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A hybrid Cartesian grid and gridless metho d is presented to compute unsteady com-
pressible o ws for complex geometries. In this metho d, a Cartesian grid is used as baseline
mesh to cover the computational domain, while the boundary surfaces are addressed using
a gridless metho d. This hybrid metho d combines the eciency of a Cartesian grid metho d
and the exibilit y of a gridless metho d for the complex geometries. The develop ed metho d
is used to compute a number of test cases to validate the accuracy and eciency of the
metho d. The numerical results obtained indicate that the use of this hybrid metho d leads
to a signican t impro vement in performance over its unstructured grid counterpart for the
time-accurate  solution of the compressible Euler equations. An overall speed-up factor
of about eight and a saving in storage requiremen ts about one order of magnitude for a
typical three-dimensional problem in comparison with the unstructured grid metho d are
demonstrated.

. Intro duction

Over the courseof last decade,signi cant progresshas beenmade on developing numerical methods for
the solution of the compressibleEuler and Navier-Stokes equations. In general, these numerical methods
can be classi ed by the meshthey use as structured grid methods, unstructured grid methods, Cartesian
grid methods, and gridless methods. Each of these methods is advocated, promoted, developed, and used
by their respective supporters. Since eadh method has its own advantages and disadvantages, the answer
to which method is preferable dependson the problem to be solved. The structured grid methods® 2 have
a disadvantage in mesh generation for complex geometries. The main advantage of the unstructured grid
methods® © is the easeof grid generationfor complex con gurations. However, the computational costsand
memory requiremerts are generally higher than their structured grid counterparts. The advantages of the
Cartesian grid methods’ ° include easeof grid generation, lower computational storage requiremerts, and
signi cantly lessoperational count per cell. However, the main challengein using Cartesian methods is how
to deal with arbitrary boundaries, asthe grids are not body-aligned. The cells of a Cartesian meshnear the
body canextend through surfacesof boundaries. Accurate meansof represerting boundary conditions in cells
that intersect surfacesare essetial for successfulCartesian methods. Lately, gridless methods!® 1° came
into focus. This classof methods is essetially propelled by the fact that there exists a perceived di cult y
in generating volume lling grids for complex geometriesin spite of signi cant progressin the theory and
practice of mesh generation over the last decade. However, global consenation of mass, momertum, and
energyfor thesemethods is not necessarilyassured. Furthermore, thesegridlessmethods are generally slower
than their mesh-basedcounterparts.

The objective of the e orts preseried in this paper is to develop a fast and e cien t numerical method for
time-accurate computation of the compressibleEuler equations using a hybrid Cartesian grid and gridless
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approach. The dewelopmert of such a numerical method is strongly motivated by the needto be able to
simulate blast and shock wavesfor complex geometrieson a personalcomputer platform in a reasonabletime
and accuracy Simulation of high explosive detonation, blast propagation, and shock wave di raction plays
an important role in determining and assessingarget vulnerability and weapon lethality. The ideal® ®
behind this hybrid method is to combine the advantages of both gridlessand Cartesian grid methods in an
attempt to develop a fast, low storage method for complex geometries. The method usesgridless method to
addressthe boundary or interface while a standard Cartesian grid method is usedelsewhere.Sincea majorit y
of computational cells are solved using the Cartesian grid method, the resulting method is very e cien t in
terms of both computational costs and storage requiremerts. As the gridless method is used to obtain
the solution for solid boundary points, the developed method can easily be used for complex geometries
without a needto generatea body-lled mesh. A variety of test casesis performed to demonstrate the
accuracy e ciency , robustnessand versatility of the developed hybrid method. The computed results are in
good agreemen with those obtained using a cell-vertex nite volume method and with available analytical
data. A quite demonstrative test caseindicates that the use of this hybrid method leadsto a signi cant
improvemert in performanceover its unstructured grid counterpart for shock interaction problemsin terms
of both computational costsand memory requiremerts.

II. Governing Equations

The Euler equationsgoverning unsteady compressibleinviscid o wscanbe expressedn consenativeform

as @,F, &G, a
@ @ @' @e

where, the consenativ e state vector U and the inviscid ux vectorsF;G;H are de ned by

=0 (2;1)
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where ; p, and e denote the density, pressure,and speci ¢ total energyof the uid, respectively, and vy; vy,
and v, are the velocity componerts of the ow in the coordinate direction Xx;y; z, respectively. This set of
equationsis completed by the addition of the equation of state

p=( D (e F0Z+v+w); (23)

which is valid for perfect gas,where is the ratio of the specic heats.

[1l. Numerical Metho d

The basicidea behind the presert method is to apply a gridlessmethod to cellsin the vicinity of a solid
boundary and a conventional Cartesian grid method to all other cellsin an attempt to develop a fast, low
storage method for time-accurate computation of the unsteady Euler equations for complex geometries. In
this method, body geometriesare rst de ned and represened by a set of boundary points. Theseboundary
points are chosenas the certer points of triangles, which can be, for example, obtained by triangulation of
the body geometries. Note that suc chosenpoints have a well-de ned normal direction, therefore avoiding
ambiguity of normal de nitions for surface singularities such as the tip of an airfoil trailing edgée® . A
Cartesian grid can then be generatedwhosecell sizeis consistert with the sizefor the triangulation of the
body geometries,which ensuresthe succesof the method as a whole.

A. Determination of Gridless Points

As the solid boundary points are immersedin the baselineCartesian grid, three typesof nearby cells can be
identi ed asshown in Figure 1. Cartesian cells are cells whosesolutions can be computed using a Cartesian
grid method, sincethe valuesof all their neighbors are known and the stencil for the Cartesian grid method
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is complete. Cut-o cells are cells that contain one or more boundary points or embed within a body.
These cut-o cells are omitted from the computation. Transitional cells are cells that have cut-o cells as
its neighbors. The solution for thesecells and the boundary points is obtained using a gridless method. An
unstructured data structure is usedto managethe solution of thesetransitional cells and boundary points,
which will be termed gridless points hereafter. The procedure for the determination of cut-o, Cartesian,
and transitional cellsis simple and straightforward, which is listed as follow

1. All the cellsare rst marked as Cartesian cells.

2. The cells which have at least one node out of computational domain | o | o | 2 | & | & | =
are marked as cut-o cells. This can be readily achieved using either
Alternate Digital Tree method or bin data structure method. = == = OO /
3. The neighboring cellsto the cut-o cellsarethen marked astransitional el =lalo|e@ /‘z/
cells. o
L m | O 0){{ [ J

B. Determination of Cloud Points for Gridless Points = lole PR
A gridless method requires a local cloud of neighboring points. For each ;/

. . . ) . ; o = O o o o
gridless point, a host Cartesian cell, which contains this point, is rst

7

determined. A cloud of 27 cellsfor this point are then chosenusing 3x3x3 Cartesian Cells

stencil. Among these 27 cells, those cut-o cells will be removed and
replaced by the gridless points they cortain, if these gridless points do
exist. For a boundary point, those cells located in the opposite direction
of this point will alsoremoved in order to avoid choosing cells from the
wrong side of the pro le at thin surfaces.

Transitional Cells
Cut-off cells

0 @O m

Boundary Points

Figure 1. Classi cation of grid
cells.

C. Gridless Metho d

For all the gridless points, the governing equations (2.1) is discretized

using a gridless method. In recen years, signi cant progresshas been

madein developing gridless methods for the compressibleEuler and Navier-Stokesequations® *° Gridless
methods are attractiv e due to the fact that they are free of generating a computational mesh, which is still

a daunting challenge for complex geometries. Almost all of gridless methods make use of a least square
formulation and they dier from one another in the way they introduce arti cial dissipations which are
essetial and necessaryfor the governing hyperbolic equations. In the present work, the dual least-squares
approximation, a variant of the least-squaresapproximation, is usedto compute the inviscid uxes. This

dual least-squaresapproximation provides a natural way to use upwind-type discretization for the inviscid

uxes of the Euler equations. Assumethat C; is the set of cloud points for a given point i. Let f; denote
the value of any ux functions f at the mid-point of the edgeif’, wherej 2 C;. Assumingthat the solution

varies linearly along an edgeij and using Taylor's formula about the point i, one obtains

%ji(xij + %
Similar equations could be written for all cloud points assaiated with point i, subject to an arbitrary
weighting factor w;. This yields the following non-squarematrix

Xi) Jilyy  yi)+ %ji(zij z)="f; fi (3:1)

1lp 1 0
wi(Xiz  Xi) Wa(yir  Yi) wi(zin  z) %Ji wi(fiz )
: : @GiiA = ?@ : X (3:2)
Wn(Xin  Xi) Wi(Yin Yi) Wi(Zn  2) el Wn(fin i)

where n is the number of cloud points for the point i. This formulation provides a freedomin the choice of
weighting coe cien ts w;j. Theseweighting coe cien ts can be selectedas a function of the geometry and/or
solution. Classicalapproximations in one dimension can be recoveredby choosing geometricalweights of the
form wj = 1:0=jry r;j' for valuesof t = 0;1;2. The numerical computations shown in the next section
are performed usingt = 0.
Equation (3.2) can be solved using the least-squaresmethod and its solution can be written as
X X
a(ty 1) 2 o (fy ) o=

Ji = g (fij  fi): (3:3)
j2C;i @ j2C; J ]

@Ji =

j2Ci
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If the function values at the mid-points are simply taken to be the averagevalues of its two end points
fij = (fi + f;)=2, then the standard least-squaresapproximation of the derivativesis recovered:

o _1X 1 X 1 X
Gi=3 al i Zi=3" w0t Si= )

j2C; j2C; j2Ci

Cijj (fj fi)I (3:4)

Substituting the inviscid ux in Eqn.(2.1) by the dual least-squaresapproximation given by Eqn.(3.3), one
obtains a semi-discreteform of the Euler equationsat point i

@; X
—+ (@ (Fj Fi)+Dbi(Gj Gi)+ci(H; Hy))=0 (3:5)
@ j2C;y

In this dual least-squaresformulation, uxes are computed at the mid-points, which are not known a priori

and haveto bereconstructedin someway. It is by de ning thesenumerical uxes in a consistert and upwind

manner that upwinding can be naturally introduced into the gridless methods and speci ed accuracy can
be obtained. If the numerical uxes at the mid-points are evaluated using the simple arithmetic averages
of consenative variables at the two end points, the resulting numerical schemeis equivalent to the certral

di erencing method. It is well known that sud discretizations lead to unstable schemes, and must be
augmerted by stabilizing terms. This canbe achievedeither by adding directly second- forth- or higher-order
damping, or by using upwinding schemes. Over the last two decadescharacteristic-basedupwind methods
have establishedthemselwes as the methods of choice for prescribing the numerical uxes for compressible
Euler equations. The upwinding schemesseemespecially attractiv e in the presert context, asthey do not
require any intrinsic measureof length. In the present work, the numerical uxes are approximated using
the HLLC approximate Riemann solver'®, which hasbeensuccessfullyusedto compute compressibleviscous
and turbulent ows on both structured grids?> and unstructured grids®. HLLC schemeis known to be
very robust in terms of positivity, entropy consistency and cornvergencehistory. If the Riemann uxes are
evaluated using the ow variables U; and U;, this schemeis equivalert to the rst order upwind scheme.
Many di erent ways exist to achieve higher order accuracy In the presert study, a scheme of higher order
accuracyis obtained by using upwind-biased interpolations of the solution U, via MUSCL approach?°. The
upwind-biased interpolations for U;" and U; aredened by

+ 1
Ui =Ui+ I k) + @+ kU U (3:6)
1 . .
Uj =U; ZI@ K [+ @+ kU U] (37)
where the forward and badkward di erence operators are given by
P = Ui U; 1= 2(I’ U)i (Uj Ui) (3:8)
;= Uja Uy =2(r U, (Uj U (3:9)
where denotesa length coordinate along the edgenodesi and j of the grid and = i isthe length
of this edge. The gradients (r U); and (r U); are computed using the standard least-squaresapproximation
(3.4).
The parameter k can be chosento cortrol a family of dierence schemesin the interpolation. On
structured meshesit is easyto show that k = 1 yields a fully upwind scheme, k = 0 yields semi-upwind

approximation (Fromm's scheme), and k = 1 yields certral dierencing. The value k = 1=3 leadsto a
third-order-accurate upwind-biased scheme, although third-order-accuracy is strictly correct only for one-
dimensional calculations. Nevertheless,k = 1=3 was usedin the calculations presered herein. With higher
order spatial accuracy spurious oscillations in the vicinity of shock waves are expected to occur. Some
form of limiting is usually required to eliminate these numerical oscillations of the solution and to provide
somekind of monotonicity property. The ux limiter modi es the upwind-biased interpolation U; and U,
replacing them by

U= Ui+ S0 ks) |+ (@+ks)(U; U] (3:10)
U, = U, %%Kl ks) ©+ 1+ ks)(U; U (3:11)
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where s is the ux limiter. Van Albada limiter is employed in this study. It actsin a continuously di eren-
tiable manner and is de ned by

2 i (Uj Ui) +
( )2+ () U2+

s; = maxfQ; (3:12)

2 J" (U; UuUp+
( )2+ (U; U2+
where is a very small number to prevent division by zeroin smooth regionsof the ow. Three options exist
concerningthe choiceof interpolation variables: consenativ e variables, primitiv e variables, and characteristic

variables. Using limiters on characteristic variables seemsto give the best results. However, the primitiv e
variables are usedin this study for the sake of computational e ciency .

sj = maxfO0; (3:13)

D. Cartesian Grid Metho d

For all the Cartesian cells, the governing equation (2.1) is discretized using a standard cell-certered nite
volume formulation, where the control volume is taken as the cell of the Cartesian grid itself, and the cell-
averagedvariables are stored at the certer of the cell. The nite volume approximation of the governing
equations, applied to the cell (i; j; k) becomes
Z
du ..
O'l';"‘ + (Fny+ Gny + Hn,)d = 0; (3:14)

[HHS

\Y,

where V is the cell volume, i« is the boundary of the cell (i; j; k), and n = (ny;ny;n;) denotesthe
unit outward normal vector to the boundary of the cell. The ux integral in equation (3.14) is evaluated
by summing all the contributions over the cell interfaces betweenthe cell (i; j; k) and its neighboring cells.
Equation (3.14) can then be rewritten in a compact form as

dUji;ix
dt

= Ri;j;k X (3:15)

where Rk is the right hand side residual,

[N

1
2 b 2 2

X y z

Fo,oi. Fo1. G.,1. G . Hip .12 Hi.
Ri;j;k = i+ ik i Lk + i+ 1k ik + ijik + 1 ik ); (3:16)

where x; vy, and z arethe cell sizein the x-, y-, z-directions, respectively.

As for the gridless points, the numerical uxes at the interface in Eqa.(3.16) are computed using the
HLLC approximate Riemann solver. A secondorder accuracyis achieved using the reconstruction scheme.
van Albada limiter is usedto suppressoscillations in the vicinity of discortin uities.

E. Temporal Discretization

Egs. (3.5) and (3.15) represert the time ewolution of the unknown vector, which can be written as the
following semi-discreteform for both Cartesian cells and gridless points,
—L=Ry; (3:17)

where R; is the residual vector. Assuming that the unknown vector U is known at time t,, the solution
is advancedover a time step t, to time t,+; by an explicit multi-stage Runge-Kutta time-stepping scheme
given by

u® =ur

uP=u® | tRUP Y)Y p=12m (3:18)
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Uin+1 — U|(m)

with the parameters | assignedappropriate values. For steady state computations, wheretime accuracyis
not required, local time-stepping is usedto acceleratecorvergenceto steady state. The local time-stepping
usesseparately a maximum allowable step sizefor ead node according to the local stability analysis.

IV. Computational Results

Computational results for a number of test casesare preseried in this section. In order to demonstratethe
numerical accuracy and computational e ciency of the presert hybrid Cartesian grid and gridless method,
theseresults are comparedwith those obtained using a cell vertex nite volume code®® and with analytical
solutions wherewer possible. The rst four test casesare chosento validate and verify the baselineCartesian
grid method, which is the foundation of the proposedhybrid method. Test casess-9 are selectedto validate
the hybrid Cartesian and gridlessmethod and to test the ability of this hybrid method for a variety of ow
problems. Finally, the e ciency of the hybrid method in comparisonwith an unstructured grid method is
shown for a typical three-dimensional ow problem in test 10. Note that one of advantages of the presen
hybrid method is its ability to compute 1D, 2D, and 3D problems using the very samecode, which greatly
alleviates the need and pain for code maintenance and upgrade. Results for one-dimensional o ws can be
readily obtained by setting the number of cells in both y- and z-directions to be 1. For two-dimensional
problems, the number of cells in the z-direction is simply setto be 1. All computations use an explicit
four-stage Runge-Kutta time-stepping schemeto advancethe solution in time. A local time-stepping is used
to accelerateconvergenceto steady state computations.

Test case 1. Sod shock tub e problem

The classicSad shock tube problem is computed in this test caseusing 100 cells. The initial conditions
in the present computation are the following:

= 1.000u=0;p= 10,0 x< 05
= 0:125u=0;p=01; 05 x 1,
Figure 2 comparesthe computed density, velocity, and pressurepro le with the exact solution at t=0.2.

Test case 2. Lax-Harden shock tub e problem

This is another well known test casefor shock tube problem. The initial conditions in the presert
computation are the following:

= 0:445u = 0:698876404p= 3:527730 x < 0:5;
=050u=0;p=057, 05 x 1
The computation was performed using 100 cells. Figure 3 comparesthe computed density, velocity, and
pressurepro le with the exact solution at t=0.15.
Test case 3. Woodward-Colella blast wave problem

In this example, two interacting blast wavesgiven by Woodward and Collella® are computed. The initial
conditions for the Woodward-Collela blast wave are the following:

1:000u = 0:0;p= 10000;0 x < 0:1;

1.00u=0;p= 0013 01 x 09
1:.00,u= O;p= 100; 09<x LG

400 cells are usedin this case,and the computed results are shaovn in Fig. 4 for the density, velocity, and
pressuredistributions at t=0.038, where the solid lines are obtained from the same calculation with 4000
cells.

Test case 4. Steady two-dimensional obligue shock wave
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A two-dimensional shack wave re ecting from a rigid surfaceis consideredin this test case. The com-
putational domain is a rectangle of length 4.1 and height 1, with a uniform grid size of 61x21x1. The
boundary conditions are that of a re ecting surfacealong the bottom surface, supersonicout o w along the
right surface,and prescribed xed valueson the other two sides,which are

(U VviPoy:) = (1;2:9;0;1=1:4)
(; U Vvip) (1) = (1:69997 2:61934 0:50632; 1:52819)

The boundary conditions produce an incident shock angle of 29 and the free stream Mach number M is
2.9. Figure 5 shaows the computed density contours in the ow eld for the shock re ection problem. The
computed density distribution is comparedwith the exact solution at y = 0:5 in Figure 6.

Test case 5. Supersonic o0 w past a wedge

A recurring question often asked about gridlessmethods is whether they are able to maintain consenation
at the discrete level, a property consideredvital for proper shock capturing. For this reason,supersonic o w
at M; =3 past a 15 wedgeis consideredin this example. The Cartesian grid domain is a rectangle of
length 1.5 and height 1, with a uniform grid size of 60x40x1. The computed pressurecontours in the ow
eld are shown in Fig. 7. One can clearly seethe shock, which is obtained at an angle of ¢=32.33, in
excellert correlation with analytical solution $=32.24 . To seethe resolution of the oblique shock, density
distribution along a horizontal line at a distance of 0.3625from the bottom is comparedwith the analytical
solution in Fig 8, where the oblique shock is captured within four or v e cells: a typical resolution obtained
using a secondorder scheme.

Test case 6. Supersonic o0 w past a wedge

The caseconsideredhere is the supersonic ow past a wedgein a channel at M; =3. The hight of the
wedgeis 0.1. The Cartesian grid domain is a rectangle of length 3.0 and height 1, with a uniform grid size
of 120x40x1. The hight of the wedgeis 0.1 and the length is 1.0. The computed density, pressure,and Mach
number contours in the ow eld are shown in Figs.9-11, respectively.

Test case 7. Transonic o w in a channel with a circular bump on the lower wall

The example is the well-known Ni's test case: a transonic ow in a channel with a 10% thick circular
bump on the bottom. Inlet Mach number is 0.675. The Cartesian grid domain is a rectangle of length 3.0and
height 1, with a uniform grid size of 150x50x1. The computed pressureand Mach number contours in the
ow eld are preserted in Figs.12-13,respectively. The Mach number and pressurecoe cien t distributions
on the lower wall obtained by the presen hybrid method are compared with those obtained using a cell-
vertex nite volume schemein Figure 14. Figure 15 shows the convergencehistory versustime stepsfor this
computation.

Test case 8. Subsonic o w in a channel over a cylinder

Flow past a cylinder for a free-streamMach number of 0.3 is simulated in this case. This is a potential
ow casefor which an exact solution is available. The potential solution is completely symmetric, and
any spurious entropy creation will be re ected in the numerical solution. The Cartesian grid domain is a
square of length 6 and height 6, with a uniform grid size of 300x300x1. The diameter of the cylinder is 1.
The computed pressureand Mach number contours in the ow eld are preserted in Figure 16. The Mach
number and pressurecoe cien t distributions on the lower wall obtained by the presernt hybrid method are
comparedwith those obtained using a cell-vertex nite volume schemein Figure 17-d. Figure 18 shows the
convergencehistory versustime stepsfor this computation.

Test case 9. Inciden t shock past a cylinder

In this case,an incident shock Mg = 2 past a cylinder in a channel is computed. The Cartesian grid
domain is a rectangle of length 6 and height 3, with a uniform grid size of 300x150x1. The diameter of the
cylinder is 1 and its certer is located at (0,0). The computed density contours in the ow eld at dierent
times obtained using the presen hybrid method are comparedwith those obtained using the unstructured
grid method in Fig. 19. Figure 20 shows a comparisonof pressureand impulse time histories at the di erent
locations betweenthe presen hybrid method and the unstructured grid method.

Test case 10. Inciden t shock past a cube

In this case,an incident shock Ms = 2 past a cube in a channel is computed. The computed density
cortours in the ow eld obtained using the presen hybrid method are comparedwith those obtained using
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the unstructured grid method in Fig. 21. One can seethat both methods produce very similar results.
This example is chosento demonstrate the superior performance of the present hybrid Cartesian-grid and
gridlessmethod over the unstructured grid method for a typical computation of shock wave propagation and
di raction problem. The Cartesian grid domain is a cube of 5x3x5, with a uniform grid size of 63x38x63.
The boundary points, represened the cube, have 720 points. The unstructured tetrahedral grid with the
samemesh size (h = 0:08), usedfor our unstructured grid method, consistsof 1,268,020elemerts, 224,833
points, and 20,219boundary points. An overall speed-upfactor about eight and a saving in storagerequire-
ments about one order of magnitude in comparisonwith the unstructured grid method are obsened for this
computation.

V. Conclusions

A hybrid Cartesian grid and gridless method has beendewveloped for solving the unsteady compressible
Euler equations. The developed method combinesthe e ciency of a Cartesian method and the exibilit y of a
gridlessmethod for the complex geometries. Extensive numerical tests have beenperformed to demonstrate
the accuracy e ciency , robustness,and versatility of the proposedmethod. The numerical results obtained
indicate that the use of this hybrid method leads to a signi cant improvemert in performance over its
unstructured grid counterpart without compromising solution accuracy demonstrating the great potential
and bene ts of this hybrid method for the simulation of transient shock interaction problems. An overall
speed-up factor from six to ten and a saving in storage requiremerts about one order of magnitude for a
typical 3d simulation in comparisonwith the unstructured grid method are obtained. Ongoing work is to
extend this hybrid method for non-uniform Cartesian grids using the building-cube method?*.
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Figure 2. Comparison of the computed solution with the analytic solution for Sod shock tub e problem.
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Figure 3. Comparison of the computed solution with the analytic solution for Lax-Harden shock tub e problem.
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Figure 4. Comparison of the computed solutions between coarse mesh and ne mesh for Woodw ard-Collella

blast wave problem.
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Figure 6. Comparison of the computed densit y prole with the exact solution at y=0.5 for stationary shock
re ection  problem.

Figure 7. Computed pressure contours in the o w eld for supersonic o w past a 15 wedge at a Mac h number
of 3.
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Figure 8. Comparison of the computed densit y prole with the exact solution at y=0.3625 for supersonic o w
past a 15 wedge.
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Figure 9. Computed densit y contours for supersonic o w past a wedge at a Mac h number of 2.

Figure 10. Computed pressure contours for supersonic o w past a wedge at a Mac h number of 2.

Figure 11. Computed Mac h number contours for supersonic o w past a wedge at a Mac h number of 2.

A\

Figure 12. Computed pressure contours for transonic o w past a bump at a Mac h number of 0.675.
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Figure 13. Computed

Mac h num ber contours for transonic

o w past a bump

at a Mac h num ber of 0.675.
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