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ABSTRACT: A nozzle arrangement formed by mounting a 
plurality of nozzles at the rear of a vehicle. Each nozzle being 
mounted for pivotal movement in a radial plane. Each nozzle 
is truncated at an angle other than 90 to the flow direction at 
the nozzle exit, whereby a skewed exit plane is formed. Con 
trol means are provided to rotate the nozzles about their 
mounting axes to obtain maximum performance for the am 
bient pressure the nozzle is operating in. 
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SKEWEDEXIT PLANE NOZZLESYSTEM FOR OPTIMUM 
THRUST 

BACKGROUND OF THE ENVENTION 

This invention relates to nozzles and more particularly to a 
cluster of nozzles to obtain a greater performance over a range 
of operating conditions. Mechanical means to mount the en 
gines such as shown in FIG. 1 is shown in U.S. Pat. No. 
3,057,581. 

SUMMARY OF NVENTON 

An object of this invention is to provide a nozzle combina 
tion having means for compensating for losses incurred by 
conventional bell nozzles when operated over a range of am 
bient pressures. This nozzle combination will maintain a high 
efficiency over a wide range of pressure ratios. Each nozzle of 
the combination is truncated so as to have a skewed exit plane 
and the skewed exit nozzles are placed so that the plane of the 
exit of each nozzle is located perpendicular to a radial plane 
through the vehicle in which it can move. Another aspect of 
this invention is control means for rotating each skewed exit 
nozzle to place the direction of thrust from each nozzle so that 
it is parallel to the longitudinal axis of the vehicle. 

BRIEF DESCRIPTION OF THE DRAWENGS 

FIG. 1 is a side view of the rear end of a vehicle with the 
skewed exit nozzles positioned having a small projected exit 
263. 

FIG. 2 is a view of a single skewed exit nozzle mounted in 
position for a low altitude. 

FIG. 2B is a view of a single skewed exit nozzle mounted in 
position for an intermediate altitude. 

FIG. 2C is a view of a single skewed exit nozzle mounted in 
position for a high altitude. 

FIG. 3 is an enlarged view showing the mounting for a 
rocket engine and skewed exit nozzle with control means for 
rotating the engine and nozzle. 

FIG. 4 is a view comparing vector diagrams for a conven 
tional bell nozzle and skewed exit bell nozzle when in the posi 
tion shown in 2B. 

FIG. 5 is a graph showing the performance of a conven 
tional bell nozzle and skewed exit bell nozzle with the velocity 
coefficient C being plotted against pressure ratio P/P. 

DESCRIPTION OF THE PREFERRED EMBODIMENT 

In FIG. 1 a rocket and nozzle arrangement is shown 
mounted on the rear or underside of a vehicle 1 for propelling 
the vehicle. This arrangement includes a cluster of four rocket 
engine and nozzle combinations 3, each mounted 90° apart 
around the outer circumference of the vehicle. Each rocket 
engine and nozzle combination includes a rocket engine 4 and 
nozzle 2. Each rocket engine and nozzle combination 3 is 
pivotally mounted for movement in a radial plane. Trunnions 
6 project from each side of each rocket engine 4 and are 
mounted for rotation in sets of brackets 8 which extend from 
the rear of the vehicle 1. 
Each nozzle 2 is truncated in a like manner at an angle of 

less than 90 to the longitudinal axis of the rocket engine and 
nozzle combination. It can be seen that the nozzle exit plane is 
inclined at an angle to the exit flow direction. This angle 
should be in the range of from 15 to 45 to achieve the 
greatest degree of control. The exit opening of each nozzle 2 is 
formed in a nozzle exit plane and this plane is maintained per 
pendicular to the radial plane which extends through the lon 
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Control 16 is provided which will move each link the length 

necessary to alter nozzle positions to place them at their 
desired optimum position for a sensed ambient pressure. If an 
intermediate ambient pressure is sensed by the control 16, it 
will actuate the moveable links 10 so that the engine and noz 
zle combination 3 will be placed in a position such as shown in 
FIG. 2B. As ambient pressure decreases, indicating an in 
crease in altitude, the control 16 will move each of the engine 
and nozzle combinations 3 so that they will present a greater 
projected area to the rear and have the resultant thrust paral 
lel to the axis of the vehicle 1. If the vehicle is at low altitudes, 
thereby sensing higher ambient pressures, each engine and 
nozzle combination 3 is placed so that a small projected area is 
presented with the resultant thrust still parallel to the axis of 
the vehicle 1. 

Control 16 is an ambient pressure operated device which is 
programmed to position the engine nozzle combinations 3 at a 
given angle for each ambient pressure. If the vehicle altitude 
changes the control 16 will sense the change in ambient pres 
sure and rotate each engine nozzle combination 3 accordingly. 
A control, sensing ambient pressure and having a programmed 
output in response thereto, is not part of this invention and is a 
control well within the skill of the control art. At high ambient 
pressures the nozzles are positioned to present a small pro 
jected exit area as shown by FIG. 2, and at low ambient pres 
sures the nozzles are positioned to present a large projected 
exit area as shown in FIG. 2C. 

In a regular bell nozzle the standard thrust equation is as fol 
lows: 

Fishi V+PA-PA 
Where: 
F= thrust 
h = mass flow 
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gitudinal axis of the vehicle 1 and the longitudinal axis of its 
respective engine and nozzle combination. 
Means for pivotally actuating each rocket engine and nozzle 

combination 3 are provided which comprise a moveable link 
10 pivotally connected at one end to a bracket 12 on the 
rocket engine and at its other end to a bracket 14 on the vehi 
cle. This link can be either hydraulically or electrically actu 
ated to lengthen or shorten it. 
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V = exit velocity 
P = exit pressure 
A = area of exit 
P = ambient pressure 

In applying this formula to the skewed exit bell nozzle 2, it 
must be noted that the pressure at the exit plane PA acts in a 
direction normal to the exit area A. Similarly, the ambient 
force PA also acts normal to the exit area but opposite in 
direction to PA. The vector diagrams for three different 
operating conditions are shown in FIG. 4, for both the skewed 
exit bell nozzle and the conventional bell nozzle. 
The vector F shows the size and direction of the force at 

vacuum, Fae shows the size and direction of the force of the 
nozzle at its design altitude where the pressure area thrust 
(PA) of the nozzle is equal to the ambient pressure force 
(PAe" F shows the size and direction of the force of the 
nozzle below said design altitude of the nozzle. It will be noted 
that while the design thrust (Fe) is the same, the amount of 
the F is greater for the skewed exit bell nozzle and the 
amount of the thrust Fis greater for the skewed exit bell noz 
zle. However, since these vectors do not have a proper 
direction to obtain the greatest benefit, the nozzles are there 
fore pivotally moved until the vectors are parallel to the axis of 
the vehicle. Maximum axial thrust is obtained this way. 

It can be seen in FIG.S that at the design pressure ratio the 
conventional bell nozzle and skewed exit bell nozzle both have 
the same velocity coefficient. However, if the pressure ratio 
increases or decreases, the skewed exit bell nozzle maintains a 
higher velocity coefficient. It is to be noted that FIG. 5 is also 
derived from analytical calculations and that for actual opera 
tions it is believed that the performance of the skewed exit bell 
nozzle might be slightly lower than that of the conventional 
bell nozzle at the design pressure ratio. 

I claim: 

1. In combination, a vehicle having an axis, nozzle means . 
for providing thrust for said vehicle, said nozzle means includ 
ing a skewed exit nozzle having a longitudinal axis and an 
inclined exit plane, said skewed exit nozzle being mounted for 
pivotal movement with said exit plane remaining perpendicu 
lar to a plane passing through said axis of said vehicle and 
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through said longitudinal axis of said skewed exit nozzle dur 
ing movement. 

2. In combination, a vehicle having an axis, nozzle means 
mounted on said vehicle for providing thrust for said vehicle, 
said nozzle means including a skewed exit nozzle, said skewed 
exit nozzle having a longitudinal axis and an exit having an 
inclined exit plane, said skewed exit nozzle being pivotally 
mounted for movement to different positions for different al 
titudes to vary the projected area of the exit in the direction of 
thrust from a minimum area at low altitude to a maximum area 
at high altitude. 

3. A combination as set forth in claim 2 wherein control 
means are provided to position said nozzle means to maintain 
the direction of thrust parallel to the axis of said vehicle. 

4. A combination as set forth in claim wherein said nozzle 
means includes a plurality of skewed exit nozzles, said skewed 
exit nozzles being mounted around the axis of said vehicle 
control means for moving said nozzle means together main 
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4 
taining said exit planes thereof at the same angle with respect 
to the axis of said vehicle. 

5. A combination as set forth in claim 2 wherein said nozzle 
means includes a plurality of skewed exit nozzles, control 
means for maintaining the direction of thrust of each of said 
skewed exit nozzles parallel to the axis of said vehicle. 

6. A combination as set forth in claim 3 wherein the control 
means senses a change in ambient pressure. 

7. A combination as set forth in claim 1 wherein means are 
provided for moving said skewed exit nozzle to maintain its 
direction of thrust parallel to the axis of said vehicle during 
changes in altitude. 

8. A combination as set forth in claim 4 wherein four 
skewed exit nozzles are included all spaced equally about the 
axis of said vehicle, the inclined exit plane of each nozzle fac 
ing outwardly. 


