systems 

· Development of innovative fuel injectors/atomizers for liquid-fueled and dual-fueled combustion systems 

· Development of low NOx, gaseous and liquid-fueled combustion systems 

· Combustion Large Eddy Simulation (LES) analysis of time-dependent combustion phenomena, e.g., combustion instability, lean blowout, flashback, ignition, etc. 

· Partnership on government R&D contracts as a small business

· Advanced R&D projects such as: 

· Interstage Turbine Burners 

· Advanced Spray/Atomization Models & Validation 

· Active Control of Combustion Systems 

· Low Emission Fuel Injectors 

· Design/Analysis of High Fuel-Air Ratio Combustors and Turbine Inlet Guide Vanes. 

 

For additional information, please contact us.
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3D RANS Calculation of Solar Combustor
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Modular Prototype Fuel Injector Components for
Low Emission Gas Turbine Combustor 
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LES NOx Predictions Compared to Measurements


Missile Launch, Staging, and Maneuvering

	Missile launching, staging and maneuvering present unique numerical modeling and simulation challenges to CFD codes. These challenges are because of the complex geometry, complex physics, and relative motion between different bodies. CFDRC has developed coupled state-of-the-art CFD technology, 6-DOF and control modules to solve those challenging problems. Our technology provides solutions for an extensive range of missile transient events, including launching, staging, and meneuvering. These technologies have been incorporated into the CFD-FASTRAN code.
In addition to developing software technologies, CFDRC provides engineering consulting services for a full range of missile transient events and aerodynamics problems, including those involving multiple moving bodies and moving control surfaces. Our engineers are highly experienced at applying CFD technology to these problems.
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	Divert Attitude Control System Analysis

At high altitudes and low ambient pressures, the rocket plumes of missile control jets expand much faster and wider than at sea level. The plume expansion may even interfere with the targeting sensors in the nose of the missile. The finite rate chemistry and thermal non-equilibrium models that CFDRC engineers developed and incorporated into CFD-FASTRAN allow accurate prediction of such effects. In addition to these models, the code also employs models for surface reaction. This enables the modeling of reacting flow fields in hypersonic flows, as well as the surface reactions that are caused by the aerodynamic heating in such flows.

In this study, CFDRC engineers computed the interaction of a control jet with the hypersonic flow field around the AIT interceptor missile at an altitude of 110,000 feet and a velocity of 3.5 km/sec (corresponding to a Mach number of 8.2). The jet exit Mach number was 3.5. Reacting and non-reacting simulations of the mixing of the solid propellant exhaust jet with the external flow showed the potential for external afterburning of the plume gases.
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Missile Maneuvering with Fin Control Autopilot

This simulation conducted by CFDRC engineers, computes the trajectory of a guided missile nose cone with and without an active-fin control autopilot. In one case the autopilot was inactive and the control surfaces remained stationary. In the other case, an autopilot model was coupled with CFD-FASTRAN and was used to direct the motion of the control surfaces. The simulation algorithm is shown on the right, while the movies below show the relative effect of the autopilot on the trajectory and alignment of the missile.

The coupled aerodynamics and rigid-body dynamics solvers, together with the automatic chimera overset grid capability allow the simulation of such complex problems. This type of simulation enables designers and analysts to test control modules and maneuvering capability in real-life type situations where aerodynamics, flight dynamics and controls are fully coupled.
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Click image for movie 

Canard Cover Separation Analysis

CFDRC engineers used the CFD-FASTRAN multiple moving body capability to predict the trajectories of the canard covers for this projectile, and to assess the potential impact of the covers with the tail fins. The ejection of the canard covers is initiated under the influence of spring mechanisms. The covers then rotate on hinges for a short duration, before being released into the ambient high-speed air-stream. The covers experience rotation rates of up to 15000 degrees per second.

The code's motion models enable full specification of the time-dependent forces or constraints applied by the spring mechanisms, the hinges, and the release mechanisms. Such constraints and point forces can be intuitively and easily specified in the code's GUI. This computation relies not only on the motion model, but also on the ability of the automated chimera overset grid to handle multiple moving bodies in relative motion.

This technology was developed by CFDRC engineers and can be easily adapted for customer specific applications.




Click image for movie 

Missile Tube Launch

This 2D tube launch demonstration shows a generic missile ejecting out of a canister. The thrust forces were specified using a time dependent pressure and temperature profile at the nozzle exit of the missile. This type of simulation allows the analyst or design engineer to evaluate potential contact between the missile and the canister and to evaluate the separation dynamics as the missile exits from the canister while accounting for all the physics and body dynamics.




Click image for movie 
For more information on our technologies and capabilities in this area and to discuss your specific needs, please contact us.


http://www.cfdrc.com/bizareas/aerospace/propulsion/sim_analysis.html#RamScram
Solid rocket propellants and their properties

A solid propellant is characterized by that the fuel and oxidizer are stored in a condensed, solid state of matter. Below, various types of solid propellants are distinguished and discussed in some detail: 

1. Black powder or gun powder is a low explosive, composed essentially of a mixture of potassium nitrate or sodium nitrate, charcoal, and sulfur. It is hygroscopic and subject to rapid deterioration when exposed to moisture. It is also one of the most dangerous explosives to handle because of the ease with which it is ignited by heat, friction, or spark.The use of black powder as a propellant has ceased except for fireworks. 

2. Homogeneous propellants are characterized by that the fuel and oxidizer belong to the same molecule (compare liquid monopropellant). We distinguish:
· Single-base propellants: Single base propellants include compositions that are principally gelatinized nitrocellulose (a white fibrous material also referred to as guncotton) and contain no high-explosive ingredient such as nitroglycerin. It is used in for example electric primers and in electrically initiated detonators. 

· Double-base propellants: When combining NC with nitroglycerine (NG) we obtain a "double base" propellant, which is more powerfull than a single-base propellant.The nitrocellulose (NC) serves as the binder and the nitroglycerin (NG) causes it to gel. For highest specific impulse, NG content should be about 85%. Since NG is an oily liquid plasticizers are needed to enhance the mechanical properties. With diethylphthalate as plasticizer and diphenylamine and ethyl centralite as stabilizers, , it is difficult to include more than 43.5% of NG in a double-base propellant. To achieve good stability during storage, the NG percentage is often even lowered to 25%. Typical examples of double base propellants are Ballistite and Cordite, see below. 
· Triple-base propellants: Same as double-base propellants, but with nitroguanidine added.
3. Heterogeneous propellants: Heterogeneous or composite propellants consist of a separate fuel and oxidizer. Ordinary composite propellants generally consist of an organic fuel that also serves as a binder and a solid oxidizer. High-energetic composite propellants also include combustible metal particles which on combustion increase the energy available for propulsive purposes.  The organic fuel is usually a hydrocarbon polymer, which initially is in a liquid state. The oxidizer and metallic fuel are then added in the form of small particles which are a few to a couple of hundred microns in diameter. After mixing with the liquid organic fuel, the mixture is cured to allow the binder to solidify. 
4. Combinations of composite and double-base propellants.
Below some detailed information on black powder, homogeneous and heterogeneous solid propellants is given. Typical thermochemical and other data can be found in the next tables.

Black powder or gunpowder
The use of black powder or gunpowder dates back to the early 14th century. By the end of the 18th century the composition of gun powder was fairly well  standardised at 75%  potassium nitrate, 15% charcoal, and 10% sulphur. Its mass density is about 1750 kg/m3.  The molar mass of the combustion gases is about 34,75 gram/mol and the combustion temperature is about 2600 K. Regression rate is about 9 mm/s @ 1 MPa and increases with 9 mm/s/MPa. A disadvantage of black powder is that it produces over half its weight of solid residue. For example, the combustion of 1 kg of black powder gives about 400 gram of gases and 600 gram of solid (condensed) materials. Black powder remained the only solid propellant available for rockets until the middle of the 19th century. Since then it has been replaced by modern propellants. Current use is mostly for firework, low velocity guns and in rocket motor igniters. 

Homogeneous propellants
Homogeneous propellants date from 1845, when a German chemist discovered nitrocellulose. A satisfactory propellant was first produced in 1884 by gelatinizing nitro-cellulose with an ether-alcohol mixture giving a single-base propellant. Alfred Nobel produced one the first double-base propellants by using  nitroglycerine instead of ether-alcohol. Typical double-base propellants have a NC content of 50-60% and an 30-40% NG content. Depending on the NG content, double-base propellants can be extruded, cast or pressed into shape. For extrusion and casting a high NG content is required, whereas a low content is required to allow for pressing the propellant into shape. The properties of double base propellants are sometimes improved by adding a certain amount of finely ground crystals of an inorganic oxidizer or even an explosive compound. Aluminum, magnesium of other metallic powders can also be added. This gives a composite modified double-base propellant.

Table 1: Compostion of some homogeneous propellants [2, 3, 4]
	Propellant
	Composition

	Single-base
	
	Nitrocellulose dissolved in ether and alcohol 

	Double-base
	Ballistite
	Nitrocellulose (51.5%), Nitroglycerine (43.0%), Plasticizer (1.0%), Other (4.5%)

	
	Cordite (English)

	Nitrocellulose (56.5%), Nitroglycerine (28.0%), Plasticizer (4.5%), Dinitrotoluene (11.0%)

	
	ATO (German)
	Nitrocellulose (67.7%), Diethyl Guanidine (29.3%), miscellaneous (6.0%)

	
	S.D. (French)
	Nitrocellulose (66%), Nitroglycerine (25.0%), Ethyl centralite (8%), miscellaneous (1.0%)

	
	AFU (French)
	Nitrocellulose (54.5%), Nitroglycerine (23.1%), Triacetin (18.1) Ethyl centralite (0.6%), miscellaneous (3.7%)


1) All % are mass %

Table 2: Typical properties of double-base propellants [2] 

	Propellant (mass %)
	Mass density 
[kg/m3]
	Flame temperature 
[K]
	Molar mass 
[kg/kmol]
	Specific heat ratio 
[-]
	Regression rate 
[mm/s]

	Nitrocellulose (50-60%) 
Nitroglycerine (30-40%)
	~ 1600
	2100-3125
	22-28
	1.21-1.25
	15-25



Table 3: Effect of composition on double-base propellant properties [1] 

	Type of propellant
	Double base
	

	
	Extruded and Cast Double Base
	Pressed Double Base
	Composite Modified Double Base

	Specific impulse (s) @ 69 atm with  ideal expansion to 1 atm.
	170 to 220
	170 to 220
	240 to 260

	Regression rate (mm/s)
	5 to 20
	1 to 4
	7 to 25

	Flame temperature (K)
	1900 to 3000
	1600 to 2300
	over 4000

	Temperature sensitivity (% / K)
	0.1 to 0.5
	0.5 to 0.9
	0.5 to 1.1

	Mass density (kg/m3)
	1495 to 1635
	1495 to 1690
	1660 to 1855



Table 4: Properties of specific double-base propellants [3, 5]
	Propellant
	Mass density 
[kg/m3]
	Flame temperature 
[K]
	Molar mass 
[kg/kmol]
	Specific heat ratio 
[-]
	Regression rate 
[mm/s]
	Temperature sensitivity
 (% / K)

	Ballistite 
	1620
	3125
	26.4
	1.215
	21.4 @ 98.1 bar
	0.38

	French S.D. 
	1590
	2170
	22
	1.26
	0.7 @ 68.6 bar
	0.32

	French AFU
	1514
	1693
	21.55
	1.26
	52.1@  293 K and 6.9 Mpa
	


 1) Ballistite has a low pressure limit for stable burning of about 40-50 bar

Heterogeneous propellants
A wide variety of fuel-binders has been used, including the early asphalt and modern polymers like polyester, epoxy, synthetic rubbers, polyvinyl, polyethylene, polyurethane, polystyrene, and polybutadiene. Currently mostly poly-butadiene binders, like hydroxy-terminated poly-butadiene (HTPB) in the Space Shuttle and Ariane 4/5 solid rocket boosters and carboxy-terminated poly-butadiene (CTPB) or poly-butadiene acrylonitrile (PBAN) in older designs, are used. The choice of fuel-binder does not normally have a strong influence upon the specific impulse of the propellant. It is much more associated with propellant processing. As oxidizer, an organic salt is used like ammonium perchlorate (AP), ammonium nitrate (AN), or potassium perchlorate (PP). As metal fuel mostly aluminum and sometimes magnesium or boron are used. Ordinary composite propellants burn relative clean with not much solid matter in the combustion products. Metallized composites on the other hand may have upto 30% of solid mater in the exhaust [3]. The table 5 compares some important parameters for ordinary and high-energetic propellants. Specific propellants and their properties are given in the tables 6 (high-energetic composite propellants) and 7 (ordinary composite propellants).
Table 5: Comparison of ordinary and high-energetic heterogeneous propellant properties [1] 

	Type of binder
	Plastic and polymerizable binder types
	Plastic and polymerizable binder types (high-energy)

	Specific impulse (s) @ 69 atm with  ideal expansion to 1 atm.
	170 to 230
	240 to 260

	Regression rate (mm/s)
	1 to 38
	5 to 38

	Flame temperature (K)
	1400 to 3000
	3000 to 3800

	Temperature sensitivity (% / K)
	0.1 to 0.5
	0.2 to 0.5

	Mass density (kg/m3)
	1580 to 1770
	1660 to 1855


From the above table, we clearly find that the specific impulse attainable with high-energetic propellants is about 30-70s higher.  This is mostly associated with the difference in flame temperature due to the combustion of the metal particles. 
Table: Propellant characteristics of specific metallized (high-energy) heterogeneous rocket propellants [5, 6, 7]
	Application (propellant designation)
	Ingredients 
	Mass % 
	Regression rate 
	Density
[kg/m3]
	Adiabatic flame temperature
[K]
	Molar mass
[gram/mole]
	Specific heat ratio
[-]
	Temperature sensitivity
[%/K]

	Minuteman
	AP
	70
	8.9 mm/s @  6.9 MPa  
	1760  
	3472  
	   
	   
	

	
	Al
	16
	
	
	
	
	
	

	
	Binder + additives
	14
	
	
	
	
	
	

	Orbus 6
	AP
	68
	7.0 mm/s @ 6.9 MPa  
	1758  
	3672  
	   
	   
	

	
	Al
	18
	
	
	
	
	
	

	
	HTPB + additives
	14
	
	
	
	
	
	

	Ariane 5 SRB
	AP
	68
	8.9 mm/s @ 300 K and 6.9 MPa  
	1770  
	3328.9  
	27.4  
	1.142  
	

	
	Al
	18
	
	
	
	
	
	

	
	HTPB
	14
	
	
	
	
	
	

	(Flexadyne RDS-556)
	AP
	69
	37.8 mm/s @ 6.9 MPa  
	1747  
	3246  
	26.92  
	1.2  
	

	
	Al
	14
	
	
	
	
	
	

	
	CTPB + additives
	17
	
	
	
	
	
	

	Ariane 3 & 4 SRB (Flexadyne CTPB16-13)
	AP
	71
	   
	   
	   
	   
	   
	

	
	Al
	16
	
	
	
	
	
	

	
	CTPB + additives
	13
	
	
	
	
	
	

	Space Shuttle SRB
	AP
	69.9
	7.4 mm/s @ 6.9 MPa, 294 K
	1772    
	3480    
	27.8    
	1.18    
	0.20

	
	AL
	16
	
	
	
	
	
	

	
	ECTV
	1.5
	
	
	
	
	
	

	
	Fe Oxide
	0.1
	
	
	
	
	
	

	
	PBAN
	12.5
	
	
	
	
	
	

	Star 48 & Star 37 (TP-H-3340 )
	AP
	71
	6.5 mm/s @ 5 MPa
5.4 mm/s @ 2.75 MPa 
	1800  
	3396  
	   
	   
	0.18


	
	AL
	18
	
	
	
	
	
	

	
	HTPN
	11
	
	
	
	
	
	


Table: Propellant characteristics of some non-metallized heterogeneous propellants [2, 3] 

	Propellant
	Mass density 
[kg/m3]
	Flame temperature
[K]
	Molar mass 
[kg/kmol]
	Specific heat ratio 
[-]
	Regression rate 
[mm/s]

	Ammonium nitrate (80%) 
Organic fuel  + additives (20%)
	1550
	1755
	22
	1.26
	1-4

	Ammoniumperchlorate (65-85%) 
Polyester fuel (35-15%)
	1520-1750
	1600-3050
	19-28
	1.22-1.3
	2-10

	Potassiumperchlorate (50-80%) 
Organic fuel (50-20%)
	1660-1940
	1875-3075
	25-35
	1.24-1.27
	10-30

	Potassiumperchlorate (70-78%) 
Asphalt (30-22%)
	1740
	2475
	~ 30
	~ 1.25
	32-43


1) all % are mass%.
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