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APPLICATION OF FLUX-CORRECTED TRANSPORT TO TTCP 7
JOINT LAUNCH BLAST COMPUTATIONAL EFFORT

INTRODUCTION

O. 41

The method of Flux-Corrected Transport (FCT) was developed:jbout ten
years ago (Boris and Book, 1973; Book et al., 1975; Boris and Book, 17as

a means for solving systems of hyperbolic equations in such a way that

physically positive quantities like mass and energy density remain positive.

Its principal application has been to compressible fluids, i.e., fluids in

which some of the flow speeds are comparable with or greater than the local

speed of propagation of waves in the medium., Examples include plasmas,

combusting systems, and gas-dynamic flows. 'Applications of FCT to muzzle

blast problems were first made by Townend and Edwards (1982).

During the past decade the method has been extended and generalized in a

number of important respects.- These include the construction of general- "

purpose algorithms for solving fluid equations on moving nonuniform grids in --

a curvilinear coordinate system (Boris 1976), strictly multidimensional FCT

algorithms (as opposed to timestep-splitting of one-dimensional algorithms,

Zalesak 1979), and variants on these. In addition, numerous techniques have

been developed by other workers which incorporate the positivity-preserving

property in other ways (Harten, 1978; Van Leer, 1979; Collela and Woodward,

1984). The weight of opinion among computational scientists who deal with

problems of compressible flow now strongly affirms the superiority of

positivity-preserving methods (e.g., Total Variation Diminshing or TVD) over 4

conventional ones. The advantages are improved robustness, flexibility,

resolution, and freedom from nonphysical numerical artifacts. - .

Manuscript approved October 9. 1985.
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FAST2D (Boris 1976) is an FCT code for solving the two-dimensional fluid

equations in Cartesian or r-z geometry. It employs timestep-splitting to
L

permit the use of JPBFCT, a general-purpose one-dimensional convective

equation solver for both coordinate sweeps in all of the fluid equations.

To explain what this means, let us describe a class of FCT algorithms

which includes JPBFCT as a particular case. To advance the one-dimensional

continuity equation

! = (Pv) ( ),. -
at ax ----

one timestep on a uniform mesh with a given flow velocity v, we suppose the

0
old cell-centered values pO and v are known. A three-point conservative

0
finite-difference operator acting on p can be written in the form

T o
Pj =  - J+1/2 J+1/2 + £J-1/2 .j-1/2 (2)

where (p + P ). To obtain a first-order approximation to Eq.
J+1/2 J+l

(1), we must define c to be the Courant number v i t/Sx, where
J2+1/2 J2+1/2T

v+i 2 = (vj + v.+). In FCT a numerical diffusion is then applied to pT

in flux form according to

TD T + v0 - - - ) (3)

Pi .2 i +1/2( 2+ .2 J-l/2 .2 .2-1)

Next we act to eliminate this excess diffusion. If we simply applied

another diffusion operation, this time with the opposite sign, it would

cancel the diffusion terms already present in p TD Instead we define new
.2

densities pjn

n =TD - c +c()

= TD +/2 +  J-1/21 (4)

2



where the "corrected" fluxes c +1/2 differ from the "raw" fluxes +1/2=
o T

Uj+(/2 p+ - Pa) in two ways: we use [P instead of (pal in the definition

of the raw fluxes (this allows us to optimize some property in the difference

scheme, as will be seen shortly); and we correct the fluxes, so that the

antidiffusion process (which evidently tends to make all gradients steeper)

can enhance no extrema already present in {(pD}, nor introduce any new ones.

The simplest formula for achieving this in all possible situations is that

used in "strong flux limiting":

S,{max[O, min ( l , AjI/2, A(+3 12 1)}, (5) .

TD TD
where S =sign J+i/2 and Al/2 P - P

J+/2 J+/2 j+l J

At most points in a gently varying profile no correction is required and

J+I/2 = %+l/2" In that case we can perform a Von Neumann analysis,

calculating the complex propagator or amplification factor A =A + jA.
r i

n 00P /p) for a sinusoidal density profile p? = exp(ijk Sx), where k is the wave

number. Writing a k&x and e = v6t/Sx, we expand the amplification in

powers of

A =1 + A2  2 + Ah 4 +... (6)

and the relative phase error

R = tan-1 (A - 1= R2 62 + R4 + 

It is easy to show that the condition that A2 vanish is

1 212 •(8)
vu 2
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The condition that R2 vanish is

ij I2 (9)

While other choices of v and V are possible, Eqs. (8) and (9) lead to the

most useful general-purpose algorithm within this class and have been used in

a wide variety of supersonic flow problems. Besides producing small phase

and amplitude errors, as shown above, this choice of the diffusion and

antidiffusion coefficients v and U treats shocks very accurately, unlike

schemes where v and U are small.

Generalizing this scheme to handle the momentum and energy equations

presents no problem as the treatment of the driving terms -Vp, etc., and

-V-pv is not very sensitive. Extension to nonuniform meshes and

curvilinear geometry is also straightforward. When fully vectorized and -

optimized for a particular machine (in the present case, the Cray-l) it runs

at about 2 us per zone per timestep per equation per coordinate direction.

RESULTS

Case I: Flow From the Open End of a Shock Tube

Figure 1 reproduces the BRL drawings defining the geometry of the shock

tube and prescribing the computational domain to be used (Schmidt, 1985).

Although it would be of interest to model the entire length of the shock tube

(including the 0.673 m driver section and the whole 3.044 m driven section),

this would necessitate a calculation with a computational region

approximately ten times as long as that specified for the case. In our

calculation we used a grid with 200 zones in the radial and hOC zones in the

axial direction, with mesh sizes Ar = Az = 0.228 cm. Although temperature

and density do not deviate too widely from standard conditions and y l.4

4
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holds approximately, ye used a real-air equation of state. Reflecting

boundary conditions were employed at r 0, and outflow conditions (valid for

supersonic flow) at maximum radial and axial displacement. The conditions at ' . "

z = 0 were maintained at their initial values, which is valid until

disturbances propagating out of the driver region reach the computational

domain.

Timesteps were limited to 0.5 times the value imposed by the Courant

condition and averaged about a microsecond. The calculation ran 1618 cycles,

with dumps being obtained at times t = 0.025, 0.05, 0.1, 0.2, 0.5, 1.0 and

1.5 ms. Using these dumps we generated velocity vector plots and contours of

constant density, pressure, and Mach number. In addition, time histories of-"

pressure, density, and Mach number were generated at stations situated at a

distance of 1.5 times the tube diameter D 0.152 m from the center of the

tube exit along the 0, 30, 60, 90, 120, 130, and 138.2 degree rays. These

locations are indicated by the dots in Fig. 1c. Since the station along the

00 ray was of particular interest in connection with determining the

location of the backward-facing shock, ten additional stations were located

in the neighborhood of the station along this ray.

Figures 2-8 show the overall flow at the plotting times specified above.

In each figure we have four plots: contours of (a) pressure, (b) density,

and (c) Mach number; and (d) velocity vector plots. Note that by 0.5 ms

(Fig. 6) several well-defined gasdynamic discontinuities have developed.

These include a disk-shaped backward-facing shock which terminates at its

outer radius in a compression fan. The latter is rolled up into a vortex

ring. At a radius of approximately 0.05 m a cylindrical slip surface (which

shows up as a discontinuity in density but not pressure) intersects this

shock, producing a kink. By 1.5 ms (Fig. 8), when the primary shock has

5
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reached the end of the mesh, the vortex ring has expanded out to about 0.1 m

in radius.

Figures 9 - 16 are station plots, each showing (a) overpressure, (b)
%*

density, and (c) Mach number at the prescribed locations. The flow behind

the shock is of course subsonic everywhere. All stations show a pressure

(and density) peak at shock arrival time, followed by a rarefaction wave.

The stations located off the center line (all except no. 1) reach pressures

less than ambient. Comparison with digitized traces of pressure measurements

(Figs. 17 - 33) shows good agreement between calculated and recorded values

except at station no. 1. There the calculated values (labelled with "A") are

close to the measured ones (labelled with "B") until about 1 ms. Thereafter-r

the latter peak up above the calculation by about 20 kPa and then drop below

by about 60 kPa. We attribute this discrepancy to slight errors in defining

the location of the backward-facing shock, probably caused by an increase in

the effective flow velocity from the opening of the shock tube as a result of

the formation of a boundary layer there. Rather than try to model this

boundary layer, we introduced ten additional stations on the axis between

0.662 m and 0.683 m from the opening. The waveform which agrees best with

the observed trace is that calculated at station no. 10 (Fig. 26, y = 0.667

m). Nevertheless, the unsteady behavior of the shock in the experimental

setup precludes perfect agreement for these features.

Case II: 105 mm Muzzle Flow

In this problem the geometry is complicated by the addition of a baffle

located downstream from the muzzle, and by the presence of the Frolectile at

early times. No attempt was .made to model the latter (although it is not

difficult to do) because it has no influence on the flow near the nuzzle

6I :" 2



except at very early times. Otherwise the same boundary conditions were used ,-. -

as in Case I.

The zone size was Ar = Az 0.3 cm. For this problem two fluid mass

densities were propagated according to the continuity equation, using a

single flow velocity field. One fluid, air, initially filled the entire grid

outside the muzzle and the solid walls. The other fluid, representing 'p...

detonation products from the propellant, expands out from the muzzle with the

prescribed exit velocity of 1050 m/s. Partial pressures were obtained using

respectively a real-air equation of state and a constant-gamma law (y = 1.25)

for the two fields.

Figures 3h - 38 shows contours of (a) pressure, (b) density, and (c)

Mach number, and (d) velocity vector plots at the prescribed times t = 0.025,

0.05, 0.1, 0.5, and 1.0 ms, respectively. Note that by 0.1 i ms part of the

shock wave has reached the baffle and been deflected away. The central

portion passes through the hole and begins to diffract around to the back of

the baffle. By 0.5 ms the shock has left the top of the grid. Thereafter

the solution quickly relaxes to a steady state, maintained by -the propellant

gases emerging from the howitzer muzzle.

Figures 39 - 47 show waveforms of (a) pressure, (b) density, and (c)

Mach number at the nine prescribed stations. Stations (1) - (3), located on

the front of the baffle, show slightly different peak values at shock arrival

time and saturate at slightly different values at late times, reflecting

their varying distances from the muzzle. The stations in front of,

alongside, and behind the muzzle show variations which can readily be

interpreted in terms of geometry. It is seen that although the flow is

deflected by the baffle, beyond it (at distances > D) the baffle has little

effect on most features in either contour or station plots. " -

7 .
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.

Since the flow is subsonic, the mesh boundaries should permit inflow of

the surrounding ambient atmosphere at late times, and this should come to

equilibrium with the emerging flow of propellent gases. Because we kept the

same outflow boundary conditions as in Case I, inflow cannot take place, and

at late times the pressures and densities near the outer boundary become

unphysically low. For this reason we have plotted station histories only out

to 1 Ms.

8
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CONCLUSION

We have carried out two test muzzle blast calculations using the FCT

code FAST2D. Numerous simplifications have been introduced to minimize the

programming effort required, and considerable improvement could be made in

cur treatment of (i) viscous boundary layers (in Case I); (ii) inflow and

projectile boundary conditions (in Case II); and (iii) the propellant gas

equation of state. Nevertheless, the agreement with the data in Case I and

the physical plausibility and internal consistency of both cases strongly

support the validity of this modeling approach and suggest that FCT hydro-

codes can make a valuable contribution to the muzzle blast modeling effort.

Although the calculations described here were carried out on a Cray-1

supercomputer, it is worth noting that the computing requirements for FAST2D

are actually very modest. The Laboratory for Computational Physics has as-

sembled a Graphical and Array Processing System (GAPS) consisting of a VAX

11/780, two FPS 5305 array processors working in tandem (up to 10 APs are L

possible), an Aptec DPS 2400 I/O computer, and a Tektronix 4115B high-speed

graphics device. This system is running a comparable two-dimensional hydro-

code, programmed entirely in FORTRAN, at speeds of - 0.2 ms per mesh point-.

per timestep, in either batch or interactive mode. In the latter it produces

color plots of the evolving simulation approximately every 5 seconds with

DICCMED hard copy capability. This is about 1/8 the speed of a single L

processor Cray X-MP. A sample frame from a muzzle blast calculation done

using the RFM hydrocode on the GAPS is reproduced as Fig. 48. It is

important to stress that such a system is small and can be maintained in a

secure self-contained facility, where it can be dedicated entirely to muzzle

blast or similar energetic gasdynamic calculations if so desired. The cost

of the basic system is $22"K. 7

9
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SHOCK TUBE CONFIGURATION:

..... ..... . .. .. . .. .

AIR 0.152m

3.7/

3. 744m

(a)

COMIPUTATIONAL DOMAIN:

0.456mn

0.456m 02 .456m

(b)
Figure 1
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BLAST DIFFRACTION FROMI SHOCK TUBE

TIME= O.OOOOOE.CO SEC.. STEP I. CL'MP TUBBOC01 PRESSURE.NEWTONS/ManZ

Fiuel
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BLAST DIFFRACTION FROM SHOCK TUBE

TIME= 0.00000E+00 SEC..* STEP 1. DUMP TUBBOOCI MACH NUMBER

Figure lc
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BLAST DIFFRACTION FROM SHOCK~ TUBE

TIME= O.00000E+O0 SEC.. STEP 1. DUMP TUBBO001 VELOCITY. M/SEC

il - oI 
-,,,-

till

to!&
fIt

| Figure Id
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BLAST DI1FFRACTION FROM SHOCK% TUBE

TIME= 0.25649E-04 SEC.-* STEP 86. DUMP TUBB0002 PRESSURE. NEWTONS/MuUZ ~

Figure 2a

15



BLAST DIFFRACTION FROM SHOCK TUBE

TIME= 0.25649E-04 SEC.. STEP 86. DUMP TUJBKOO2 DENSITY 1. KG/Pf3

Figure 2b
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BLAST DIFFRACTION FROM SHOCK TUBE

TIME= 0.25649E-04 SEC.- STEP 86. DUMP TUBB0002 MACH NUMBER

I..lg*

Figure 2c
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BLAST DIFFRACTION FROM SHOCK TUBE

TIME= 0.25649E-04 SEC.. STEP 86. DUMP TUBS0002 VELOCITY. M/SEC

Sr
Otg1.*o

'ttt

Figue 2

ti18



BLAST DIFFRACTION FROM SHOCK TUBE

TIME= 0.50172E-04 SEC.. STEP 107. DUMP TUBS0003 PRESSURE.NEWTONS/Me%2

Figure 3a



BLAST DIFFRACT ION FROM4 SHOCK TUBE

TIME= 0.50172E-04 SEC.- STEP 107. DUMP TUBB0003 DENSITY 1. KG/M3

Figure 3bL
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BLAST OIFFRRCTION FROMI SHOCK TUBE

TIME= 0.50172E-Ci SEC.. STEP 107. DUMP TUBSO003 MACH$ NMBER

Figure 3c
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BLRST DIFFRACTION FROM SHOCK TUBE

TIME= 0.50172E-04 SEC.- STEP 107. DUMP TLIBBOC03 VELOCITY. M/SEC

aj f. t t f

I t I I

Figue 3
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BLAST DIFFRACTION FROM SHOCX TUBE

TIME= 0.10014E-03 SEC.. STEP 152. DUMP TUBO0004 PRESSURE.NEWTONS/Msu2

Figure 4a
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BLAST OIFFRRCTION FROM SHOCK TUBE

TIME= 0.10014E-03 SEC.. STEP 152. DUMP TUBSOC04 DENSITY 1. KG/M3

Figure 4b
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*1 BLRST OIFFRRACTION FROM SHOCK TUBE

TIME: O.10014E-03 SEC.. STEP 152. DUMP TLIBOO04 MACH NUMBER

Figure 4c
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BLAST DIFFRACTION FROM1 SHOCK TUBE

TIME= 0.10014E-03 SEC.. STEP 152. DUMP TUBS0004 VELOCITY. H/SEC 1.-

It I Io

tilt.

tilt
fill

tilt

tilt
tilt
tilt
fll

tilt
tilt

Figure 4d
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BLRST DIFFRACTION FROH SHOCK TUBE

TIME= 0.200S0E-03 5EC.- STEP 247. DUMP TUB80005 PRESSURENEWTONS/M*2

0. °.

Figure 5a
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BLAST DIFFRACTION FROM SHOCK TUBE

TIME= 0.2009CE-03 SEC..* STEP 247. DUMP TUBBOCOS DENSITY 1. KG/M3

Figure 5b
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BLAST DIFRACTION FROM SHOCK( TUB8E

TIME= 0. 20090E-03 SEC., STEP 247, DUMHP TUBBOOOS MACH NUMBOER

Figure 5c
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BLAST DIFFRACTION FROM SHOCK( TUBE

TIME= 0.20090E-03 SEC.. STEP 247. DUMP TUBB0005 VELOCITY. H/SEC ..

fill.

fill1/..,-

t??

ttli
'tt?
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Figue 5
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BLAST DIFFRACTION FROM SHOCK TUBE

TIME= 0.50093E-03 SEC.-* STEP 534. DUMP TUBBOO6 PR~ESSURE. NEWTONS/Mxw2

Figure 6a
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S BLAST DIFFRACTION FROM SHOCK TUBE

TIME= 0.50093E-03 SEC.. STEP 534. DUMP TUBBOOC6 DENSITY I. KG/M3

oFigure 6
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BLAST DIFFRACTION FROM SHOCK TUBE

TIME= 0.50093E-03 SEC.. STEP 534. DUMP TUBDOOS MACH NUiMBER

V

Figure 6c
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BLAST DIFFRACTION FROM SHOCK TUBE -

TIME= 0.50093E-03 SEC.. STEP 534. DUMP TUBS0OO6 VELOCITY. M/SEC
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BLAST DIFFRACTION FROM SHOCK TLIBE

TIME= 0. 10007E-02 SEC.. STEP 1063. DUMP TL680007 PRESSURE.NEWTONS/Hou2

Figure 7a
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I ~BLAST CIFFRPCTION FROM' SHOCK MLE

TIME= 0.10007E-02 SEC.. STEP 1063. DUMP TUBBO07 DENSITY 1, KG/M3

Figure 7b
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BLAST DIFFRPCTION FROM SHOCK TUB8E

TIME= O.IOOO7E-C2 SEC.- STEP 1063. DUMP Tt2B0007 MACH NUMBER

L

Figure 7c
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BLAST DIFFRACTION FROM SHOCK TUBE

TIME= 0. 10007E-02 SEC,. STEP 1053. DUMP TUBBOO07 VELOCITY. M/SEC
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BLAST DIFFRACTION FROM SHOCK TUBE '

TIME= 0.15009E-02 SEC.. STEP 1618. DUMP TUBBDOO8 DENSITY 1. KG/M3

Figure 8a
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BLAST DIFFRACTION FROM4 SHOCK( TUBE

TIME= 0.1500SE-02 SEC.. STEP 1618. DUMP TUB80008 PRESSURE.NEWTONS/Mmu2

Figure 8b
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BLAST DIFFRACTION FROM1 SHOCK TUBE

TIME= 0.15009E-02 SEC.. STEP 1618. DUMP TL080008 MWCH NUB1ER

.

(LASE.OO

G. Z- C, "a °M

Figure 8c
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BLAST DIFFRACTION FROM SHOCK TUBE

TIME= O.150G9E-02 SEC.. STEP 1618. DUMP TLUBOO8 VELOCITY. M/SEC
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Figure 8d
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STATION 1I XS.YS= O.115E-02 0.684E+00 M
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Figure 9br
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STATION 1, XSYS= 0.115E-02 0.684E+00 M
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10000STATION 2. XS1YS= 0.114E+00 0.653E+00 M
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Figure 39c
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STATION 3. XS.YS= 0.131E+00 0.466E+00 M
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STATION 4, XS.YS= 0.151E-02 0.525E+00 M
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STRTION 5. XS.YS= 0.105E-00 0.497E+00 M
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STATION 5. X3-YS7 0.105E+00 0.497+00 M
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STRTrCN 6. XS.YS= O.182E+00 0.415E+00 Hj
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STATION 6. XSYS= 0.182E.00 0.415E+00 M
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STATION 7, XS.Y5= 0.210E+00 0,315E+00 M
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STRTI0N B. XS.YS= 0.182E+00 0.210Ee-00 M
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HSTTION 8. XS, YS= 0182E+00 0.210E.00 M;
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STATION 9, XS.YS= 0.1O5E+00 0.133E+00 M11~
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STRTI0N 9. XS.YS= 0.105E-i00 0.133"7+00 M

.22 I

.18

.16k

14

C3 .12L

.02

TIME. SEC.

105 MM HOWITZER MUZZLE FLOW'
* OUM)P". LAST CL.4P 19 v

4
t X0C0

Figure 47c

1130



L()

C) C,) 7)

U-)4

CSDU

Ha C C

LLf)

r ~biElf
NO

U')

U)

-- - -- - -- --- Cu s:'-



1. Book, D.TL., Eorns, J.*P., and Hain, K., "Flix-Corrcected Transpcrt: I

Generalizat ions cf the IMethod," J. Camp. Phys. 18, 2148 (19715).

2. BForis, j.7 ., "F1':x-Corrected Transportl Vethnd8i fcor Solving Cnr.zc

Co ntinuity Fcjuationo ," NMI Xlelnc Deport iDo. 3237 (1976). U)A023891

3. orsj*p., ar,4 mookq DL. "Flux-Corrected 'ransport: I. SATk

Fiur..olrit A1crithm thalt Works," J. Coip. Phys. , 11, 3269(l73).

.n~rs, . - ,andiL.k D. L. "Flux-Corre--tc-d Transport Ill. in 1-ro

Coe1, . nJ d do P.R,.,J. CJomp. Phy.s. 5'., 174 (1931,); so L a 1 c.

P.,,a olc-ir , F.. "Hi7h Reo inDifference Sh: fr

c* S rc. venth Intfzr. Crif. Nu--. ions rn

Flui<-va'- 'n-elr New York (1981) p. 4314.

-Drter,, PA., 1Maeth. Comput. 32, 363(17)

r.:ifisatonsof *ortComputation c' Wearcon rBlast,

-. ' ~ ' ~-7.'unicat;Oni Jan. 14, 1985).

>. ~ ~ 7 sB?.,"onnna Wulation of ?Iast,t'" .

I ,I:S . T. " F,1, Multidir.-enoci Flux-Corrected Trlansrcrt.

A r Ir fc r d s om- -. OC13yJ. 31, 335-362 (1979-).

132

.ohm



FILMED

DTIC

a J. '-7-


