APPENDIX A Governing Equations

The computational algorithm empied in CFL3D for the three-dimensional \Nex-
Stokes code CFL3D is described in Thomas €&t dlhe gwerning equations, which are

the thin-layer approximations to the three-dimensional time-dependent compressible
Navier-Stokes equations, can be written in terms of generalized coordinates as
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A general, three-dimensioniinsformation between the Cartesianiables(x, y, z) and

the generalized coordinatéd, n, ) is implied. (See Appendik for details.) The ari-
ableJ represents the Jacobian of the transformation:

_0(&n, ¢t
)= a(x,y, z t) A2

In Equation (A-1),Q is the \ector of conserd \ariables, densitynomentum, and total
enegy per unit wlume, such that
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The irviscid flux terms are
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The contraariant \elocities are gien by

U = EXU+EyV+EZW+Et
V = rIXU+rlyV+rle+r|t
W = qu + ZyV+ ZZW+ Zt

The viscous flux terms are
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The shear stress and hear flux terms are defined in tensor notations (Summesiotioron
implied) as
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The pressure is obtained by the equation of state for a peafect g

p = (y—l)[e——(u2 +v2+w2)} (A-14)

The abwoe equations hee been nondimensionalized in terms of the free-sitéaien-
sity, p,, , the free-stream speed of sougg, and the free-stream molecular viscasity .
(See Chaptet.) The chain rule is used tuaduate dewatives with respect tgx, y, z) in
terms of(&, n, ¢) . Consistent with the thin-layer assumption, only thoseval@res in the
direction normal to the &l ({) are retained in the shear stress and heat flux terms. Equa-
tion (A-1) is closed by the Stek typothesis for blk viscosity A + 2u/3=0) and Suther-
land’s lav for molecular viscosit§®

The CFL3D code also has the capability to sollie Euler equations, which are
obtained when thé&, év, andH, terms are omitted from Equation (A-1).

The numerical algorithm uses a semi-discrete finolesme formulation, resulting in a
consistent approximation to the consdion lavs in integral form

%ﬂLQW+H§ﬁ$:O (a15)

[1] See the note on paeabout the usage of the phréise steam
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>
wheref denotes the net flux through a siéS with unit normal containing the (time-
invariant) olume V. Integration of Equation (A-15)\w@r a control wlume bounded by
lines of constan , n, and{ gives the semi-discrete form

E%%% j,k+ (F=Fv) +1/2,J',k_(r:_lA:V)i‘l/z’j’k

A A A (A-16)
+(G=Gy)i j+1/2k—(G—=GV)i j-1/2k

+(H=Hy)i jk+rr2—(H=Hy)i jk-12=0
where, for comenience,

AL =& 10 k=Si—wzjk=1
AN =1 jr12k i j—z2k =1 (A-17)

AL = Zi,j,k+1/2_zi,j,k—1/2 =1

The discrete aluesQi, i,k are rgarded as\zerage walues takn over a unit computational

cell; similarly, discrete alues ofF, G, andH are rgarded asdce-aerage alues. The
corvectve and pressure terms arefeliénced using either the upwind fluxfdience-
splitting technique of RGé or the flux-ectorsplitting technique of an Leer® The
MUSCL (Monotone Upstream-centered Scheme for CoasiervLans) approach ofan

Leer? is used to determine statariable interpolations at the cell intacks. The shear
stress and heat transfer terms are centrallgrdificed.
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