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PROGRESS TOWARDS THE DEVELOPMENT OF TRANSIENT RAM ACCELERATOR SIMULATION
AS PART OF THE U.S. AIR FORCE ARMAMENT DIRECTORATE RESEARCH FROGRAbit

N. Sinha.0 B. J1. York, ** and S. M. D&shee.
Science Applications International Corporation

Propulsion Fluid Dynamics Division
Fort Washington, Pennsylvania

R. Drabczuk***
Wright Laboratory

Armament Directorate
Eglin AFB. Florida

0. E. Rolader* *
Science Applications International Corporation

Shalimari Florida

ABSTRACT (1) design and construction of a large-bore aum accelerator
test facility at Eglin AFB;

This paper describe the development of an advanced
computational fluid dynamic (CFD) simulation capability in (2) investigation of diagnostic techniques; and,
support of the U.S. Air Force Armament Directorate's ram
accelerator research initiative. The state-of-the-art CRAFT (3) development and execution of computational fluid
computer code has been specialized for high fidelity, transient dynamic (CFD) models.
aum accelerator simulations via inclusion of generalized dynamic
gridding, solution adaptive grid clustering, high pressure therano- The design of the ram accelerator research facility to be
chemistry, etc. Selected ram accelerator simulations are pre- constructed at Eglin AFB has been initiated. Present plans call
sented which serve to exhibit the CRAFT code's capabilities and for the system to include a conventional powder gun, injector, an
identify some of the principal researchldesign issues. evacutated vent chamber, an eighteen mewe long ramn accelerator

section with a 90 mm, bons diameter. sard a catch-tank

The diagnostic research will focus on schliern, x-ray
At an earlier AL4A meeting,1 a new propulsive-o tented shadowgraph, emission spectroscopy, and a single-plse imain

Xavier-Stokes (NS) code, CRAFT, was introduced which was an (Rayleigh scattering). The sclilieren technique d*ed ntew
extension of ths TUFF aerodynamic NS code of Molvik and change in illumination due to the changes in refractive inext
Mulls. 2 Applications of CRAFT to various combusting, (density gradents), which am made viisible by introducing
multipliase flow problems were exhibited. In this paper, the subsidiary elements into the optical system, soch as a knife edge,
simulation of ram accelerato flowfields with CRAFT will be resulting in &he appearance of the intensity variations in the
discussed - a role undertaken in support of new research initia- location of the focussed iage The x-ray technique depends on
tives at fth Armament Directorate of Wright Labs, U.S. Air the change in die illumination due to absorption along the line of
Force. sigh by the gSo constituents, in a mirw similar to optia

-S -a -- grp 3-7 which exmines the intenity vauiations in a
The Armament Directorate of Wright Laboratories plane which is not the plane of the focused image. The interes

(WLJMN), located at Eglin Air Force Base, in coojunction with in using x-uays derives from a need wo have a method flAt
the Air Force Office of Scientific Research (APOSR), has operates saccessfully at high pr-eu& X-ray aadobwgraly
initiated a smulti-year research program to advance the under- has been utilized to observe density gradients in doe flow sa the
standing of the basic physics of the ram accelerator. The presure iceesup to values in the kilobar regime. Emiseon
research effort has thre principal areas of focus: spectrscp will be employed to infer flowfleld teaperature and

pressure, as well as composition. An anticipated difficulty with
___________emission spectra is that the opacity of the Bow system my

t AIMA Paper 92-3248, Presented at 28rh Joint Propul- increase rapidly with increasing presure. The research will
slon Coitference, Nashville. TN. July 6-8, 199. identify the pressure regime over which this technique will be

* Technical Director, Member A1AA. usefil. Thbe final diagnostic technique to be investigated is
00 Sr. Research Scientist. Member AIAA. single-pulse planar imaging. The primary focu will be onm

0"* Division Mgr- and Ampt. VP, Member AMAA. Rayleih scattering, but potentially both Ranana and Thiompso
s" Captain, United States Air Force scattering will be utilized.

00s sr. Staff Scientist
Copyright 1992 by the American Institute of High fidelity CFD simulations will be an integral part of th

Aeroanatics and Astronautics, Inc. All rights reserved. overall ram accelerator reearch programn. CFD sAmauations will



be used for conducting trade-off studies to support the in-house numerics) supplementing descriptions provided in e"lier
tet facility design and development. A second objective of the publications.'.- The problem specific features of the RAM
computational fluid dynamics task is to support the development version will be emphasized.
of the diagnostic techniques and data interpretation. The final
and crucial longer term objective is to develop a detailed under- GAS-PHASE EQUATIONS
standing of the complex physical and thermochemical processes
govrig the ram accelerator concept. This paper will provide The Reynolds-Averaged Navier-Stokes equations integrated
a background of the CFD technique being utilized to support this by the RAM version of CRAFT are listed in Table IlL They
research initiative and present preliminary findings, include chemical species equations for the species mass fractions

p-,. and turbulence model equations for the turbulent kinetic
Earlier simulations of ram accelerator flowfields have energy, k, and turbulence dissipation rate parameter, e. The

primaily emphasized a "napshot" prediction of the ram flow- source terms in D provide for chemical non-equilibrium (q,
field, e.g., a steady-state simulation at a fixed trajectory point, and turbulence non-equilibrium (E-v) whern P is the production
Such studies include the work of Nusca at BRL,8 Yungster and term for turbulent kinetic energy. The viscous fluxes include

eardt at the University of Wa shington, 9'10 Yungster at full CeM-flow streas terms which is requisite for solving 3D
NASA Lewis,1,2 unlay at al. at ,M4hC, 13 Humph7 and problems, e.g., projectile with fins. A two-equation k, turbe-
Sobotf at ARI,14 and Li, Kailasanath and Oran at NRL.? hhn lence modeQ 1 has been incorporated in a strongly coupled,
work of Nusca, Yungster et -1., and Imlay at -1. has involved implicit manner. Near-wall effects have been dealt with via the
the use of modern finite-volume upwindrunplicit numerics (e.g., low Reynolds number formulation of Chiena2 and the recent
higber-order Roe/TVD). Nusca has used uncoupled, global model of Rod.3 High-speed compressibility issues have been
chemistry in an overlaid manner. Yungster and Imlay at al. accounted for via the upgrades of Dash at on.24 based 00
have used loosely-coupled (diagonalized) finite-rate chemistry. -compressible dissipation" concepts introduced by Sarkar2 and
U at al. have utilized explicit FCT numerics with time-split Zeman.2 6  The CRAFT code contains generalized, muti-
global chemistry. With regard to turbulence modeling, Nusca, component/multi-step, finite-rate chemical kinetics. The speie
Yungster and Imlay at al. have employed algebraic models (e.g., production/destruction rates are determined via the law of a
Baldwin-Lomax), while Li at al. have not utilized a turbulence action and chemical reaction rfte constants are expressed in
model (their work is Eulae or viscous with "boosted" laminar Arrfenius form. The code acesses a JANNAF-based
viscosity). thennochemicalltranspont databank whose features mimic those

in standardized codes such as SPFY The databank contains
A workshop was recently held at AFOSR with a primary thermodynamic and transport data curve fits for varied speckis

purpose of identifying principal research issues and requirements and rate constants for pertinent chemical reactions.
for high fidelity CFD simulation of ram accelerator flowfields.
The workshop group felt that a full transient simulation was NUM IAL PRO URES
requisite for studying the basic physics and thermochemistry of
ram accelerators. Very itle research has been done in this The CRAFT code is an extended propulsive-oriened
area. The only work to date using state-of-the-art upwind/im- derivative of the TUF a.erdynai code which was formulaied
plicit numerics to analyze transient byperveocity interior ballistic as a thin-layer NS code within a finite-volume framnewod, with
flows is that of Sinha, Dash at al. as applied to Electro-Thenno- higher-order upwind inviscid fluxes based oan the approximate
chemical (C) guns.16 Alternate transient interior ballistic Riemanm solver of Roe.= The numerics incorporate TVD
flow simulation work for ram accelerators, for ETC guns, and procedures outlined by Chakravtyh9 to eliminate apurim
for liquid propellant gun, has primarily involved the use of oscillations generally associated with higher order upwind
structured and unstructmed explicit methods (which cannot schemes. The fluid and species equtions am strongly coupled,
efficiently treat thin boundary layers). The principal research and the solution is made fully implicit by linearizing all convec-
areas identified at the workshop included numerics (e.g., tive/diffusive fluxes as well as the chemical source term (with
dynamic adaptive gridding and advanced implicittupwind respect to all dependent variables, not just chemical species as
algorithms), turbulence modeling in a transient environment in other codes of this type). An ADI splitting is employe& A
(e.g., LIM simulation), 3D effects (e.g., vortex shedding from modified Newton iteration is employed to eliminate linearaiztion
fins) and combustion phenomenology in the high Re, high errors in the iterative process. Elimination oflinariuztio/fa-
pressure ram accelerator environment, torization eos was recently shown by Ridder and Beddinis0 to

be essential for accurately representing complex wave propaga-
The methodology n CRAT s quite new rftstate- tion phenomena in a non-diffusive manner, as requisite for

of4he-art capabilities in this country. Principal milestones in acoustic applications and instability phenomena.
the evolution of CRAFT are summarized in Table L Our work
with earlier NS codes such as PARCH17 ,18 has indicated die The incorporation of nonequihmbrium kinetics has followed
requirement to develop specialized versions for specific applica- the finite-volume, fully-implicit philosophy of the gas dynamies.
tions.19120 This philosophy has been adhered to in our work In departure from earlier generation explicit and loosely coupled
with CRAFT. Specialized research versions of CRAFT devel- schemes, the species and fluid dynamic equations am strongly
oped to date are described in Table 11. This paper will review coupled and simultaneously solved, readily allowing information
the basic methodology available in CRAFT (equations and transfer between the two sets of equations. In contrast, the

2



Table 1. Evolution of Methodology in CRAFT Code

"* UPWIND/IMPLICIT FINITE-VOLUM*E METHODOLOGY (ROEITVD) APPLIED TO EXTERNAL AERODY-
NAMIC FLOWFIELDS - 1986-1988. Reference: Walters and Thomas, *Advances in Upwind Relaxation Methods,'
Satae of Mhe Ant Surveys on Computational Fluid Mechanics, ASME Pub., 1988.

"* EXTENSIONS OF ROE/TVD METHODOLOGY TO MKULTI-COMPONENT/REAL GAS FLOWVS WITH CHEMI-
CALITHERMAL NONEQUILIBRMIU - 1988-1989. Reference: Liu and Vinokur, *Upwind Algorithms for Ceneral
Thermo-Chemical Nonequilibniuz Flows, " AIAA Paper 89-0201,* Jan. 1989.

"* EXPLORATORY STUDIIES OF ROE/TVD NUMERICS FOR UNSTEADY FLOWS, ACCURATE WAVE
]PROPAGATION IN DUCT (RESONANCE TUBE) - 1989. Reference: Ridder and Beddini, 'Time-Accurate Finite-
Volume Method for Propulsion Chamber Flows,' AIAA Paper 89-2554, July .1989.

"* EXTENSIONS OF ROEJT VI METHODOLOGY FOR PROPULSIVE FLOWS %WITH COMBUSTION CHEMIS-
TRY, ADVANCED TURBULENCE MODELS - 1989-19"1. Reference: Dash. 'Advanced Computational Models for
Analyzing High-Speed Propulsive Flowfields,' 1990 JANNAF Propulsion Meeting, Oct. 1990.

"* EXTENSIONS OF ROE/TVD METHODOLOGY FOR UNSTEADY ROCKET PLUTME PROBLEMS WITH
GAS/PARTICLE NONEQUILIEBRIUM ~1989-1991. Reference: Sinha, Hosangadi and Dash, 'Tb. CRAFT NS Code
and Preliminary Applications to Unsteady. Reacting, Multi-Phase Plume Flowfield Problems,* 1991 JANNAZF Plume
Meehting, May 1991.

"* EXPLORATORY STUDIES OF ROE/TVD METHODOLOGY FOR GUN FLOWFIELDS WITH DYNAMIC GRID
EXTENSIONS - 1990-1991. Reference: Hosangadi and Sirtha, 'Development of a Dynamic Grid Navier-Stakes Solver
for Computing Electro-7Thermo-Chemical Gun Configurations.' SAICJTR-88, Dec. 1990.

"* EXTENSIONS OF ROEITVD METHODOLOGY FOR GAS/LIQUIDD MIXTURES FOR ETC GUN FLOWFIELD
SIMULATION - 1992. Reference: Sinha, Hosangadi, York and Dash, 'First Principles Two-Dimensional Modeling of
ETC Interior Ballistics,' 29th JANNAF Combustion Meeting, October 199.

Table UI. Research Versions of CRAFT NS Code

CODE NAME CRAFT/JR [ CRAF/TWC __RFrn _JCRtAF'riW__ CRAFrIRAM

High-Speed Jet ETC Gun Plowfields Rocket Ncrzzeal Numerical Reserch Ram Acceu~APPLICATION Research Plumes Flowliewd

SPONSOR11 lASA/AARC, HSRP BRL MICOM Internal Research AFOSR A
__________ ___________ ___________WL/MNSH

EQUATIONS ID/2DIAX1131D ID/2D/AXVSD ID41D/AXI/3D) IMIDIAXII3D ID/2DAXIIID

Perfect Gas, Two- Imperfect Gas, Combue- SWF Futite-Rate Perfect Gas Iwerfecs G21 rag-
CHENM1STRY Stream tion Cheinm".7 Multi- Cbeuuimo~. Two- Rate Detafl 11imeiu

____________ ______________Phase Chemistry Stream. Perfect Gas __________________

ke, Compressibility fa- ha kalCbien. Comprews ha kt/Chies, Mwsmi
TURDBULENCE tensions, ARS Exten- W"lt Extensions cinrsasy.t cor

__Simoo _ _ _ _ _ _ _ _ _ _ _ _ _

None Equilibrated Mvixurs Nonequilibrium Nowa Now
PARTICULATES Nonequilibrium Liquid

__________ ___________ ~Propellentsa_ _ _ _ _ _ _ _ _ _

Inyolicai/Upwind inlpfilc;&J/pwind hupllcutlUpwind LU Upgrade for IauyllfckWrpwhd
(RoerFD) strongly- (RoefTVD) on Dynamic (RosfTVD) on Fixed Robustun.u Faster (Roe/TVD) Dy-
Coupled Fluid/Specialt Grid. Time-Accurate Gri. Tame-Accursts Convergence nmauv Grid,;TZAC-

SOLUTION Turbulence (I x 9 Solution, Strongly-Corn- or Tamie-Asymnpttic. (CML - 25-SM) curateSaim
Block Inveasion), pled Equations, Vari- Strongly-Coupled stroogly-cIelad
Tame-Accurate or able Matrix Sits Equations. Variable Equaifons, Varible

_______ _Tiame-Asymptotic Matrix Size _ ______Matrix sin

Exploring Noew Turbu- Inclusion of Liquid Adaptive Griddint for Rnnwrt of Ccd& Adaptive. Dynmesi
,iwwlc lance Models, Now Phase, Gas/Liquid Unsteady Multi-Phase structure to Ophimias Gidding f UnstadyNE OK NnRfetv C Interface. Droplet Po- lows LU storage 1ar 3D) Plows, LE

nation Model ___________ _____
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Table Ml. CRAFT NS Equations

AfffQdJ * ff(3,.m A-M.)idac

11( fppm - Ri.)iqdC ff(k.aa -

p 0  0

pv p vtp0
pw pow*uxP 0 &v-nwNr
0 (e*P)O 43Z1P.r.

Q 2 p 
3  B - D - &2 R

2 p21D I

ePloe 4(2Cp) P 3 Ufaa

T= X- (u2+v3 )+j2

Tu :-P(u,,* 3 )

P 3  -K T , *u c, +V C 7 W r
P. -

IN THE ABOVE EQUATIONS. INzYAz) v.y.'). &j) RmEsurrN THE CURVILjNEAR C*ORmIA7= IN THE iRANsFORmE
COWMWAT1ONAL SPACE THE METRICS j,, t 1p t ARE THE COMPONENTS OF THE CELL FACE NORMAL 1. POWITDI Wi T=E

PO6ITWIE I DIRECTION WITH LENGTH EQUAL To CELL FACE ARE&jA.SMLARLY THE OTHIER ME=RCQAT~E ARE 1
COMPONENTS OF THE VECTORS.a AND a, WHICH ARE THE NORMAL VfCTORS OF THE CrRSODO a, QANDTITITES FU

PROPTIESt ARE GIVEN BY THE DENSITY p, CARTESIAN VELOCITY CoMpoNWII (, v,- a), AI 11 .~AL NDRG & U nFUNID

VOLUME,., oAND SPECIESCONCENTRATIONSp,4 WTHEAN4SPORPROPERTMIARE GIVEN yFUBEDIOHELA)(AR VISCOSIY
7 ZENOG THE RATIO OF SPECIFIC HEATS. AND K BEING THE THERMAL CONDUCTIVITY. THE TURBULEMNC SQUATIONS ARE
DERIVED IN TERMS OF THE TURBULENT ICINKEIC ENERGY. k, AND THE DISSIPATION RATE.c. THE CONTRAVARIANT'VELOCIS
COMPONENTS ARE DEFINED AS FOLLOWS:

FOR TURBULENT FLOW SIMULATION, THE LAMINAR VISCOSITY AND THE THERMAL CONDUCTIVITY ARE RmPACED By 1

RESPECTIVE Sums OF LAMINAR AND TURBULENT VALUES. THE. k-t TURBULENCE MODEL CONSTANTS WIUCH HAVE BEENI USED

ARECp .0, C - 1.44 and C2 . 1.92.

4



earlier techniques separately solved the two sets of equations volume as a source term. The variation of the grid with time

which reduces the computational effort but severely inhibits the has to be specified depending on the application. For a moving
flow of information. This can be a severe handicap for strongly boundary, the movement of the boundary has to be related to the
combusting flows, e.g., blast waves, gun chamber flowfields, force balance on it. On the other hand, for a grid adapting to
etc.. where significant coupling exists between the chemical convecting discontinuities, the criteria for the adaption (e.g.

,elease of energy and flowfield pressurization. A major pressure or density gradient) must be specified.
breakthrough has been the pioneering work of Vinokur and Liu 3 1
in reformulating the original 'perfect gas* Roe scheme and the RAM ACCELERATOR STUDIES
associated Reimann problem to account for multi-component,
real gas flow with chemical and thermal nonequilibrium. Steady-State Simulations

The extension of CRAFT to include a two-equation ke It was imperative to first establish a baseline capability at
turblence model is a straightforward extension of the basic the steady-state axisymmetric level to establish that CRAFT
finite-volume based upwind/TVD methodology. The turbulence provided predictions in accord with those of other investiga-
model equations are cast as a part of the strongly-coupled tors.8, 11,13 With this objective in mind, predictions were
equation set for enhanced accuracy and robustness. The implicit generated for a projectile that was recently tested at the Univer-
treatment is extended to the turbulence nonequilibrium source sity of Washington's 38 mm ram accelerator test facility.
terms to eliminate *stiffness.' This is requisite for handling the
low Reynolds number near wall terms. The linearization of The projectile dimensions are shown in Figure 1. The tube
sourme terms is a somewhat inexact procedure and several was pressurized to 39 atm with a premixed combustible gas
strategies have been developed. Instead of a brute force mixture (2.75 CH 4 + 5.8 N2 + 2 02). CRAFT predictions
mathematical treatment, the linearization is being guided by were obtained, at the Euler non-reacting limit, for a trajectory
turbulence behavior typical of low Reynolds number near wall point corresponding to a projectile flight Mach number of 3.6.
regions and high Reynolds number free shear zones. Various A 301 x 71 curvilinear body fitted grid (shown in Figure 2) was
methods are being explored to identify the optimal technique for utilized. Figures 3 and 4 show ccmputed pressure and Mach
propulsive/plume flowfields. In addition, the selection of number contours, respectively. The overall flow structure is
appropriate background levels for freestream fluctuation intensity well represented and in accord with predictions obtained by the
and length scale have been found to be sensitive parameters and previous investigators utilizing comparable numerics. The
must be judiciously specified. oblique shock structure is initiated at the projectile nose cone and

causes ran compression of the reactants via a sequence of

DYNAMIC GRID UPGRADES oblique shocks. The shock system weakens as it interacts with
the expansion fan emanating from the projectile afterbody

As a preliminary step towards developing a gun capability, shoulder. Behind the projectile, a high-speed wake structure is
CRAFT was upgraded to allow for unsteady simulations with a obtained, characterized by a wake reattachment shock.
moving projectile and thus an ever expanding and/or moving gun
chamber computational domain. The generalized dynamic grid Ifigh-Pressure Compressibility Effects
formulation incorporated enhances the capabilities of the code to
simulate a wide variety of other unsteady phenomena, e.g., the Ram accelerator flowfields are characterized by extremely
unsteady interactions between deformable or non-stationary high pressures, caused by rapid combustion of pre-pressurized
boundaries and fluid phenomena which result in time-varying semi-stoichiometric fuel-air mixtures under near-detonative
flowfields. Dynamic grids are also applicable to problems which situations. Pressures in the neighborhood of 1000 atmospheres
require a grid that continuously adapts to moving discontinuities. are not unusual. Under such extreme pressure conditions, high
This feature is requisite in transient problems where strong levels of compressibilityareprevalent and must be accounted for
shocks can convect rapidly through the flowfield. during analysis.

The dynamic grid capability has been formulated in a The baseline version of CRAFT was designed for a multi-
manne consistent with the finite-volume philosophy of the component, thermally perfect (but calorically imperfect) gaseous
CRAFT code. We have closely followed the generalized mixture and the perfect gas equation of state was assumed. In
procedure outlined by Vinokur.32 Table IV summarizes this the RAM version, the perfect gas formulation was replaced by
methodology, while additional details are given in Ref. 33. To a virial equation of state, generalized for a multi-component
briefly describe the procedure, the unsteady movement of the mixture as summarized in Table V.
physical grid is treated purely as a geometric quantity. There-
fore, unlike a finite-difference formulation where the contravar- Shock tube studies indicate the importance of compressibility
isnt velocity is altered such that the computational grid remains effects at high-pressures. Figure 5 exhibits a 10/1 shock tube
invariant in space and time, the computational grid in a fi- solution for three different pressure ratios (10/1 atm, 100/10 atm
air-volume formulation varies with time. The additional flux and 1000/100 atm). Note the differences in the shock propaga-
due to the motion of the cell face is included in the flux evaula- tion pattern at the higher pressures. Shock speeds are faster at

mon in an upwind fashion. The conservation equations incorpo- higher pressures. The steady-state case of the previous subsec-
rate the change in the flux resulting from the time-varying cell tion was studied again with the new RAM version of CRAFT.

S



Table IV. Dynamic Grid Computations

fýQd - fýQdv N ff Idsdz f"f *dvdt

Term I Term n Team m
EQUATIONS Term I: PRIMARY CONSERVED VARIABLES

Term 11: FLUX TERMS
Term mII: SOURCE TERMS
V(1): TIME VARYING VOLUME

"* TREAT GRID AS PURELY GEOMETRIC QUANTITY, i.e., DEFINITION OF CONTRA-
VARIANT VELOCITY UNCHANGED

"* EVALUATE FLUX TERM BY ASSUMING GRID IS HELD CONSTANT AT TIME-AVER-
AGED VALUE

"* INCLUDE ADDITIONAL FLUX ARISING FROM CELL FACE MOTION
"* EVALUATE SOURCE TERM FOR THE GRID AT THE NEW TIME LEVEL, THUS

METHODOLOGY GIVING:

Q ~ ' So• 8 V~ Q 8" zl -V F ."'iAt -e '" V'"l
At ) ( At S

F. - fiP and i is the time averaged metric

"* SPECIFY GRID MOVEMENT AS A FUNCTION OF TIME

NUMERICS EVALUATE F. AS A THIRD-ORDER UPWIND BIASED FLUX
* SOLVE LINEARIZED IMPLICIT OPERATOR USING ADI PROCEDURE
* USE NEWTON ITERATION FOR HIGHER ORDER ACCURACY IN TIME

Table V. Description of Gas Upgrades

THE VIRIAL EQUATION OF STATE WAS INCORPORATED FOR A MULTI-COMPONENT GAS MIXTURE

a Wl. a J

THE SECOND AND THIRD VIRIAL COEFFICIENTS FOR THE MIXTURE ARE RELATED TO THE INDIVIDUAL
SPECIES VIRIAL COEFFICIENTS.

IN GENERAL

Ba.c) - B JX11J

HOWEVER, IF DATA IS UNAVAILABLE FOR CROSS COEFFICIENTS SUCH AS Bij, AN APPROXIMATE
RELATIONSHIP IS ASSUMED.

B. (T) - •ire

WHERE Yj IS THE MASS FRACTION
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.Figures 6 and 7 show the computed contours of pressure and One-dimensional shock tube studies at laboratory conditions
Mach number - the shocks are stronger and more closely have been initiated to gain a preliminary understanding of the
spaced. Figures 8 and 9 compare the predictions of pressure kinetic processes relevant to the ram accelerator. The objective
along the tube wall and projectile afterbody from the two of these simulations is to identify the interaction between shock
computations. The effect of compressibility is evident and formation and ignition delay in a tranienl environment. A

.would be more pronounced if combustion were included, related objective is to also establish an upper pressure bound for
the applicability of conventional hydrocarbon kinetics rates and

Adaptive Grid Considerations mechanisms. Figure 13 shows the schematic of a problem
studied and the kinetic mechanism utilized for the simulations.

The accurate prediction of transient ram accelerator flow- Figures 14 and 15 show the temperature and pressure distribu-
fields is strongly keyed to the ability to dynamically adapt the tion in the shock tube at two instances, separated by SpS. At the
grids to resolve the embedded shock discontinuities, wall earlier time, the shock front is clearly sen (claracterized by the
boundary layers and separated shear layer regions. Smart logic von Neumann spike), followed by a constant pressure induction
is required to have grids evolve with the transient structure. zone and subsequently the flame with rapid temperature rise.
Research has been initiated in this direction using solution The flame front travels faster than the shock and merges with it
adaptive gridding based on the NASA Ames SAGE adaptive a little later, as shown by the relatively uniform post-shock
solver.34 Applications of adaptive gridding with tran- temperature. Figures 16 and 17 show the distribution of major
sient/unsteady NS computations require significant experience and minor species at the two time instances considered and a
with regard to: consistent behavior is observed. Further one-dimensional studies

a) when to implement the adaptive solver, e.g., with upgrades rateslmechanisms are felt to be essential for
after how many iteration steps; gaining an understanding of what might occur under actual ram

conditions.
b) the associated adaption parameter, e.g., a

certain weighted combination of pressure, CONCLUDING REMARKS
Mach number, temperature, etc.; and,

This paper has described the CRAFT/RAM computer code
c) the control parameters, e.g., the degree of grid developed for application to ram accelerator flowfields. The

distortion, orthogonality, etc., per adaptive code developed is a specialized version of the CRAFT research
pass, etc. code with generalized thermochemistry, advanced ubulence

modeling and specialized dynamic/solution adaptive gridding

The development of a suitable grid adaption strategy for ram capabilities. Issues pertinent to developing a fundamental
accelerators has been initiated with focus directed towards understanding of the detailed physical and thermochemical
developing rules for some of the considerations outlined above, processes governing ram accelerator concepts were exhibited
Preliminary adaption strategies are being developed for a steady- with numerical simulations illustrating the code's capabilities to
state trajectory point analysis and will be subsequently imple- simulate these processes. Future work will include boundary
mented for transient calculations in a "hands-off- fashion. layer effects (projectile and launcher tube), full transient
Figures 10 and 11 display examples of adapted grids generated simulations, and exploration of thermochemical issues.
for the steady-state case analyzed earlier. The grids were
generated by selecting varied adaption parameters and controlling
the grid distortion. Figure 12 shows the grid and resultant REFERENCES
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Figure 1. 38mm projectile dimensions.
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Figur 3. Computed pressum coctoom for 38mm projectile

Figur 4. Computed Mach number castowi for 38mm projectile.
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ONE-DIMENSIONAL SHOCK TUBE

Poo " I atm
' T 300 K INDUCTION

FREESTREAM Moe 3.5 PRNEUCT

SHOCK FLAME

METHANE REACTION MECHANISM

Reaction k" rate constant

1. CH4 + M-.CH3 + H + M 1.5 x 1019 exp(--IO0,6001R7)
2. CH4 + 02 - 0H3 + HO 2  1.0 x 1014 exp(-45.400/RT)
3. 02 + M--20 + M 3.6 x 1019T" 1 -0 exp(--l18,8001R71
4. CH4 + O--CH3 + OH 1.7 x 1013 exp(-8760/1T)
5. CH4 + H- CH3 + H2  6.3 x 1013 exp(--12.700IR7)
6. CH4 + OH - CH3 + H20 2.8 x 1013 exp(-5000IRT)
7. CH 3 + O--H2 CO + H 1013.1015
8. CH$ + 02- H2CO + OH 1011 - 1014

9. H2CO + OH-HCO + H2 0 1013-1015
10. HCO + OH- CO + H20 1012- 101
11. CO + OH -CO 2 + H 3.1 x 1011 expl-600OR7)
12. H + 02 -. OH + 0 2.2 x 1014 exp(-16.6001Rr)
13. 0 + H 2: OH + H 4.0 x 1014 exp(-94601R7)
14. 0 + H20- 20H 8.4 x 1014 expl--18.2401RT)
15. H +H 20--H2 + OH 1.0x 1014 exp(-20.400/R•)
16. H + OH + M--H20 + M 2.0x 1O 1T-1-
17. CH3 + 0 2 - HCO + H20 1011-1012

18. HCO + M-.H + CO + M 2.0 x 1013 T12 exp(-28,800IR7)

Figre 13. Reactive shock tube scbemtic and methn kineti mechanism.
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