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ABSTRACT

Steady-state and time-accurate solutions of the Navier-Stokes equations have been
obtained for the axisymmetric staging separation of a generic missile interceptor vehicle from
its booster vehicle at a Mach number of 7.91. The vehicles are separated by a forward firing
rocket motor located in the forward part of the booster vehicle. Hot and cold calorically perfect
gas models of the separation motor exhaust jet were used for each case executed. Recommen-
dations have been made to enhance the design process by integrating computational fiuid dy-
namics results with wind tunnel testing for similar configurations. The dynamic effects were
predicted to be large for the cases of gap/D < 0.1, and during separation motor startup. There-
fore, wind tunnel testing in this region should not be solely relied upon to determine separation
trajectories. Time-accurate CFD is a valuable tool for this phase of the separation maneuver
and should be used to complement wind tunne! testing. It was also found that the separation
rocket motor jet need not be modeled as a hot gas if gross vehicle forces are the only concemn
when the booster and interceptor have been separated with a gap/D greater than 0.1. If tem-
perature sensitive instrumentation or control systems are being evaluated, hot jet modeling is
required because large areas of flow separation occur on the interceptor vehicle which entrain

hot gasses. Sensors in these locations could be affected.




TABLE OF CONTENTS

1 INTRODUCTION 1
1.1 Background..........cceeeercrunnrcnncrcnnncsnncssansanns .1
1.2 Objective of Study and Approach................ 3

2 EXPERIMENTAL TECHNIQUE 4

3 COMPUTATIONAL TECHNIQUE 6
3.1 Steady-State Baseline Technique ..........cccereenirsemcrcnrenssnneecscassens 7

3.1.1 Construction of the Computational Mesh System ................. 7
3.1.2 Steady-State Solution.........cccceevceerireeecieieeceecree e 8
3.2 Dynamic Staging Technique...........cceeeuenneee 9
3.2.1 Initial Condition Generation ...........ccccceevevereriecreesinresvenssenns 9
3.2.2 Time-Accurate Trajectory Prediction Process ..................... 11
3.2.2.1 FIOW SOMON .....cueerircvrrrrcernceieniensnnesneresssssesesssnensssssesasssssasanssses 11

3.2.2.2 Force and Moment Integration..............ccceeeveeveeeeerreesneressnreresnessenenne 12

3.2.2.3 Six-Degree-of-Freedom Integration ...........cccceeeeeeeveeerererverersennnesnsnnne 12

3.2.2.4 Mesh Movement / COMMUNICAtIONS.........c.cecereeerernrsnrsessessssnnsnnrnens 12

4 RESULTS AND ANALYSIS 14
4.1 Computational Mesh System...........cccceeerecerrnneresnesnmrenssnsssaseses 14
4.2 Steady-State Baseline Results .......... 20
4.3 Time-Accurate Trajectory Prediction Solutions........cccceeeeurene. 33

4.3.1 Initial Condition SOIUtION .........ccccoveiveveeeneicicrcreeeceeee e 34
4.3.2 Trajectory Predictions..........cccvvrienmnecnnecnnnecnnneeneesssneseenns 37

5 CONCLUSIONS AND RECOMMENDATIONS 48

BIBLIOGRAPHY 50

VITA 53




LIST OF TABLES

Computational Mesh Names and DIMENSIONS ........cccecevreevervrverereressesssesonessneoses 20
Free-stream Conditions for Steady-state Solutions...........cccccvvvvrecrrerenereerreeeens 21
Chamber Conditions for Separation Rocket MOtOr..........cccccvvecrrrenrrmnseecssaeneanees 21
Steady-State Axial-Force CoeffiCients.......cccccvvcveeeenrrnniresnernesrsessseessnsessnseseens 21
Steady-State Separation Rocket Motor Mass FIUX .........cccccccereeecserceeseecacsnennnens 33
Initial Condition Axial-Force COeffiCients........c.cvreererrceracseerncsisecnesnreneneenererinsnes 34

vi




10.
11.
12.
13.
14.
15.
16.
17.

18.

19.

LIST OF FIGURES

Typical Wind Tunnel Test HArdWAre ............cceeveereevecreenceensnenssnenesssssessessessessenses 2
Computational Process FIOW Chart...........ccecrueeeerereeresriieesesessesesessescseessesesseens 10
Test ArtiCle GEOMELIY........ccovvreerireerirennrenteseneeserarsssssessssessesesessasssessessessassssans 15
Computational Mesh SYSIEmM ........ceceeeerrererenrrnsenenreseeressiscessenssesessesessesesnens 18
Steady-State Axial-Force Coefficient versus Gap/D.........ccccoeeevvereeeereserersencsenens 23
Mach Number and Normalized Temperature Distribution for

Static Case Gap/D = 0.0075 (hot jet and cold jet) .........cecevvereeeerrvereenseensnecssnens 24
Mach Number and Normalized Temperature Distribution for

Static Case Gap/D = 0.0170 (hot jet and Cold Jet) ........ccvererrererrcrreeeereerencenennsens 26
Mach Number and Normalized Temperature Distribution for

Static Case Gap/D = 0.2500 (hot jet and COId jEt) ........ccevreereereureeereeeereereseeseennes 28
Mach Number and Normalized Temperature Distribution for

Static Case Gap/D = 0.5000 (hot jet and cold jet) ........ceeueeeeeeereerreeeeerereersararenes 30
Interceptor Vehicle Bow ShoCk LOCAEON.........cccveevuereereeerireererssenesesenesesesssssenss 35
Interceptor Vehicle Surface Normalized Pressure Distribution...............oe.u....... 35
Axial-Force Coefficient versus Time..........c.ccerererrereecerennernsnsiesesesessssssesesssanes 38
Axial Translation Acceleration Versus TiMe..............ceeeveeseiecressereeeersnsesesserssens 38
Axial Translation Velocity versus TiMe.........cccouueeeieiceeeeneeeensereressesssesssessssssenes 39
Axial Translation Distance versus TiMe. ........cccvvueeeeereeenesenseecserescsesssssesssssasnens 39
Axial-Force Coefficient versus Gap/D. .........cceeeeeeeeeenceeseeereeeseesessessssssssssessssses 41
Gap/D versus Time for Hot Jet and Cold Jet Time-Accurate Simulations.......... 41

Axial-Force Coefficient versus Gap/D for Steady-State and
Time-Accurate SIMUIALIONS. ........ccceviiiirereesiisteisesisseeseeesesesssssssesesssssssssssessses 43

Time-Accurate Staging Results (animation frames) (continued)......................... 44

vii



Subscripts:

(s
(kv
(h
()-
(4
()2

NOMENCLATURE

Reference area

Speed of sound

Axial-force coefficient, C, = (axial force) / (qA;ef)

Base diameter of interceptor vehicle and booster

Axial distance between interceptor vehicle and booster
Non-dimensional separation motor mass flux, m =(mass flux) / (p...C..)

“Mach number

Pressure

Dynamic pressure

Perfect gas constant

Reynolds number based on booster diameter
Time (seconds)

Temperature

Translational velocity

Translational acceleration

Axial translation (+ = downstream)
Distance off the body centerline
Dimensionless boundary layer distance
Change in time

Change in x

Ratio of specific heats (1.4)

Density

Value for booster vehicle

Value for interceptor vehicle
Stagnation condition
Free-stream condition
Condition upstream of shock
Condition downstream of shock

viii




Chapter 1

INTRODUCTION

1.1 Background

The accurate simulation of a missile staging event is of great concern to the designer
of any multiple stage missile system which requires a staging maneuver. In the past, most ap-
proaches have been of the experimental “cut and try” method. There are few public or non pro-
prietary sources that a designer can rely upon to obtain accurate information about the staging
process, and the flow phenomena associated with a missile staging maneuver. The Arold En-
gineering Development Center's (AEDC) Von Karman Facility (VKF) has been a leading pro-
ducer of data and knowiledge for the case of hypersonic missile staging events. The techniques
used at the VKF facility have yielded acceptable results, but do have several limitations. The
main limitation is the inability to perform time-dependent testing. A second limitation of the wind
tunnel test technique is the lack of real gas effects when simulating the separation rocket motor.
The present work is intended to investigate the problems that these limitations impose on the
experimental methodologies and to determine the impact of the restrictions of the techniques
used in the VKF facility on test data.

The case being investigated is the staging event of a generic interceptor/booster mis-
sile at Mach 8 (7.91) flight. The interceptor is separated from the booster by means of a forward
firing separation rocket motor installed in the forward part of the booster vehicle.

The wind tunnel test hardware that would simulate the staging event consists of a strut
mounted interceptor vehicle and a sting mounted booster vehicle (see Figure 1). The sting has

a flow-through balance through which cold high-pressure air is injected and blown through a
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forward facing nozzle in the booster vehicle. Due to speed limitations of the model support hard-
ware, all separation testing is done in static conditions, i.e. the booster vehicle is placed in a
pre-determined position relative to the interceptor vehicle and the steady-state data are collect-
ed. The models are then repositioned electromechanically and the next data point is obtained.

More detail of the wind tunnel test technique will be given in Chapter 2.

1.2 Objective of Study and Approach

There are two concems with the static experimental technique for simulating a missile
staging event: 1.) Since a staging event is a dynamic event, are there any problems associated
with using steady-state data to analyze the unsteady event? 2.) Is it valid to use a cold jet to
model the separation rocket motor exhaust jet? These two questions will be addressed in the
present work.

A series of Computational Fluid Dynarhics (CFD) solutions have been executed to help
analyze the flow phenomena that are occurring in this type of stage separation event. The com-
putational simulations are divided into two parts: 1.) Steady-state computations to closely mod-
el the wind tunnel technique. 2.) Time-accurate staging simulations to be compared to the
steady-state computations to determine dynamic effects encountered during the staging ma-
neuver. In all cases the separation rocket jet has been modeled two ways: 1.) A calorically per-
fect cold gas which closely simulates the conditions found in the wind tunnel technique. 2.) A
calorically perfect hot gas which will can be compared to the cold gas computations to deter-
mine jet temperature effects on the staging maneuver.

The general approach of the computational experiments will be discussed in Chapter
3 and the results and analysis of the actual computational experiments are presented in Chap-
ter 4. Conclusions and recommendations determined from these experiments are discussed in

Chapter 5.



Chapter 2

EXPERIMENTAL TECHNIQUE

The experimental technique normally used in the VKF facility for this type of staging
simulation makes use of the VKF Captive Trajectory System (CTS), operated in the grid mode.
The CTS system is a model positioning system which is computer controlled to both position
the models and perform the data acquisition, as required. The main advantage of this system
is that it allows many different relative positions of the models to be tested without having to
stop the wind tunnel operation and have personnel manually position the models. The grid
mode refers to the mode of operation of the CTS system. In the grid mode, the CTS is used to
position the models in a pre-determined set of spatial locations. The wind tunnel test technique
is described in Reference 1 and can be summarized as follows:

The desired spatial locations of the model components are loaded into the CTS com-
puter as a matrix of desired grid points; the computer then controls the static positioning of the
wind tunnel model components and automatically records all the data inputs, such as wind tun-
nel flow conditions and model aerodynamic loads, at each spatial location or “grid point.” The
aerodynamic forces and moments on the CTS model (booster), including aerodynamic interfer-
ence of an adjacent parent model (interceptor vehicle), are measured as a function of the rela-
tive position and orientation of the two models. This type of organized aerodynamic data, when
properly processed, may be employed for body trajectory computation via any suitable trajec-
tory program [1].

It should be emphasized that this process is a steady-state technique and thus time-

varying or dynamic effects are not measured. The wind tunnel technique simply measures



steady-state loads with the vehicles in various relative positions. A major disadvantage of the
wind tunnel technique is that no separation motor start-up effects can be simulated. The VKF
high pressure air system is used to supply cold high pressure air through a special flow-through
balance system and into the separation motor nozzle pienum chamber. The use of cold air (T,
- 350°R) in the wind tunnel technique is a concemn when the real separation rocket exhaust has
stagnation temperatures greater than 1700°R. Also, the uncertainties in the measured model
position of 0.20 inches (full scale) [1] are relatively large when placement of the vehicles within

0.10 inches (full scale) has been found to be critical.



Chapter 3

COMPUTATIONAL TECHNIQUE

There are two computational techniques that are used in this work. The first is a com-
putational simulation of the steady-state experimental technique described in Chapter 2. The
second technique determines the separation trajectory using time-accurate CFD to determine
flow about the bodies and a six-degree-of-freedom integrator to determine the body position.
Upon analyzing and comparing the results from these two techniques, the dynamic effects dur-
ing separation will become apparent, and it will then be possible to determine if the experimen-
tal steady-state technique is valid for this type of missile staging maneuver.

For both of these techniques, the temperature of the separation motor will be modeled
in two ways. The first is as a cold jet of perfect gas to simulate the experimental technique, and
the second is as a hot jet of perfect gas to more closely model the effects of separation motor
exhaust gas temperature on the separation maneuver. Comparing hot jet and cold jet simula-
tions will help to determine if the experimental technique results are jeopardized by the cold jet
assumption.

For all of the cases discussed the same assumptions apply. The separation rocket jet
is modeled as a perfect gas with a ratio of specific heats equal to 1.4. No attempt was made to
model combustion products or chemical reactions for the jet or the bulk flow around the vehi-
cles. The vehicles are modeled as axisymmetric rigid geometries and thus only axial displace-
ment is allowed during the trajectory simulation. The wall boundary conditions assumed are

those due to laminar, adiabatic boundary layers.



3.1 Steady-State Baseline Technique

The intent of the steady-state baseline technique is to numerically simulate or predict
the experimental results that occur in the VKF CTS tests. The baseline technique is a steady-
state solution of the flow field with the bodies in static positions and with the separation motor
flow fully developed. The results from these static solutions will be compared to the dynamic
solutions to determine the dynamic effects encountered during a staging simulation.

There are two major steps to obtaining the baseline solutions. The first is the construc-
tion of a multi-mesh computational mesh system, with intermesh communications. The second

is the execution and analysis of the flow solutions.

3.1.1 Construction of the Computational Mesh System

An important consideration during the mesh generation process is the need to use the
same meshes for both the baseline and staging simulations. If the same meshes are used in
both simulations then any differences found during analysis will not be the result of the compu-
tational meshes used. There are several types of mesh systems that could be used for a mov-
ing-body time-accurate CFD solution, unstructured, blocked, and overset. The requirement for
viscous modeling all but rules out the use of an unstructured mesh system at this time. There
are two choices available for structured meshes; blocked or overset. There has been some pri-
or work [2] done with blocked meshes but it is felt that this approach is not general enough for
full 3-D motion which is a future direction of this work. The chimera system [3-7]) is used in the
present study because mesh generation is relatively simple and regeneration of the meshes is
not necessary to perform the rigid body movement.

The basic chimera overset-mesh procedure allows for the generation of a system of rel-
atively simple, overlapping meshes, each describing a subdomain of a complex aerodynamic
configuration. Interpolation coefficients determine boundary conditions at overlap boundaries

7




for each mesh from the interiors of neighboring meshes. Body movement is performed by trans-
lating and rotating the meshes that define the body geometry and updating the interpolation co-
efficients. This method has been used with success on several time-dependent store
separation cases [8,9)].

The PEGSUS code [10] is used in this study to determine the interpolation coefficients
that allow communication of flow information between the subdomains. The code performs two
functions. The first function is the removal of points from other subdomains that lie within the
solid surface of the geometry being considered. This first step is called hole creation. The sec-
ond function is the generation of trilinear interpolation coefficients to provide information to
boundary points. The boundaries that require this information include overlapping computation-

al surfaces and boundaries that are created during the hole creation process.

3.1.2 Steady-State Solution

The flow solver used in this study is the AEDC developed XAIR which is a chimera im-
plementation of a three-dimensional implicit algorithm used to approximate the solution of the
Navier-Stokes equations for a calorically perfect gas [5,7]. The implicit, approximate-factoriza-
tion scheme employed was developed and first applied to flow problems by Beam and Warming
[11]). The coded form of the scheme is a vectorized enhancement of the version developed by
Steger and Pulliam [12]. The chimera overset implementation was developed by Steger,
Benek, Dougherty, and Buning [4,6,7]. The second- and fourth-order implicit and explicit
smoothers of Benek, et al [13] were used to suppress oscillations and improve stability of the
central-difference algorithm. The algorithm is second-order accurate in space and first-order

accurate in time. Boundary conditions are set explicitly.



All of the solutions for the steady-state baseline technique modeled the rocket motor
flow as well as the flow over the vehicles. To obtain a steady-state solution, the flow solver is

executed until the force and moment coefficients are converged to four significant digits.

3.2 Dynamic Staging Technique

There are three main steps to the present CFD dynamic staging technique: construc-
tion of the CFD mesh system, calculation of the steady-state initial condition solution, and the
prediction of the trajectory. The mesh construction process has been described in Section
3.1.1. Described below and illustrated in flow chart form in Figure 2 is the initial condition and

time-accurate trajectory prediction process.

3.2.1 Initial Condition Generation

This solution is executed as described in Section 3.1.2 for the static solutions with the
exception that the separation rocket motor is not operating. To observe the effects caused by
motor startup the initial condition must be obtained with the separation rocket motor off. Be-
cause there is almost no flow in the interstitial region the flow-field becomes incompressible (i.e.
density does not change wit-h time). When the Mach number approaches zero, the compress-
ible forms of the Navier-Stokes equations become stiff because the eigenvalues are widely sep-
arated. This stiffness slows the convergence of the solution tremendously. To overcome this
problem the flow solver is executed until the outer flow-field surrounding the model has con-
verged. Then the interstitial region is filled with flow values taken from just upstream of the gap
on the wall of the interceptor vehicle. This ensures that the flow values are consistent with the

conditions in the boundary layer, and since the values are taken at the wall, all velocities are
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zero. After this modification to the interstitial flow-field region, the solution is executed until the

force and moment coefficients have converged to four significant digits.

3.2.2 Time-Accurate Trajectory Prediction Process

The trajectory prediction process was developed at AEDC [9] and is actually a loop of
four sub-steps which are discussed in turn. After a steady-state solution is obtained as an initial
condition, execution of the set of programs occurs serially during each time step as the predic-
tion marches forward in time. The time-accurate trajectory prediction process begins with the
flow solver advancing, in a time-accurate manner, one time step to determine a new flow-field
solution. Next the pressure and viscous stresses computed at the surface of the body are inte-
grated over the surface area to determine the aerodynamic force and moment coefficients. Us-
ing these coefficients the equations of motion of the bodies are integrated over the time step to
determine the next position of each body. Finally, the moving meshes representing the bodies
and flow-fields together are repositioned within the mesh system and returned to the flow solver

to begin the next time step.

3.2.2.1 Flow Solution

The first substep advances the flow solution one time increment in a time-accurate
manner. The flow solver is the same as that used to obtain a steady-state solution, XAIR. The
solution differs from the steady-state in that time metrics are included, and a moving wall
boundary condition is used on solid surfaces which are in motion. The separation rocket motor
exhaust flow is controlled by specifying the inlet total pressure and total temperature. A New-
ton’s iteration method is used to ensure that the mass flow at the nozzle inlet is consistent with

the mass flow at the nozzle throat.

1



3.2.2.2 Force and Moment Integration

The calculation of forces and moments requires the integration of pressures over the
surface area of the configuration. Allowing meshes to overlap means that some regions on a
surface will be defined by more than one mesh, and the area over which integration is to be
performed will be multiply defined. The problem is exacerbated in many overset mesh applica-
tions because the regions that are multiply defined are often those which experience the most
complex fiow. As a result small errors in defining areas in complex flow regions can result in
large errors in calculated forces and moments.

The TESS code [14] is an interactive program which contains various routines that al-
low the development of a singly defined surface from a system of structured overset meshes.
The approach is to develop a surface definition of a complex configuration using triangular el-
ements that incorporate all of the surface points contained in the overlapping structured mesh-
es. All surface points are retained, and any number of overlapping surfaces can be
accommodated. The code also provides routines for integrating pressure and viscous stresses

over the resulting singly defined surface.

3.2.2.3 Six-Degree-of-Freedom Integration

The SIXDOF code [9] uses the aerodynamic force and moment coefficients acting on
the body and the physical information about the body (such as mass and reference area) to cal-
culate the next position and orientation of the body. SIXDOF assumes that all bodies are rigid.
The output from SIXDOF includes time histories of the motion that includes the transiation, ro-

tation, velocities, and accelerations of reference points.

3.2.2.4 Mesh Movement / Communications
Once the new position of the body has been calculated, the computational meshes that

model the body are translated and rotated to the new position. Interpolation coefficients are up-

12



dated for all overset boundaries requiring flow-field information from another mesh. After this
step has been performed the meshes are passed back to the flow solver to begin again the pro-
cess of flow-field calculation. In this manner the trajectory prediction of the interceptor-booster

pair is carried out as long as necessary.

13



Chapter 4

RESULTS AND ANALYSIS

Details of the simulations and the results obtained are presented in this chapter. Some
validation and analysis of these results, with respect to the ultimate goal of this work, are also

discussed.

4.1 Computational Mesh System

The test models simulate an axisymmetric generic missile interceptor / booster config-
uration. The interceptor vehicle is a hemisphere bi-conic cylinder. The booster is a cylinder with
a flat forward face that contains the separation rocket motor. A drawing of the test articles is
presented in Figure 3.

An overall view of the mesh system and an enlargement of the mesh system in the
interstitial region is given in Figure 4.The vehicles and flow field surrounding them are modeled
by a total of eight meshes with the names and computational mesh dimensions given in Table
1. The same computational meshes were used for all of the results discussed below. The com-
putational volume is an axisymmetric wedge or azimuthal sector spanning 2°, and is three com-
putational planes wide. The off-wall mesh spacing maintains a y+ value of approximately 10.

The PEGSUS code [10] is used to provide all of the interpolation coefficients and to
perform hole cutting in the interstitial region as the gap is changed. The “double fringe” option
of PEGSUS is used to provide two layers of interpolation cells at each chimera overlap bound-

ary. This allows the fourth-order smoothing to be maintained at overlap boundaries. The mesh

14
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Table 1: Computational Mesh Names and Dimensions.

Mesh Name Dimensions
1 kvfore 63 x3x69

2 kvaft 63 x 3 x 69

3 kvbase 41x3x97

4 kvdish 63 x 3 x 91

5 boostbase 41x3x97

6 boost 63 x 3 x 69
7 rail 123 x 3 x 47
8 nozzie 163 x3x33

system is constructed in such a way as to maintain point to point co-location at mesh overset
boundaries as much as possible. This method reduces the chance of any interpolation errors
becoming present in the solutions because the cells are co-located and therefore the interpo-
lation coefficients are either one or zero (i.e. flow values are directly transferred from one mesh

to another without interpolation).

4.2 Steady-State Baseline Results

A total of eight steady-state solutions have been completed. The flow conditions are
given in Tables 2 and 3 and the axial-force coefficients determined by the solution are given in
Table 4. The solutions are a matrix of two jet temperatures and four axial positions (gap/D =
0.0075, 0.0170, 0.2500, and 0.5000). The free-stream conditions are representative of those
that would be found in the Von Karman Facility (VKF) wind tunnel ‘B’ and are given in Table 2.
In order to take advantage of the axisymmetric geometry, the angle of attack is 0° in all cases.
The chamber conditions of the two jets are given in Table 3. Recall that the cold jet case sim-

ulates the typical conditions that would be available in the wind tunnet using the high pressure

20



Table 2: Free-stream Conditions for Steady-state Solutions.

Variable Value Unit
M. 7.91 -
U. 3679 f/sec
Pu 1.2795x10-5 slug/t®

Rep.. 3.04 x 106 -
P. 0.0137 psia
T. 90.1 ‘R

Table 3: Chamber Conditions for Separation Rocket Motor.

Variable Hot Jet Case Cold Jet Case

P, /P, 3622. 3650.

T /T, 19.03 3.613

Table 4: Steady-State Axial-Force Coefficients
Gap/D Hot Jet Case Cold Jet Case
Booster Interceptor Booster Interceptor

0.0075 34.40 -34.37 35.53 -35.52
0.0170 8.583 -8.467 8.463 -8.307
0.2500 1.602 -1.484 1.568 -1.478
0.5000 1.312 -1.236 1.300 -1.360

21




cold air injection system to simulate the separation rocket motor exhaust jet. The hot jet case
more closely models the temperature of an actual separation rocket motor.

The solutions were executed until the axial-force coefficients had converged to four sig-
nificant digits. However, in the cases of the gap/D = 0.25 and 0.50, the solutions did not reach
a steady-state but the axial-force coefficients oscillated with a small amplitude about a mean
value. The mean value of the axial-force coefficients are what will be considered the converged
coefficients for these cases. Given in Table 4 and Figure 5 are the steady-state axial-force co-
efficients obtained with these solutions. For the interceptor vehicle, the axial-force coefficient
is obtained by integrating the forces over all of the solid surfaces. For the booster, the forces
are integrated over all of the solid surfaces and the separation motor plenum inlet plane. The
force applied due to momentum of the fluid flow through the plenum inlet plane is then calcu-
lated and added. Since the booster base is not modeled, a pressure equal to P, is applied even-
ly across the base.

Upon analyzing Figure 5 it becomes apparent that the bulk of the forces acting on the
vehicles is generated by the relatively high pressure in the interstitial region. This is illustrated
by the fact that the booster and interceptor vehicle axial-force coefficients are of the same mag-
nitude but different signs, even considering forebody drag and afterbody base pressure effects.
Also apparent are the extremely high forces encountered when the vehicles are placed with the
smallest gap distance between them. This is due to the high pressures in the interstitial region.

The only difference in axial-force between the hot jet cases and the cold jet cases is for
the position of gap/D = 0.0075. In this case the difference between the hot jet and cold jet axial-
force is less than five percent.

Figures 6-9 illustrate constant Mach number and constant normalized temperature pro-
files for different gap/D values. The figures show the entire flow field as well as an enlargement
of the interstitial region. Shown in the top half of each figure is the hot jet solution while the bot-

tom half of each figure shows the cold jet solution.
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Figure 6: Mach Number and Normalized Temperature Distribution for
Static Case Gap/D = 0.0075 (hot jet and cold jet)
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Figure 6 (continued)
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Cold Jet
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Figure 7: Mach Number and Normalized Temperature Distribution for
Static Case Gap/D = 0.0170 (hot jet and cold jet)
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Figure 7 (continued)
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Figure 8: Mach Number and Normalized Temperature Distribution for
Static Case Gap/D = 0.2500 (hot jet and cold jet)
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Figure 9: Mach Number and Normalized Temperature Distribution for
Static Case Gap/D = 0.5000 (hot jet and cold jet)
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One phenomena that is present in all cases is the separation of flow caused by the cir-

cumferential jet emerging from the gap between the two vehicles. This separation migrates up-
stream on the interceptor vehicle as the jet develops. The separation is stopped by the cone
junction due to the higher momentum flow that is present just upstream of the cone junction.
This separated region may be of interest to a missile designer since the separation and high
temperature gases migrating upstream could affect jet interaction control systems and seeker
function.

As the gap/D becomes larger more flow is entrained into the gap region. This is shown
in Figures 8 and 9 as a strong recirculation in the interstitial region. In fact there are at least two
counter rotating regions visible and upon closer examination more rotating regions can be
found.

The temperature of the separation rocket motor has little effect on the Mach number
but obviously has a large effect on the temperature of the flow-field. It is clear that the separated
flow on the interceptor provides a path for hot gases from the rocket motor to migrate upstream.
Also there are stagnation areas on the booster face, namely the cormer between the booster
face and outer geometry of the nozzle, that reach very high temperatures. Both of these tem-
perature effects may be of concem to a designer.

An interesting item to note about these steady-state calculations is that the mass flow
of the nozzle is relatively constant throughout the ranges of gap/D for a given jet temperature.
This indicates that the nozzle was always choked for each of these cases. Tabulated values of
nozzie mass flow calculated from the solution at the nozzle throat vs. gap/D are given in Table
5. Even though the nozzle is always choked, it is important to model the entire nozzle down-
stream of the throat, as can be seen by investigating Figures 6 and 7. For the case of gap/

D=0.0075 the flow is separated from the nozzle exit up to the throat of the nozzle.
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Table 5: Steady-State Separation Rocket Motor Mass Fiux.

Gap/D Hot Jet Cold Jet
| 0.0075 526.7 1218.
‘ 0.0170 526.7 1218.
0.2500 526.4 1219,
0.5000 526.7 1218.

As a side analysis the mass fiux at the throat was determined using isentropic relations

to check the validity of the present calculations. The equation for this is given below:

_y+1)

_ P [y (,.y=1)20-1

This equation yields values of equal to 567.9 and 1313 for the hot jet and cold jet cases,

respectively. These values are higher than those predicted by the CFD solution by approxi-
mately 8%. The most likely reason for these higher flux values is that the isentropic relations
assume uniform inviscid one-dimensional flow. In reality the flow is viscous and a boundary lay-
er develops, causing the effective throat area to become smaller, thereby lowering the total
mass flow rate for the same total pressure and temperature. Also, since the throat is curved,
the sonic line will be curved. and should increase the effective throat area. However, it is be-

lieved that this curvature effect is relatively small in relation to the boundary layer effect.

4.3 Time-Accurate Trajectory Prediction Solutions

To determine the dynamic effects of a missile staging maneuver, two dynamic simula-
tions were executed. The only difference between the two simulations was the temperature of
the jet. The free-stream conditions and the jet chamber conditions matched those used in the

steady-state baseline simulations and are given in Tables 2 and 3 respectively. To ensure that
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any differences between the static and dynamic simulations are purely from the dynamic mo-

tion, the simulations use the same meshes and flow solver.

4.3.1 Initial Condition Solution

The first step in the dynamic simulation technique is to provide an initial condition. The
initial conditions for the dynamic solutions are jet off and an initial gap/D of 0.0050. Ideally, the
gap/D should be zero, but in order to maintain mesh communications between the outer flow-
field and the interstitial region a small gap was necessary. As was discussed in Section 3.2.1
the interstitial region was initialized after the outer flow-field had been computed to relative con-
vergence. The initial condition solution was then run until the computed axial-force coefficients
had converged to four significant digits. These force coefficients are given in Table 6.

In order to check the validity of the initia! condition solution an inviscid axisymmetric so-
lution has been computed for the interceptor vehicle. The codes used were the time marching
Aungier code [15] and the space marching Kutler code [16]. The results of the inviscid solution
are compared to the initial condition solution in Figures 10 and 11. Figure 10 illustrates the bow
shock location computed by the inviscid codes overlaid upon constant Mach number contours
of the viscous initial condition solution. it is apparent that the bow shock has the correct shape.
The initial condition solution does have a bow shock which appears to be slightly upstream and
farther away from the body than the inviscid solution. This is expected as the initial condition

solution is viscous. The boundary layer present in the initial condition solution causes the body

Table 6: Initial Condition Axial-Force Coefficients.

Gap/D Booster Interceptor
0.0050 1.764 0.076
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Figure 11: Interceptor Vehicle Surface Normalized Pressure Distribution
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to be effectively larger and therefore displaces the bow shock slightly farther away from the

body.

Figure 11 is another comparison of the inviscid solution and the initial condition solu-
tion. In this figure the non-dimensional surface pressure (P/P..) distribution is plotted against it's
x location for the length of the interceptor vehicle. The symbols represent the inviscid solution
and the line represents the initial condition solution. The agreement between the two solutions
is good.

Another check that can be made is the isentropic stagnation conditions. Assuming that
the shock on the stagnation line is approximately a normal shock, we can use the Rayleigh pitot
formuia:

a2 1
Py _ [(‘Y"‘ I)MI:IY_ [ y+1 ]YA“
P, 2 2yM3 - (y-1)

Substituting the free-stream Mach number for M1 yields the following result:

As can be seen in Figure 11 the normalized pressure at the stagnation point is very
close to that given by the Rayleigh pitot formula. The exact value from the initial condition so-
lution is 77.1. This underpredicts the Rayleigh pitot value by approximately 5%. The reason for
this underpredicition is most likely the fact that the bow shock has been smeared by the inclu-

sion of artificial viscosity in the CFD solution.



4.3.2 Trajectory Predictions

For the prediction of the interceptor and booster trajectories, the flow solver was run
with a timestep of 1.0 x 10”7 seconds per iteration. This small timestep was necessary to main-
tain numerical stability and resulted in a maximum CFL number on the order of 10 for the entire
solution domain. Instead of moving the meshes every time step, the flow solver was run 100
steps per cycle and the meshes were moved at the end of the cycle. This was done to improve
the efficiency of the computational process by staying in the flow solver longer during each cy-
cle. The flow solver computed each mesh velocity based on dx / (100 * dt) for each timestep of
the cycle. By running 100 steps per cycle the assumption was made that the mesh velocity over
the cycle is constant. This assumption appears valid based on the very small time increments
used and the smooth velocity history curves produced.

Both the interceptor vehicle and the booster were modeled with a mass of 141.1 Ibm.
The base area of both vehicles, 1.157 ft?, was used to non-dimensionalize the axial forces. The
simulations were run until t=0.050 seconds at which time the gap/D passed 0.25 for both the
hot and cold jet cases. The time histories of the trajectory for these simulations are shown in
Figures 12-15. In these figures the lines with the solid symbols indicate the hot jet simulation
while the lines with the open symbols indicate the cold jet simulation. The lines with the square
symbols are the booster values while the lines with the circular symbols are the interceptor ve-
hicle vaiues.

Figure 12 illustrates the time history of the axial-force coefficient. For both the hot jet
and cold jet cases the trend is for the force to build to a peak and then decay to a steady force.
Since the separation rocket motor is started from a no flow condition, it takes a finite amount of
time for the jet to become fully developed. Once the jet has developed and the vehicles are sep-
arating, the force decays until it reaches an almost steady-state value. The hot jet case reaches

a maximum force of 1.5 times the cold jet case, and reaches it's peak force coefficient earlier.
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The hot jet case peaks faster because the speed of sound in the hot jet is higher and thus flow
phenomena propagate faster. Since the pressure builds faster in the hot jet case, the bodies do
not have time to separate as much and therefore a higher peak pressure is observed. After ap-
proximately t=0.03 seconds, the differences between the hot jet and cold jet cases is almost
negligible. This is similar to the observations that were made for the static cases.

It is interesting to note that there appears to be high frequency noise in these coeffi-
cients at distinct points on the curves. Most noticeable is in the time frame of 0.015-0.025 sec-
onds on the hot jet curves. In order to examine this phenomena, an animation was produced of
the interstitial region during this time frame. It was observed that the jet shear layer was oscil-
lating. Whether this is a physical or numerical phenomena can not be explained here. The flow
is probably turbulent in this region and no attempt was made to model turbulent flow in this
study. These oscillations are an area for further study since substantial vibration could damage
instruments or controls on the vehicles.

Figure 13 shows the time history of body acceleration. Note that the peak acceleration
for the hot jet and cold jet cases are approximately 10 and 8 times the acceleration of earth's
gravity. Also note the magnitude of the oscillations described in the paragraph above imply a
force approximately equal to the force of gravity acting on the bodies at very high frequencies.

Figure 14 is an illustration of the time history of the velocity of the bodies. As expected,
the hot jet case reaches a higher velocity earlier, but later in the simulation the velocity differ-
ence between the hot jet case and the cold jet case becomes constant. This is expected as the
difference in forces becomes negligible as was seen in Figure 12.

Figure 15 shows the history of translation distance versus time. Here, it can be seen
that at 0.050 seconds, the vehicles in the hot jet case have separated approximately 0.05 feet
farther than in the cold jet case.

Shown in Figures 16,and 17 are the axial-force coefficient versus gap/D and the gap/

D versus time respectively for the hot jet and cold jet cases. Figure 16 shows that the peak
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forces for each case occur at approximately the same gap/D. Figure 17 illustrates the difference
between the hot jet and cold jet cases.

Figure 18 is a comparison of the dynamic and static axial-force coefficients versus gap/
D. The symbols represent the static values and the lines are the dynamic values. It is evident
that the dynamic cases are much different from the static cases in the gap/D range of 0.0 < gap/
D < 0.04. For a value of gap/D >= 0.25 the dynamic loads are identical to the static loads; and
hence there are no dynamic effects happening at this separation distance with respect to the
axial-force coefficient. The most obvious point about this graph is the large difference between
static and dynamic axial-force coefficients developed at gap/D=0.0075. The loads of the static
cases are more than twice that developed for the dynamic cases at the same gap/D. This can
be explained by the fact that the jet for the dynamic case was started from zero flow, and did
not fully develop, before the bodies had separated more than 0.0075 gap/D. It is also interesting
to note that at a gap/D of 0.0170, the hot jet and cold jet static cases are almost identical while
the hot jet and cold jet dynamic cases have significant differences. Again, this is attributable to
the development time of the jet and the fact that the hot jet develops faster than the cold jet
because the speed of sound is directly proportional to the gas temperature. The reason that the
dynamic solutions overshoot the forces of the static solutions at gap/D=0.0170 is also a dynam-
ic effect. The interstitial region probably has a fluid dynamic nature different from its steady-
state value at the same gap/D. That is, motor startup effects have not had time to reach steady-
state.

An animation has been produced to illustrate the time-accurate dynamic solution. Se-
lected frames from that animation are presented in Figure 19. As was the convention in the ear-
lier static simulation figures, the top half of each frame shows the hot jet simulation and the
bottom half of each frame shows the cold jet simulation. The frames in the left column indicate
Mach number contours and the frames in the right column illustrate normalized temperature

contours. The timestep between each frame is 0.005 seconds. Recall that for the steady-state
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Bottom Image = Cold Jet
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Figure 19: Time-Accurate Staging Results (animation frames)
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Figure 19 (continued).
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Figure 19 (continued).
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baseline cases, (Figs 6-9) the Mach number contours were almost identical when comparing
the hot jet cases and cold jet cases. In Figure 19 the differences between the Mach contours
for a given time slice is due to the differences in the separation rocket motor flow development
in the interstitial region. After t=0.03 the Mach number contours again look similar for both the

hot and cold jet cases.
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Chapter 5

CONCLUSIONS AND RECOMMENDATIONS

Based on the results and analysis conducted for this study, several conclusions can
been reached and some recommendations for future work can be given. Testing to obtain axial
forces of an axisymmetric missile staging event, within a facility like the AEDC VKEF, is valid for
gap/D > 0.1. The use of a cold jet is valid to obtain axial forces in static cases. If high tempera-
ture gases affecting control or instrumentation systems is a concern, then a hot jet simulation
is required even for static tests. Static modeling should not be done for cases where the gap/D
is less than 0.1, since significant dynamic effects are encountered in this region, primarily
caused by separation rocket motor start-up. Also, the cold jet assumption is not valid when gap/
D <0.1.

It is recommended to use an integrated test and evaluation approach. Time-accurate
CFD should be used for the closest gap/D with the appropriate jet temperature and motor start-
up transients, and wind tunnel testing should be used for gap/D > 0.1. The CFD solution would
then provide a good initial condition for subsequent wind tunnel static simulations and trajectory
calculations. This approach would utilize the merits of both CFD and wind tunnel testing to their
best advantage.

Future computational work in the missile staging area would be to include turbulence
modeling and real gas effects to determine their effects on the staging process. An investigation
of the high frequency force oscillations should be conducted to determine if this is a physical or
numerical effect. Vibrations could be detrimental to the instrumentation or controls of the flight

vehicles. Ultimately, a three dimensional simulation should be performed to determine the ef-
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fects that would be encountered should the vehicles become misaligned axially or if the staging
maneuver occurred while the vehicies are at an angle of attack with respect to the free-stream

flow.
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