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Now that we know how to use the NASA CEA code to calculate thermochemical performance of chemical rocket propellants, we will briefly review a variety of real propellant combinations in terms of their applications and energetics.

Energetics of Propellants

We can understand a lot about rocket propellants by just studying the Period Table (See Handout).  Generally speaking when elements on the left hand side of the periodic table react with elements on the right hand side, thermal energy is produced, which can be converted into kinetic energy in a rocket nozzle.

Believe it or not, there just are not that many choices for rocket propellants.  A quick look at the Periodic Table shows that there are only really 3 elements that can serve as oxidizers and only on the order of 10 elements that can serve as fuels:

Oxidizer Elements


Fuel Elements
Recall that the overall performance of a rocket is directly proportional to the heat of reaction per unit mass of the rocket propellant combination (kcal/g):

So, it's not exactly rocket science, all we have to do is figure out what combinations of the "fuel" elements and the "oxidizer" elements produce the highest heat of reaction (kcal/g).  In fact, we can start at hydrogen and go right down the periodic table, by atomic number.  

The following is a plot of heat of reaction per unit mass (kcal/g) for the reaction of given element with O2 and F2.  

From this plot alone, we can make the following conclusions:

1.  

2.

3.

4.

Aluminum looks quite attractive, but there are some problems with aluminum.  

Ignition of aluminum particles

Agglomeration of aluminum particles

Condensed phase species

Propellant Types

Recall that propellants can be classified broadly as either liquid or solid.  We will look briefly at commonly used propellants in liquid monopropellant systems, liquid bipropellant systems, and solid propellants.

1. Liquid Monopropellants

Recall from the first week of class that in some cases a single molecule will break down into smaller components.  If this reaction occurs exothermically, this molecule can be used as a rocket propellant.

Hydrazine (N2H4) (Tb = 35 o F) is the most common of all monopropellants and is often used in space applications:

It can actually be ignited catalytically, by flowing the hydrazine over a catalytic bed of platinum:

Hydrazine systems are very reliable and simple and operate at a low temperature.  They are usually used in 0.1 to 10 N thrust systems.  

Hydrazine is a known cancer causing agent!

There are several derivatives of hydrazine can be used as monopropellants as well (these derivatives are less carcinogenic:

MMH - Mono Methyl Hydrazine  (Tb = -63o F)

UDMH - Un-symmetrical Di-Methyl Hydrazine (Tb = -72o F)

Note: regular hydrazine is still the best performance in terms of a monopropellant.  It is nasty stuff though.  MMH and UDMH are also used in bipropellant systems as will be discussed below.

Hydrogen Peroxide (H2O2) is also an effective bipropellant:

But, at high pressures it becomes quite explosive…dangerous!

2. Liquid Bipropellants

In liquid bipropellant systems, the fuel and oxidizer are separated until they meet in the thrust chamber.  

Storable vs. Cryogenic

A. Liquid Oxidizers

Since fluorine is such nasty stuff, all practical oxidizers are oxygen-based.

Liquid oxygen (O2 (liq) or LOX) 

Nitrogen tetroxide (N2O4) 

Nitric Acid (HNO3) "White Fuming Nitric Acid"

RFMA ("Red Fuming Nitric Acid") 

Nitrous Oxide (N2O)
B. Liquid Fuels
RP-1 (Rocket Propellant -1, aka Kerosene) 

Hydrogen 

Hydrazine, MMH and UDMH 

Alcohols 

Liquid Methane (CH4)

Examples of Liquid Propellant Choices:  

Lunar Module- Descent
Lunar Module – Ascent Engine

Lunar Service Module
Scud Missile

Saturn Rocket - F1 Engines

Space Shuttle Orbital Maneuvering System

3. Liquid Tripropellant Systems

The most energetic of all chemical rocket propulsion systems is the following:

Recall the definition of O/F ratio:

(1)

For tri-propellant metalized systems, we also have to keep track of the total metal loading: 

(2)

The total propellant density of a tripropellant can be calculated as follows:

(3)
4. Solid Propellants

There are two types of solid propellants:  homogeneous (also called double base) and composite. 

· Homogeneous solid propellants consist of molecules that contain both oxidizer and fuel.  

· Composite solid propellants consist of more than one molecule that are bound together in solid form.

4.1 Homogeneous Solid Propellants

The two most common types of homogenous solid propellants are nitroglycerin and nitrocellulose.  

Nitroglycerin (NG)

Nitroglycerin is very energetic but also very unstable.

It self oxidizes as follows:

Nitroglycerin is almost stochiometric!
Nitrocellulose (NC)

Cellulose is actually a high sugar (cotton balls are pure cellulose).  By reacting cellulose with HNO3, we produce nitrocellulose, which contains a bunch of nitrate groups.

Nitrocellulose in itself does not have enough oxygen built in to self-oxidize, so it is often combined with Nitroglycerine.

Optimum NG / NC Combination:

Typical NG/NC Combination:

NG/NC together at this ratio forms a nice doughy gel, which can be extruded into solid propellant form:

Placticizers

Stabilizers

The Nitramines

In theory, nitramines such as RDX and HMX can also be used as homogenous solid propellants.  These chemicals, which are actually explosives, can be used as propellants as well.  They are more dangerous than nitrocellulose but have better performance.  They are so unstable that they cannot be used alone, only as additives.

RDX





HMX
4.2. Composite Solid Propellants (See Tables 12.6-12.8, Sutton, Pages 495-505)

Most solid propellant combinations in use today are composite solid propellants.  Composite solid propellants are based on three main separate components:

Fuel/Binder:

Oxidizer:

Fuel/Metal

The fuel/binder looks like a plastic.  The oxidizer looks like a salt.  Generally, the oxidizers are nastier chemicals by themselves than the fuels.

Binders

The binder serves two purposes.  Since it is a hydrocarbon, it is a fuel.  But, it also serves as the agent which holds everything together. 

Examples of binders are:

HTPB - 

CTPB - 

PBAN - 

Generally, each of these molecules are long-chain polymers. 

For example, HTPB stands for hydroxyl-terminated polybutadiene.   Consider the following molecule, called butadiene:

HTPB is a chain of these molecules, with OH molecules terminating the chain:

Solid Oxidizers  

The most common oxidizer salts are nitrates and perchlorates.

Ammonium Perchlorate (AP)

Potassium Perchlorate (KP)

Ammonium Nitrate (AN)

Potassium Nitrate (KN)

AP is the most commonly used.  However, 20% of the exhaust products are HCl, which creates an environmental issue.

Metal Fuels

Aluminum

Boron

Beryllium

5. Notes on Solid Propellants vs. Liquid Propellants (“Density Specific Impulse”)
Specific Impulse

Performance (Isp) of solid propellants are generally worse than liquid propellants mostly because of the oxidizer is not nearly as good:

Density Specific Impulse

Recall the equation for propellant density:
(3)

In solid propellants, since the fuel/binder/oxidizer are all in solid form, the total density is much higher for solid propellant systems.

For many missions the volume of the space craft is limited.  In these cases, it can be shown that for lower v missions, the parameter that you want to maximize is not Isp, but rather pIsp.  This can be shown as follows.
Consider the rocket equation:

(4)

For a given volume of propellant storage:

(5)
Rearranging, and solving for the payload:

(6)

Recall the Taylor series expansion for ex: 

Therefore, ex – 1 is equal to:

And, therefore, for low v missions:

(7)

Substituting (7) into (6) and solving for the payload results in:

(8)

Which shows that the maximum payload is proportional to pIsp (for low v missions).

Example: ARIES III through ARIES V Self Pressurizing Liquid N2O/Liquid C2H5OH rocket engine.

The CSU ARIES III, ARIES IV and ARIES V have employed a “tri-brid” liquid/hybrid rocket engine that used liquid nitrous oxide, liquid ethanol and a solid fuel combustion chamber liner.  Given everything that you have learned thus far, it is possible to develop a steady state thermodynamic model of the liquid nitrous oxide/liquid ethanol component of the rocket engine (ignoring the solid fuel liner for now), which includes the tanks, injectors, combustion chamber and nozzle.   

[image: image1.png]



Schematically, the tanks, injectors, combustion chamber and nozzle can be modeled as follows:

ARIES IV Injector Design and Estimation of Flowrate Through an Orifice

How would one go about solving this problem?

Example (Continued)

Geometrical Data from ARIES IV:

	Tank Geometry
	 
	 

	Fuel Tank Inner Diameter
	2.625
	in

	Oxidizer Tank Inner Diameter
	5.528
	in.

	Fuel Tank Wall Thickness
	0.0625
	in

	Total Tank Height
	38.063
	in.

	Initial Oxidizer Level Height
	34.313
	in

	Initial Oxidizer Head Space Height
	3.7500
	in

	Initial Fuel Level Height
	32.573
	in

	Fuel Volume (measured)
	176.2786
	in^3

	Oxidizer Volume
	619.5773
	in^3

	Fuel Mass
	
	5.014
	lb

	Oxidizer Mass
	17.793
	lb

	P, ethanol piston
	25
	psi

	Initial Tank Temperature
	66.0
	F

	Initial Tank Pressure
	715.7
	psia


	Injector Data
	 
	 
	 

	Fuel Injector Diameter
	0.0520
	in

	Oxidizer Annulus Outer Diameter
	0.578125
	in

	Oxidizer Annulus Inner Diameter
	0.4250
	in

	Fuel Injector Area
	0.00212
	in^2

	Oxidizer Annulus Injector Area
	0.12064
	in^2

	Fuel Injector Discharge Coefficient
	0.45
	

	Oxidizer Injector Discharge Coefficient
	0.175
	

	Number Fuel Injectors
	6
	

	Number of Oxidizer Injectors
	1
	


	Nozzle Data
	 
	 

	Throat Diameter
	1.850
	in

	Throat Area
	2.688
	in^2

	Pe/Pc)design
	0.04
	

	,approx
	1.2
	 

	
	0.648531171
	 

	Ae/At)design
	4.248
	

	Ae 
	11.4182
	in^2

	de 
	3.7000
	

	Pambient
	12.33464956
	psia


