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1. Introduction 

The U.S. Army Research Laboratory is currently investigating smart munition technologies as a 
means of improving the lethality and accuracy of future generations of munitions.  One of the 
focuses of the current effort is the development of integrated multidisciplinary design 
technologies such as structural dynamics, computational fluid dynamics (CFD), and guidance, 
navigation and control.  These multidisciplinary design technologies allow complex munitions 
systems to be studied and visualized within high-performance computational environments to 
determine the nonlinear interaction of critical engineering parameters using high-fidelity physics.  
Detailed design trades can be performed on system subcomponents, enabling the optimization of 
the munitions system as a whole.  Critical structural and functional shortcomings in the 
system/subsystems (such as embedded devices/electronics) can be identified and the system can 
be redesigned before any hardware is manufactured, resulting in reduced development costs and 
higher performance munitions. 

As part of this effort, a 2.75-in rocket has been modified as a testbed for investigating the in-
flight response of a flight vehicle subjected to lateral control jets (1).  The testbed vehicle, shown 
in figure 1, incorporates numerous modifications including several lateral control jets/thrusters in 
the forward portion of the body, instrumentation to control, measure, and telemeter the vehicle 
flight dynamic response, and a specially designed composite body section with embedded strain 
gauges to measure the structural response.  To support the experimental program, CFD has been 
performed to assess the aerodynamic performance of the lateral control jets.  The results of these 
studies are detailed in the current report. 
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Figure 1.  Schematic of 2.75-in rocket testbed vehicle. 
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The CFD capability applied here for the lateral control jet problem has been validated in 
previous studies (2, 3).  In these studies, detailed comparisons of the computed surface pressure 
distribution was made with wind tunnel measurements.  The focus of the CFD effort was the 
prediction of the aerodynamic performance of lateral control jets on the testbed munition.  As 
part of this effort, time-dependent aerodynamic loads produced by the lateral control jet firings 
were also determined.  Lateral control jets provide a convenient means of providing control 
authority for a flight vehicle because the external aerodynamics are unaffected except during the 
controlled portion of the flight.  However, the flow field that results from the interaction between 
the gaseous jet and the external flow is complicated and can modify the overall effectiveness of 
the lateral control jet.   

Figure 2 shows a schematic representation of the flow field produced by a lateral control jet in 
supersonic flight.  The qualitative features of the jet-interaction flow field include regions of 
shock/boundary-layer interaction and flow separation that have an effect on the large regions of 
the flow field around the body.  The jet creates a blocking effect to the oncoming flow in the 
vicinity of the nozzle, producing boundary-layer separation and recirculation upstream of the jet.  
The separation region upstream of the jet sets up a wedge-shaped area, which has the effect of 
deflecting the flow laterally around the body so that a region of high pressure is felt under the 
projectile.  The details of the upstream interaction are important because it is along the upper part 
of this region that the separation shock forms.   

 

Figure 2.  Schematic of jet-interaction flow field. 
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Since the jet stream acts as an obstacle to the external flow, another shock wave originates 
directly upstream of the jet and above the separation region called the jet bow shock.  The jet-
bow shock moves outward from the body and bends backward as the jet flow is deflected by the 
external flow.  A strong turbulent wake results from the jet flow field interactions and extends 
over a significant portion of the projectile body.  Eventually, a recompression shock forms in the 
wake downstream of the jet.  The jet-bow shock also moves laterally around the jet, the effects of 
which are felt on the underbody of the projectile.  If there are tail fins present, the wake behind 
the jet can also interact with these control surfaces resulting in additional changes to the jet 
effectiveness. 

For the jet-interaction problem, the total force acting on the body can be separated into the 
following three components:  (1) the aerodynamic force on the external body in the absence of 
the jet, (2) the force produced by the jet thrust, and (3) the aerodynamic-interaction force 
produced by the jet with the external flow field.  In the current paper, all computations have been 
performed at 0° angle of attack and the transverse aerodynamic force on the external body is 0.  
The jet thrust results from a combination of the momentum flux through the jet nozzle and the 
integrated pressure at the jet exit and over the nozzle surface.  The third force component 
accounts for the force produced by the interaction of the jet with the external flow field. 

The relationship of these three force components to the total lateral force, F , can be described by 
the following equation, where Fno-jet is the force in the absence of the jet, Fj is the force produced 
at the jet exit, and Fji is the jet interaction force: 

 ( )jijjetno FFFF +−= − . (1) 

The negative sign associated with the two jet forces results because the jet nozzle is located on 
the upper surface of the body in the current study and produces a downward force when 
activated.  The jet-off force component typically produces an upward force for positive angles of 
attack.  Note that a positive value of Fji indicates that the interaction force produces an effect that 
augments the jet force Fj, while a negative value of Fji indicates a reduction in the total force 
produced by the jet.  The jet-interaction force accounts for the complete interaction produced by 
the jet with the external flow field and may vary with angle of attack and jet mass flow rate. 

The relative magnitudes of the jet force and the jet interaction force can be compared through a 
jet interaction force amplification factor, K, as shown in equation 2. 

 
j

jij

F
FF

K
+

= . (2) 

An amplification factor >1 indicates that the jet interaction force amplifies or increases the total 
force produced by the jet, while an amplification factor <1 indicates that the jet interaction force 
reduces the total force produced by the jet.  Similarly, a jet interaction moment amplification 
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factor can be defined where Mj and Mji are the moment produced by the jet thrust and the jet 
interaction moment, respectively (3). 
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jij
m M
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+
= . (3) 

For short-duration jets which effectively produce linear and angular impulses to the body rather 
than steady-state forces or moments, a jet interaction impulse amplification factor can be defined 
in a manner analogous to the force and moment amplification factors, I and Im.   
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In the current study, the CFD approach was applied to assess the aerodynamic performance of 
the lateral control jets on the testbed munition.  The jet thrust, jet-interaction force and moments, 
and jet-interaction amplification factors have been determined for the testbed munition.  Single 
and simultaneous dual-jet firings have been examined.  The role of fin orientation relative to the 
jet for these asymmetrical fins has also been considered.  Additionally, the effect of body-roll 
rate on the aerodynamic performance of the jets has been predicted.  Finally, both the steady-
state and short-duration time-dependent response of the lateral control jet have been assessed and 
compared. 

Comparisons of the global forces and moment produced by the jet interaction flow field were 
also made.  The validation has been conducted for axisymmetric bodies and bodies with strakes 
and tail fins.  A brief description of the computational approach applied this study is provided in 
the following section. 

2. Computational Approach 

The nonreacting compressible Newtonian viscous flow about a flight vehicle is governed by the 
equations of mass, momentum, and energy conservation—the Navier-Stokes equations.  For 
these computations, the complete set of three-dimensional, time-dependent, generalized-
geometry, Reynolds-averaged, thin-layer, Navier-Stokes equations for generalized coordinates 
ξ , η , and ζ  are used and can be written as follows (4): 
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where )t,z,y,x(ξξ = , )t,z,y,x(ηη = , and )t,z,y,x(ζζ =  are the longitudinal coordinate 
(direction along the body), the circumferential coordinate (direction around the body), and the 
nearly-normal coordinate (outward direction from the body surface), respectively. 

The inviscid-flux vectors, Ê , F̂ , and Ĝ , and the viscous term Ŝ  are functions of the dependent 
variable, J/)e,w,v,u,(q̂T ρρρρ= .  The source term, Ĥ , incorporates the effects of the 
centrifugal and Coriolis forces from the rotating-coordinate frame produced by rolling motion.  
The inviscid-flux vectors and the source term are shown below.  Details of the thin-layer viscous 
term are available in the literature. 
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The pressure, p, can be related to the dependent variables by applying the ideal gas law.   



 6

 ( )



 ++−−= 222 wvu

2
e)1(p ργ . (10) 

The form of the mass-averaged Navier-Stokes equations requires a model for the turbulent eddy 
viscosity.  There are numerous approaches for determining the turbulent viscosity.  The turbulent 
contributions are supplied through the algebraic two-layer eddy viscosity model developed by 
Baldwin and Lomax (5), which is patterned after the model of Cebeci (6). 

The Coriolis and centrifugal acceleration terms due to the rotating coordinate system which are 
contained in the source term, Ĥ , are shown in the following: 

 ( )Ru2f
rrrrrr

×Ω×Ω+×Ω= . (11) 

The Coriolis acceleration is a function of the angular velocity of the coordinate frame with 
respect to the inertial frame, Ω

r
, and the fluid velocity vector, ur , which can be represented by 

the velocity components, u, v, and w.  The centripetal acceleration is a function of the angular 
velocity of the rotating frame, Ω

r
, and the displacement vector, R

r
, between the axis of rotation 

and the particular location in the flow field.  The acceleration vector, f
r

, can be written in terms 
of its components along the x, y, and z axes, fx, fy, and fz.  The angular velocity of the rotating 
coordinate frame due to pure rolling motion is written as follows: 

 xi
rr

Ω=Ω . (12) 

For the case of rolling motion, the source term takes the following form: 

 [ ]5432
T H,H,H,H,0

J
1Ĥ = , (13) 

where 

 0H2 =  
 yw2H 2

3 Ω−Ω−= ρρ  

 zv2H 2
4 Ω−Ω= ρρ  

 ( )wzvyH 2
5 ρρ +Ω−= . (14) 

2.1 Numerical Technique 

The time-dependent Navier-Stokes equations are solved using a time-iterative solution technique 
to obtain the final steady-state converged solution.  The particular time-marching technique 
applied here is the implicit, partially flux-split, upwind numerical scheme developed by Ying et 
al. (7) and Sahu and Steger (8), and is based on the flux-splitting approach of Steger and 
Warming (9).  In its original form, the technique was referred to as the F3D technique.  This 
scheme utilizes central differencing in the normal and circumferential directions, η  and ζ , 
respectively, and flux splitting in the streamwise direction, ξ .  Rather than directly invert the 
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implicit equation, a two-factor implicit technique similar to that of Steger and Buning (10) is 
utilized.  The resulting factored implicit equation is shown as follows: 

 ( ) RHSq|DiJM̂
J
1

Re
1hiD̂hiĈhiÂhiI *

ib
n

b
n

b
n

b
nb

b =



 −−+++ +

ζζζξ δδδ , (15) 
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and 

 ( ) ( ) 
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e
nnnnnfnb

b q̂DŜ
Re
1ĤĜF̂ÊÊtiRHS δδδδδ ζηξξ , (17) 

where th ∆= .  Here, δ  is typically a three-point, second-order accurate central difference 
operator, δ  is a midpoint operator used with the viscous terms, and the operators f

ζδ  and b
ζδ  are 

the forward and backward, respectively, three-point difference operators.  The Jacobian matrices 
Â , B̂ , Ĉ , D̂ , and M̂  result from local linearization of the fluxes about the previous time level 

(11) (e.g., ( ) ( )2n1nnn1n tq̂q̂ÂÊÊ ∆Ο+−+= ++ , where 
q
ÊÂ
∂
∂

= ). 

The two-factor implicit algorithm involves two sweeps through the grid at each time step.  The 
first sweep involves inverting the block tridiagonal system of equations shown in equation 15 
along constant η  grid lines to determine the intermediate solution variable *q̂ .  During the 
second sweep, a second block tridiagonal system of equations (equation 16) is inverted along 
grid lines of constant ζ  to determine the dependent variable nq̂∆ .  The two-factor implicit 
algorithm reduces the computational requirements of the approach compared with the three-
factor, central-difference, implicit algorithm of Beam and Warming (11).  The algorithm 
contains additional numerical smoothing terms, ηiD , ζiD , and eD , to suppress numerical 

oscillations associated with the odd-even decoupling produced by the central differencing in the 
η  and ζ  directions (7). 

2.2 Chimera Composite Overset Structured Grids 

To more easily model the geometry and resolve the flow physics associated with the lateral jet 
problem, the Chimera composite overset grid technique has been applied.  The Chimera 
technique is a domain decomposition approach that allows the entire flow field to be meshed into 
a collection of independent grids, where each piece is gridded separately and overset into a 
background grid.  Overset grids are not required to join in any special way.  Usually there is a 
major grid that covers the main domain (the external flow field about the projectile), and minor 
grids are generated to resolve the rest of the body or sections of the body.  In current computations, 
a mixture of point-to-point zonal overlaps and Chimera overset gridding was utilized.  As shown 
in figure 3, five large grid blocks with point-to-point zonal overlaps between blocks were used  
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to form the background grid around the munition body.  Near the jet nozzle (figure 4) and on the 
fins (figures 5 and 6), Chimera overset grids were used to discretize the flow field near these 
geometric features. 

 
Figure 3.  Overview of grid on 2.75-in testbed munition. 

 

Figure 4.  Overset grid system near jet nozzle. 
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Figure 5.  Overset grid system on surface of fin hub. 

 

Figure 6.  Overset grid system near fin hub. 
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Figure 4 displays the computational mesh near the nozzle region, showing the background grid 
for the projectile body along with an overset grid to better capture the physics of the jet 
interaction with the external flow.  The overset jet grid is seen residing on top of the jet exit as a 
cylinder with a radius larger than the jet hole itself.  A third grid, used to model the jet nozzle, 
resides underneath the jet grid.  Point-to-point zonal overlaps are used for communication 
between the nozzle grid and the jet grid.  A hole has been cut into the background grid by the 
scheme, and background grid points within the hole region are excluded from the solution 
process.  The overset grid system used here for the jet region is very similar to that used in prior 
validation studies for the lateral control jet problem (2, 3). 

The computational model included the jet nozzle region downstream of the throat with the inflow 
plane located at the nozzle throat.  Sonic flow was across at the throat of the nozzle, with a total 
temperature of 2500 K and a total pressure of 950 atmospheres.  Subsequent calculations of the 
thrust produced at the nozzle exit (including contributions from the pressure at the nozzle throat, 
the momentum flux through the nozzle throat, and the pressure on the interior surface of the 
nozzle) indicated a jet-thrust impulse of 4.1 N-s over a duration of 6 ms.  This correlated well 
with the nominal design impulse of 4 N-s.  Because of the high jet total pressure relative to the 
external freestream pressure, the flow in the nozzle throat and the resulting jet thrust were 
essentially independent of the external flow conditions examined here. 

Figures 5 and 6 show portions of the computational mesh used on the fins.  Each fin was 
embedded in a box grid, with two additional nearbody grids used to discretize the flow field on 
the main fin surface and on the fin tip.  For the complete grid system, 11.5-million grid points 
were used with 7.1-million points on the fins.  In some cases, the mirror-plane symmetry of the 
flow field on the axisymmetric forebody was exploited to reduce the number of grid points by 
~20% for the supersonic flow results described.   

The thin-layer Navier-Stokes equations, shown previously in equations 15–17, have been 
modified for the Chimera scheme (12).  The single and overset grid versions of the algorithm are 
identical except for the variable ib, which accommodates the possibility of having arbitrary holes 
in the grid.  The array ib  has the values of either 0 (for hole points) or 1 (for conventional field 
points—a mesh point within the computational domain updated by the flow solver or boundary 
conditions).  Thus, points inside a hole are not updated (i.e., 0q̂ n =∆ ), and the solution values 
on intergrid boundary points are supplied via interpolation from corresponding solutions in the 
overlap region of neighboring grid systems (13). 

A complete simulation of a single steady-state lateral jet firing took ~750 CPU hours on an SGI 
Origin 3000.  The solutions were run in parallel using eight processors, and a parallel speed-up to 
5.4 was obtained. 
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3. Results 

The computational approach has been applied to investigate the performance of the lateral 
control jet on the testbed munition shown in figure 1 at a flight speed of Mach 2.  All predictions 
were made at 0° angle of attack for ambient sea-level flight conditions.  During the course of the 
testbed munition design process, various axial locations for the jet thrusters were proposed, 
including in-line tandem jets.  Table 1 presents the jet axial locations for the two configurations 
examined here.  Configuration 1 is a tandem jet configuration, with the jets located in the same 
circumferential plane as shown in figure 1.  Configuration 2 is a single jet configuration.  
Analyses have been performed to assess both the steady-state performance of the lateral jet and 
the time-dependent evolution of the pulsed jet.  Steady-state jet-on simulations are discussed first 
and provide a basis for examining the time-dependent pulsed jet results presented later. 

Table 1.  Axial locations of jet nozzles. 

Axial location of Jet Nozzle From Nose 
(Calibers) 

Configuration Forward Jet Rear Jet 
1 5.817 6.461 
2 6.066 NA 

Note:  NA = not applicable. 
 
As a baseline for comparisons, computations were first performed for a single jet firing of the 
forward-most jet of configuration 1.  Fluid dynamic modeling of the cavity flow associated with 
the inactive rear jet is incorporated in the simulation.  Figure 7 shows the pressure contours on 
the body surface and in a vertical plane containing the jet.  The most apparent effect of the jet on 
the pressure field is in the vicinity of the jet itself.  A close-up of the jet region is shown in  
figure 8.  The high-pressure region in front of the jet and the low-pressure region behind the jet 
are readily apparent.  Jet effects further downstream of the jet are less apparent in the pressure 
field, but the small asymmetries produced by the jet on the flow field downstream of the jet 
produce important aerodynamic effects that are apparent in the force’s distribution.   

Figure 9 shows the jet interaction force distribution along the body.  In the immediate vicinity of 
the jet (X/D = 5.8), there is a significant increase in the force distribution due to the high pressure 
near the jet nozzle produced by the flow field immediately behind the jet bow shock.  Behind the 
jet, the force drops rapidly due to the combined effect of the low-pressure region behind the jet 
and the high-pressure region produced by the jet bow shock as it wraps around the body.  Some 
recovery of the force is produced by the recompression downstream of the low-pressure region 
behind the jet.  From the cylindrical portion of the body to the aft of the recompression, the jet 
interaction force shows relatively little variation.  The interaction of the jet wake with the tail 
fins produces an additional reduction in the jet interaction force that is approximately the same 
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Figure 7.  Pressure contours on 2.75-in rocket testbed, single jet. 

 

 

Figure 8.  Pressure contours on 2.75-in rocket testbed, single jet, close-up of jet region. 

 
magnitude as the jet interaction force on the cylindrical portion of the body.  The net jet 
interaction force for the complete body is negative, indicating that the jet interaction opposes the 
thrust produced by the jet.
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Figure 9.  Jet interaction force distribution along length of body, single nozzle. 

The jet interaction force generated by the tailfins appears, from flow-visualization studies, to be 
due to a small local angle of attack produced by the jet wake.  This local angle of attack is 
oriented such that a lift force is produced on the fins that oppose the jet thrust.  The local angle of 
attack varies as a result of a velocity gradient across the wake.  

As discussed previously, the jet interaction amplification factor provides a means of assessing 
the size of the jet interaction force relative to the force produced by the jet thrust itself.  For the 
single nozzle case, a jet amplification factor of K = 0.79 was computed, indicating that the 
effective thrust produced by the jet is reduced by 21% due to the jet interaction effect. 

Although these lateral control jets produce control forces, the moment can be an important 
contributor for altering the trajectory due to the aerodynamic jump produced by the resulting 
angular rate (14).  As previously shown, the jet interaction force has two important 
contributors—on the body near the jet and on the fin hub.  Each of these reduce the effective jet 
force.  However, when the moment is considered, both the direction of the applied force and the 
location of the applied force relative to the center of gravity are important.  In this case, the 
contribution to the jet interaction moment on the body near the jet opposes the moment produced 
by the jet while the contribution to the jet interaction moment from the fin hub provides a 
moment component that augments to the moment produced by the jet thrust.  The jet interaction 
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moment produced by the fin hub is more significant than that from the body because of the large 
moment arm between the center of gravity and the fin hub.  The amplification factor for the 
moment of Km = 1.18 was computed for this case, indicating that the moment is increased by 
18% compared with the moment produced by the jet thrust itself.   

The predicted results demonstrate that the interaction of the jet wake with the tailfins plays an 
important role in the overall effectiveness of the jet, despite the large distance between the fins 
and the jet nozzle.  As discussed previously, the jet wake produces an asymmetrical velocity 
gradient across the flow field near the fin hub.  It is therefore likely that the orientation of the fins 
relative to the jet may be an important variable in the overall performance of the jet.   

In the current study, two tailfin orientations have been considered, as shown in figure 10.  In 
orientation 1, the center of the jet wake passes between two adjacent fins.  In orientation 2, the 
fins are rotated 60° with respect to orientation 1 so that one of the fins is close to the center of the 
jet wake.  The results shown previously in figures 7–9 correspond to fin orientation 1. 

Orientation 1 Orientation 2
 

Figure 10.  Schematic showing orientation of jet nozzle relative to the fins.  

Figure 11 shows a comparison of the jet interaction force distribution along the body for both fin 
orientations.  In front of the fins, the jet interaction force is unaffected by the fin orientation.  
However, on the fin hub, the jet interaction force is significantly different for the two fin 
orientations, with a significant reduction in the jet interaction force for the second fin orientation.  
Jet interaction force and moment amplification factors of K = 0.87 and Km = 0.91 were computed 
for fin orientation 2.  While the differences in the net jet forces between the two fin orientations 



 15

-0.2

-0.15

-0.1

-0.05

0

0.05

0.1

0.15

0 5 10 15 20 25 30
X/D

 ji
NC

Orientation 1

Orientation 2

 

Figure 11.  Comparison of jet interaction force distribution along length of body, single nozzle, fin orientations 1 
and 2. 

is 10%, there is nearly a 30% difference in the net moment with amplification of the moment for 
orientation 1 and deamplification for orientation 2. 

For some of the firings, it was envisioned that two lateral control jets would be firing in tandem 
to increase the net control force.  The predictive technique was applied to determine the 
effectiveness of this configuration.  Figures 12 and 13 show the predicted pressure contours 
produced by the simultaneous firing of the two lateral control jets.  The fins are oriented in 
orientation 1 for these computations.  Although the presence of the second jet is apparent in the 
plots of the pressure contours, the forward-located jet appears to produce the strongest effect in 
interacting and redirecting the oncoming flow. 

Figure 14 shows a comparison of the distribution of the jet interaction force along the body for 
both the single and dual jet configurations.  The rearward-located jet appears to have little 
influence on the force distribution in the vicinity of the forward-most jet.  However, the effect of 
the second jet is much stronger in the low-pressure region behind the jets producing a larger jet 
interaction force that opposes the jet thrust.  The effect of the wake on the tail fins is also 
stronger for the dual jet configuration producing an additional force deamplification.  The net 
effect of dual jet firings is to produce approximately twice the net force of the single jet.  Jet 
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Figure 12.  Pressure contours on 2.75-in rocket testbed, dual jet. 

 

 

Figure 13.  Pressure contours on 2.75-in rocket testbed, dual jet, close-up of jet region. 

 
interaction force and moment amplification factors of K = 0.82 and Km = 1.17 were computed 
for this configuration, which are very similar to the results obtained for the single nozzle results 
for fin orientation 1.  Although the dual jet firings produce approximately twice the net force and 
moment of a single jet, these results indicate that there is no significant benefit or disadvantage 
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Figure 14.  Comparison of jet interaction force distribution along length of body, single and dual nozzles. 

of simultaneous firings of the dual lateral control jet compared with sequential firings of the 
same jets as far as the resulting control force and moment. 

Typically, the 2.75-in rocket testbed flies with a small roll rate due to the geometric and 
aerodynamic asymmetries of the fins.  Trajectory simulations indicate that the expected roll rate 
is ~ –20 rev/s (counterclockwise rotation of 20 rev/s when viewing the flight body looking 
downrange) for the testbed munition at Mach 2.  Predictions of the effect of roll rate on the 
lateral control jet performance were made using the computational procedure.  Figure 15 shows a 
comparison of the distribution of the jet interaction normal force along the body for 0, –20, and  
–215 rev/s.  Compared to the zero-roll rate results, there is almost no effect of roll rate on the 
lateral jet performance at –20 rev/s.  This is not too surprising because the fins rotate only about 
15° in the time it takes for a fluid particle to travel the distance from the jet to the fin hub.  
However, roll rate effects can become more significant if the roll rate is increased.  Figure 15 
also shows the jet interaction normal force distribution for a roll rate of –215 rev/s, which is an 
order of magnitude higher than the expected roll rate.  Most of the difference occurs several 
calibers downstream of the jet and on the fins.  In particular, the jet interaction force near the 
recompression region behind the jet shows a somewhat-larger deamplification compared with the 
lower spin rates.  In part, this is due to the fact that the recompression region has rotated around 
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Figure 15.  Effect of roll rate on jet interaction force distribution along length of body, configuration 2. 

the body and acts on the side of the body rather than on the top.  This rotation of the flow field as 
it interacts on the fins also produces an amplification of the jet interaction normal force on the 
fins instead of the deamplification observed for the 0 and –20 rev/s spin rates. 

The rotation of the jet interaction flow field due to the spin can be seen in the surface pressure 
profiles shown in figure 16.  At the –20 rev/s spin rate, the flow field is nearly symmetric.  As 
the spin rate increases to –215 rev/s, the asymmetries behind the jet produced by the spin rate 
become more apparent.   

The asymmetries in the surface pressure on the axisymmetric part of the body produce a side 
force as shown in figure 17.  Due to symmetry, the side force on axisymmetric part of the body 
at zero spin rate is nonexistent, although a small side force is produced on the fins due to the 
asymmetric arrangement of the wraparound fins.  A small side force is produced as the spin rate 
is increased to –20 rev/s.  However, this side force is quite small compared with the zero-spin jet 
interaction normal force also displayed on this figure.  For the larger spin rate of –215 rev/s, the 
side force produced by the jet interaction becomes much larger and has nearly the same 
magnitude as the jet interaction normal force for this spin rate.  The additional side force 
produced by the jet interaction results in a misalignment of the total force produced by the jet.  
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Roll Rate = –215 RPS 

 
Roll Rate = –20 RPS 

Figure 16.  Pressure contours near jet, –20 and –215 rps roll rates, configuration 2. 

 
 

 

Figure 17.  Comparison of jet interaction normal and side force distributions along length of body, –20 and –215 rps 
roll rates, configuration 2.
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Based on the computed jet interaction side and normal forces and the jet thrust, this 
misalignment is ~5° for the –215 rev/s spin rate. 

As noted previously, for the current application, the lateral control jet is pulsed over a short 
duration (6 ms).  To properly assess the performance of the pulsed jet, time-dependent 
computations were executed to quantify the time-dependent response of the jet using 
configuration 2.  Steady-state jet-on computations were also performed for configuration 2 as a 
baseline for comparison, although only slight differences where found between configuration 2 
and the single-jet configuration 1 results presented previously.  Figures 18 and 19 show the 
pressure contours during the jet-on and jet-off transients.  During the jet-on transients, the 
disturbance produced by the jet effects the flow field nearest the jet first and gradually sweeps 
down the body to the tailfins.  During the jet-off transients, again the flow field nearest the jet is 
effected first and the disturbances are gradually convected downstream to the tailfins as the flow 
field returns to the jet-off steady state.   

Figure 20 shows the jet thrust, the jet interaction force, and total force coefficients as a function 
of time.  The results show that after ~2.5 ms, a steady-state jet-on flow field was obtained.  This 
was ascertained by monitoring the jet interaction force distribution along the body until steady-
state was reached.  The results were also compared with the steady-state results discussed 
previously.  It should be noted that 2.5 ms is approximately the same time required for a fluid 
particle in the undisturbed freestream to travel the length of the body.  After 6 ms, the jet is 
turned off and an additional 2.5 ms are required for the flow field to return to the steady-state jet-
off flow.  For ~1.5 ms after the jet is turned on or turned off, the variation in the jet interaction 
force is predominately on the axisymmetric part of the body and the forces on the fins are 
relatively unaffected because the disturbances from the jet have not reached the fins.  The 
transients 1.5 ms after the jet is turned on or off are for the most part due to transients on the fins, 
although some transients on the body are still apparent as steady flow is established on the entire 
body. 

Jet interaction linear and angular impulse amplification factors of I = 0.72 and Im = 1.21 were 
computed for the time-dependent pulsed jets.  These compare favorably with the jet interaction 
force and moment amplification factors for the steady-state jet for the same configuration.  
Essentially, the linear and angular impulses produced by the time-dependent pulsed jet are 
similar to the impulse that would be produced if the steady-state jet force and moment were to be 
applied over the 6-ms duration of the pulsed jet.  Because the jet interaction force takes some 
time to develop when the jet is turned on and off, the linear impulse due to the pulsed jet occurs 
slightly earlier than if the jet force acted as a square-wave pulse over the 6-ms duration of the jet 
pulse.
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(a) 0.1 ms 

 
(b) 0.25 ms 

 
(c) 0.5 ms 

Figure 18.  Time-dependent pressure contours during jet-on transient. 
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(d) 1.0 ms 

 
(e) 1.5 ms 

 
(f) 2.5 ms 

Figure 18.  Time-dependent pressure contours during jet-on transient (continued). 
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(a) 6.0 ms 

 
(b) 6.1 ms 

 
(c) 6.25 ms 

Figure 19.  Time-dependent pressure contours during jet-off transient.  
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(d) 6.5 ms 

 
(e) 7.0 ms 

 
(f) 10.0 ms 

Figure 19.  Time-dependent pressure contours during jet-off transient (continued).
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Figure 20.  Variation of jet thrust, jet interaction force, and total force as a function of time, single nozzle. 

 

4. Summary 

The aerodynamic performance of lateral control jets for a testbed munition has been investigated 
using a sophisticated numerical technique.  Using the numerical approach, the interaction of the 
jet with the external flow around the munition has been captured and its effect on the lateral 
control jet performance has been assessed.  Important design variables such as single and tandem 
jet geometries, tail fin orientation relative to the jet, and munition spin rate have been 
investigated.  Both steady-state and time-dependent pulsed jet performances have been predicted 
using the computational approach. 

The forces and moments produced by the interaction of the jet with the external flow over the 
body were significant contributors to the total force and moment produced by the lateral control 
jets.  Thus, benchtop characterization of the jet thrust yielded only a portion of the total force 
produced by the jet.  The most significant jet interaction forces and moments were created on 
two distinct parts of the body.  Near the jet, the high pressure around the jet orifice and the low 
pressure in the wake jet behind the jet interacted to produce competing forces that for the flow 
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conditions presented here produced a net deamplification or reduction of the thrust produced by 
the jet.  Significant forces and moments were also produced by the interaction of the jet wake 
with the tail fins of the testbed munition.  The relative magnitude of the forces and moments on 
the tail fins was found to be dependent on factors such on the geometric orientation of the fins 
relative to the jet and projectile spin rate.  In some cases, amplification of the jet moment was 
observed even when force deamplification occurred, due to the interaction of the wake with the 
rear mounted tail fins. 

The fin orientation relative to the jet was also found to be an important parameter in the 
performance of the lateral control jets.  When one of the fins was aligned in the same 
circumferential plane as the jet, deamplification of jet force and moment was observed.  
However, when the fins were oriented such that the circumferential plane containing the jet was 
located between adjacent fins, a net amplification of the jet moment was observed, increasing 
nearly 30% compared with the other fin orientation. 

The effect of spin on the performance of the lateral control jets was also investigated.  For the 
expected range of spin rates for the testbed munition, the predictions showed that spin rate had 
very little effect on the performance of the lateral control jets.  However, if the spin rate was 
increased to an order of magnitude, the performance of the lateral control jet showed a much 
larger dependence on the spin rate including a misalignment of the net thrust relative to the jet 
nozzle. 

A tandem jet arrangement was also investigated as a means of increasing the control authority by 
firing multiple jets simultaneously.  The results showed a doubling of net force produced by 
tandem jet firings.  While doubling of the jet thrust was expected, the results showed that the jet 
interaction force also doubled, resulting in nearly identical jet force amplification factors for the 
tandem jet arrangement compared with the single jet configuration.  The implication here was 
that no synergistic effect was observed for the tandem jet firings, and virtually the same net jet 
force could be obtained by sequential firings of the individual jets. 

Time-dependent computations were also performed to assess the performance of the pulsed jets.  
The predictions showed that steady-state flow fields were obtained for about half of the 6 ms 
duration of the jet pulse.  During the transient phases of start up and shut down of the jets, the 
transient effects were observed first near the nozzle and lastly on the tail fins on the aft of the 
body.  The jet interaction linear and angular impulse factors for the pulsed jets were very similar 
to the jet interaction amplification factors for the steady-state jets.  Thus, the steady-state jet 
results could be used to provide meaningful assessments of the performance of the pulsed jets. 
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List of Abbreviations and Symbols 

NC   Normal force coefficient,  
ref

2SV
2
1

F

ρ
 

jiNC   Jet interaction normal force coefficient 

jiYC   Jet interaction side force coefficient 

D   Reference diameter 

e   Total energy per unit volume 

Ĝ,F̂,Ê  Flux vectors in transformed coordinates 

f
r

  Acceleration vector due to rotating frame 

zyx f,f,f  Component of acceleration vector f
r

 in the x , y, and z directions 

F   Force 

jF   Jet thrust 

jiF   Jet interaction force 

jetnoF −   Jet-off force 

Ĥ   Source term in Navier-Stokes equations due to rotating coordinate frame  

xi   Unit vector along body longitudinal axis 

I  Jet interaction linear impulse amplification factor 

mI   Jet interaction angular impulse amplification factor 

J   Jacobian 

K  Jet interaction force amplification factor 

mK   Jet interaction moment amplification factor 

jM   Moment due to jet thrust 

jiM   Jet interaction moment 
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p   Pressure, as used in Navier-Stokes equations 

q̂   Vector of dependent variables scaled by Jacobian 

R
r

  Displacement vector between the axis of rotation and location in flow field 

Re   Reynolds number, ∞∞∞ µρ /Da  

Ŝ   Viscous flux vector 

refS   Reference area, 
4
DS

2

ref
π

=  

t  Time 

w,v,u   Velocity components in the three coordinate directions 

W,V,U  Contravariant velocity components 

V  Reference velocity 

z,y,x   Axial, horizontal, and vertical coordinates 

X   Dimensional axial coordinate 

 
Greek Symbols 

γ   Ratio of specific heats 

µ   Viscosity 

ρ   Density 

Ω   Roll rate of body/coordinate system 

ζηξ ,,   Transformed coordinates in Navier-Stokes equations 
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