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Fundamentals of Hybrid Rocket Motors

A hybrid rocket stores propellants in two different states: liquid and solid.   Unlike both solid rocket motors and liquid rocket engines, in which fuel and oxidizer are premixed prior to burning, the hybrid rocket motor burns as a non-premixed flame.  

In hybrid rocket motors, we control the oxidizer flow rate.  The fuel flow rate (e.g. evaporation of the solid fuel) is a function of the velocity of the oxidizer flow rate.

A schematic diagram of a typical hybrid rocket motor is shown below:

The hybrid rocket motor offers several advantages:   
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However, hybrid rockets also have some disadvantages:
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Hybrid Motor Ballistics

A schematic diagram of the combustion process in a hybrid rocket motor is shown below:

· At the solid fuel surface, fuel is vaporized as a result of radiation and convection heat transfer from the flame zone to the fuel grain surface.

· The vaporized fuel meets vaporized oxidizer at the flame zone.  

· The location of the flame zone depends on where the reactants can meet to form a stoichiometric burning surface.  

In the upcoming weeks, we will learn that, in solid rocket motors, the propellant burning rate is a function of mainly the chamber pressure:

(1) 





In hybrid rocket motors, the oxidizer mass flux, Go, is the major variable in determining the fuel regression rate.  The oxidizer mass flux Go is equal to:

(2)



Where o is the density of the oxidizer and uo is the average velocity of the oxidizer stream.

Empirically, it has been found that the following fuel burning rate equation correlates well with  data from hybrid rocket motors: 


(3)

 
where n and a are found experimentally.   

Typically:

Note:  compare the hybrid motor fuel burning rate with solid propellant burning rate.  The hybrid motor burning rate is about 10 times slower!   Why?

Fig. 15-8, Sutton, page 591 shows data of burning rate [in/sec] as a function of oxidizer mass flux [lbm/in2-sec] for HTPB/GOX.:

From the data above, the following burning rate formula has been derived for HTPB/GOX:

Recall that the fuel burning rate is related directly to the fuel mass flow rate.  So, in summary, in hybrid rocket motors:

(4)

Note the difference between Ab and Aport.

Control Volume Analysis of a Hybrid Rocket Motor

Consider the following hybrid rocket motor:

We can draw a control volume around the gas cavity within the hybrid motor.  The conservation of mass for the above control volume yields the following:

But mout is available from C*:

After an initial transient period, the gas cavity control volume should reach a quasi-steady equilibrium state resulting in the following:

(5)

But, recalling equation (4), mf is a function of mo:

Resulting in the following:

This equation can be solved for chamber pressure:

(6)

The above equation can be used as a design equation to determine the total combustion port area, Aport and total burning surface area, Ab.

Circular Port Geometry

Your hybrid rocket motor design project will most-likely consist of a single circular port of radius R and length L, as shown below:

Therefore, Aport and Aburn are as follows:

In this case, equation (4) becomes:

(4b)

Since the port radius, R, is always increasing as fuel is depleted, equation (4b) clearly shows that mf can either increase, decrease or stay constant with respect to time, depending on the fuel burning exponent, n:

Variation in Port Radius, Mass Flow Rate, and O/F with Time – Circular Port Geometry

Equation (4b) suggests that, in hybrid rocket motors, the fuel flow rate varies continuously.  Therefore, the O/F ratio also varies continuously with time.  

The instantaneous fuel mass flow rate 
[image: image3.jpg]


can be determined from equation (4b) if we can derive an equation for the instantaneous port radius, R(t).  This is easier than you think, since the fuel burning rate, r, is identically equal to dR/dt.  

For circular port geometry, equation (3) becomes: 

(3b)

Thus, R(t) is available by simply integrating this equation from 0 to any time t:

(7)

Which is the equation for circular port area as a function of time, where Ro is the initial port radius, L is the grain length.

The instantaneous mass flow rate, 
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 can be determined by substituting equation (7) into (4b):

(8)

Finally, the instantaneous O/F ratio, O/F(t), is available by dividing mo by equation (8):

(9)

Example 6.1 HTPB/GOX Hybrid Rocket Motor Design Project
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Your project involves designing a hybrid rocket motor to achieve 10 lbf of thrust.   Obviously, there will be some optimization required on the design, but for starters lets try a calculation using the following parameters and see how far we get.

Fuel:  HTPB



f = 915 kg/m3
Oxidizer:  GOX

Constraints:

· Maximum Chamber Pressure: 165 psia

· Maximum GOX flow rate: 500 SLPM
· Desired initial thrust: 8 lbf
· Fuel grain outer diameter = 1.175 in

Geometrical Design Parameters (these are variables, but we can start here and see what we get)

· Port Diameter: 0.5 in

· Grain Length:  10 in.

· Throat diameter:  0.15 in.

· Ae/At: 5

Find: a) Initial fuel flow rate, initial O/F ratio, initial thrust, initial Isp
b) Variation in fuel flow rate, O/F, thrust and Isp vs. time
c) Redesign the rocket motor to achieve optimum performance

Example (Continued)
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