
NOMENCLATURE 

a 
A 
A 
A 
C 
C 

Cf 
Ci 

cP 
C” 

CP 
dA 
dl 
dr 
dR 
dS 
dt 
h 7  dY7 dz 
dv 
dV 
d 7  
D 

e 
g i m  

speed of sound 
area 
J F / d u  
area vector 
wave speed 
specific heat 
skin-friction coefficient 
species mass fraction 
specific heat at constant pressure 
specific heat at constant volume 
pressure coefficient 
differential area 
differential length 
differential length vector along a line 
differential volume 
differential surface area 
differential time 
differential lengths in Cartesian system 
differential volume 
differential volume 
differential volume 
diameter 
multi-component diffusion coefficient 
error 
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internal energy per unit mass 
shift operator 
Eckert number 
total energy per unit volume, [= p(e + v2/2) if only internal 
energy and kinetic energy are included] 
function 
numerical flux 
body force per unit mass 
components of body force per unit mass in a Cartesian system 
denotes function, nondimensional velocity variable 
flux 
gravity vector 
amplification factor 
nondimensional velocity variable 
height 
enthalpy per unit mass (= e + p / p )  
Ax 
heat transfer coefficient 
enthalpy of formation for species i 
scale factors in an orthogonal curvilinear coordinate system 
total enthalpy (= h + V 2 / 2 >  

unit vectors in a generalized curvilinear coordinate system 
unit vectors in a Cartesian coordinate system 
nondimensional enthalpy variable 
inverse Jacobian 
transfer operator 
Jacobian 

coefficient of thermal conductivity 
kinetic energy of turbulence 
wave number 
turbulent thermal conductivity 
local body curvature 
AY J A Y  - 
length 
mixing length 
dissipation length 
scalar components of L 
difference operator 
reference length 
eigenvector 
mass flow rate 
Mach number 
local streamwise Mach number 

d=-i 

AY 
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molecular weight of mixture 
molecular weight of species i 
time level 
normal distance 
unit normal 
total number of time steps 
pressure 
Prandtl number 
turbulent Prandtl number 
intensity of line source or sink 
magnitude of heat flux vector 
heat flux vector 
external heat addition per unit volume 
a A t / ( A x > ’  
radius, radial distance 
position vector 
a A t / ( A x ) ’  
a A t / ( A y ) ’  
a A t / ( A z ) ’  
explicit operator 
residual 
radius of curvature 
volume 
gas constant 
Reynolds number 
freestream Reynolds number based on length L, ( = pml/,L/p,J 
mesh Reynolds number ( = c A x / p  for Burgers’ equation) 
universal gas constant 
entropy per unit mass 
arc length 
source term 
surface area vector 
mean strain tensor 
time 
temperature 
total variation 
unknown 
nondimensional velocity used in turbulent flow 
velocity components in a Cartesian system 
velocity components in a generalized coordinate system 
velocity components in a cylindrical coordinate system 
velocity components in a spherical coordinate system 
contravariant velocity components 
freestream velocity in x direction 
species diffusion velocity 
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unknown 
characteristic velocity of the turbulence 
velocity vector 
magnitude of velocity vector 
weight function 
unknown 
primitive variable vector 
Cartesian coordinates 
generalized curvilinear coordinates 
nondimensional distance used in turbulent flow 
thermal diffusivity 
conical coordinates 
volumetric expansion coefficient 
grid aspect ratio (= A x / A y )  
artificial compressibility factor 
stretching parameter 
k ,  A x  

pressure gradient parameter, [ = ( x / u e )  du,/dx] 
k ,  A x  

ratio of specific heats 
finite-difference operator, circulation 
characteristic length in y direction 
boundary-layer thickness 
central-difference operator defined by Eq. (3.14) 
represents change in u between two iterations 
central-difference operator defined by Eq. (3.13) 
central-difference operator defined by Eqs. (4.100) 
displacement thickness 
Kronecker delta 
forward-difference operator defined by Eq. (3.9) 
X j +  1 - xj 
xj - xj-1 
Y j + l  -Yj 
Yj - Yj- 1 

( > " + l -  ( 1" 

JZ 

k, AY 

nondimensional distance variable 
turbulence dissipation rate 
round-off error 
coefficient of implicit smoothing term 
coefficient of explicit smoothing term 
vorticity (= V x V) 
magnitude of vorticity vector 
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0 
8 
0 
0 
01’0, 
K 

K 

A 
A 
A 
EL 
EL 
EL 
EL 

ELT 

- 

- 

EL’ 

6 9  77’ l 

“ij 

.?T 

P 
P 
Pi 
U 

U 

r 
r 
r 
7u 

4 
4 
4 
4 
4 
4 
4’ * 

U 

U 

X 
X * 
3r * 
9 
w 

nondimensional thermal variable defined by Eq. (5.95) 
angle measured in circumferential direction 
parameter controlling type of difference scheme 
momentum thickness 
parameters controlling type of difference scheme 
coefficient of bulk viscosity 
von Kirmin constant 
eigenvalue 
generalized diffusion coefficient 
AT + A 
viscous coefficient in Burgers’ equation 
coefficient of viscosity 
averaging operator defined by Eq. (3.16) 

second coefficient of viscosity 
eddy viscosity 
transformed coordinates 
3.14159.. . 
stress tensor 
density 
artificial density 
species density 
eigenvalue 
shock angle 
parameter 
computational time or pseudo time 
shear stress 
viscous stress tensor 
kinematic viscosity ( = p / p >  
c A t / A x  
velocity potential 
angle in spherical coordinate system 
phase angle 
generalized variable 
limiter function 
grid control function 
boundary point clustering function 
dissipation function 
strong-interaction parameter 
pressure gradient parameter, [ = ( - l / p )  dp/dx]  
stream function 
vector potential 
limiter function 
grid control function 
fraction of streamwise pressure gradient term 

EL + PT 
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0 

wi 
w, w overrelaxation parameters 
v 
V vector differential operator 
v2 

damping function or damping parameter 
rate of production of species i 

backward-difference operator defined by Eq. (3.1 1) 

Laplacian operator (= V - V) 

SUBSCRIPTS 

b 

B 
CFL 
e 
e 

bdY 

f 
1 

1 

i 
i, j ,  k 
inv 
lam 
I 
1 
L 
min 
max 
n 
nose 
0 

0 
0 

opt 
r 
ref 
R 

stag 
t 
t 
t 
T 
T 
turb 

S 

body value 
boundary value 
boundary value 
Courant-Friedrichs-Lev condition 
exact value 
edge of boundary layer 
frozen 
inlet 
inner 
inviscid term 
grid locations in x ,  y, z directions 
denotes inviscid value 
laminar-like in form 
lower 
left value 
left value 
minimum 
maximum 
normal or normal component 
nose value 
intermediate (or estimated) value 
initial value 
outer 
optimum value 
right value 
reference conditions 
right value 
shock value 
stagnation value 
tangential or tangential component 
thermal 
partial differentiation with respect to time 
tangential 
turbulent 
turbulent quantity 
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U 
v 
wall 

Y 

x, Y ,  
x7 Y7 

1 
2 

X 

z 

m 

1 

k 
m 
n 
n 
* 
** 
* 
* 
+ 
- 
I 

I 

11 

upper 
viscous term 
wall value 
partial differentiation with respect to x 
partial differentiation with respect to y 
partial differentiation with respect to z 
differences in x7  y7 z directions 
components in x ,  y, z directions 
conditions in front of shock 
conditions behind shock 
freestream value 

SUPERSCRIPTS 

index in marching direction 
iteration level 
iteration level 
index in marching direction 
time level 
dummy time index 
dummy time index 
denotes a nondimensional quantity 
sonic conditions 
positive state 
negative state 
denotes fluctuation in turbulent flow, conventionally-averaged 
variables 
perturbation quantity 
correction term 
denotes fluctuation in turbulent flow, mass-averaged variables 

OVERBARS 

denotes averaged quantity or time-averaged quantity 
dimensional variables 
denotes mass-averaged variables [see Eq. (5.6411 
Roe-averaged quantity 
denotes value of variable from previous iteration 
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generalized, 218 
inviscid, 40, 176-217 
three-dimensional, 232, 563 
two-dimensional, 230 

624 

Briley-McDonald method 

viscous, 40, 217-234 
Burstein-Mirin method (see Rusanov method) 

Calorically perfect gas, 258 I 

Canonical form (see Partial differential 
equations) 

Catalytic walls, 584, 614 
Cauchy problem, 28 
Cauchy-Kowalewsky theorem, 28 
Cauchy-Riemann equations, 35 
Cebeci-Smith model, 303-304 
Cell-centered method, 72, 343, 385, 732 
Cell Reynolds number (see Mesh Reynolds 

Cell-vertex method, 72 
CFL stability condition, 11, 88-90, 95-96, 627, 

633 
CFL3D code, 642 
Chain rule form of governing equations, 340 
Characteristic coordinates, 26-29, 33 
Characteristic differential equations, 26, 29, 32, 

Characteristic velocity of turbulence, 300-301 
Characteristics, 22-24, 27-29,89-90, 128, 

Checkerboard scheme, 160 
Chemical equilibrium, 261-262, 584, 614 
Chemical nonequilibrium, 261-262, 584, 614 
Chemically frozen mixture, 261 
Chemically reacting flows, 259-262, 584 
Chemistry model for air, 260-261 
Chien turbulence model, 315-316 
Classification, mathematical 24-26, 36-39 
Colocated grids, 668, 674-676 
Coloring schemes, 158-160 
Combined methods, 132-133 
Compact differencing formula, 51 
Compatibility equations, 24, 355-358, 363-364 
Complex variable method, 679-680 
Computational domain, 680 
Computational fluid dynamics (CFD), 3 
Computer costs, 4-5 
Computer, invention of, 4 
Conical flow, 368-371, 614-617 
Conical Navier-Stokes equations, 541,582, 

Connectivity, 702-703 
Conservation-law form, 58-60, 251 

Conservative form (see Conservation-law form) 
Conservative property, 58-60 
Conservative supra-characteristic method 

number) 

38, 354-356 

354-364,411 

614-617 

strong, 340-341 

(CSCM) (see CSCM scheme) 
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Consistency, 54-55, 57 
Continuity equation, 249, 250-252 

Contravariant velocity components, 420, 545 
Control-volume approach, 71-76, 731-736 
Convergence, 56-57 

Reynolds form, 275-276 

iteration, 57 
truncation, 57 

Coordinate transformations (see 

Coupled solvers 
Transformations) 

for incompressible Navier-Stokes equations, 

for PPNS equations, 513, 604-609 
661-667 

Courant-Friedrichs-Lewy (CFL) condition (see 

Courant number, 88 
Cramer’s rule, 148 
Crank-Nicolson method 

CFL stability condition) 

for 1-D heat equation, 63-64, 130-131 
for 2-D boundary-layer equations, 447-459, 

for 2-D heat equation, 137-139 
for 3-D boundary-layer equations, 521-523 

477 

Crocco equation, 327 
Crossflow separation, 546, 610 
Cross-term stress, 284 
Crowley method, 236 
CSCM scheme 

for Euler equations, 439 
for Navier-Stokes equations, 641 
for PNS equations, 582 

DAlembert solution, 27 
Damping (see Smoothing) 
Davis coupled scheme, 452-455 
Delaunay mesh, 386, 701-702 
Delaunay triangulation, 703-705 
Delta form, 140,194, 565, 635 
Density biasing, 418-419 
Departure solutions, 546, 555, 559-561 
Diagonal dominance, 155, 456-457 
Difference operators, 48-51 

averaging, 49 
backward, 48-50 

,central, 49-50, 137 
forward, 48-50 
identity, 49 
shift, 49 

Differential equation grid generator, 679-680, 

Diffusion, 106 
Diffusion equation (see Heat equation) 
Diffusive equation, 638 

688-698 

Direct methods, 148-153 
Direct numerical simulation (DNS), 272 
Dirichlet problem, 34 
Discretization error, 54-55, 84 
Discriminant, 24-25 
Dispersion, 106-109, 111 
Displacement thickness, 489-492, 538 

(See also Kinematic displacement 
thickness) 

Dissipation, 106-109, 111 
Dissipation function, 257, 270, 279 
Divergence form (see Conservative-law form) 
Divergence theorem, 59,73 
Domain of dependence, 27-28, 519-521 
Doublet distribution, 433 
Driven cavity problem, 655-656 
Dual potential method, 658-659 
DuFort-Frankel method 

for boundary-layer equations, 459-462,477 
for Burgers’ equation, 225 
for heat equation, 55, 133 
for Navier-Stokes equations, 632, 663 

Dynamic viscosity, coefficient of, 253 

Eckert number, 287 
Eddy viscoSity, 299,624 
Eigenfunction, 17 
Eigenvalue, 17,36-37,92,95-96,356-357,362, 

Eigenvector. 36,357-358 
Elliptic grid generation schemes, 688-694 
Energy equation, 255-257 

556-558 

boundary layer equations, 293, 296-297, 299 
inviscid form, 326 
Reynolds form, 278-280 

Enthalpy, 257 
Entropy, 327 
Enquist-Osher scheme 

for Euler equations, 388, 395 
for inviscid Burgers’ equation, 201-204 
for Navier-Stokes equations, 641-642 
for PNS equations, 582 

Equation of state, 257-259 
Equidistribution schemes, 710 
Equilibrium problem, 15-19, 45, 57-58 
Euler equations, 321-326, 328-329, 361-362, 

Euler explicit method, 102-103 
Euler implicit method 

366-367 

for boundary-layer equations, 448-449 
for Burgers’ equation, 229-230 
for Euler equations, 375 
for PNS equations, 565 
for Navier-Stokes equations, 634 
for wave equation, 113-115 
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Euler-Lagrange equations, 699-700 
Eulerian approach, 251 
EVP method, 153 
Explicit scheme, 54, 102 

Factorization (see Approximate factorization) 
Fast Fourier transform method, 153 
Fick’s law, 260 
Filter 

box, 284 
tophat, 284 

Filtered Navier-Stokes equations, 283-285 
Finite differences, 46-52 

backward difference, 48-50 
central difference, 48-50 
forward difference, 47-50 
for mixed derivatives, 53 

operators) 
Finite-difference operators (see Difference 

Finite-element methods, 442, 710 
Finite-volume representations, 45,71-75, 79-82, 

First law of thermodynamics, 250, 255 
Five-point formula, 145 
FLARE approximation, 481-482,489, 493, 585, 

Flow separation (see Separated flows) 
Fluctuation, 274 
Flux, numerical, 182, 186, 199, 202 
Flux-difference splitting, 12, 386-398 
Flux splitting, 12, 375-386 
Flux-vector splitting, 375-386 
Fourier analysis (see von Neumann analysis) 
Fourier’s law, 67, 256 
Fractional-step methods (see Splitting methods) 
Free-shear flows, 508-512 
Frequency, 85 
Fromm’s method, 120 
FTCS method, 220-224 
Full potential equation, 413-427 
Fully developed flow, 497 
Fully implicit method (see Simple implicit 

method) 
Fundamental equations, 249-271 

342-348, 731-736 

602,606 

Gas constant, 258 
Gauss-Seidel iteration, 153-158 
Gaussian elimination, 148-151 
Genuine solution, 177 
Geometric conservation law, 341 
Global mass flow constraint, 498-499 

Global pressure relaxation procedure, 561-562 
Godunov scheme, 12, 195-198,387 
Goldstein singularity, 478 
Green’s second identity, 432 
Grid generation, structured 

algebraic methods, 679, 681-688 
complex variable methods, 679 
differential equation methods, 679, 688-698 

elliptic schemes, 688-694 
hyperbolic schemes, 694-696 
parabolic schemes, 697-698 

Grid generation, unstructured, 700-710 
advancing front methods, 708 
Bowyer insertion scheme, 702-708 
domain subdivision method, 709 
hybrid grids, 709 
point insertion schemes, 702-708 

Hagen-Poiseuille flow, 497 
Heat equation 

one-dimensional, 20-22,52-54,63-64, 

with source term, 93 
two-dimensional, 90-91, 137-142, 143-144 

126-144 

Heat-flux vector, 256, 263, 266 
Helmholtz equation, 41 
Hermite interpolation, 686-688 
Heuristic stability analysis, 107, 220-221 
Homenergic (see Isoenergetic) 
Hopscotch method 

for heat equation, 143 
for Navier-Stokes equations, 632-633 

Howarth flow, 480 
Hybrid scheme, 458-459 
Hydraulic diameter, 498 
Hyperbolic grid generation schemes, 694-696 

Ill-posed, 28-29 
Implicit scheme, 54 
Incompressible, 251-252 
Initial boundary value problem (see Initial value 

Initial starting solution, 19, 445-446, 461, 550, 

Initial value problem, 19, 27 
Integral methods, 69-71, 442 
Internal energy, 256 
Internal flows, 496-508 
Inverse methods, 478, 482-489 
Inviscid flow, 235-245,259-327,321-332, 

problem) 

609-610,615 

351-437 
compressible, 321-332, 351-431 
incompressible, 322-323, 324-326,431-437 
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Irregular mesh, 76-83 
Irrotational, 324-325 
Isentropic flow, 327-328 
Isoenergetic, 326 
Iterative methods 

block, 160-165 
group, 160 
point, 153-160 

Jacobi iteration, 155 
Jacobian, 25-26, 30, 91, 267,340,566-569,577, 

Jet flows, 508-512 
Johnson-King model, 309 
Jury problem, 16 

635-637, 683 

k-8 model, 313-317 
Keller box method 

for boundary-layer equations, 462465,477 
for heat equation, 134-137 
modified box method, 136-137 

Kelvin’s theorem, 425 
Kentzer’s method, 408 
Kinematic displacement thickness 304 
Kinematic viscosity, 290 
Kinetic energy of turbulence (see Turbulence 

kinetic energy) 
Kinetic theory approach, 250 
Korteweg-de Vries equation, 41 
Krause zig-zag scheme, 523-525 
Kronecker delta, 253 
Kutta condition, 429, 437 

L-equation model, 309 
Laasonen method (see Simple implicit method) 
Lagrange acceleration formula, 325 
Lagrange interpolation, 684-685 
Lagrangian approach, 251 
Laminar flow, 272 
Laplace’s equation, 11, 16-19, 32-34, 144-148, 

,Large eddy simulation (LES), 273,300,320-321 
326,431-437,688-694 

LAURA code, 642 
Law of mass action, 261 
Law-of-the-wall region, 302-303 
Lax equivalence theorem 56-57 
Lax method 

for inviscid Burgers’ equation, 181-183 
for wave equation, 88-89, 94-96, 112-113 

for inviscid Burgers’ equation, 184-187 
Lax-Wendroff method 

for Navier-Stokes equations, 632-633 
for viscous Burgers’ equation, 227 
for wave equation, 99, 117-118 

Leapfrog/DuFort Frankel method 
for Burgers’ equation, 225 
for Navier-Stokes equations, 633, 663 

Leapfrog method, for wave equation, 116 
Left eigenvector (see Eigenvector) 
Leonard method, 224 
Leonard stress, 284 
LGS methods, 641 
Liebmann iteration (see Gauss-Seidel iteration) 
Limiters, 13, 186, 208, 214-216, 398 
Linearization 

by extrapolation, 455 
iterative update, 450 
lagging, 449-450 
Newton’s method, 450-452 

with coupling, 452-454 
Linearized block implicit (LBI) scheme, 574 
Local time stepping, 627 
Low Reynolds number turbulence model, 

Lower-upper symmetric Gauss-Seidel (LU-SGS) 
315-316 

method, 641, 663 

MAC method, 668-670 
MacCormack method 

implicit/explicit, 574, 640 
original explicit, 119 

for Euler equations, 273-274 
for inviscid Burgers’ equation, 187-188 
for Navier-Stokes equations, 625-628 
for PNS equations, 574 
for viscous Burgers’ equation, 227-228 
for wave equation, 119 

over-relaxed, 228-229 
rapid solver, 631-632 
time-split, 166-167, 230-231 

for Navier-Stokes equations, 628-631 
for viscous Burgers’ equation, 230-231 

upwind, 641 
Mach number, 6-7, 266 
Mapping (see Transformation) 
Marching problem, 19-22, 45 
Marker-and-cell (MAC) method, 668-670 
Mass-weighted averaging procedure, 273, 275 
Matrix 

aperiodic, 94-95, 717 
banded, 138 
block bidiagonal (see Block bidiagonal 

block tridiagonal (see Block tridiagonal 
systems) 

systems) 
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Matrix stability analysis, 91-96 
Merged layer region, 538 
Mesh Peclet number (see Mesh Reynolds 

number) 
Mesh Reynolds number, 220-221,457 
Method of characteristics (MOC), 352-364 

for linear PDE’s, 353-361 
for nonlinear PDE’s, 361-364 

Metrics, 267-270,516,519,576-577, 682-683 
Minmod limiter, 209 
Mixed problem (see Robin’s problem) 
Mixing length, 301-317,320-321 
Model equations, 101 
Modified box method 

for boundary-layer equations, 462-465 
for heat equation, 136-137 

Modified equation, 104-107, 110-111 
Modified strongly implicit (MSI) procedure, 165, 

Modified Thomas algorithm, 454, 487 
Momentum equation, 252-255 

inviscid form, 323-326 
Reynolds form, 276-278 

Momentum thickness, 303 
Monotone scheme, 183-184 
Multigrid method, 13, 165-176, 627, 652 
MUSCL approach, 204-209, 217, 395-396, 400 

725-730 

Navier-Stokes equations, 253-255, 263-266, 

compressible, 253-255,263-266,340-341, 

in general coordinates, 340-341, 552-554 
incompressible, 255, 649-677 
integral form, 347 
low speed, 642-649 
nondimensional form, 264-266 
thin-layer approximation, 541-545, 624 
vector form, 263-264, 622-623 

340-341,347,621-677 

621-649 

Neumann problem, 34 
Newton linearization, 450-453 
Newton-Raphson method, 450-452,483,563 
Newton’s method (see Newton-Raphson 

method) 
Newtonian flow, 6 
Newtonian fluid, 252-253 
Nine-point formula, 145 
Nodal-point scheme, 343 
Nonconservative form, 58 
Nondimensional form of equations, 264-266 
Normal pressure gradient, 541-542 
Numerical dissipation, 622 

(See also Artificial viscosity) 

Odd-even reduction, 153 
Osher’s scheme (see Enquist-Osher scheme) 
One and one-half equation turbulence model, 

One-equation turbulence model, 310-313 
One-half equation turbulence model, 308-309 
Operators (see Difference operators) + 
Order of accuracy notation (O),  47, 54 
Order of magnitude analysis, 287-294 
Orthogonal curvilinear coordinates, 266-271 
Orthogonality, 691-694 
Over-relaxation, 156 

313 

Panel methods, 431-437 
Parabolic Navier-Stokes equations, 550 
Parabolic procedures 

3-D confined flows, 585-592 
3-D free-shear flows, 592-593 

Parabolized Navier-Stokes equations, 13, 541, 
545-562 

applications, 582-584 
derivation, 546-565 
numerical solution, 562-582 
thin-layer approximation, 554-555 

Partial differential equations 
canonical forms, 25-33 
elliptic, 16, 25, 32-33 
general, second order, 22 
hyperbolic, 19, 25, 26-29 
parabolic, 19, 25, 29-32 
quasi-linear, 22 
systems of, 35-39 

Partially parabolized Navier-Stokes (PPNS) 
equations, 541,584-609 

Particle-in-cell (PIC) method, 12 
Peclet number, 220, 287 

(See also Mesh Reynolds number) 
Perfect gas, 258 
Periodic boundary conditions, 94, 109 
Perturbation, 330, 353 
Phase angle, 88, 107-111 

exact, 108 
lagging, 109 
leading, 109 
relative, 109 

Phenomenological approach, 250 
Physical domain, 679 
PIC method, 12 
PIS0 method, 676-677 
Pivoting, 149 
PNS equations (see Parabolized Navier-Stokes 

equations) 
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Poisson equation, 40, 145, 651, 689 
Poisson equation for pressure, 589,600,652-653, 

Polynomial fitting, 65-69 
Potential equation, methods for, 413-427 
PPNS equations (see Partially parabolized 

Navier-Stokes equations) 
Prandtl-Glauert equation, 331, 353-361, 429 
Prandtl mixing-length formula, 301 
Prandtl number, 259, 287 
Preconditioning, 13, 402, 647-649,661, 665 
Predictor-corrector, multiple iteration method 

657,668,671-673 

for PNS equations, 563 
for viscous Burgers’ equation, 232-233 

Pressure, gauge, 648 
Pressure based schemes, 667 
Pressure correction approach, 588,661,667-677 
Pressure-implicit with splitting of operators 

(PISO) method, 676-677 
Pressure update, 590-591 
Primitive variables, 650, 667 
Primitive-variable approach, 659-617 
Primitive-variable form, 650 
Projection methods, 670-671 
Property U, 198-199 
Pseudo-compressibility method, 661-665 
Pseudo time, 646-649, 652,665 
Pseudo-transient representation, 652 
PUMPIN scheme, 590-592 

Quasi-linear (see Partial-differential equations, 

Quasilinearization (see Linearization, Newton’s 
quasi-linear) 

method) 

Rankine-Hugoniot equations, 332, 413 
Rayleigh problem, 30-32 
Rayleigh’s pitot formula, 7-8 
Red-black scheme, 160-161 
Reduced Navier-Stokes (RNS) equations, 541, 

Reflection method, 407 
Relaxation method, 11 
Residual form, 146 
Retarded density, 419 
Reynolds analogy, 304 
Reynolds averaging, 273-274 
Reynolds equations, 273-285, 624 
Reynolds number, 220,264, 287 
Reynolds stress, 281, 443, 514 
Reynolds stress models, 300, 317-320 

562,605 

algebraic, 318-320 

Richardson extrapolation, 158, 466 
Richardsons’s method, 129 
Riemann invariants, 358 
Riemann problem, 12, 177-180, 197-199, 388 
Robin’s problem, 34 
Roe average, 391-393, 400 
Roe-averaged state, 393 
Roe-Sweby scheme, 216 
Roe’s scheme 

for Euler equations, 388-398 
for inviscid Burgers’ equation, 198-201 
for Navier-Stokes equations, 642 
for PNS equations, 574-582 
for viscous Burgers’ equation, 233-234 

Rotated difference scheme, 417, 399 
Round-off error, 54-55,84 
Runge-Kutta methods 

for Euler equations, 401 
for Navier-Stokes equations, 632-633, 663 
for wave equation, 124-125 

for inviscid Burgers’ equation, 188-189 
for wave equation, 122-123 

Rusanov method 

SCM method, 438-439 
Segregated approach, 588 
Semi-inverse procedure, 492 
Separated flows, 478-496,505-508,610 
Separation of variables, 16, 20 
Series expansion technique, 546-551 
Shift condition, 106 
Shock capturing, 12, 365-402 

Shock layer, 6, 540 
Shock wave, 6, 12, 411-413 

Shock fitting, 12, 365,371-373,411-413 

bow, 6, 7, 
governing equations, 331-332,411-413, 
normal, 331-332 
oblique, 332, 411-413 

Shock-capturing methods, 365-402 
Similarity solution, 31-32 
Simple explicit method 

for boundary-layer equations, 445-447 
for heat equation, 53-54,83-87,93-95, 

for PNS equations, 563 

for boundary-layer equations, 447-459, 477 
for heat equation, 63, 130, 150-151 

for incompressible N-S equations, 671 -676 
for PPNS equations, 588-590,592 

126-129, 137 

Simple or fully implicit method 

SIMPLE procedure 

SIMPLEC method, 673 
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SIMPLER procedure 
for incompressible N-S equations, 673-674 
for PPNS equations, 590 

Slender channel approximation, 508 
Smagorinsky model, 320-321 
Small disturbance approximation, 490-491 
Small-perturbation theory, 330-331, 353 
Smoothing 

explicit, 121, 191, 573, 630, 639-540 
implicit, 639-640 
(See ako Artifical viscosity, explicit) 

SOR (see Successive over-relaxation) 
SOR by lines, 160-162 
Source distribution, 433 
Space marching methods: 

for Euler equations, 365-370 
for Navier-Stokes equations, 665-667 

Spalart-Allmaras model, 312-313 
Specific heat, ratio of, 258 
Speed of sound, 7,328 
Spherical coordinates, 270-271 
Split-coefficient matrix (SCM) method (see SCM 

method) 
Split flux methods, 377-386 
Splitting methods, 139-143, 230-232, 628-630, 

Stability (conditions), 11, 55-56, 83-96 
670-671 

for boundary-layer equations, 455-456 
neutral, 116 
for systems of equations, 91-96 

Staggered grids, 523, 594-598, 668 
Stagnation point, 7-8 
Stanton number, 475 
Starting solution (see Initial starting solution) 
State principle of thermodynamics, 258 
Steger linearization, 568, 637 
Steger-Warming splitting, 13, 376-381 
Stream function, 322-323, 485-489,651-656 
Streamline, 324 
Streamwise pressure gradient, 546,555-562, 

Stress tensor, 252-253, 265-266, 269 
Strong-interaction parameter, 549 
Strong interaction region, 538 
Strongly implicit methods, 163-165, 652 
Subgrid-scale model, 285, 320-321 
Subgrid-scale stress, 284 
Sublayer approximation technique, 560 
Subsonic flow, 352,415, 429 
Substantial derivative, 251 
Successive over-relaxation (SOR), 12, 156-158 
Sudden expansion flow, 505 
Superbee limiter, 216 
Supersonic flow, 352 

606-609 

Sutherland's formula, 259 
Symmetric successive over-relaxation (SSOR), 

158 

$ 

Taylor series, 47, 52, 68 
for obtaining finite-difference equations, 

61-64 
Telegraph equation, 41 
Tension splines, 687 
Thermal conductivity, coefficient of, 256 
Thermal diffusivity, 290 
Thermal nonequilibrium, 262 
Thermally perfect gas, 259 
Thermodynamic variables, 258 
Thin-layer Navier-Stokes equations, 541-545, 

Thin-shear-layer equations (see Boundary-layer 

Thomas algorithm, 114-115, 151-152, 715-716 
Three-dimensional boundary layers, 512-530 

equations for plane of symmetry, 518-519 
example calculations, 528-530 
governing equations, 297-299,513-519 
zone of dependence, 519-521 

Time-averaging procedure (see Averaging 

Time-centered implicit method 
for inviscid Burgers' equation, 192-195 
for wave equation, 120-122 

Time-dependent approach, 371, 624-625 
TLNS3D code, 633 
TM formulation, 692 
Total energy, 256 
Total enthalpy, 274 
Total variation diminishing (TVD), 13, 207-208 

Transfinite interpolation, 687-688 
Transformations, 25-27,333-341,543-545, 

for boundary-layer equations, 466-470 
general, 333-341, 543-545 
independent variable, 25-27,333-341, 

for internal flows, 498 
for Navier-Stokes equations, 340-341, 

543-545 
rectangularizing, 337-338, 681-684 
Roberts, 334-336 
stretching, 333-337 

624 

equations) 

procedures for turbulent flow) 

(See also TVD schemes) 

681-688 

543-545,681,688 

Transonic flow, 331, 413, 427-431 
Transonic similarity parameter, 428 
Transonic small-disturbance equation, 331, 

427-431 
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Transport equation, 444 
Transport properties, 258, 262-263 
Trapezoidal differencing, 120-121, 131, 193 
Tricomi equation, 40 
Tridiagonal matrix, 114-115, 151-152,715-716 
Tridiagonal system, 51, 114-115, 151-152, 

Triple-deck theory, 479,495-496 
Truncation error, 47, 52-54 
TUFF code, 642 
Tuned third-order methods, 190-192 
Turbulence intensity, 274 
Turbulence kinetic energy, 300 
Turbulence kinetic energy equation, 310-312 
Turbulence modeling, 283, 299-321 
Turbulent flow, 272-273 
Turbulent Prandtl number, 304, 443, 624 
Turbulent thermal conductivity, 304, 624 
Turbulent viscosity, 299-300, 443 
Turbulent viscosity models, 299-301 
TVD schemes 

715-716 

for Euler equations, 395-398 
for inviscid Burgers’ equation, 207-217 
for Navier-Stokes equations, 641 -642 
for PNS equations, 580 

Two-equation turbulence model, 313-317 
Type-dependent differences, 415-417 

Under-relaxation. 157 
Unequal grid schemes for boundary layers 

Universal gas constant, 260 
Unsteady boundary-layer flow, 530-532 
Upper triangular form, 149 
UPS code, 574 
Upstream differencing method, 103-112 
Upstream influence, 546,560-562,607-609. 

Upwind method 

472-473 

665-667 

first-order, 103-112 
second-order, 119-120 
third-order, 224 

for Euler equations, 376-384, 386-402 
higher order, 204-207 
for Navier-Stokes equations, 641-642 
for PNS-equations, 574-582 

Upwind schemes 

USA codes. 641-642 

van Albada limiter, 216 
van der Waals equation of state, 258 
van Driest damping function, 301 

van Leer flux splitting, 13 
for Euler equations, 381-383, 
for Navier-Stokes equations, 642 

van Leer limiter, 216 
van Leer MUSCL approach (see MUSCL 

Variable secant procedure, 483-484, 502, 602 
Variational methods, 698-700 
Vector form of governing equations, 263-264 
Vector potential, 657-659 
Vector processing, 159-160 
Velocity corrections 

approach) 

p,’ method, 589-590 
4 method, 589,599-600 

Velocity potential, 18,329 
Velocity potential equation, 330 
Vibrational nonequilibrium, 262, 584 
Vigneron parameter, 556-559 
Vigneron technique. 13,560-561,564-565 
V-ity. coefficient of (see Dynamic viscosity) 
Viscous-imiscid interaction, 489-496 
Viscous shock-layer equations, 541, 609-614 
Viscous mess tensor, 253 
Viscous sublayer, 302-303, 470-471 
Volumetric expansion coefficient, 290 
von €&miin constant, 301 
von Neumann anaIysis, 11, 84-96 
von Neumann necessary condition, 93 
Voronoi dual, 386 
Voronoi polygon, 704 

Vorticity-stream function approach, 650-659 
Vorticity transport equation, 651 
VSL equations (see Viscous shock-layer 

Vorticity, 324, 650-651 

equations) 

Wachpress parameters, 163 
Wake-like region, 302 
Wall functions, 471 
Warming-Kutler-Lomax method 

for inviscid Burgers’ equation, 189-190 
for wave equation, 123-124 

first-order, 40, 87-88, 94-96, 102 
second-order, 21-22, 26-29, 89, 102 
two-dimensional, 638 

Wave length, 85 
Wave number, 85, 110 
Wave speed, 88, 102 
Weak-interaction region, 538 
Weak solution, 177-180 
Wedge flow, 367-371 

Wave equation 
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Weighted residual methods, 442 
Well-posed, 33-34, 555 
Wilcox turbulence model, 314 
Windward differencing method (see Upstream 

differencing method) 

Zero-equation model, 301-308 
Zone of dependence, 519-520 

Zone of influence, 519-520 
principle, 519-521 

(See also Domain of depegdence) 
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