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ADAPTATION OF FLUX-CORRECTED TRANSPORT ALGORITHMS
FOR MODELLING BLAST WAVES

Blast wave phenomena include reactive and two-phase flows associated
with the motion of chemical explosion products; the propagation of shocks,
rarefaction waves, and contact discontinuities through a nonideal medium
(real air, possibly thermally stratified and containing dust and water
vapor); and the interaction of the blast waves (including boundary layer
effects) with structural surfaces. Flux-Corrected Transport (FCT) represents
an accurate and flexible class of methods for solving such nonsteady
compressible flow problems (Boris and Book, 1976). Coupled with a
nondiffusive adaptive gridding scheme (Book, et al., 1980; Fry, et al.,
1981), it enables complex time-dependent shocks to be efficiently
"captured."

In models which treat all the physical effects required for blast wave
simulation, truncation errors inherent in the underlying finite-difference
scheme are exacerbated by nonlinear coupling between the fluid equations and
by the greater complexity of the phenomena being simlated. Typical of these
errors are the "terraces" which develop under some circumstances on the
flanks of sloping profiles when the growth of ripples due to phase errors at
short length scales is terminated by the action of the flux limiter. Two
approaches are possible toward eliminating them: improving the short-
wavelength phase and amplitude properties of the underlying algorithm, and
switching on additional diffusion locally. The latter approach folds
information about the shape of the profile and the nature of the physical
process taking place (eege, rarefaction) into the switch criterion, thus
changing the FCT technique from a "convective equation solver" to a "fluid
system solver." In doing this, care mist be taken to avoid losing the
accuracy, robustness and problem-independence which constitute valuable
attributes of FCT algorithms (Book, et al., 1981).

Tests carried out on scalar advection of simple density profiles by a
uniform flow field show that terracing does not require either diverging
velocities or discontinuities in the profile, but appears typically (for v >
0) where the first and second derivatives of density have the same sign
(Fig.1). 1In order to improve the properties of the basic difference scheme,
we propose a new algorithm for integrating generalized continuity equations
over a timestep 6t. Consider the following three-point transport scheme:

By = 0§ = G4y - P51) * k(09,1 = 207 + 051)s
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0% = 75 - ulé; - ¢s5_1/0)

3N j+l/2 T ¥5-1/27°

where

~

P341/2 = Py+1 ~ Py

Manuscript submitted July 26, 1982.




J J
temporary intermediate densities, and n, 6, k, A, and u are velocity-
dependent coefficients. Here k and A are diffusion ccefficients, and u is
the antidiffusion coefficient. In the actual algorithm, ¢3+1/g is corrected

(hence the name FCT) to a value ¢3+1/§ chosen so no extrema in Ej can be
enhanced or new ones introduced in pj. Previous FCT algorithms had 6 = 0}

the widely used ETBFCT and related algorithms (Boris, 1976) have in addition
K = 0. If we define p'j to be sinusoidal with wave number k on a mesh with

uniform spacing 6x, so“that pg = exp (ijB) where B = kéx, then the new

The arrays {p?} and {p?} are the old and new densities, p, and p, are

density array satisfies
p?/p? = A = 1-2i(n+8)sinB +2(«+1)(cosp-1)

- 2ulcosB-1) [1-2insinB+2¥(cosB-1)].

From A we ian determine the amplification a = A and relative phase error R =
(1/eB)tan™ (-ImA/ReA)-1, where € = v6t/6x is the Courant number.
Expanding in powers of B we find L

a=1+ a282 + ahB + a666 + o e . 5

R =Ry + Ry8% + Rheh + 3636 ee e
First-order accuracy entails making R, vanish, which requires that n + 6 =
e/2. Second-order accuracy (oz2 = 0) implies that p = k + A - €/2.
Analogously, the "reduced-phase-error" property R, =0 (Boris and Book,
1976) determines u = (1-e2)/6, thus leaving two free parameters. One of
these can be used to make R), vanish also. The resulting phase error R(B)
is small not only as B +» 0, but also for larger values of B, corresponding to
the short wavélengths responsible for terraces (Fig. 2). The remaining
parameter n can be chosen to relax the Courant number restriction needed to
ensure positivity from € € 1/2 to € € 1. When coded, these changes
necessitate a small increase in the operation count of ETBFCT along with a
small increase in overhead to precalculate the two new arrays of velocity-
dependent transport coefficients. On advection tests, the new algorithm
completely eliminated terraces (Fig. 3). When applied to the coupled systems
of gas dynamic equations, it produced profiles which closely approximate the
Riemann solution of the exploding diaphragm problem (Fig. L).

The second approach uses a rarefaction flux limiter (RFL) to eliminate
numerical ripples in strong rarefaction waves. This approach is physically
motivated. Raw anti-diffusive fluxes ¢ +1/p are limited so that
the slope of local flow field profiles aecays with time in a rarefaction
wave. In effect, additional diffusion is left in the field to maintain
monotonicity of local slopes. For multi-material calculations a "contact B
surface sensor" is needed to detect physical discontinuities and shut off the
RFL locally.

In addition we found that some care was required when applying v
generalized continuity equation solvers to a system of equations. Truncation
errors of the various equations can interact, causing undershoots or
overshoots in nonconvective quantities such as pressure. We found that it
was necessary to monotonize derived quantities (pressure, velocity) before
using them in minimal-diffusion transport algorithms.




The above methodology has been applied to a series of test problems
initiated by a spherical high-explosive (HE) detonation in air. An ideal
Chapman-Jouguet detonation was used to specify the initial conditions;
afterburning was neglected. In the absence of reflecting surfaces,
spherical symmetry is maintained and the calculation remains one-
dimensional. A nonuniform radial grid was used with extremely fine zoning
near the shock front. The grid was moved so that the shock remained
approximately fixed with respect to the mesh. The original version of the
FCT algorithm gave rise to pronounced terraces in the rarefaction region.
This would have rendered any two-dimensional calculation involving shock
diffraction or nonideal effects dubious. The techniques described here
improved the blast wave results considerably. The decrease in phase error
reduced terracing dramatically.

Next, a two-dimensional (2D) numerical calculation was performed to
similate one of Carpenter's (197L4) neight-of-burst experiments which used
spherical 8-1b. charges of PBX 9L4OLk at 51.6 cm. The previous fine-zoned 1D
calculation was used to initialize the problem. It was mapped onto the 2D
grid just prior to the onset of reflection. The solution was then advanced
in time, with pressure being calculated from a real-air equation of state and
a JWL equation of state for the combustion products. The front of the blast
wave was captured in a finely gridded region which moved outward horizon-
tally. Special care was taken to ensure that the grid moved smoothly. The
resulting solution, particularly the curve of peak overpressure vs. range,
was consistent with Carpenter's experimental data (Fig. 8). Although this
calculation represents a reasonable accurate similation of the double-Mach-
stem region, no doubt improvements can and will be made to numerically model
such phenomena.
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Fig.1 —Rounded half circle used in passive scalar advection tests (a) initially,

and (b) after propagation for 14 cycles using JPBFCT. Note that terraces form
even, as here, in the absence of corners in the profile. Tick marks indicate

computational zones (N = 100).
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Fig. 2— Contour plot of R(8,¢) for new multicoefficient FCT algorithm.
Note R = 0 except for 8 > 3 w/2. The relative phase error vanishes ex-
actly fore =1/2and e = 1.
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01CY ATTN MTF M DLAMTRNCH
01C ATTN NT D PAYTCN
DICY ATTIN NTED-2

01CY ATTHN NTZS-G

01CY ATTN SUL

nIicCY ATTN NEY

DICY ATTN MNTES-S

N1CY ATTN RTEC

NicY ATTN NEY

DIPECTOP
AIR UVTVrPQITV L I8P ARY
NEDADTYENT QF THE AIR FCPLE
MAXWELL AFR, AL 26112
(NESIFFS NC CN4WRI)
N1CY ATTN AUL-LSE

ASSISTANT CHIEF CF STAFF
INTELLIGFNCE
NEP AR TYMENT NF THE AIR FORCE
WASHINGTON, DC  2072C

01CY ATTN IN RM 4A922

ASSISTANT CHIEF CF STAFF
STUDIES & AMALYSFES
DEDAD TMENT 0OF THE AIR FCORCE
WASHINGTCN, DC 20320

nicyYy ATTN AF/SAMI (YECH LI3)

ASSISTANT SECRFYAPY OF THRE AF
RESEARCH, DEVELOPMERNT & LOGISTICS
NESARTHMFMT OF THE ATIR FCORCY
WASHINGTCYy DC 22330
AICY ATTN SAFALB/CEP FOR STRAT & SPACE SYS

PALLISTIC MISSILE TFFICE/™IN
Al® FORCE SYSTRIMS CCOVMANT
NORTCM AFB, CA 924C9
(VIMUTEMAN)
AICY ATTM #mM¥H 5 KALANSKY
NICY ATTN MNNYH ¥ CELVECCHIN
01CY ATTN MMN W CFABTREE
0ICY ATTN ¥MMYH D GAGE
D1CY ATTN MMMY
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NEOUTY CHIEF 0F STAFF
PESEARCH, DEVELLPNENT, & ACC
NEPARTMENT NF THF AIR FCRCE
WASHINGTCM, DC 2023C

01CY ATTN AFEDOT N ALFXANDROCHW

OLICY ATTN ATRDEN

nicY ATTN AFPDQI

neoyTyY CHIEF OF STAFF
LNGISTICS & ENGINFERING
NEPARTMENT OF THE AIRP FCRCE
WASHINGTCM, DO 2032C

0I1CY ATYTN LEEF

CCHMANDER

FOREIGN TFCHNGLAGY CIVISION, AFSC

WRIAHT-DATTEPSAN AFE, COF 45433
otcyY ATIN NITS LIRRARY

COMMANNER
rPOYE AR NDEVELNDNENT CENTER, AFSC
GRTFFISS AF3, NY 13441
(CESIRPFS NC cCMWDT)
N1CY ATTN TSLO

STRATEGIC AIR COMMANL
NEP AP TMENT NF THF AIP FLPCE
QFFUTT AFBy NB 6R113

01CY ATTN NRI-STINFC LIRQtQY

01CY ATTN XPFS ‘

N1CY ATTN IMT J MCKXINNEY

VELA SEISHOLNGICAL CENTER

212 MONTGOWERY STREET

ALEYANDIRA, VA 22314
01CY ATTN G ULLPICH

DEDAP TMENT OF EZMER
AL BUGUEFLLIE FDEDATXEBC rccrrr
P A0X 5400
ALBUQUTROIIE, AM 87115
0ICY ATTN CTID

DEPARTHENT NF ENFOGY <
WASHINGTPN, NC 20545
0iCY ATTN CHA/RDET

DEBARTMENT 0OF ENERGY
NEVADA NPERATIONS CFFICE
p O 30X 14100
LAS VEGAS, NV 39114
0ICY ATTN MAIL &£ RECORDS FOR TECHNICAL L JBRARY
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LAWPENCFE LIVESMORE RKATICNMAL LAB

p O 80X 20R

LIVERMORE, (A 94550
NICY ATTN L-0C R DCHMG
01CY ATTN 1205 J FEARST (CLASS L-2073)
01CY ATTH L-90 1 MOPRIS {(CLASS L=504}
01CY ATTN L-7 J KAEN
OICY ATTN D GLEMN
DICY ATTN L 427 R SCHCCK
01CY ATTN TECENTICAL INFO OFDT, LIBRARY
01CY AYTN L-2C0 T BUTKCVICH

LS ALAMOS NATICMAL SCIENTIFIC LAB
VAIL STATICN 5100
PN EBOX 14£3
L2S ALAMDS, MM RT7HR45
(CLASSIFIED CNLY TC MATL STATICN 5000)
NDICY ATTM R WFITTAKER
01CY ATTN C KELLER
01CY ATTN M T SANFORD
01CY ATTN ™S 32¢&4 (CLASS REPNMRTS LIB)
01CY ATTN E JONES

LOVELACE BIOMFENICAL &

ENVIPONMENT AL RSCE INSTITUYFE, INC.
P O BOY 5RSN
ALBUQUFROUIF, N £7115

O1CY ATTN © JCNES (UNCL CANLY)

DAK. PIDNCE NATIOMAL LABGRATNRY
NUCLEAR DIVISIONM
X-17 LAR RECORDS DIVISION
PO BAMNX X
CA¥ PIDGE, TN 27830
01CY  ATTN CIVIL DEF RFS PRrROYJ
01CY AYTWN CENTRAL RSCH LIRRARY

SAMDIA LABCRAYMRTES
LIVERMORE LABCRATORY
b 0 B0xX 9&9
LIVEFRMORE, CA 94550
N1CY ATTMN LIEFARY £ SECUPITY CLASSIFICATICN DIV,
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SA*'IIA NATIONAL LAR
P 0 PAX 5R00
ALBUIUEROUS, N §T185
(ALL CLASS ATTN SEC CRNTROL OFC FOR)

01CY ATTN A CHABAN

01CY ATYN L HILL

01CY ATTN C2G 1250 W BROWN

01CY ATTN A CHASTA

N1CY ATTN W PCHERTY

01CY ATTY 2141

01CY ATTN L VORTMAN

01CY  ATTN J BENISTER

CEMTRAL INTELLIGEMCE ASENCY
WASHINGTOMN, DC 27255
O1CY ATTH NSWP/MED

DEPARTMENT OF THE INTJERICR
PRUREA! CF MIMES
BLDG 2N, DENVED FEDERPAL CENTEP
DENVER, CD 80225
{(UNCL CNMLY))
01CY ATTN TECFKF LIP (UNCL CNLY)

DIRPECTCR
FENERAL EMERGFNCY MANAGEMENT AGENCY
NATIONAL SEC OFC MITIGATICN & RSCH
1725 1 STREET, NV
WASHINGTON, DC 20472
{(ALL CLASS ATTN 81CS5 DCC CCNTRCL FCOR)}
O1CY ATTN MITIGATICN £ RSCH DIV

ACHIPEX CC°P.

425 CLYDF AVFNUC

MCIINTAIN VIEW, CA Q4742
N1CY ATTN C WlLF

LERQSPACE COPDO,
P T BRDOX 92957
LOS ANGELFS, CA S00CO
N1CY ATTN Y MIRELS
01CY ATTN TECHNICAL INFORNATICN SERVICES

AGBABTAN ASSOCIATES

257 N NASH STREET

EL SEGUNDG, CA 90245
NICY ATTN M AGBABIAN

ANALYTIC SERVICES, TNC.
400 ARMY-NAVY PC2]VE
APLINGTOMN, VA 22202

NIiCY ATTN G HESSFLBACHE®R
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APPLITFD PESEARCH ASSICIATES, INC
2601 WYCHMING BLYVD NE SUITE F-1
ALRUQUERQUIE , Nt FT112

0I1CY ATTIN J RRATTCH

01CY  ATTH N FIGSINS

ADDLIED THEN?Y, INC.
101N WESTWOND PLVE
LS ANGFLES, CA SGN24
{7 CYS IF UNCLASS CP 1 CY IF CLASS)
01CY ATTN J TRULIC

APTEC ASSOCTIATES,; IAC.
26046 EDEN LANDIRG PDADS
HAYWARD, CA 94545

nICY ATTM S GILL

ARTRON PESARCH £ ENCGIRFEKRING

1901 OLD MIDRLEFINLD WAY 415

MOJNTAIN VIEW, TA G4043
01CY ATTN J HUMTINGTON

AVCO RESFARCH & SYSTEMS CROUP
201 LOWELL STREET
WILMINGTOMN, M2 N1837

JICY  AYTM LIBRAPY AEZD

DM COFP
7915 JONES BPAMCH DRIVE
MOLEAM, VA 72102

DICY  AYTN A LAVACGKINC

OICY SYTN T MEJGHECRS

D1CY ATTN CORPURATE LIETARY

ROM rORD,

o N EQX 9274

ALRUQUERNIIE, NN B711S
NLCY ATTN R HENSLEY

BREIMG CO.

P 0O ENX 3707

SEATTLF, Wh Q9R124
niCYy ATTN S STRACK
O1CY ATTH AFRCSDACE LIERARY
01CY ATTN M/S 42/37 R CARLSON

CALIFORNIA RESEAPCH & TECHMOLOGY, TNC.
626S VARPTIEL AVENRUE
WONOL AND HILLS, C& 61267

niCcyY  ATTN LIBPARY

DICY ATTN K MYREVEMHAGEN

O1CY ATTN M RCSENBLATY
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CALIFORNTA RESEACCH & TECHNCLTSY, INC.
4049 FIRST STREET
LIVFEMDRE, CA ©4550

NICY ATTN 3 DRPHAL

CALSPAN £ORD,

o 0 BOX 470

BIFFALD, NY 142725
OICY ATTN LIPRATY

PEMVFR, UNIVERSTITY CF
COLCPADD SEMIMARY
DFMVER BESFARCH INSTITUTE
PO ROX 132127
DEMVER, L0 80210
(CNLY 1 COPY OF CLASS RPTS)
01CY ATTN SEC CFFICER FCP J WISOTSKI

EGEG WASH. AMALYTICAL SVCS CTP, INC.
o g rry 10218
ALRUDEROUE, NM 87114

01CY ATTN LIBRARY

FRIC H. ¥WANG
CIVIL ENGINEEPING FSCH FAC
UMNIVERSITY OF NEW MEXICC
UMIVERSTITY STATTICM
o n ooy 25
ALBUQUERQUE ¢ N¥  &7121
01CY ATTN J LAMSB
01CY ATTN P LCNDE
0ICY ATTN N BAUM
D1CY  ATTN KGYARNA

-

GARDs INC.
7440 N NATCHEZ AVEMLE
NILES, TL 60448
OICY ATTN G NTISHAPOT (UnCL ONLY)

GENES AL ELECTRIC CO.

'SPACE DIVISION

VALLEY FPPRGE SPACFE CENTER

D 0 BOX 8555

PHTLADELPHIA, PA 19101
0O1CY ATTN ™M SCPTNEP

GENERAL RESEARCH CORP.

SANTA BARRBRARA DIVISICN

P O BOX 6770

SANTA RARBARA, CA 92111
01CY ATTN TID
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H-TECH LABS, INC.

PO RPX 1686

SANTA MCNICA, CA 90406
01CY ATTN 3 HARTEADALWV

HORTZOMS TECHNGOLCOGY, INC.
7830 CLAIPEMONT MESA BLVD
SAN NIEGC, CA ©2111

nICY ATTN R KRUGER

IIT RESEARCH INSTITLYE
17 ¥ 25%H STREET
CHICAGM, TL 60¢€l4
01CY ATTN R WELCFK
01CY ATTN M JCHNSCN
01CY ATTK DOCUMENTS LIBRARY

INFCOMATION SCIFNCE, INC.

123 W DADRF STOEFT

SANTA BARBARA, CA 22105
01CY ATTN W DUDZ IAK

INSTITUTE FOR DEFENSE ANALYSES
400 AQMY-MAVY DRIVE
ARLINGTON, VA 22202 -

01CY ATTN CLASSIFIED LIBRARY

J D HALTIWANGER CONSLLT ENG SVCS
? 1064 CIVIL ENGINEEPING BLLG
208 N ROMINE STREET
HRRANA, IL  A61R01

N01CY ATTA W HALL

Je He WIGGINS €C0.s INC.

1650 S PACIFIC CCAST FIGHWAY

PEDONDTY BEACH, CA SC277
01CY ATTN J CCLUINS

KAMAN AVIDYNF
82 SECOND AVENLIE
NORTHWEST INDUSTRIAL PARK
BURPLINGCTCN, WA (1203
01CY ATTIN P RPUETENIK
01TY ATTH LIBRARY
01CY ATTN N HOPBBS
01CY ATTN £ CRISCICNE

KAMAN SCIFNCFS CCP™.,

D N BOX 7463

CALORADTD SPPRINGS, CC 80933
O1CY ATTHM D SACHS
D1CY ATTN F SEELTCN
NICY ATTN LIBRARY
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KAMAK TEMPD
16 STATE STREET (P O DRAWER 0N)
SANTA BARBARA, CA 92102

01CY ATTN DASIAC

LOCKHEED MISSILES & SPACE CC., INC.
P 0 ROX 504 '
SUNNYVALE, CA 94086

O1CY ATTN J WEISNER

NICY ATTN TIC~LTEBRARY

MARTIN MARTETTA CORR™,

P O BOX 5837

DPLANDD, FL 32855
01CY ATTM G FCTIFC

MARTIM WAPTETTA (CORF,

o 0 B0Ox 179

DENVEP, CO 80201
01CY ATTN G FREVER

MCNCMNELL DCUGLAS CCFP.

5371 BRNLSA AVEMIE

HINTINGTCN BEACH, CA G2£47
NICY ATTH Y HERNMAN
NICY ATTN R HALPRIN
O1CY ATTMN D DFAN

MCDOMNELL DONGLAS CCRP.

3855 LAKEWOND BOULEVARD

1.ONG BEACH, CA G0 E4¢E
01CY ATTWN M PCTTER

MERRTITT CASES, TINC.

P N BOX 1206

REDLANDS, CA 92373
O1CY ATTN J MORRITT
DICY ATYM LTFRARY

METECROLCGY RESEARCH, INC.
464 W WOCNBUSY RCAD
ALTADEMA, CA 91001

ni1CyY ATTN W GREEN

MISSTCN PESEARCH COR?.
P O DPAWFR 719
SANTA BARBAYA, CA G2107
{ALL CLASS: ATTN: SEZC OFC FOP}
DICY ATTN C LONGMIPE
01CY AYTN G MCCARTCR
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DACIFIC-SIERRA RESTAOCH CNFP,
‘1456 CLGVERFIELDN BLVE
SAMTA MCNICA, CA 974C4

QICY ATTN H BPONE

PACIFIC-STERPA PESEARCH (NPP,
WASHINGTCN NPERATICKAS
1401 WILSON 8LVD
SUTTE 1100
ARLINGTCON, VA 22209
01CY ATTN D GORMLEY

PACTFICA TECHNOLCSY
P 0O BOX 1489
DEL MAR, CA @2014
01CY ATTN R BIJORK
01CY ATTN G KENT
01CY ATTN TECE LIFRARY

PATFL FNTERPRISTS; INCe.

p 0 BOX 2231

HUMTSVILLE, AL 3581C
N1CY ATTN M PATEL

PHYSICS INTERNATIONAL CO.
2730 MERCED STRPEET
SAN {_EANDRO, CA ©4577
01CY ATTN L PEHRMAMNN
O1CY ATTM TECHENICAL LISBPARY
DICY ATTN E MCORE
N1CY  ATTN | TPCYSEN
21CY ATTN F SAUER

e £ N ASSPCIATES
o 0 PNX G6G5
MAPINA CFL RFY, CA 60291
NICY ATIN R POPT
DICY ATTN A& KUHL
21CY ATTIN J LFWIS
ND1CY ATTN W WRIGHT
01CY ATTN J CA®PENTER
01CY ATTN TECHENMTCAL TINFORMATICN CENTER

PAND COPP,

1700 MATN STPEET

SAMTA ~PNICA, CA ©04C¢
01CY ATTN C “MC¥W

SCIENCE APPLICATIONS, INC
RADTATICON INSTRUNENTATICN DIV
4615 HAWKINS, NME
ALBUQUF®QUE, NV 3871(C9

01CY ATTN J DISHCN
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SCIFNCE APPLICATICNS, INC.

P 20X 2351

LA JOLLA, CA G2Nn32°
N1CY ATTN W WILSCN
D1CY ATTN TECHENTCAL LIBRARY
NICY ATTN ? SCHLAUG

SHIEMNCE APOLICATIONS, INC.
101 COMTINENTAL ELYD
FL SEGIINDN, CA 90245

N1CY ATTN D HCVE

SCIENCE APPLICATIONS, INC.

2450 WASHINGTCN AVEALUE

SAN LEAMDRD, CA 94577
01CY ATTN D BERNSTEIN
AICY ATTN D MAXWELL

SCIENCE APPLICATICNS, INC.
p D BRNX 1303
MCLEAN, YA 22102
01CY ATTN J CRCKAYNE
01CY ATTH B CHAMBEPS III
01CY ATTN M KNASEL
01CY ATTN W LAYSCN
ND1CY ATTN R SIEVERS

SOUTHWEST RESEAPCH INSTITUTE
P O DRAwWER 28510
SAN ANTCONIO, TX 78224

01CY ATTN A WENZEL

N1CY ATTH W BAKER

SRI INTEPNATICNAL
333 RAVENSKOrD AVENUE
MENLC PARK, CA 94025
NICY ATTN 6 APRAHAVSCA
01CY ATTN LISPARY
N1CY ATTN J CCLTCN

SYSTEMS, SCIENCE £ SCFTWARE INC
P 0 20X 8243
AL BUNLIERDITE M4 27198

H1CY ATTN € MEEDHAM
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SYSTEMS, SCIENCE & SCFTWARE, INC.

P 0O BNOX 1420

LA JCLLA, CA 92028
O1CY ATTN J BARTEEL
nDICY ATTN T RINFY
O1CY ATTN D CRINE
21CY ATTN LIBPARY
CICY ATTN € HASTING
01CY ATTN K PYATT
N1CY ATTN € DISMUKES
NICY ATTN T CHERDPY

SYSTEMS, SCIFNCE & SCFTWARE, INC.
11200 SUNRYISF VALLEY CRIVE
RESTCN, Vv4A 22nQ}

DICY ATTN 4 MURPHY

TELEDYNE BPOWN ENGINFERING
CHMMINGS RPESEAPCH 2ARK
HUMTSVILLE, AL 38827
O01CY ATTN J RAVENSCRAFT
21CY  ATTN J MCSWAIN

TER®A TEK, INC.
420 WAWLAEA WAY
SALT LAKE CITY, LT £41C8
01CY ATTN A ABDVI-SAYED
DICY ATTN LIBRARY
DICY ATTN A JCNES
01CY ATTM S GREEN

TETRA TFCHy INC.

6379 N PGSEMEAN BLVD

PASADENA, CA 91107
0ICY ATTH L HWANG

T2W DEFENSE & SPACF SYS GrQUP

NNE SPACE PARK

RENNKNNDO BEACH, CA (278
D1CY ATTN N LIPNER
O01CY ATTMN TECHNICAL IRFORMATICN CENTER
OICY ATTN T MAJZICLA

TRW DEFENMSE & SPACE SYS CGRNUP
b 03 ROX 1310
SN BERNARDIME, CA 624072
01CY ATTN 6 HULCHEPR
OICY ATTN P DAIX
C1CY ATTN E WONG
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UMIVFPSAL ANALYTICS, INC.

7740 W MANCHESTER BLVC

PLAYA DEL REY, CA gC2¢)
N1CY ATTN £ FIELD

WEIDL INCER ASSNC., CCNSULTING ENGINEERS
117 E 59TH STREET

NEW YDRK,y NY 10722
OLCY ATTN T SANNDLEP
01CY ATTN M PARQON

WEIDL INGER ASSTC.s CCNSULTING ENGINEEPS
3000 SAND HILL PCAD

MEMLC PARK,; CA 40725
01CY ATTN J TISSNRERG
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