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Supersonic retropropulsion provides an option thatcan potentially enhance drag characteristics of
high mass entry, descent, and landing systems. HMreinary flow field and vehicle aerodynamic
characteristics have been found in wind tunnel expéments; however, these only cover specific
vehicle configurations and freestream conditions.n order to generate useful aerodynamic data that
can be used in a trajectory simulation, a quicker rathod of determining vehicle aerodynamics is
required to model supersonic retropropulsion effed. Using computational fluid dynamics, flow
solutions can be determined which yield the desirederodynamic information. The flow field
generated in a supersonic retropropulsion scenaridgs complex, which increases the difficulty of
generating an accurate computational solution. Byalidating the computational solutions against
available wind tunnel data, the confidence in accwately capturing the flow field is increased, and
methods to reduce the time required to generate aokition can be determined. Fun3D, a
computational fluid dynamics code developed at NASA angley Research Center, is capable of
modeling the flow field structure and vehicle aeroghamics seen in previous wind tunnel
experiments. Axial locations of the jet terminal Bock, stagnation point, and bow shock show the
same trends which were found in the wind tunnel, ath the surface pressure distribution and drag
coefficient are also consistent with available data The flow solution is dependent on the
computational grid used, where a grid which is toaoarse does not resolve all of the flow features
correctly. Refining the grid will increase the ficelity of the solution; however, the calculations Wi
take longer if there are more cells in the computabnal grid.

Nomenclature

A = model base area okt = nozzle exit pressure
Acyit = nozzle exit area P = freestream pressure
Co = drag coefficient R = nozzle total pressure
Cr = pressure coefficient a = freestream dynamic pressure
Cr = thrust coefficient R = specific gas constant
= ratio of specific heats T = thrust
Meit = nozzle exit Mach number T = freestream temperature
= density e = nozzle total temperature
= freestream density u = nozzle exit axial vitjocomponent
P = pressure \% = freestream velocity
Pojet = nozzle total pressure y = nozzle exit rad@ifion component
BFI = blunt flow interaction
CFD = computational fluid dynamics
EDL = entry, descent, and landing
LIP = long jet penetration
NASA = National Aeronautics and Space Administnatio
SRP = supersonic retropropulsion



. Introduction
Supersonic retropropulsion (SRP) is potentiallyeaabling technology for high mass entry, descem, a
landing (EDL) systems. In particular, SRP hasdapability to improve performance within low demsit
atmospheres. Firing a jet into a supersonic flawses complex flow interactions between the expandi
supersonic jet and the vehicle’s bow shock. Theffects vary with nozzle configuration, includinget
strength, number, and location of the jets. Windnel testing provides one method of evaluating the
effects of supersonic retropropulsion; however,ecimg the vast array of potential conditions isdim
consuming. Being able to effectively model supeisoetropropulsion with computational fluid dynamsi
(CFD) allows for a quicker and more comprehensieduation of the aerodynamic effects of SRP. Since
the flow structure is complex, accurately captuting solution at a given condition can be challeggi

Much of the research into supersonic retropropalsiocurred in the Viking era, when entry, descang
landing technologies were initially being developeGenerally, the tests performed in the wind tlinne
involved injecting a cold gas into the freestredof Centrally located single nozzle configurasomere
investigated in more detail than peripherally lecamultiple nozzle configurations. Recently, asaphute
technology pushes its performance limits [1], SRB again become a research focus which can build on
these past experiments. As outlined by Korzunakt[2], only preliminary investigations have been
performed to date, with many of the past invesioyst looking at very specific conditions or
configurations. While these experiments definezlgkneral properties associated with SRP, aerodgnam
trends were not developed over a large range gfitfliconditions. For example, McGhee [3] and Dafo [
each showed that there are distinct flow regimeighvban be experienced depending on the strengtieof
jet. Some jet conditions have a steady flow stngtwhile others have a jet that penetrates thedimck,
causing the shock standoff distance to drastidaltyease with respect to the vehicle. This is irtgat
because the location of the shock drives the sizbeocomputational volume necessary within the CFD
simulation. The computational volume and grid ctinee affect the length of time required to gereiat
solution. If the grid is too coarse far from thedy, then it may not capture the shock penetration
accurately should those conditions be used in th® Gimulation. Refining the grid throughout the
computational volume will increase the length afndi to determine a solution since many more
computations will be required.

The most comprehensive of the past experimentshase performed by Jarvinen and Adams [5]. Their
investigations looked at both central and peripheoazle configurations at a variety of jet andeeam
conditions, and returned data on flow structurgprbies as well as aerodynamic properties of thmcie
Freestream Mach number, jet strength, and jet csitipo were all varied. Both a central single rezz
configuration and a peripheral three nozzle comfitjan were used, with different nozzle shapeslalb

for each. Pressure distributions, integrated agfficients, and schlieren imagery were takenaaitous
angles of attack as well as for throttling indivédimozzles in the peripheral configuration. Alltbfs data
provides a validation dataset for CFD simulatiortowever, there are some issues with the availddta.
Some of the graphics depicting the wind tunnel rhagd®metries are not consistent, which can lead to
errors when trying to match the models in the ChBusation. There are no errors and uncertainties
associated with any of the data, and the time ateurature of the problem is not addressed. Whétlee
data is time averaged or just a snapshot in tinmapertant when being compared with the CFD sohgio
The thrust coefficients run during the experimeate all theoretical coefficients based in iseniropi
expansion through a conical nozzle. No data wdesallg taken to determine what the actual exit
conditions of the nozzle are. It is possible thading the CFD boundary conditions on the ideahegon
calculations will cause deviations in the jet exdnditions and the flow solution since the simalativill
have a boundary layer present within the nozzlbes€ results are used in this study as the badeline
CFD solution validation. The computational modetreated to match the experimental model, shown in
Figure 1 [5].
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Figure 1: Physical Model for Wind Tunnel Experiments [5].

Il. Computational Grid Methodology
In order to accurately simulate supersonic retrppision, the computational grid must be capable of
handling the complex flow features which are expedb exist within the flow solution. If the grisl too
coarse in some areas, then shocks that exist sethegions will not resolve properly, and some flow
features can potentially be lost or misplaced @ flow. The computational grid used for this stuths
been generated using GridTool and VGrid, which gaiee boundary surfaces and the volume grid
respectively. For this study, the 3-dimensionahpatational model is based on the experimental inode
shown in Figure 1. The model is built using urefsmillimeters, which will be preserved in the grid
generation and affect some of the input valuegHerflow solver, such as the Reynolds number. &ihe
central nozzle configuration has the most datalabi®, it makes a good baseline for determininggtie
resolution required to accurately model the flogldiproperties.

A. GridTool

GridTool [6] reads in the geometry .igs file antbais the user to define each surface on the bodhgus
patches. The patches define the outward normaleémh surface as well as allowing for boundary
conditions to be individually applied to each saogfa These boundary conditions include the parasete
for the jet flow on the patch representing the fiitnough boundary inside the nozzle. GridTool also
applies the computational farfield boundary for tipéd. For supersonic retropropulsion, this is an
important factor since some of the jet conditioaséhthe potential to blow the shock far off the yaoéor
this preliminary study, it is not initially knowri ihese scenarios will exist computationally, se thrfield
box has been extended to eight times the base tiamwithe vehicle in the axial direction, whichosifd
contain any shocks that are blown off the bodyudigts show that the shock can be blown anywhera fro
three to six body diameters away from the body tnadl the flow in these regimes is highly unstaldg [
[4], [5]. The exit plane is placed at the shouldkthe vehicle, since the main interest for thisly are the
aerodynamic effects on the vehicle forebody. Tdogs require that the exit plane boundary condition
allow for extrapolation from the inner flow, sintigere is not enough volume for the flow to fullypaxd
back to freestream conditions. The last imporgd feature that GridTool provides is the grid smu
points and their strengths. The strength of thercs determines the density of the cells in thgore
around the source. In addition to the sourcesgbtiapplied to each surface of the body and tigesdf
the farfield, there is a source line placed aldmgaxis leaving the nozzle. This source providesatgr cell
density in the region where the jet flow will bepaxding and interacting with the bow shock in frohthe
vehicle. The initial surface grid, which is thadst grid that will be used in the flow solutiondies, and
the 3-dimensional geometry are shown in Figure 2.
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Figure 2: Surface Grid Generated in GridTool.

B. VGrid

VGrid takes in the boundary conditions and surfapél that GridTool generates and creates an
unstructured volume grid using those conditionsGrid uses a modification to the Advancing Front
method called the Advancing Layers method to geeeitze volume grid [7], which consists of both a
viscous and an inviscid grid. The cell density &@ncontrolled in VGrid using two variables calléact
and vfact. These variables are scalable contfoleeostrength of the sources within the initialid3iool
grid. As long as the location of the sources dmedshape of the model are unchanged, only one GoidT
mesh is needed to generate a variety of cell dessitithin the computational space. Increasingtitand
vfact coarsens the grid, and decreasing the vakfa®s the grid. The base grid has ifact andtwatues

of 1.00, which is the finest grid that will be irsteyated in this study. The coarsest grid which e
investigated has ifact and vfact values of 2.08er€ will also be intermediary cell densities irtigeted to
determine the effect that the cell density hashenflow solution as the jet conditions are variel slice
through the center of the finest volume grid iswshdn Figure 3. The grid has been set up so that t
highest cell density is located around the bodywitkin the area of jet expansion.

AL L e
Figure 3: Full Volume Grid Slice (left) and ZoomedVolume Slice Near Model (right).



lll. CFD Methodology
The results in this study have been generated uBumgBD, a fully unstructured, Navier-Stokes, 3-
dimensional flow solver developed at NASA’s LangRgsearch Center. Fun3D is capable of modeling a
wide variety of flow conditions, such as laminartarbulent flow and time accurate or steady sohsi{8].
It has been used for jet flows in previous reseasohthe capability to simulate an inflow for thezale
already exists. Fun3D requires an input file tougethe conditions and parameters for the flowesgland
is capable of displaying flow solutions in a vayief output file types.

A. Input Parameters

For modeling supersonic retropropulsion, two infiles are necessary. The input file for the jetflis
based on the boundary condition of the surface diefines the inflow into the nozzle. This boundary
condition requires the ratio of jet total pressurdreestream static pressurg;{fP ) as well as the ratio of
jet total temperature to freestream temperatujg{T). The temperature ratio is the same for all @ th
thrust coefficients considered in this study. Pphessure ratio directly relates to the thrust ¢oieffit of the
jet and is varied to generate solutions for eaglofdnterest. The Fun3D input conditions for edgtust
coefficient can be seen in Table |. Thrust cogdfitis defined as shown in Equation 1.
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To calculate the nozzle conditions for a given shizoefficient, an isentropic analysis for a cohiazzle

is performed. The freestream static pressure amgpearature are used to determine the freestreasitglen
and dynamic pressure, which define the thrust fatesired for a certain{C The exit pressure for the
nozzle can be found using the thrust generatedhawn in Equation 2. EXxit pressure and exit Mach
number can be used to define the total pressuteeafozzle flow, as shown in Equation 3.
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The temperature in the plenum of the nozzle cafobed from the plenum density and pressure with the
perfect gas law. This temperature and the toedsqure define the nozzle input conditions for Fun3D

The other input file required by Fun3D sets up tbaditions which will be used to generate the flow
solution. A full list of the flow conditions canebseen in the appendix, and a few important inpugs
highlighted here. The flow solutions are generatsthg calorically perfect, compressible Navierke®
equations with a menter-SST turbulence model. Fdiations shown herein are all generated assuming
steady flow conditions with a freestream Mach nundie, pressure of 2 psia, and temperature ofkL73

B. Solution Outputs

The outputs of interest from Fun3D are the flowustre within the computational space, the pressure
distributions along the model, and the aerodynafoices on the model. The flow structure and the
pressure distributions are generated by the pastegsor with Fun3D and are viewed in TecPlot format
The volume data contains the individual cell datamany flow parameters, including Mach number,
pressure, density, and temperature throughoutdhguatational domain. The reported flow properties
normalized using the CFL3D convention [9]. Thesk meed to be converted to their absolute values f
use in post processing. The surface data corflaingroperty variation along every surface of thedel.

The aerodynamic forces are output into a file by flbw solver which displays the coefficients fach
surface on the model.



IV. CFD Solution Validation
In order to determine the validity of the Fun3Dwvilgolution for a given jet £ the output flow solutions
are examined and the properties of interest amedfiou-or comparing the flow structure, slices aeated
in the volume solution, which make the locationsflofv features such as the bow shock and jet plume
visible. The axial locations of these features ane set of experimental data which is available fo
comparison with the flow solution. The other maftmw property which can be determined from the
volume solution is the thrust coefficient of thezale. The flow parameters at the nozzle exit can b
extracted, which allows for the integration of tieust coefficient which is being modeled in thewil
This value can be compared to the Which was used to generate the pressure and tataperratios
initially input into the flow solver. For calculag G, the velocity and density profiles are extractethie
Z = 0 plane of the flow solution for both the positand negative values of y, representing theusatfiom
the centerline. The differential thrust coeffidiers a function of the radius of the nozzle exithwi the
planar slice taken from the computational volumshswn in Equation 4, wheré , u, y, and P/Pare
Fun3D flow values and , P, T , and A are known from freestream conditions andehgeometry.
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The pressure distributions for the Fun3D solutioa ealculated from the surface solution file. The
normalized output pressures can be converted &spre coefficients as a function of radial locatdong
the forebody and compared with the available expental data if applicable. The pressure coefficédra
given radius can be calculated from the surfacetisol at that point by Equation 5.
R, P -1
P¥
Co=—— (5)
Qy

To compare aerodynamic forces, only the coeffigexiong the model forebody are of interest. Tlase
added and compared with available data to ensateatirodynamic drag is consistent with the windh&ln
data. Reference area is a Fun3D input, so no csioveis necessary when adding thef@ each surface.

A. Coarse Grid Trend Comparison

Using the coarsest grid, with ifact and vfact valadé 2.00, a range of jet thrust conditions havenbein
and compared with the available wind tunnel datable | shows which jet conditions have data atégla
for comparison and the input conditions to defime jet flow within Fun3D. Each of the thrust caefints
listed have been run on the coarsest grid. Theaflies which do not have corresponding wind tunciadh
have been run to help fill in the trend curves andure that the trends are continuous. The cases a
concentrated more in the lower @alues (0.5 — 2.0) because these are the area® \ilber properties
change more according to the experimental datatta®k conditions are more likely to be used htfli

In addition to the conditions with the jet turned, @ baseline solution with an inviscid wall instea a
flow through boundary condition at the nozzle ilas been run to generate a jet off solution.

Table I: Fun3D Input Conditions and Availability of Experimental Data for Comparison Purposes.

Fun3D Inputs Available Experimental Data

Cr P.jed P Tied T Co Cr Distribution Flow Structure
0.47 712.41 1.69 Yes Yes No
0.75 1131.85 1.69 Yes No No
1.05 1581.24 1.69 Yes Yes Yes
1.5 2255.34 1.69 No No No

2 3004.33 1.69 Yes Yes Yes
4.04 6060.21 1.69 Yes Yes Yes
5.5 8247.27 1.69 No No No

7 10494.25 1.69 Yes Yes Yes




For each thrust coefficient, the solution has besnuntil it converges. Since SRP consists of demp
flow interactions, the flow residuals are not neeaesy the only indicator of solution convergencin
addition to monitoring the residuals to check ttiety are decreasing as the solution evolves, thekc
flow properties are also monitored. A solutioncensidered converged for these cases when the flow
structure has settled down and is not noticeablgnglng by increased iterations. Also, the drag
coefficient, pressure distributions, and calculatiedist coefficient are checked to ensure that theye
stabilized. When these values settle, this isidensd to be converged and the final solution dataken.

The thrust coefficient values for each computatiseéution are in agreement with the expected \athat
have been used to calculate the jet conditionghferFun3D boundary condition. This trend is shown
Figure 4, where the total computationa} @ported is integrated over the nozzle exit pridgerin the
volume solution file. Ideally, the points would &lll on the line where the calculated S equivalent to
the initial input value. For low thrust coefficisnthis is mainly the case. At higher thrust fioigfnts, the
divergence between the expected value and theratezfjvalue of €increases, which is possibly related
to the cell density in the region outside of thezie. The expected input value of thrust coeffitis also
based on ideal expansion through a conical nozZlee computational solution will model losses ie th
nozzle, which cause the calculated thrust coefiidie be lower in the Fun3D simulation.
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Figure 4: Thrust Coefficient Trend for ifact = 2.00.

The axial standoff distances of the jet terminalcdh stagnation point, and bow shock are showrignré

5. The general trends for the locations of thesecwres are consistent with what is seen in the
experimental data; however the magnitudes of thations are different from what is expected. Trae
two main reasons why this may occur. This couldalfanction of the coarseness of the grid, wheee th
cells are too large to accurately determine whieese flow structures should be located along the @ix
the body. It also could be related to the periadation associated with supersonic retropropulsibfrihe
wind tunnel data is only taken at a snapshot irfithen it is possible that the dynamic naturehefftow
field will not match up with the steady state smnotdepending on when the image is taken with dgto
the motion of the flow field. A more accurate assrent of the validity of the Fun3D steady solution
would be to see error bars from the wind tunneh dliowing the range of possible locations for esddtk
component as they move in time, which is not abédlan the current data set. This also suppo#s dh
time accurate solution to the supersonic retrogsipu problem may be required to gain a better
understanding of the effects of the jet on the ffahd structure.



Figure 5: Axial Location of Flow Field Structure Components for ifact = 2.00.

Figure 5 only addresses the axial locations of fibe field properties. The effect of grid coarsese
becomes apparent when the flow field structuretldf axis is investigated. The schlieren imagettier
lower thrust coefficient value shows a small jethwa rounded Mach disk at the jet termination. nirtbe
schlieren imagery taken in the wind tunnel experitador a high thrust coefficient, it is expectédttthe
jet terminates in a Mach disk which is roughly amal shock [5]. A CFD solution is generated focteaf
these thrust coefficients in order to directly camgpthe off-axis flow structure. What is seenhia toarse
grid CFD solution is a much more round jet termistabck for both cases, as shown in Figure 6, rattzer
the more normal shock that is expected. The jatital shock in the CFD solution stabilizes furtifiem
the body than is expected, which causes the stagnpbint and bow shock to also be further from the
vehicle. This affects the recirculation regionrejdhe forebody and the jet boundary, which in @iffects
the pressure coefficients along the surface. Rerhigh thrust coefficient, this causes a highexgdr
coefficient than is expected.

Figure 6: Wind Tunnel Schlieren Image Comparison fo CT =1.



The increased pressure coefficient effect causethéwide jet shape is shown in Figure 7 for theeio
values of thrust coefficient, and Figure 8 for thigher values of thrust coefficient. The body laas
axisymmetric shape, thus the pressure distribusbauld be independent of the angle at which the
distribution is taken. The positive and negatiadial locations show that the flow solution is detent on
both sides of the 3-dimensional model. The prespeaks near the jet, but no wind tunnel dataadahle

to check the accuracy of the magnitude of thisdase. As thrust coefficient increases, the jetrgon
increases and causes a higher pressure over a fargge of radii from the body axis. Thrust cogéits
with values near 1 are likely to be conditions veharsudden change in shock shape is expected. The
experimental data reports both a long jet penemafiiJP) and blunt flow interaction (BFI) conditidor

the G = 1.05 case. When the jet penetrates the bowkshod drives it far upstream of the body, the
pressure on the body is higher than when the jétlig contained by the bow shock. From the shock
structure seen in the Fun3D solution, it is expebthat the flow will better match the BFI propestias the

jet penetration is not seen. However, it is natwoented how the experimental data contains bothJ&n
and BFI condition for the same thrust coefficiesth, a comparison is not necessarily going to match
exactly. The Fun3D solution does fall betweentthe types of flow, which indicates that the stedidyv
pressure distribution is reasonable. The presstwsald drop off around the shoulder, which is regrsas
noticeable in the Fun3D solution as in the expenitaledata. This is likely due to the exit planaibdary
condition used in the Fun3D model. The flow does$ mave enough space to fully reach freestream
conditions when exiting the computational grid as@nly being extrapolated from the flow upstreaim o
the boundary. Allowing enough space for the flanfully expand around the shoulder should show the
distinct pressure drop at the shoulder.

Figure 7: Pressure Distributions for G Values of 0.47, 0.75, 1.05, and 1.50 and ifact Q.

An increase in thrust coefficient causes the pmessiong the body to decrease until there is little
difference in pressure with a change in he jet is strong enough at this point to bltve bow shock far
enough off the body to drastically reduce the presas compared to the low thrust coefficientsr the
coarse grid, the pressure distribution levels bfi higher pressure than is expected, which idylidee to
the grid resolution effect on the jet shape. Sitiee pressure along the surface is lower for thiesest
coefficients, there is not as steep of a drop btha shoulder. Even though the Fun3D solutionsaio
allow the flow to fully expand around the should#ne integrated drag coefficients should not be
noticeably affected by the discrepancy at the steukince the pressure drop occurs very closedo th
shoulder and the difference is not great betweersithulation and the experimental data.



Figure 8: Pressure Distributions for G Values of 2.00, 4.04, 5.50, and 7.00 and ifact Q.

At the low thrust coefficients, the drag data ohéali in the coarse grid matches well with the expental
data, as shown in Figure 9. The negative valuedrad coefficient come about because both the wind
tunnel calculations and the Fun3D calculations egthe effects of the backshell pressures on thg d
coefficient. At high thrust coefficients, the Fulh3olution levels off at a £value which is greater than
that seen in the wind tunnel. This correlates withat is seen in the flow structure at these thrust
coefficients, and is related to the coarsenesh®ftid. The grid cells are too large at the limces away
from the body where the freestream flow and jetflre interacting to accurately model the flow stuue.
This inaccuracy in the flow structure shape caubespressure along the forebody to be higher than i
expected.

Figure 9: Drag Coefficient Trend for ifact = 2.00.
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B. Grid Refinement Comparison

In order to better understand the relationship betwthe cell density of the grid structure and ftoe
solution accuracy, the strength of the sourcesimittie original grid are varied to generate différgrids

for the same computational volume. The grid déssitontrolled using the ifact and vfact variabiéthin
VGrid, are varied as shown in Table Il. For eaefined grid, a selection of thrust coefficients hagn
run. The lower thrust coefficients are selectedrider to investigate the potential jet penetratdiiects
that the differing cell densities may capture. Thighest G value determines if the correct jet plume shape
and pressure distributions can be found in the GBIotion. For the most refined grid, only a coupfe
thrust coefficient cases have been run, as thosgicats take longer to develop. The @alue of 1.05
should be near the region where the jet penetratimurs, and the {Cvalue of 4.04 is sufficiently high to
notice the effects of the cell density far from thehicle. The solutions are found using the same
convergence criteria discussed previously, whezedbiduals are tracked to ensure that they areatsiog
and the flow properties are tracked to ensurethiet are stabilizing.

Table II: Grid Properties and Jet Thrust Values Teged for Varying ifact and vfact Values

ifact / vfact Value Total Number of Cells Thruste&ficients Tested
2.00 1.62e6 0.47,0.75, 1.05, 1.5, 2, 4.04, 5.3, 6,
1.75 2.17e6 0.75, 1.05, 2, 4.04
1.50 3.08e6 0.75, 1.05, 2, 4.04
1.00 9.29e6 1.05, 4.04

The same data types are taken for each ifact \adueave been discussed in the previous sectiotidor
coarsest grid. The thrust coefficient should retéha high amount of variability with the grid used the
cell densities in the area of the nozzle exit dosecto the sources, and should be refined enough i
the coarse grid to return a consistent result. edtigating this with the £values shown in Table Il
confirms this expectation, as shown in Figure T@ere is a slight difference whenr € 4.04, that is likely
related to the expansion of the jet away from thezte exit. The finest grid shows a slightly lower
calculated € than the other grids. These thrust coefficiemésal consistent with each other; however,
they all show the same error relative to the idéalalues. This further supports that the actualishr
coefficient of the vehicle in flight will encountérsses that will reduce the ideal value.

Figure 10: Thrust Coefficient Comparison for Varying Cell Densities.
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The flow structure comparisons begin to show tlspaliity between the different computational gri@zll
size affects the axial standoff distance of thesfaick, stagnation point, and bow shock for a givenst
coefficient because cells which are too large wilt be able to fully resolve these flow featuregheir
correct locations. The off-axis flow structureaiso dependent on the cell density, particularlthasthrust
coefficient is increased. For the most part, #teshock standoff distance is consistent for eadhevof
ifact, as shown in Figure 11. The thrust coeffitseof 0.75 and 2 should have stable flow strustaned
the jet shock should still be located close enotmlihe sources that the varying cell density is not
noticeably affecting the solution. Ther € 1.05 case, being near the jet penetration regéhews an
inverse relationship between cell size and jet klstandoff distance. This is consistent for thesjeck,
stagnation point, and bow shock, which would inticthat the smaller cell calculations tend to ditive
solution toward a situation where jet penetratimeurs. For the £= 4.04 case, the variations do not
follow a noticeable trend. The axial standoff diste will depend on the off-axis jet plume shaplictv
varies with grid resolution. The finest grid shotlve most accurate result, which is consistent thiéhfact
that the off-axis jet plume shape is closest toetkgected structure, as shown in Figure 14.

Figure 11: Jet Shock Location Comparison for Varyirg Cell Densities.

The axial locations of the stagnation point showfigure 12 follow a similar trend as seen in #teshock
standoff distance; however, there is a wider rasggn between the grid resolutions than existsanjeh
shock location. For the thrust coefficients of Dahd 2, again the variation between each ifaatevéd
small, because these are stable flow conditionstladlistances being calculated are still clostheogrid
sources. There is a slight trend where the fimelschave slightly larger standoff distances. Tihdicates
that finer grids will tend to calculate more diffois in the flow solution, which increases the staifid
distances. For the;G= 1.05 case, the same trend is seen where a decire&ell size results in a shift
toward the flow solution looking more like a jetrggration case. Diffusion causes the jet shockeo
located farther from the vehicle initially; then readiffusion occurs until the stagnation point éached.
Instead of a sharp change in flow properties ati¢ghshock boundary, the flow variables change slow
through the computational volume, which causessthgnation point to be further from the body. e
Cr = 4.04 case, there is again a wider dispersion se¢he results of the different grid resolutioriEhe
ifact = 1.50 case requires more investigation ttemheine the cause of its solution being higher tten
other three grid resolutions. The stagnation pana potentially highly variable flow property, #s
depends on the strength and location of both the dfmck and jet shock. If any of these propeniey
significantly from one grid resolution to anothénen they can cause errors in the calculation ef th
stagnation point location.
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Figure 12: Stagnation Point Location Comparison forVarying Cell Densities.

The bow shock locations also follow the same gdnezads as seen in the jet shock and stagnatiart po
locations, shown in Figure 13. The thrust coedfits of 0.75 and 2 still agree well with each atlesen
though the bow shock is starting to reach distaticasmay be affected by the grid source strendthe
stagnation point and jet shock locations whereetlagmpear to be cell density errors starting i©@region
where the normalized distance approaches 2, whigthere the bow shock is located for the=C2 case.
The problem is inherently coupled, as the bow stesotr for the @ = 2 case is not as large as the similarly
distant G = 4.04 case had in the stagnation point locatidhe grid resolution effects on the jet shock,
stagnation point, and bow shock all interact wilkleother to affect the flow structure in the Criluson.

Figure 13: Bow Shock Location Comparison for Varyirg Cell Densities.
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For the G = 1.05 case, the experimental data suggests lieasadlution should be an unstable flow
condition where both blunt flow interaction withweell defined jet shock and long jet penetrationhwat
pierced bow shock can occur. As the cell densitygases, the CFD solution tends toward a flonctira
with more diffusion, driving the locations of théow properties farther from the vehicle. This case
supports the potential need for time accurate wolsf where the jet's movement in time may impaet t
flow structure in a way that is more realistic trasteady flow solution attempts to capture. Sithig
thrust coefficient is shown to be near an unstéible regime, the CFD as set up here does not ftdiyture
either flow regime, but appears to have some coatioin of both effects. The case where=C4.04 shows
consistency in the bow shock location, with onlg tfact = 1.50 case being noticeably different.e Bame
process is used to generate each flow solutiothescause of this error is currently unknown.

The off-axis flow structure is critical for accuefit determining the aerodynamic characteristicghef
vehicle. As shown in Figure 14, the off-axis fletvucture is highly dependent on the cell densigyduin
the computational volume. For the lower thrustficient, the grid resolution mainly affects theiax
location of the flow properties, with the bow shaoshifting forward for higher cell densities. Fdret
higher thrust coefficient, the finest grid is thayosolution that accurately captures the expebtadh disk
at the jet shock location. This grid resolutioscamatches the experimental data best of all gsdlutions
tested. The downside to running a grid this fs¢hat the solution takes longer to be generaidds is a
situation where using advanced grid adaptation oustlor a different cell source layout in the oraigrid
can improve the solution.

Figure 14: Flow Structure Comparison for G; = 1.05 (left) and G = 4.04 (right).
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The improved off-axis flow structure for the incsed cell density is evident in the drag coefficient
comparison for each ifact value as shown in Fidue For the low thrust coefficient values of 0.19)5,
and 2, the grid resolution does not have a larfecebn the calculatedC The shock structure is not
sufficiently different between each of these casesause large surface pressure deviations. Tam sh
change in the experimental drag coefficient valbesveen thrust coefficients of 0.5 and 1.5 make it
difficult to assess the accuracy of the CFD valimsyever, the €= 1.05 case appears to fall in line with
the expectations from the wind tunnel. The=0.75 case shows a lower drag than is expecthihw
could relate to the jet expansion from the nozmlghe CFD simulation. The{C= 2.00 case shows a
slightly higher G value, which is consistent with the results semrhfgher thrust coefficients, where the
grid does not fully resolve the jet boundary anel shirface pressures do not drop enough to shogathe
values as the wind tunnel data. The effect of gesblution is less noticeable at this thrust doieffit
because the cells are still close enough to thiesgrirces that they can mostly resolve the flowufes.

Figure 15: Drag Coefficient Comparison for Varying Cell Densities.

At the higher thrust coefficient value of 4.04, fitew structure effects become noticeable. As ulsed
for the coarsest grid earlier, the drag coefficinids to level out after a certain thrust coeffitj when the
grid is not refined enough to accurately captueeftbw structure. This is evident when the ifact arfact
values are varied. As the cell density increatbesCFD solution better captures the flow structureich
causes the drag coefficient to decrease towar@xperimental value. For the finest grid, whichwsbhd
the correct jet plume shape and best agreementthdttexperimental standoff distances, the calcdlate
drag coefficient agrees almost exactly with thedvinnnel data. As long as the CFD solution acelyat
captures the flow field structure, the aerodynadnag on the vehicle can be determined. If thesleick
does not resemble a Mach disk, but instead hasyarganded shape, then the drag coefficient ina®as
because the surface pressures do not resolve thprrec

V. Conclusion

The work done so far shows that supersonic retmpson is a potentially enabling technology fogli
mass entry systems. However, the current knowlemlgg shows that the concept is feasible. The
magnitude of the effects from a rocket being filath a supersonic freestream is dependent on entry
conditions and vehicle configurations. Wind tuntests provide a physical method to determine liwe f
field and aerodynamic properties which occur folPSRut these tests are expensive and require time t
perform the experiments. Using computational fldighamics can reduce the time to create the flow
characteristics for a given set of SRP conditidiayever, the solutions need to be validated in rotde
assess the accuracy of the CFD simulation. Supiersetropropulsion has a complex flow field, which
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requires the CFD code to be capable of calculatiagy different flow situations. Creating a solatio
which is accurate in all aspects of the flow regsiia grid capable of dealing with shocks locatedating
distances from the vehicle and the expanding flmmfthe nozzle. Each of these properties requires
certain level of grid refinement in order to resoproperly in the CFD solution.

For a single central nozzle, thrust coefficientssiéhan 1 tend to be independent of the grid réeaki
investigated in this study. The flow field is dgband the shocks are close enough to the bodyhé@arid

is sufficiently fine to capture the flow structure$he surface pressure distributions and the geardic
drag coefficients are in agreement with the expenital results available. For a thrust coefficiehi.05,
the flow structure is unstable, with both bluntWlinteraction and long jet penetration regimes saehe
wind tunnel experiments. This instability is natnapletely captured in the CFD solution; howeveg th
surface pressure distribution does fall betweendhshe two expected flow regimes. Investigatafrthe
flow properties in the CFD solution seems to intkdhat the tendency of a steady flow is to capsame
of both potential flow regimes. The shock is gtlatively close to the body; however, there gnicant
diffusion which causes the jet plume to elongate jpush the bow shock further from the body. Th&®CF
data is consistent with the expectations from tidwunnel experiments, but capturing each flowimeg
seen in testing requires more detailed computdtionek.

For higher thrust coefficients, where the flow distructure should be stable, the computationdl lpgigins

to affect the CFD solution. The cell size mustdmeall enough to accurately capture the jet shock,
stagnation point, and bow shock caused by the ehipgamozzle flow. If the cells are too large, thée
axial locations of the flow properties can be cstasitly determined; however, the off-axis shapthefjet
plume will not match schlieren imagery taken in Wied tunnel. This mismatch in the off-axis sturet
affects the surface pressure distribution on thecle, which causes the calculated drag coefficiené¢vel
out at a higher value than is expected as the ttlwagefficient is increased. Varying the grid resimn
shows that the correct flow properties can be cegtuindicating that the CFD code is capable of
accurately modeling high thrust coefficient supaisaetropropulsion conditions. As the flow sturet
becomes more accurate in the CFD simulation, thg doefficient will have better agreement. When th
jet plume is calculated to terminate in a Mach gdigkich matches the expectations from the wind élinn
experiments, the drag coefficient becomes congisigh the wind tunnel data.

VI. Future Work
There are two main areas where the study of supiersetropropulsion can be improved. One is that t
computational methods and investigations need texpanded. As shown in this study, for a statid g
be capable of modeling a wide range of jet condgjathe cells need to be refined throughout a large
portion of the computational volume. This increaiee grid size, which lengthens the computatiting.
One way to create a robust grid which has larghs ¢®to use active grid refinement while the sioin
develops. Fun3D has a refinement package, whiclapable of shifting the cells such that coarseatsgr
are still capable of resolving the flow featureswaately. A brief investigation of grid refinemewtthin
Fun3D for the SRP problem shows that the tendeficiieomesh movement via spring analogy [8] is to
move the cells into the nozzle. The algorithm wartt better resolve the boundary layer within the
expanding nozzle flow, instead of concentrating the shock boundaries away from the vehicle.
Determining the best method to resolve the flowdfigroperties would allow for quicker computatioh o
the SRP conditions.

In addition to the actual CFD methodology, the elhiconfigurations which are computationally solved
need to be expanded. The flow properties for thgles nozzle configuration investigated in thisdstuare
somewhat different from those seen in the perighaafigurations. Since these types of vehiclaigst
show promise in enhancing the drag performancé@fvehicle [2], [5], being able to accurately captu
the flow field and aerodynamic properties assodiatiéh these configurations is necessary. Somthef
same computational ideas that are useful in thglesimozzle configuration can be applied to the greial
configurations, such as knowing where sources rieele located to correctly define the initial grid
refinement.

The other area where the study of SRP can be iregrissthat of the experimental data. The currema d
comes from experiments performed many years aghilevihe time lag doesn't affect the numbers in the
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data, it does affect the knowledge about how the das taken. It is important for CFD validatian t
know the circumstances under which the schlieresgimy and pressure distributions were taken inrorde
to understand how well the CFD solution matchesptimgsical system. Data on the unsteadiness seen in
the physical model, the time accurate variationhef flow field, and the conditions under which thkets

are performed would all enable the CFD environmeriie better suited for accurately matching thevflo
properties. Some of this data is reported in tevipus experiments, but having current data whieee
experiment can be set up to provide all of the deitach is useful to initializing a CFD solution wiolu
benefit the advancement of SRP research. Instédzhsing the nozzle properties off ideal expansion
through a nozzle with no losses, the actual winthél nozzle pressure can be measured and used in th
computational environment to set up more accurateali conditions. Having time histories of thet

field and surface pressure distributions in thesitgt model will determine if steady CFD soluticen®
falling within the expected range of locations foe shocks, or if a time accurate CFD solutioreguired

to accurately capture the flow interactions.
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VIII. Appendix

fun3d.nml: This input file sets up the CFD code propertiessuch as the equation type, turbulence
model, and CFL number. restart_read defines if thesolution is to be continued from a previous run.

&version_number
input_version= 2.1
namelist_verbosity = "on"

/

&project
project_rootname = "cnzl1"
case_title = "Single Nozzle, Mach 2, Jet On"

/

&governing_equations
egn_type = "cal_perf_compress"
viscous_terms = "turbulent"

/
&reference_physical_properties
gridlength_conversion = 1.0
dim_input_type = "nondimensional”

mach_number = 2.0
reynolds_number = 1589.877
temperature = 173.35
angle_of attack =0.0
angle_of yaw =0.0

/

&force_moment_integ_properties
area_reference = 8107.32
X_moment_length = 50.8
y_moment_length = 50.8
X_moment_center = 0.0
y_moment_center = 0.0
z_moment_center = 0.0

/

&inviscid_flux_method
flux_limiter = "minmod"
first_order_iterations = 8000

/

&turbulent_diffusion_models
turb_model = "menter-sst"

/

&nonlinear_solver_parameters
time_accuracy = "steady"
schedule_iteration=11
schedule_cfl = 0.05 0.05
schedule_cflturb = 0.05 0.05

/

&linear_solver_parameters
meanflow_sweeps = 10

/

&code_run_control
steps = 8000
stopping_tolerance = 1.0e-5
restart_write_freq = 100
restart_read = "on"
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namelist.input This input file sets up the nozzle inlet conditias, where the bc_patch variable refers
to the VGrid patch for the inlet, total_pressure_raio = Pyj,/P , and total_temperature_ratio = Tje/T

&boundary_conditions
grid_units = 'millimeters'
bc count=1
bc_patch(1) = 15
total_pressure_ratio(1) = 6060.21
total_temperature_ratio(1) = 1.69
subsonic_inflow_velocity = 'normal’
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