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Thrust control of any type of liquid or solid 

propellant motor falls into one or more of the 

following categories which may be broadly 

defined as: 

1. Thrust vector control or control of the 

direction of the vehicle, a process which 

involves generating a change in direc­

tion (pitch and yow) olong either of 

two oxes perpendicular to the main line 

of thrust; 

2. Thrust termination, which means simply 

shutting off the thrust; 

thrust 
control 
of solid 
propellant 
motors 

3. Thrust modulation, which involves ad­

justing the amount of thrust at the com­

mand of some operational control. 

The basic principles underlying the attain­

ment of these three different types of thrust 

control hove, in the past, given engineers 

much trouble in the design of practical solid 

propellant motors. However, due to the re­

strictions of security, it will not be possible to 

give detailed accounts of how solutions to 

these problems were approached or to de­

scribe actual devices that may now be in use. 

First let us look at the problem of thrust 

vector control. It is needed primarily to 

maintain general direction and flight attitude 

(position of the vehicle with reference to 

Earth's surface). Moderate control may also 

be needed to correct for mechonicol mis­

alignment of the motor with the vehicle or for 

uneven thrust during the launching phase 

when the vehicle does not hove enough veloc­

ity to permit aerodynamic control surfaces to 

function properly. Thrust vector control may 

also be needed at very high altitudes where 

the density of the atmosphere is not great 

enough to produce the required forces. In 

general, these applications do not demand 

very large changes in direction. 

Thrust vector control moy also be needed 

when the vehicle meets unstable aerodynamic 

conditions during flight. When these situations 

occur or when very high or varying wind di­

rection and velocities are encountered, then 
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thrust vector control may require relatively 

large side (yaw) or up-and-down (pitch) de­

flections and very rapid means of effecting 

them. 

' 

( 
-

FIGURE NO. 

Mechanically octuofed jet vanes of the solid propellant 

motor provido thrust vedor control and roll control of 

the vehicle by operating within the e.w.housf. Such vanes, 

coupled with aerodynamic surfaces, provided similar 

controls for the Germon V-2 guided missile. 

One of the oldest methods of obtaining 

thrust vector control is by the use of jet vanes, 

a method used on the German V-2 and by sev­

eral contemporary guided missiles. The most 

common application of this method has four 

vanes positioned within the jet exhaust stream 

of the motor, as shown in figure 1. Often these 

jet vanes are mechanically linked to aero­

dynamic surfaces called ailerons or elevons. 

They have the advantage of providing roll 

control (prevention of the vehicle from rotating 

about its long axis) as well as providing for 

side movements when they are applied to a 

single nozzle. There are, however, two disad­

vantages to the jet vane: ( 1) large side move­

ments require proportionately large vanes and 

cross sections, both of which cause a drag 

loss in the jet stream; (2) the high velocity 

and high temperature of the exhaust gases 

FIGURE NO. 2 

The jetovotor mork.r on improvement in the development 

of thrust vector control of solid propellant motor,. While 

it does not provide roll control for single-motored ve­

hicles, it does simplify the problems of thrust Yee-tor 

control. 
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require vanes mode of materials to withstand 

high temperature and stresses. 

The problem of Anding materials which will 

stand up under high temperature and stress 

is partially solved by the use of the jetovotor 

as a means of thrust vector control. This de­

vice, figure 2, is the central zone of a sphere, 

mounted on gimbals, which dips into the 

exhaust jet in the direction desired, thus 

producing the necessary change in direction. 

Unlike the jet vane, the jetavotor is immersed 

only a short time in the exhaust jet. It does, 

on the other hand, have a relatively high drag 

loss during the time that it is used. Also, it is 

FIGURE NO. 3 

The fle,cible nozzle represents o new and more sophisli­

coted form of thrust vector control i11 .solid propellant 

motors. Like the ;etavotor, it con not esloblish roll control 

in single motors. 

FIGURE NO 4 

PLENU._1 

CHAMBER 

Reversal nozzles, mounted around the main nozzle, offer 

o means of positiv@ @nd of thrust for the solid propellant 

motor. However, they require the addition of o plenum 

chamber lo the total weight of o solid propellant motor. 

not capable of providing roll control unless 

the motor is fitted with multiple nozzles. 

A third device for attaining thrust vector 

control is the flexible nozzle shown in figure 

3. It is adopted from a control common to

liquid propellant engines where the combus­

tion chamber is mounted on gimbals. For the 

solid propellant motor use, the nozzle is at­

tached lo the combustion chamber by a flexi­

ble coupling and mounted on gimbals. It is 
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easy to see that this arrangement con produce 

changes in direction by moving the position 

of the nozzle. From a standpoint of drag 

loss the flexible nozzle is more efficient than 

the two methods described above. But it does 

raise mechanical problems by requiring seals 

against the escape of hot, high pressure 

gases. And, like the jetavotor, roll control 

con be obtained only from a motor with 

multiple nozzles. 

FIGURE NO. 5 

Reversal nozzles con also be mounfed on 

the forward or head end of the s.olid 

propellant rocket motor, but they mu.st be 

mounted ot on angle to ovoid damage to 

the vehicle by the hot exhaust goses. 

FIGURE NO. 6 

A hypothetical arrangement for 

varying the ratio of the burning 

surfoce of a solid propeltont groin 

10 the nozzle area as o means of 
obtaining thri.ut modulation. Such 

o device is one means of control­

ling the range of o solid propelled 

rocJc-et. 

In addition to thrust vector control, many 

vehicles require the positive end of thrust 

once they hove reached a certain velocity. 

This is ncessory to control their range. One 

method of achieving thrust termination is the 

generation of on exhaust jet in a direction 

opposite to the main propulsion stream. In 

this way, a reverse thrust is obtained that is 

equal to or slightly greater than the forward 

thrust. Such a reverse jet may be accom­

plished by reversal ducts connecting into a 

plenum chamber at the oft end of the motor, 

as shown in figure 4. Reverse ducts or jets 

(I 1 •1 , • I 'I ,, I 

1 l 

-J1 '" =:;�,
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FIGURE NO. 7 

Schematic view of the burning 

process of a solid propellant groin 

within o rocket molor. The lac� of 

the propellant groin actually con� 

toins o "loom" zone, consisting ol 

liquened propellont ingredients and 

some evolved gos, Zone A is known 

a.s the dork zone which contains 

a "fizz" zone and a Rome reaction 

zone. Zone 8 is the flame zone 

which ;s luminous. 

con also be used at the forward end of the 

motor, but in most coses they must be mounted 

at on angle so that the heat and shock of 

their exhausts do not damage the vehicle or 

its payload. This method is shown in figure 5. 

In either case the ducts must be opened 

rapidly and at exactly the some time. Failure 

of all ducts to open together could easily 

cause unbalanced side forces which could re­

sult in the vehicle's tumbling or yawing. One 

possible disadvantage of this method of thrust 

termination is that the plenum chamber neces­

sary to feed the ducts would mean on increase 

in the weight of the motor. 

Another method of terminating thrust is the 

quenching of the burning propellant groin. 

This can be done quite easily by setting up 

a shock expansion wove inside the combus­

tion chamber of the motor as shown in figure 

6. In this method a new nozzle throat area, 

A2, opens when the old nozzle is blown from 

the combustion chamber. The new nozzle 

FIGURE NO. 8 

Graph .showing the duration of thrust tronsients which 

might be induced os o re.suit ol thrv.st termination in a 

solid propellant rocket motor. 
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throat area has an area larger than the old 

one, A1• This sudden increase in throat area 

sets up a shock wave inside the combustion 

chamber and puts out the burning propellant 

groin. A simplified and schematic view of 

how this is done is shown in figure 7, which 

represents a burning propellant grain consist­

ing of an oxidizer and a fuel. The products of 

Graph illustrating the 

chamber pressure-to-Kn. 

relationship. It demon• 

strates that as the curve 

grows steeper, small 

changes in the value of 

Kq. con effect large 

changes in P. Under cer­

tain conditions, this 

proves that auxiliary noz­

zles around a central 

nozzle can bring about 

thrust modulation in a 

solid propellant motor. 

1----.------;"'•,"'.n 

..

........ a..�:1��·a-,."''"'"' 

FIGURE NO. 9 

---------;,_;

FIGURE NO. 10 

The blow-off nozzle actually quenches the 

lire within the combustion chamber of the 

solid prope'1ont rocket motor, thus pro­

viding a positive mean.s of thrutt termina­

tion. 

Preparations ore mode for costing 

a solid propellant motor in Thiokol 

Chemical Corporation's Huntsville, 

Alabama plant. 
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the burning, at combustion chamber tempera­

ture, occupy region B. Between region B and 

the surface of the propellant grain, there is 

region A where the oxygen-rich and the 

fuel-rich gases formed by the burning propel­

lant grain mix and react. During normal com­

bustion, heat is transferred from region B to 

the surface of the propellant grain, through 

region A, at exactly the right rate to support 

the burning process as the surface of the 

grain is used up and recedes. When the 

nozzle, shown in figure 6, blows off, an ex­

pansion wove travels through the combustion 

chamber. The reacting gases in region A 

expand and cool the surface of the propellant 

grain to a point below combustion tempera­

ture. Naturally the grain ceases to burn. 

Under atmospheric conditions it is normal for 

the grain to reignite after several seconds. 

But at high altitudes, region A is so diffuse and 

the reaction is so slow that combustion energy 

is not generated close enough to the surface 

of the propellant grain to reignite it. 

There are two important advantages to 

thrust termination: the weight of the motor 

need not be increased, and the possibility 

of tumbling is minimized because of the ex­

haust flow of the gases is still along the main 

thrust axis of the vehicle. However, there is 

one disadvantage to this method: it introduces 

a thrust transient, or momentary instability, 

that could be troublesome for a payload in 

the vehicle. Suppose, as shown in figure 8, 

that the motor has an initial thrust of F1 and 

that the time interval T1 is necessary for the 

mechanical system to blow off the nozzle. At 

4

Space Journal, Vol. 2 [1959], No. 1, Art. 13

https://louis.uah.edu/space-journal/vol2/iss1/13



The U. S. Air Force's Thor Able vehicle is a three-,loge 

missile used for Nose Cone tests and Spoce experiments. 

The missile's third .stage hos o .solid propellant rocket 

motor while the first and second doges ore liquid 

propelled. IU S. AIR FORCE Photo) 

the end of T 1 the thrust climbs rapidly to the 

volue F2• Since the expansion wave travels 

at the speed of sound (approximately 3000 

feet per second) through the combustion 

chamber, the duration of the transient T2 can 

be estimated by dividing the length of the 

motor by 3000 feet per second. The pressure 

on the head of the motor causes a mare or 

less level peak in thrust for this period. After 

this, the thrust decays rapidly to zero during 

the interval T3• In connection with this transient 

force, it is also possible that other transient 

forces could be caused by the rela,.;ation of 

tensile stresses in the combustion chamber. 

Since thrust is approximately proportional 

to the operating pressure of the motor, a 

method for varying this pressure appears to 

be the best approach to controlling the amount 

of thrust or-in other words-to obtain thrust 

modulation. Since chamber pressure is af­

fected by the ratio of the burning surface of 

the propellant grain to the nozzle throat area, 

any such method must be based upon varying 

the ratio between the burning surfoce of the 

propellant grain and the nozzle throat area. 

This relationship is shown graphically in 

figure 9. 

Perhaps a little painless mathematics will 

help clarify the meaning of this graph. ft is 

obvious that as the curve grows steeper the 

changes in P (pressure) become proportion­

ately larger as the changes in Kn become 

smaller. K0 represents the ratio of the area of 

the burning propellant surface to the area of 

the nozzle throat. The exponential n here is 

The U. S. Army's Nike Hercules ontioircrofl guided 

missile hos a solid propellant su.stoiner motor and o 

,olid propellant booster motor. IU. S. Army Photo) 

f 
... 
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derived from the burning rate equation 

(r=a1
,P"), which states that the burning rate 

for a specific solid propellant is a function of 

the chamber pressure. In reality, the values of 

n range between 0.2 and 0.85. Thus it can 

be seen that if n has a value of 0.8, then the 

exponent of K0 in our first equation becomes 

5. It then follows that even a small change 

in throat area (or K0) will produce substantial 

changes in pressure and the amount of hot 

gas produced. All of this indicates that thrust 

modulation by means of auxiliary jet nozzles, 

as shown in figure 10, becomes easier when 

the value of n in the burning rate equation is 

high and, therefore, when the exponent of Kn 

is high, resulting in a very steep curve for the 

K,.-pressure relationship. Naturally, it is to our 

advantage that we have a large number of 

solid propellants with a wide range of burning 

rate exponents. 

Mathematics and graphs aside, it is very 

impractical to vary the propellant burning 

surface. So, then, the nozzle throat area 

must be varied. But this does not mean that 

one nozzle with a variable throat is the 

answer. Indeed, this arrangement would in­

volve many difficult mechanical and design 

problems. The nozzle throat area can, how­

ever, consist of the sum of the areas of several 

nozzle throats, the total of which can be 

varied. By using solid propellants having high 

pressure exponents, it is possible to get a 

wide range of control with very small varia­

tions in the total nozzle throat area. And, too, 

such an arrangement makes for a simple 

mechanical device. The scheme shown in fig­

ure 10 illustrates one possibility. Four auxil­

iary nozzles are arranged around a central 

nozzle. Each auxiliary nozzle has a conical 

insert which can be moved in and out of its 

throat by an actuator device. It is easy to see 

how the total nozzle throat area of the motor 

is thus varied. With a propellant having a 

high value for the exponent of Kn, the size of 

the auxiliary nozzle throat areas needed de­

creases in relation to the area of the central 

or main nozzle. Thus penalties for drag or 

other inefficiencies of the expansion of ex­

haust gas in the auxiliary nozzles would have 

a very small overall effect on the efficiency of 

the vehicle. 

space journal 

In conclusion, it should be obvious that it is 

possible to combine two or more of these 

thrust control devices in order to provide all 

three types of control on a single rocket motor. 

All are relatively simple mechanical compo­

nents. And their simplicity increases their re­

liability. They demonstrate that the solid pro­

pellant motor has at last proven its worth 

in a field once dominated by the liquid propel­

lant motor. In short, the solid propellant motor 

has outgrown the names joto and booster. 
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