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So far in this class we have implicitly been presenting rocket propulsion fundamentals with respect to liquid rocket propulsion engines or hybrid rocket motors.  Recall that, in the liquid rocket engine, propellants are stored in tanks, injected into a combustion chamber, where they mix, burn and are exhausted through a nozzle.  In a hybrid rocket motor, the fuel is already stored in the combustion chamber:

Liquid Rocket Engine



Hybrid Rocket Motor
In a solid rocket motors, the motor is the storage vessel, injector and combustion chamber all wrapped into one:

Solid Rocket Motor
Thus, the solid rocket motor offers the major advantages: 

1.

2.

There are several major disadvantages, though:

1.  

2.

3.

4.

Propellant Burning Rate

The most important parameter in solid rocket motors is the propellant burning rate, or surface regression velocity: 

The burning rate is a function of the type of fuel, metal particles, oxidizer particle size, velocity of gas relative to the solid surface, initial temperature of the propellant, pressure, etc.

The overall mass flow rate generated by a solid rocket motor is directly related to the propellant burning rate according to the conservation of mass:

(1)
Where, Ab is the instantaneous burning area of the propellant grain, P is the solid propellant density.  

Note: since Ab varies throughout the duration of the burn time in a solid rocket motor, thrust also varies:

(2)
In fact, a variety of cross-sectional areas of propellant grains have been designed throughout the years to achieve a variety of thrust vs. time  and pressure vs. time curves:

The star-shaped cross section is the most common.  Why?

Burning Rate Relation with Pressure

In solid rocket motors, the burning rate is a strong function of pressure:

But, the pressure in the engine is a function of the total mass flow rate, which is of course related to the propellant burning rate:

Believe it or not, no one has come up with a reliable analytical model predicting burning rate of a solid propellant.  Rather, we are forced to use the following empirical burning rate relationship, relating the propellant burning rate to the chamber pressure:

(3)
Where a is called the temperature coefficient and n is called the pressure exponent.   

The pressure exponent, n, is:

1.  

2.

3.

The temperature coefficient, a, is:

1.

2.

Generally, the pressure exponent and temperature coefficient are determined experimentally by measuring burning rate as a function of pressure and initial temperature of the propellant (See fig. 11-6, Sutton, page 429):
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The Equilibrium Pressure, Pc, in Solid Rocket Motor

Consider the following solid rocket motor, whose propellants burn according to the empirical burning rate formula:

According to the definition of C*, the mass flow rate through the nozzle must be:

(4)
Where, C* is fixed from the thermochemistry of a given propellant combination and At is specified for a given rocket motor.

But, from the conservation of mass, along with the empirical burning rate relationship, the overall mass flow rate (mass burning rate of solid propellants) must be equal to:

(5)
Equating equations (4) and (5) yields the following:

(6)
And, solving for Pc results in:
(7)
This equation gives the equilibrium chamber pressure (note: during initial burning and final burning stages, the flow rate through the nozzle does not equal the rate of burning or propellants!).

The ratio of propellant surface burning area, Ab and nozzle throat diameter At is an important design parameter.  We actually give the parameter a letter, K:

(8)
Generally, a ratio of K ( 100 gives yields reasonable chamber pressures (i.e. you don't want K = 10 or 1000).

The pressure given by the above equation is the equilibrium pressure, i.e. it is only valid during steady state as shown in the figure below:

Note that even during the equilibrium pressure phase, the burning rate may vary.  The process is said to be quasi-steady in this case. 

Why does the pressure vary during the quasi-steady phase?

1.
2.
Effect of Initial Temperature on burning rate and Chamber Pressure

As mentioned above, the temperature coefficient, a, is a strong function of the initial temperature.  Therefore, the burning rate, r, and the chamber pressure, Pc are both strong functions of the initial propellant temperature, Ti.  Each of these effects is captured empirically using sensitivity coefficients.

1. Sensitivity of burning rate to initial temperature, r:

(9)
Substituting in r = aPn, yields the following formula for r.
(10)
2. Sensitivity of chamber pressure to initial temperature, P:

(11)
Each of the above parameters are measured in terms of [% change / K].

Relationship between r and P:

From the burning rate relationship, r = aPn, it can be shown that the sensitivity coefficients are actually related by the following relationship:

(12)
Assuming that we can experimentally measure r and P, we can integrate the two sensitivity relationships to derive empirical formulas for how chamber pressure and burning rate temperature exponent will vary with varying initial temperature:

(13)

Similarly, you can show that:

Results show that only small changes in initial propellant temperature result in a big difference in chamber pressure and, therefore burning rate (See Fig. 11-8, page 431 Sutton):

Example: 

A solid rocket motor needs to be designed to generate 100,000 lbf of thrust.  The following data are known for the propellant and operating conditions:
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p = 1.8 g/cm3,  C* = 1450 m/s,   = 1.24,  K = 150,  Ti = 15 oC,  Pa = 1 atm,  Pe = Pa.

Find:

a) Present the temperature coefficient, a, in SI units.

b) Assuming K = 150, calculate r, Pc, Ae/At, CF, At, m under nominal conditions.

c) Repeat these calculations for the case where the burning surface ratio, (K= Ab/At), increases by 20%.  What are the relative values of r, Pc, CF, F, Isp and I compared to the conditions of (b)?  (note the nozzle is no longer adapted in this situation).

d) Given r = 0.25%/oC, what are the relative values of r, Pc, CF, F and  Isp if the initial temperature of the propellant grain is increased to 45 oC?

Solution:

_1016379903.unknown

