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TIIRUST VECTOR STEERING TECHNIQUES AND 
APPARATUS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to the control of jets of 

?uid. More speci?cally, this invention is directed to sin 
gle wall monostable ?uidic switches and control sys 
tems utilizing such switches. Accordingly, the general 
objects of the present invention are to provide novel 
and improved methods and apparatus of such charac 
ter. - 

2. Description of the Prior Art 
While not limited thereto in its utility, the present in 

vention has been found to be particularly well suited 
for use in thrust vector steering systems. As is well 
known, partial or total control over the direction of 
travel of a vehicle employing a gas generator as a pro 
pulsive source can be achieved by de?ecting or vector 
ing all or a portion of the propulsive gases at an angle 
to their normal ?ow axis. 

Prior art thrust vector control systems may be classi 
fied as either mechanical or hydromechanical devices. 
Regardless of type, all prior art thrust vector control 
schemes have been characterized by comparatively 
large size and weight, inefficient utilization of control 
and propulsive ?uids and less than the requisite reliabil 
ity. 

In order to obviate been problems inherently asso 
ciated with prior art thrust vector control systems, and 
to improve upon previous hydromechanical-devices, it 
has bee proposed to borrow from the ?uidics art. That 
is, thrust vector controls employing ?uid ampli?er or 
switch type devices have been suggested. Such ?uidic 
devices, which rely for operation upon well known phe 
nomena such as the Coanda effect, while theoretically 
offering substantial improvement over previous tech 
nology, have not found wide usage for a number of rea 
sons. These reasons, not listed in order of importance, 
include excessive size, excessive control gas flow, un 
duly limited operable supply pressure range and lack of 
stability when operating into “loads” of varying back 
pressure. Considering the size limitation problem, mis 
sile dynamics permit only a shallow penetration of the 
missile interior for the thrust vector control device and 
prior art ?uidic switches have not met this design crite 
ria. 

In the interest of minimizing control system size and 
weight, it obviously is desired to employ the propulsive 
gases as the power stream for a steering jet in a ?uidic 
thrust vector control. When the power stream is de 
rived from the propulsive engine,'economy dictates the 
desire for appreciable retention of the axial thrust of 
the gases passing through the control devices when lat 
eral thrust is not needed for steering. Prior art devices 
and systems have been able to meet this desirable de 
sign criteria only through the use of valves for shutting 
off the engine exhaust derived power stream or 
streams. The employment of valves for this purpose in 
creased the size and weight of the control systems and 
devices while decreasing their reliability. 
A further de?ciency of prior art ?uidic control sys 

tems has resided in the fact that the switching function 
was dependent upon supply pressure and thus the de 
vices were operable only over a rather limited range of 
control pressures. Even within this limited pressure 
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range it has been necessary to employ control ports and 
control valves of comparatively large size since the sole 
determining factor with respect to the achieving of 
switching has been the means for regulating the control 
gas ?ow or pressure. Restated, prior art ?uidic switch 
designs have not provided for biasing the devices 
whereby the opening of a small control port and injec 
tion of small additional ?ow will immediately result in 
the switching. In short, prior art ?uidic switches have 
been lacking in sensitivity and speed of operation. 

It is also to be noted that prior art thrust vector con 
trols have been susceptible to thermal damage and/or 
lack of consistent operation due to size and shape vari 
ations caused by expansion induced by the close prox 
imity to the hot exhaust gases from the main propulsive 
source. It would, of course, be desirable to insulate the 
walls of the control devices from the hot gases which 
are both directed therethrough- and ?owing adjacent 
thereto. The provision of such insulation has, however, 
previously been thought to be inconsistent with size re 
quirements as discussed above. 

SUMMARY OF THE INVENTION 

The present invention overcomes 
discussed and other disadvantages and deficiencies of 
the prior art by providing novel monostable ?uidic 
switches particularly well suited for use in thrust vector 
control systems and vehicle steering systems employing 
such switches. The switches in accordance with the 
present invention operate with a power stream which 
attains supersonic velocity in the operating or reaction 
region and the switches are characterized by a single 
wall construction wherein the ?rst or outboard wall de 
fining the reaction region is terminated at a point where 
it is contacted by the over expanded power jet. The sec 
ond or opposite reaction region de?ning wall is de~ 
signed in such a manner as to prevent the impingement 
of strong shocks thereon and ?ares away from the axis 
of the power jet whereby the pressure within the jet is 
maintained at a subambient level and the pressure dif 
ferential across the jet boundary causes the power 
stream to follow the second wall in its normal or stable 
state. The invention is further characterized by one or 
more control ports in the second or inboard wall, the 
control ports and their associated control valves being 
employed to deliver ?uid at ambient pressure to the op 
erating region thereby equalizing the pressure‘ differen 
tial across the power jet when it is desired to switch the 
jet “off” the second wall. The monostable ?uidic 
switches in accordance with the present invention may 
also be provided with a biasing port or ports which en 
hance the sensitivity and operational speed of the de 
vices and provide a small insulating ?ow of ambient 
gas. 
The invention also encompasses control systems em 

ploying the above brie?y described single wall mono 
stable ?uidic switches. These control systems employ a 
plurality of switches which may be operated either sin 
gly or in pairs with the control valves for the switches 
being provided with pulse modulated error signals. The 
switches in a thrust vector steering system may be lo 
cated off-axis if roll control is desired. 

BRIEF DESCRIPTION OF THE DRAWING 

The present invention may be better understood and 
its numerous objects and advantages will become ap 
parent to those skilled in the art by reference to the ac 
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companying drawing wherein like reference numerals 
refer to like elements in the several ?gures and in 
which: 
FIG. 1 depicts, partly in section, a missile employing 

a thrust vector control system in accordance with the 
present invention; 
FIG. 2 is a cross-sectional, end view of the control 

system of FIG. 1; 
FIG. 3 is a cross-sectional, side view of the ?rst em 

bodiment of a single wall, monostable ?uidic switch in 
accordance with the present invention, the switch of 
FIG. 3 being applicable to the system of FIGS. 1 and 2; 

FIG. 4 is a side view ofa second embodiment ofa sin 
gle wall, monostable ?uidic switch in accordance with 
the present invention; 
FIG. 5 is a bottom view of the switch of FIG. 4; and 

FIG. 6 is a block diagram of control circuitry which 
may be employed in the steering system of FIG. 1. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

With reference now to FIG. l, a missile indicated 
generally at It) employs a plurality of single wall mono 
stable ?uidic switches in a thrust vector control in ac 
cordance with the present invention. In the basic con 
?guration of FIG. 1, which shows missile l0 partially in 
cross-section, four separate fluidic switches are em 
ployed. As may be seen from joint consideration of 
FIGS. 1 and 2, the switches 12, 14, 16 and 18 are each 
located slightly off-axis thereby enabling the control 
system to be employed for both steering and roll con 
trol. Roll control may be achieved through operating, 
into the lateral thrust state, the switches of an opposed 
pair. The first pair of switches will in roll n a ?rst direc 
tion through generation of a force component or roll 
couple and the other pair of switches, located 90° from 
the switches of the first pair, will cause roll in the oppo 
site direction. It will be understood that when only one 
device is switched to the lateral thrust state for steering 
a slight unwanted roll moment will occur and pulsing 
of an opposed roll pair may be required in order to pro 
vide compensation for this unwanted roll moment. If 
roll control is deemed unnecessary or undesirable, the 
?uidic switches 112, 14, 16 and E8 may be arranged in 
diametrically opposed pairs rather than off-axis as 
shown. 
F108. 1 and 3 clearly show one of the principal attri 

butes of the present invention. As noted above, prior 
art ?uidic thrust vector control concepts had the dis 
tinct disadvantage of employing individual switches 
having a configuration which required, for installation, 
a substantial penetration of the side walls of the missile. 
As depicted in FIGS. 11 and 3, the present invention re 
quires only a very shallow penetration of the missile in 
terior; this shallow penetration being in part attribut 
able to the fact that the monostable ?uidic switches in 
accordance with the invention are substantially single 
wall devices. Thus, as may most clearly be seen from 
FIG. 3., a first or outboard wall 20 of switch 12 termi 
nates a short distance downstream of the port 22 
through which the power stream ?ows while the second 
or inboard wall 24 is contoured so as to merge with the 
missile skin surface. Thus, as will be explained in more 
detail below, wall 24 is not straight but rather is curved 
or segmented in the interest of achieving maximum lat 
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eral force while also achieving maximum turning of the 
lateral jet into the axial direction and, of course, for 
best ?t to the missile surface. The turning of the jet em 
anating from the fluidic switch in the axial direction re 
sults in appreciable retention of axial thrust when lat 
eral thrust is not needed for steering. 
Before further discussing the embodiment of FIG. 3, 

it is believed desirable to describe the embodiment of 
a monostable single wall fluidic switch shown in FIGS. 
4 and 5. The switch of FIGS. 4 and 5 includes an en 
trance connector 30 which is adapted to be coupled to 
the power stream source. In the case of a missile thrust 
vector control, connector 30 may be exposed to the ex 
haust gas stream produced by the missile gas generator 
or engine. Connector 30 discharges, via a slot-shaped 
port 32, into the operating or reaction region 34 of the 
switch. Port 32, in cooperation with the connector 30 
and the oppositely disposed walls 36 and 38 of the op 
erating region 34, de?nes a convergent-divergent noz 
zle. The con?guration of this nozzle, in combination 
with the power stream source pressure, results in the 
power stream discharged into operating region 34 at 
taining supersonic velocity. 

It is to be noted that walls 36 and 38 which de?ne the 
upstream end of operating region 34 are respectively 
provided with offsets 40 and 42 adjacent the exit end 
of port 32. Since the ?uid injected into operating re 
gion 34 attains supersonic velocity, the power jet will 
expand and will contact both of walls 36 and 38 a short 
distance downstream of port 32. As is well known, the 
pressure in such an over expanded stream is subambi 
ent. It is also known that there is a transition from am 
bient to subambient pressure across a shock wave. Ac 
cordingly, the power stream pressure may be kept sub 
ambient by preventing strong shocks resulting from im 
pingement of the stream on the walls of the reaction 
chamber. 
As noted, the fluidic switches of the present inven 

tion are monostable devices. The stable mode of opera 
tion is with the power stream following the contour of 
reaction chamber wall 36. The direction of the power 
stream toward wall 36 under the stable operating con 
dition is achieved through making the set-back 42 of 
wall 38 larger than setback 40 of wall 36 whereby there 
is more room for expansion of the power stream toward 
wall 38. Also, wall 33 is terminated at a point where it 
is contacted by the over expanded power stream. Ac 
cordingly, downstream of the termination of wall 38 
there will be a pressure differential across the boundary 
of the power stream and the higher or ambient pressure 
will force the power stream toward wall 36. 
The power stream will be caused to follow the con 

tour of wall 36 by maintaining the stream pressure 
below ambient. This is achieved by shaping the wall in 
such a manner that strong shocks are prevented. The 
flow along wall 36 will, of course, separate and thereaf 
ter reattach to the wall at one or more locations de 
pending upon the wall length and recirculation regions 
wherein the pressure is less than ambient will be estab 
lished between the points of separation and reattach 
ment. The AP across the stream resulting from creation 
of these low pressure recirculation regions will aid in 
holding the power stream along wall 36. 
The embodiment of FIGS. 4 and 5 is provided with 

a control port 44 whereby switching from the stable to 
unstable modes may be achieved. Considering applica 
tion of the monostable switch of the present invention 
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in a thrust vector control, lateral steering thrust may be 
generated by opening control port 44, which may be in 
the form of a slot as shown, to ambient pressure. When 
control port 44 is opened to ambient pressure, through 
the use of valve means not shown in FIGS. 4 and 5, the 
pressure differential across the stream will be equalized 
and the power stream will “switch” off of wall 36 and 
tend to flow in a path commensurate with the axis of 
inlet connector 30. Isolation of port 44 from ambient 
pressure will cause the stream to again follow wall 36 
since the pressure differential across the power stream 
will almost instantaneously be reestablished when no 
flow into the reaction chamber 34 through port 44 is 
permitted. In the embodiment of FIGS. 4 and 5, the 
source of ambient pressure for control port 44, includ 
ing the control valve, will be connected to the monosta 
ble switch via a connector 46. 
FIG. 4 also depicts a plurality of bias ports 48, 48', 

48". These bias ports are normally open and provide 
for the injection of a very limited amount of ?uid at am 
bient pressure into the reaction chamber along wall 36. 
Through the use of biasing ports 48, the pressure differ 
ential across the power stream will be maintained 
slightly above the switching level. Accordingly, the es 
tablishment of communication between port 44 and the 
ambient atmosphere will result in rapid switching of the 
stream off wall 36 thereby achieving sensitive and rapid 
response of the switch. Depending on the particular ap 
plication, the bias ports 48 may be omitted. When the 
bias ports are included, the flow therethrough provides 
a measure of thermal insulation for the switch. 
Returning to a consideration of the embodiment of 

FIG. 3, it may be seen that the inboard wall 24 is de 
?ned by a plurality of straight segments as opposed to 
being a curved surface as in the case of wall 36 of the 
embodiment of FIG. 4. Whether the wall is straight or 
curved, the same primary design consideration applies. 
That is, the inboard wall of the monostable switch falls 
away from the axis of the stream entering the reaction 
chamber and in so doing de?nes a shape which will 
tend to maintain subambient pressure. In order to 
achieve the foregoing objective, the inboard wall 24 of 
the embodiment of FIG. 3 is designed to prevent strong 
shocks from impinging thereon. Wall 24 thus generally 
conforms to the shock wave which will emanate from 
the point of termination of outboard wall 20. This 
shock wave is indicated at A in FIG. 3. 

In the embodiment of FIG. 3, each of the segments 
24’, 24" and 24”’ of inboard wall 24 is provided with 
a separate control port. Each control port has, asso 
ciated therewith, a separate valve whereby the ports 
may be opened independently to ambient pressure. In 
FIG. 3 the valves are shown schematically at 60, 62 and 
64. Depending on the amount of lateral steering thrust 
needed, the control valves are individually opened with 
opening of valve 60 providing maximum obtainable lat 
eral thrust and opening of valve 64 providing minimum 
obtainable lateral steering thrust. 
The embodiment of FIG. 3 is also provided with a 

source of bias fluid 66 and its associated port 68. In the 
FIG. 3 embodiment the biasing port is located up 
stream of the ?rst or primary control port in wall seg 
ment 24' whereas in the embodiment of FIG. 4 a plu 
rality of biasing ports positioned downstream of the 
control port are employed. In either case the bias ports 
serve the same functions and in the same manner. 
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6 
In the cross sectional view of FIG. 1, in the interest 

of facilitating understanding of the drawing, only the 
primary control ports have been shown. In FIG. 1 
switch 14 is depicted operating in the stable mode and 
the power stream follows the contour of the inboard 
wall whereby it adds to the axial thrust of the gases 
passing out through the main exhaust nozzle of the en 
gine. Switch 12 is shown as operating in the unstable or 
lateral steering thrust producing mode wherein the pri 
mary control port is opened to ambient pressure and 
the power stream has “switched” away from the in 
board wall. 
FIG. 6 is a block diagram of a control circuit for a 

thrust vector control system employing the monostable 
?uidic switches of the present invention. Pitch, yaw and 
roll error signals will be generated by comparison cir 
cuitry 70 which has, applied as the input thereto, refer 
ence information commensurate with the desired atti 
tude of the vehicle and feedback information commen 
surate with the actual attitude. The actual attitude in 
formation is sensed by appropriate transducers, which 
do not constitute part of the present invention and are 
indicated generally at 72, which may comprise acceler 
ometers or other state of the art apparatus. The attitude 
reference information may be provided by on-board 
computers or ground stations and transmitted to the ve 
hicle. Error information provided by comparison cir 
cuitry 70 is applied to a plurality of lead-lag compensa 
tion networks, indicated at 74, and in the manner well 
known in the art the compensation networks will pro 
vide appropriate control signals for each control valve. 
The signals generated by the compensation networks 
are applied to pulse width-pulse frequency modulators 
associated with each control valve. Pulse width-pulse 
frequency modulators suitable for use with the present 
invention are described in an article entitled “A New 
Pulse Modulator for Accurate DC Amplification with 
Linear or Nonlinear Devices” by R. A. Schaefer which 
appeared in the IRE Transactions on Instrumentation, 
September 1962, pages 34-47, which article is incorpo 
rated herein by reference. As noted, there will be a sep 
arate modulator 76 for each of the control valves; the 
valves for the ?uidic switches being indicated in FIG. 
6 at 80. The use of pulse-frequency pulse-width modu 
lation for the control of the valves which in turn control 
the lateral thrust producing ?uidic switches results in 
high accuracy and wide dynamic range. The control 
valves, of course, are capable of off-on operation only 
whereas the control system response should provide an 
average steering thrust proportional to the particular 
attitude error being corrected. By utilizing the pulse 
ratio modulation obtainable with pulse width-pulse fre 
quency modulators, operation of the control valves for 
the steering jets is limited to within a certain minimum 
pulse width; the maximum repetition frequency with 
the minimum width being determined by the response 
capabilities of the ?uidic switches being controlled. 
While preferred embodiments of monostable ?uidic 

switches and of a thrust vector control system applying 
such switches have been described, various modi?ca 
tions and substitutions may be made to the described 
apparatus without departing from the spirit and scope 
of the invention. Thus, for example, the control jets 
may be located at other points on a vehicle rather than 
adjacent the main engine exhaust nozzle as shown in 
FIG. 1. Also, .while the invention has been described in 
terms of employing propulsive gases generated by the 
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vehicle engine for the lateral steering jets, other gas 
sources including ram air may be utilized. Thus, it may 
be seen that the present invention has been described 
by way of illustration and not limitation. 
What is claimed is: 
l. A steering system for a vehicle comprising: 
a plurality of monostable ?uidic switches, said 
switches being recessed in the vehicle in spaced 
apart relationship, said switches each discharging a 
stream of ?uid to the exterior of the vehicle, said 
switches each including: 

means for imparting supersonic velocity to a stream 
of ?uid delivered thereto from the interior of the 
vehicle; 

a ?rst wall positioned downstream of said supersonic 
velocity imparting means and offset therefrom, said 
?rst wall terminating at a point where the stream of 
supersonic ?uid is over-expanded and contacts the 
wall; 

a second wall disposed oppositely of said ?rst wall 
and cooperating therewith to in part define an op 
erating region located downstream of said super 
sonic velocity imparting means, said second wall 
merging with the exterior surface of the vehicle 
downstream of a point opposite the termination of 
said first wall, said second wall being generally in~ 
clined away from the axis of the stream, the con 
tour of said second wall suppressing the generation 
of shock waves whereby the stream will normally 
follow said second wall; and 

at least a ?rst control point located in said second 
wall; 
means associated with each of said ?uidic switches 

for applying control pressure to said control 
parts, application of said control pressure caus 
ing the streams to switch from the second walls 
of the switches thereby generating thrust compo 
nents at an angle to the vehicle exterior surface; 
and 

means responsive to vehicle attitude error signals 
for selectively energizing said control pressure 
applying means. 

2. The apparatus of claim ll wherein said control 
pressure applying means each comprise: 
means providing communication between the control 
port and a source of ?uid at ambient pressure; and 

solenoid operated valve means disposed in said com 
munication providing means. 

3. The apparatus of claim 2 wherein said means for 
selectively energizing said control pressure applying 
means comprises: 
means responsive to attitute error signals for generat 

ing pulsating electrical control signals for applica 
tion to said solenoid operated valves. 

4. The apparatus of claim 1 wherein the vehicle to be 
steered is at least partly cylindrical in shape and 
wherein at least four ?uidic switches are spaced equally 
about the periphery of the cylindrical portion. 

5. The apparatus of claim 41 wherein said four ?uidic 
switches are arranged in oppositely disposed pairs lo 
cated off axis whereby said switches may be energized 
in pairs to provide roll control. 

6. The apparatus of claim ll wherein each of said 
switches further includes: 

bias port means located in said second wall; and 
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8 
means for delivering a bias ?ow of ?uid at ambient 

pressure to said bias port means. 
7. The apparatus of claim 1 wherein the second wall 

of each of said ?uidic switches comprises a plurality of 
straight segments. 

8. The apparatus of claim 1 wherein the means for 
imparting supersonic velocity to the stream of ?uid in 
each of said switches comprises: 
means cooperating with the operating regions dc‘ 
?ned in part by said ?rst and second walls to de?ne 
a convergent-divergent nozzle; and 

means for delivering pressurized ?uid to the conver 
gent portion of said nozzle. 

9. The apparatus of claim 8 wherein said nozzle de 
fining means comprises: 

a wall de?ning a ?rst end of said operating region, 
said wall being provided with a slot which de?nes 
the throat of the nozzle; and 

conduit means having a cross-sectional area in excess 
of the cross-sectional area of said slot located up 
stream of said slot. 

110. The apparatus of claim 9 wherein said second 
wall is offset from said slot, the offset of said second 
wall being less than the offset of said first wall. 

11. The apparatus of claim 10 wherein said control 
pressure applying means each comprise: 
means providing communication between the control 
port and a source of ?uid at ambient pressure; and 

solenoid operated valve means disposed in said com 
munication providing means. 

12. The apparatus of claim ll 1 wherein said means for 
selectively energizing said control pressure applying 
means comprises: 
means responsive to attitude error signals for gener 

ating pulsating electrical control signals for appli 
cation to said solenoid operated valves. 

13. The apparatus of claim 12 wherein each of said 
switches further includes: 

bias port means located in said second wall; and 
means for delivering a bias ?ow of ?uid at ambient 

pressure to said bias port means. 
14. A monostable ?uidic switch comprising: 
means defining the convergent portion of a conver 
gent-divergent nozzle, said convergent nozzle por 
tion de?ning means being adapted to be connected 
to a source of pressurized ?uid; 

means de?ning the divergent portion of said nozzle, 
said divergent nozzle portion de?ning means being 
located downstream of said convergent portion de 
fining means and in communication therewith 
whereby ?uid delivered to said nozzle means will 
be discharged into said divergent portion at super 
sonic velocity, said divergent portion de?ning 
means including: 

?rst and second oppositely disposed side walls; 
a third side wall extending between said ?rst and sec 
ond walls, said third wall terminating at a point 
where the stream of supersonic ?uid delivered to 
said divergent nozzle portion will be over 
expanded and will contact said third wall; and 

a fourth side wall disposed oppositely of said third 
wall, said fourth wall extending downstream from 
a point opposite the termination of said third wall 
and being generally inclined away from the axis of 
said nozzle; at least a first control port located in 
said fourth wall; and 
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means for delivering control pressure to said con 
trol port. 

15. The apparatus of claim 14 further comprising: 
a bias port located in said fourth wall; and 
means for delivering ?uid at ambient pressure to said 

bais port. 
16. The apparatus of claim 14 wherein said third and 

fourth walls are set back from the throat of the nozzle, 
said third wall being displaced from the throat by a 
greater distance than said fourth wall. 

17. The apparatus of claim 16 wherein said control 
pressure delivering means comprises: 
conduit means establishing communication between 

said control port and the ambient atmosphere; and 
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10 
valve means disposed within said conduit means. 
18. The apparatus of claim 17 further comprising: 
a bias port located in said fourth wall; and 
means for delivering ?uid at ambient pressure to said 

bias port. 
19. The apparatus of claim 16 wherein said fourth 

wall comprises a plurality of straight segments. 
20. The apparatus of claim 19 further comprising: 
a control port disposed in each straight segment of 

said fourth wall; 
conduit means for providing communication be 
tween each of said control ports and the ambient 
atmosphere; and 

valve means interposed each of said conduit means. 
* * * * * 


