VI.ELLIPTIC GENERATION SYSTEMS

As noted in Chapter 1, the generation of a boundary-conforming coordinate systemis
accomplished by the determination of the values of the curvilinear coordinates in the interior
of aphysical region from specified values (and/or slopes of the coordinate lines intersecting
the boundary) on the boundary of the region:
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One coordinate will be constant on each segement of the physical boundary curve (surfacein
3D), while the other varies monotonically along the segment (cf. Chapter 11).

The equivalent problem in the transformed region is the determination of values of the
physical (cartesian or other) coordinates in the interior of the transformed region from
specified values and/or slopes on the boundary of this region, as discussed in Chapter I1:
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Thisisamore amenable problem for computation, since the boundary of the transformed
region is comprised of horizontal and vertical segments, so that this region is composed of
rectangular blocks which are contiguous, at least in the sense of being joined by re-entrant
boundaries (branch cuts), as described in Chapter I1.

The generation of field values of afunction from boundary values can be donein
various ways, e.g., by interpolation between the boundaries, etc., asis discussed in Chapter
VII1. The solution of such a boundary-value problem, however, is a classic problem of
partial differential equations, so that it islogical to take the coordinates to be solutions of a
system of partial differential equations. If the coordinate points (and/or slopes) are specified
on the entire closed boundary of the physical region, the equations must be eliptic, while if
the specification is on only a portion of the boundary the equations would be parabolic or
hyperbolic. This latter case would occur, for instance, when an inner boundary of a physical
region is specified, but a surrounding outer boundary is arbitrary. The present chapter,
however, treats the general case of a completely specified boundary, which requires an



elliptic partial differential system. Hyperbolic and parabolic generation systems are
discussed in Chapter VII.

Some general discussion of elliptic generation systems has been given in Ref. [19],
and numerous references to the application thereof appear in the surveys given by Ref. [1]
and [5].

1. Generation Equations

The extremum principles, i.e., that extrema of solutions cannot occur within the
field,that are exhibited by some elliptic systems can serve to guarantee a one-to-one mapping
between the physical and transformed regions (cf. Ref. [20] and [21]). Thus, since the
variation of the curvilinear coordinate along a physical boundary segment must be
monotonic, and is over the same range along facing boundary segments (cf. Chapter 11), it
clearly follows that extrema of the curvilinear coordinates cannot be allowed in the interior
of the physical region, else overlapping of the coordinate system will occur. Note that it is
the extremum principles of the partial differential system in the physical space, i.e., with the
curvilinear coordinates as the dependent variables, that isrelevant sinceit is the curvilinear
coordinates, not the cartesian coordinates, that must be constant or monotonic on the
boundaries. Thusit isthe form of the partial differential equationsin the physical space, i.e.,
containing derivatives with respect to the cartesian coordinates, that isimportant.

Another important property in regard to coordinate system generation is the inherent
smoothness that prevailsin the solutions of elliptic systems. Furthermore, boundary slope
discontinuities are not propagated into the field. Finally, the smoothing tendencies of elliptic
operators, and the extremum principles, allow grids to be generated for any configurations
without overlap of grid lines. Some examples appear below:
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There are thus a number of advantages to using a system of elliptic partial differential
equations as a means of coordinate system generation. A disadvantage, of course, isthat a
system of partial differential equations must be solved to generate the coordinate system.

The historical progress of the form of elliptic systems used for grid generation has
been traced in Ref. [1]. Consequently, referencesto all earlier work will not be made here.
Numerous examples of the generation and application of coordinate systems generated from
elliptic partial differential equations are covered in the above reference, aswell asin Ref.

[2].
A. Laplace system



The most simple eliptic partial differential system, and one that does exhibit an
extremum principle and considerable smoothness is the Laplace system:

?Egi = 0 1)

This generation system guarantees a one-to-one mapping for boundary-conforming
curvilinear coordinate systems on general closed boundaries.

These equations can, in fact, be obtained from the Euler equations for the
minimization of the integral
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asisdiscussed further in Chapter X1. Since the coordinate lines are located at equal
increments of the curvilinear coordinate, the quantity |¥ Ei | can be considered a measure of
the grid point density along the coordinate line on which &' varies, i.e., &' must change
rapidly in physical space where grid points are clustered. Minimization of thisintegral thus
leads to the smoothest coordinate line distribution over the field.

With this generating system the coordinate lines will tend to be equally spaced in the
absence of boundary curvature because of the strong smoothing effect of the Laplacian, but
will become more closely spaced over convex boundaries, and less so over concave
boundaries, asillustrated below. (In this and other illustrations and applications in two

dimensions, &1 and &2 will be denoted & and ", respectively, while x and y will be used for
X4 and x,.)

In the | eft figure we have "I, > 0 because of the convex (to the interior) curvature of the
lines of constant "l ("-lines). Therefore it follows that "’Iyy < 0, and hence the spacing

between the I -lines must increase with y. The 'l -lines thus will tend to be more closely
spaced over such aconvex boundary segment. For concave segments, illustrated in the right
figure, wehave 'l |, <0, sothat yy Must be positive, and hence the spacing of the "l-lines

must decrease outward from this concave boundary. Some examples of grids generated from
the Laplace system are shown below. The inherent smoothness and the behavior near
concave and convex boundaries are evident in these examples.
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B. Poisson system

Control of the coordinate line distribution in the field can be exercised by generalizing
the elliptic generating system to Poisson equations:

72l = pl (€©)

in which the "control functions' P' can be fashioned to control the spacing and orientation of
the coordinate lines. The extremum principles may be weakened or lost completely with
such a system, but the existence of an extremum principleis a sufficient, but not a necessary,

condition for a one-to-one mapping, so that some latitude can be taken in the form of the
control functions.

Considering the equation ¥2" = Q and the figures above (P! = Pand P2 = Q in the

illustrations here), since a negative value of the control function would tend to make vy
more negative, it follows that negative values of Q will tend to cause the coordinate line

spacing in the cases shown above to increase more rapidly outward from the boundary.
Generalizing, negative values of the control function Q will cause the " -linesto tend to
move in the direction of decreasing ", while negative values of Pin ¥27 = Pwill cause

£ -lines to tend to move in the direction of decreasing & . These effects are illustrated below
for an " -line boundary:

a<o

With the boundary values fixed, the & -lines here cannot change the intersection with the
boundary. The effect of the control function P in this case is to change the angle of
intersection at the boundary, causing the £ -linesto lean in the direction of decreasi ng g,



These effects are illustrated in the following figures:

Herethe & -lines are radial and the " -lines are circumferential. In the left illustration the
control function Q islocally non-zero near a portion of the inner boundary as indicated, so
the "l-lines move closer to that portion of the boundary whilein theright figure, Pislocally
non-zero, resulting in a change in intersection angle of the £ -lines with that portion of the
boundary. If the intersection angle, instead of the point location, on the boundary is
specified, so that the points are free to move along the boundary, then the & -lineswould
move toward lines with lower values of & :

In general, a negative value of the Laplacian of one of the curvilinear coordinates
causes the lines on which that coordinate is constant to move in the direction in which that
coordinate decreases. Positive values of the Laplacian naturally result in the opposite effect.

C. Effect of boundary point distribution

Because of the strong smoothing tendencies that are inherent in the Laplacian
operator, in the absence of the control functions, i.e., with P, = 0, the coordinate lines will

tend to be generally equally spaced away from the boundaries regardless of the boundary
point distribution. For example, the simple case of a coordinate system comprised of
horizontal and vertical linesin arectangular physical region, (cf. the right figure below)
cannot be obtained as a solution of Eqg. (3) with P=Q=0 unless the boundary points are
equally spaced.
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With & W= I =0, Eq. (3) reducesto

EH‘P’ T‘I}r}r=q

and thus P and Q cannot vanish if the point distribution is not uniform on the horizontal and
vertical boundaries, respectively. With P=Q=0 the lines tend to be equally-spaced away from
the boundary. These effects are illustrated further in the figures below. Here the control
functions are zero in the left figure.

Although the spacing is not uniform on the semi-circular outer boundary in thisfigure, the
angular spacing is essentially uniform away from the boundary. By contrast, nonzero control
functionsin the right figure, evaluated from the boundary point distribution, cause the field
spacing to follow that on the boundary. Thus, if the coordinate linesin the interior of the
region are to have the same general spacing as the point distributions on the boundaries
which these lines connect, it is necessary to evaluate the control functions to be compatible
with the boundary point distribution. This evaluation of the control functions from the
boundary point distribution is discussed more fully in Section 2 of this chapter.

D. General Poisson-type systems

If acurvilinear coordinate system, £i (i=1,2,3), which satisfies the Laplace system
v2gl = o
istransformed to another coordinate system, & (i = 1,2,3), then the new curvilinear
coordinates, &' satisfy the inhomogeneous elliptic system (cf. Ref. [19])

vl . pl (4)
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with the Pk defined by the transformation from Eio El
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(It may be noted that if the subsequent transformation is one-dimensiondl, i.e., if
ThaET = &1 qF g i
a5 /85 & affag then only the three functions Zi with i=1,2,3, are nonzero.)
These results show that a grid with lines concentrated by applying a subsequent
transformation (often called a "stretching” transformation) to a grid generated as the solution

of the Laplace system could have been generated directly as the solution of the Poisson
system (4) with appropriate "control functions”, i derived from the subsequent
concentrating transformation according to Eq. (6). Therefore, it is appropriate to adopt this
Poisson system (4) as the generation system, but with the control functions specified directly
rather than through a subsequent transformation.

Thus an appropriate generation system can be defined by Egs. (4) and (5):

2-1 2 Jk pi (7)
rd - P
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with the control functions, it considered to be specified. The basis of the generation system
(7) isthat it produces a coordinate system that corresponds to the subsequent application of a
stretching transformation to a coordinate system generated for maximum smoothness. From

Eqg. (6), the three control functions B (i = 1,2,3) correspond to one-dimensional stretching

in each coordinate direction and thus are the most important of the control functions. In

applications, in fact, the other control functions have been taken to be zero, i.e.,

P =86, P
ik PR

so that the generation system becomes
It may be noted that, using Eq. (111-37), Eqg. (7) can be written as
24 . 3 % 1 (ged - 95%) = 0 9
= P - E -
Ve JL x=1 JK I ©

Actual computation isto be done in the rectangular transformed field, as discussed in
Chapter 11, where the curvilinear coordinates, El arethei ndependent variables, with the



cartesian coordinates, x;, as dependent variables. The transformation of Eq. (9) is obtained
using Eq. (111-71). Thus we have

3 3 3
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But ¥2Z =0 and then using Eq. (7), we have

3 3 3
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Thisthen isthe quasi-linear éliptic partial differential equation which isto be solved to
generate the coordinate system. (In computation, the Jacobian squared, g, can be omitted
from the evaluation of the metric coefficients, g' in this equation since it would cancel
anyway, cf. Eq. 111-38.) As noted above, the more common form in actual use has been that
with only three control functions, Eq. (8), which in the transformed region is

3 3 3
1] . KK p -0 (12)
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Most of the following discussion therefore will center on the use of this last equation as the
generation system. This form becomes particularly ssmple in one dimension, since then we
have

Xege * Pxp = 0 (23)

which can be integrated to give, with (© = & = 1)
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The one-dimensional control function corresponding to a distribution x(E ) thusis given by
x
P(E) = - 55 (14)
x
£
In two dimensions, Eq. (11) reduces to the following form, using the two-dimensional

relations given in Section 8 of Chapter 111 (with 51 =5 and £2="T)

where
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with Z :ix+iyand
g, = xg v :rg (183)
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This corresponds to the following system in the physical space, from (7),

vzg = % (199)
ven - -E (19b)

whereg=(x gy 1 -X 1y §)2

The two-dimensional form of the smpler generation system (12) with only two control
functionsis

822{Lgg * Prg) + g1q(Lyy * QL) -~ 2815 Lpy = O (20)

for which the system in the physical spaceis, from (8),

a
veg = 22 | (21a)
g
gy
ven ™ = (21b)

This generation system has been widely used, and a number of applications are noted in Ref.
[1] and [5]. Severa examples appear in Ref. [2].

Substitution of (3) in (10) gives the transformation of the original Poisson system (3)
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This generation system has also been widely used, cf. Ref. [1] and [2], and the
two-dimensional formis

822 Tgp * 81y Cpy = 2813 Lg, * &(PR + Q) = © (23)

corresponding in the physical space to
Ve = P (249)

v2n = Q (24b)

This system has also been widely used (cf. Ref. [1] and [5]), and its use predates that
of EQ. (21). In general, however, the form of (12), corresponding to the system (8), is
probably preferable over that of (22), which corresponds to (3), because of the simple form
to which the former reduces in one dimension, and because the control functionsin (8) are
orders of magnitude smaller than thosein (3) for similar effects.

E. Other systems

Other elliptic systems of the general form (4) have been considered, such aswith

P'=gP, where the P, are the specified control functions, and with © '= - (¥D-X&)/D

where D isthe control function. The latter form puts Eq. (4) in the form of adiffusion
equation with the control function in the role of avariable diffusivity:

Y . (pgel) = 0 (25)

This system also corresponds to the Euler equations for maximization of the smoothness, but
now with the coefficient, D, serving as aweight function, i.e., multiplying the integrand in
Eq. (2), so that the smoothness is emphasized where D islarge. Both of these systems have
actually been implemented only in two dimensions, although the formulations are general.
Specific references to these and other related systems are given in Ref. [1] and [5].

Another elliptic system for the generation of an orthogonal grid has been constructed
by combining the orthogonality conditions, g — 00 = 3') with a specified distribution of
the Jacobian over the field, *¥ = /(%) (This system is discussed further in Chapter X.)
Some two-dimensional applications appear in Ref. [2], as noted in Ref. [5].

The second-order systems allow the specification of either the point distribution on the
boundary (Dirichlet problem):



T oo,

or the coordinate line slope at the boundary (Neumann problem):

but not both. Thusit is not possible with such systems to generate grids which are orthogonal
at the boundary with specified point distribution thereon. (This assumes that the control
functions are specified. It is possible to adjust the control functions to achieve orthogonality
at the boundary asis discussed in Section 2.)

A fourth-order elliptic system can be formulated by replacing the Laplacian operator,
¥2, with the biharmonic operator, ¥ 4. The analogous form to (4) then is

vhﬁi = pl (26)

which can be implemented as a system of two second-order equations:

v2gl - re (27a)
g2pl . pl (27b)
From (I111-71) and (22) above, the transformed system is
3 3 3
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This generation system, being of higher order, allows more boundary conditions, so that the
coordinate line intersection angles, as well as the point locations, can be specified on the
boundary. It is therefore possible with this system to generate a coordinate system which is
orthogonal at the boundary with the point distribution on the boundary specified, and for
which the first coordinate surface off the boundary is at a specified distance from the



boundary:

This allows segmented grids to be patched together with slope continuity as discussed in
Chapter 1.

In the above discussions, generation systems have been formulated based on linear
differential operatorsin the physical space, e.g., the Laplacian with respect to the cartesian
coordinates, resulting in quasi-linear equations in the transformed space where the
computation is actually performed. It is also possible to formulate the generation system
using linear differential operators in the transformed space, e.g., the Laplacian with respect
to the curvilinear coordinates:

3

i

= P (29)
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The use of some such generation systemsis noted in Ref. [1], and such a biharmonic system
isnoted in Ref. [5]. Although this certainly produces simpler equations to be solved, since
the computation is done in the transformed space, such systems transform to quasi-linear
equationsin the physical space, and hence the extremum principles are lost in the physical
space. Thismeans that there is a possiblity of coordinate lines overlapping in general
configurations. Therefore it is generally best to formulate the generation system using linear
operators in the physical space.

As noted above, other variations of elliptic systems of the type discussed here are
noted in Ref. [1] and [5]. Elliptic generation systems may also be produced from the Euler
equations resulting from the application of variational principles to produce adpative grids,
asisdiscussed in Chapter XI. Still another system, based on the successive generation of
curved surfaces in the three-dimensional region, is given in Section 3B of this chapter.
Finally, quasiconformal mapping (Ref. [22] and [23]) is another example of an elliptic
generation system.

2. Control Functions

For the elliptic generation system given by Eq. (12), the control functions that will
produce a specified line distribution for a rectangular region, and for an annular region, are
given as Eq. (14) and in Exercise 8, respectively. These functions could be used in other
regions, of course, with the same general effect. In such extended use, the former would be



more appropriate for ssmply-connected regions, while the latter would be appropriate for
multiply-connected regions. Use of the rectangular function in a multiply-connected region
produces a stronger concentration than was intended because of the concentration over
convex boundaries that is inherent in Poisson-type generation systems (cf. Section 1A).

With generation systems of the Poisson type, negative values of the control function =
>in Eq. (4), or P in Eq. (8) (since @' > 0), will cause the &' coordinate lines to concentrate

in the direction of decreasing Ei (cf. Section 1B). Several approaches to the determination of
these control functions are discussed below.

A. Attraction to coordinate lines/points

This effect can be utilized to achieve attraction of coordinate lines to other coordinate
lines and/or points by taking the form of the control functionsto be, in 2D, (again with 3=
E , € Z:TI, P]-:P, PZ:Q)
N
P{g,n) = "1E1 a; sign(g - £;) exp(-cy|&-€¢|)
30
. (30)
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and an analogous form for Q(5,™) with & and " interchanged. (Here the subscripts identify
particular & -lines and are not to be confused with the superscripts used to refer to the
curvilinear coordinates in general.) In this form, the control functions are functions only of
the curvilinear coordinates.

In the P function, the effect of the amplitude g isto attract & -linestoward the & -line:

&=& Attraction line

while the effect of the amplitude b, isto attract & -lines toward the single point (& o h):
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Note that this attraction to a point is actually attraction of E-linestoa point on another

£ -line, and as such acts normal to the & -line through the point. There is no attraction of
"I-lines to this point viathe P function. In each case the effect of the attraction decays with
distancein -7l space from the attraction site according to the decay factors, ¢, and d.. This

decay depends only on the distance from the 5 i-linein the first term, so that entire £ lines
are attracted to the entire i line. In the second term, however, the decay depends on both
the € and " distances from the attraction point (% ;,,), so that the effect islimited to

portions of the £ -lines. With the inclusion of the s gn changing function, the attraction
occurs on both sides of the & -line, or the (E 1) point, as the case may be. Without this

function, attraction occurs only on the side toward increasing £ with repulsion occuring on
the other side. A negative amplitude simply reverses all of these effects, i.e., attraction
becomes repulsion, and vice versa. The effect of the Q function on "l -lines follows
analogoudly.

In the case of aboundary that is an "I-line, positive amplitudes in the Q function will
cause "l -lines off the boundary to move closer to the boundary, assuming that "' increases off
the boundary. The effect of the P function will be to alter the angle at which the & -lines
intersect the boundary, if the points on the boundary are fixed, with the £ -lines tendi ng to
lean in the direction of decreasing & . These effects have been noted in figures above, and
further examples are given below:



. A: Attraction to point
Mo contrel function

il

Attraction
to Iine

The first two figures here show the result of attraction to the two circled points, in
comparison with the case with no control function. The last figure illustrates strong attraction
to the coordinate line coincident with the inner boundary and the branch cut in this C-type
system. If the boundary is such that " decreases off the boundary, then the amplitudes in the
Q function must be negative to achieve attraction to the boundary. In any case, the
amplitudes a cause the effects to occur al along the boundary (asin the last figure above),

while the effects of the amplitudes b; occur only near selected points on the boundary
(second figure above).

In configurations involving branch cuts, the attraction lines and/or pointsin this type
of evaluation of the control function strictly should be considered to exist on al sheets. In
the O-type configuration shown on p. 29, where the two sides of the cut are on opposite sides
of the transformed region, the control function P for attraction to the & i-line must be

constructed as follows: In the figure below,
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when the attraction lineis the & =2 line, the £ =|-1 line experiences a counterclockwise
attraction to this line at a distance of (I-1)-2. However, the & ;=2 attraction line also appears
asal +(E i-1)=1+(2-1)=1+1 attraction line on the next sheet as the cut is crossed. Therefore,

the & =I-1 line also experiences a clockwise attraction to this [+1 line at a distance of
(1+1)-(1-1)=2, and this attraction is, of course, stronger than the first mentioned. In fact, since
the attraction line is repeated on all sheets there strictly must be a summation over al sheets
in Eq. (30), i.e., asummation over k, with g  replaced by 5 i+k&E where A & isthejumpin

& at the cut (4 5 =I-1in the above figure). Thus 5 ; in Eq. (30) would be replaced by the
& .+k A, and the rightside would be summed from k=- to += . However, because of the

exponential decay, the terms decrease rapidly as k increases, so that only the term with the
smallest distance in the k summation really needsto be included, i.e., only the term giving
clockwise attraction at a distance of 2 from the attraction line for the " =I-1 line in the above
figure. Sincethereisno jumpin 'l across the cut in this configuration, the evaluation of Q is
affected by this out only through the replacement of 'l; as above in the term for the point

attraction, with summation over k of only this part of the right side. Again only the term with
the smallest distance need actually be included.

For the C-type configuration on p. 30, with the two sides of the out on the same side of
the transformed region, " isreflected in the cut, and the construction of the control function
Qisasfollows. With reference to the figure below,
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the attraction line, 'l =2, islocated on both sides of the cut in this configuration. Now the
"1=3 line above the cut experiences a downward attraction toward the 'l.=2 attraction line at

adistance of 3-2=1. Strictly speaking, thisline above the cut should also experience a
downward attraction toward the portion of the 'l,.=2 attraction line below the cut as it appears

on the next sheet (and, in fact, on al other sheets), i.e,, at " -("-" ), where Tl . isthe
value of 'l onthe cut (" , ;=1 here). This attraction line on the next sheet is at adistance ' -[
o (-1 ] from the Tl-line of interest, i.e., at 3-[1-(2-1)]=3 from the "1=3 line above the

cut. This attraction line on the next sheet is therefore farther away and hence its effect can
perhaps be neglected. However, for lines between the attraction line and the cut, the effect of
the attraction line on the next sheet should be considered. In any case it is necessary to take
into account the attraction lines appearing on the next sheet, those on al other sheets being
too far away to be of consequence. Here the evaluation of the control function P is affected
by the cut only through the point attraction part, with '”i replaced as above.

The third type of cut, illustrated on p. 40, for which the two sides of the cut face across
avoid of the transformed region, is treated by replacing " with ".- A in both the control

functions, where /4 "-1 isthe number of "-linesin the void. Thereis no additional
summation in this case.

The case on p.52, where the coordinate species changes sign at the cut, requires

individual attention at each cut. For example, the contribution to the control functionsin
region A at apoint (E ,'1) from an attraction site (E i,"’l ;) in region B would be evaluated

using distances of (5 -5 )+(", - and (1-5;) in place of &-5; and "-T, respectively.
B. Attraction to lines/pointsin space

If the attraction line and/or points are in the field, rather than on a boundary, then the



above attraction is not to afixed line or point in space, since the attraction line or points are
themselves determined by the solution of the generation system and hence are free to move.
Itis, of course, aso possible to take the control functions to be funtions of x and y instead of
£ and T, and thus achieve attraction to fixed lines and/or pointsin the physical field. This
case becomes somewhat more complicated, since it must be ensured that coordinate lines are
not attracted parallel to themselves.

With the attraction discussed in the previous section, "l-lines are attracted to other
Ml-lines, and & -lines are attracted to other & -lines. It is unreasonable, of course, to attempt to
attract "-linesto & -lines, since that would have the effect of collapsing the coordinate
system. When, however, the attraction is to be to certain fixed linesin the physical region,
defined by curves y=f(x), care must be exercised to avoid attempting to attract coordinate
lines to specified curves that cut the coordinate lines at large angles. Thus, in the figure
below,

L Y=1{x} Attraction line

£

it isunreasonable to attract g-lines to the curvey f(x), whileit is natural to attract the g-lines
to this curve.

However, in the general situation, the specified line y=f(x) will not necessarily be
aligned with either a € or " line along its entire length. Since it is unreasonable to attract a
line tangentially to itself, some provision is necessary to decrease the attraction to zero asthe
angle between the coordinate line and the given line y=f(x) approaches 90°. This can be
accomplished by multiplying the attraction function by the cosine of the angle between the
coordinate line and the line y=f(x). It is also necessary to change the sign on the attraction
function on either side of the line y=f(x). This can be done by multiplying by the sine of the
angle between the line y=f(x) and the vector to the point on the coordinate line.

These two purposes can be accomplished as follows. Let a general point on the E.line
be located by the vector £ (x,y), and let the attraction line y=f(x) be specified by the
collection of points S(x;,y;) i=1,2,...N. Let the unit tangent to the attraction line be L (Xi:Y;),

and the unit tangent to a E-linebe £ € ). Then, with % the unit vector normal to the
two-dimensional plane, and with reference to the following figure,
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the control functions, P(x,y) and Q(X,y), may logically be taken as

N
_ (£) [Lix(B-S4) 1k
F » L .
(x,¥) 121 RIS FEE ALY =N

exp(-d; |R-8;|) 31

The equation for Q simply has & replaced by T in the above. These functions depend on x

and y through both £ and © %) or £ (" ), and thus must be recalculated at each point as the
iterative solution proceeds. Thisform of coordinate control will therefore be more expensive
to implement than that based on attraction to other coordinate lines.

Thereisno real distinction between "line" and "point" attraction with this type of
attraction. "Line" attraction hereis simply attraction to a group of pointsthat form aline,
y=f(x). If line attraction is specified then the tangent to the line y=f(x) is computed from the
adjacent points on the line. If point attraction is specified, then the "tangent™ must be input
for each point. The unit tangents to the coordinate lines are computed from Eq. (111-3):

(E) 1
T - (1x_ + 1y )
'75;;' n n

(ny _ 1
ol —7;-1—(35 + Jyg)

The presence of branch cuts introduces no complication with this type of attraction
since the distances involved are in terms of the cartesian coordinates, rather than the
curvilinear coordinates. Thisform of attraction makes the control functions dependent on
both the curvilinear and cartesian coordinates, and thus attraction to space lines and/or points
involves more complicated equations in the transformed region than does attraction to other
coordinate lines and/or points, since for the former, coefficients of the first derivatives are
functions of the dependent variables. Attraction to lines and/or points in space has not been
widely used, and the use of Eq. (31) has not been fully tested.

C. Evaluation along a coordinate line



As has been noted above, if it is desired that the spacing of the coordinate linesin the
field generally follow that of the points on the boundary, the control functions must be
evaluated so as to correspond to this boundary point distribution. This can be accomplished
asfollows. (The developments in this and the next two sections are generalizations of that
given in Ref. [12], and other works cited therein and in Ref. [5].)

The projection of Eq. (12) along a coordinate line on which &! variesis found by

ot = F
forming the dot product of this equation with the base vector ¢ ¢ ", whichis tangent to
theline.

Thus we have
3 3
1) epr ., + KK p p iy, =0 (3
Ly gk e ma g Tk € Pt T R =

Now assume for the moment that the two coordinate lines crossing the coordinate line of
interest do so orthogonally. Then on this line we have

and

Cat Lk A a = 81 = G181

which leads to an explicit equation for P, on the coordinate line of interest:
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If it isfurther assumed for the moment that the two coordinate lines crossing the
coordinate line of interest are also orthogonal to each other, i.e., complete orthogonality on
theline of interest,

we have on thislinegl = & ;G and g;; = o g Also, from Eq. (111-38),

11 - gnzm) - '13' Som@nn

g = J!- (gmmgnn

since 7 # 7 But also by Eq. (111-16) g = g8,y SO thet ¢''g,=1. Then Eq. (33) becomes

1 * L i (34)
121 811 E glet

which can aso be written, using Eq. (111-3), as

3
I 1 « {a;) 35
Py 121 LT 2, i 51 (35)

By Eq. (111-7) the derivative of arc length along the coordinate line on which & lvariesis

a P 36
1lall (36)

Then
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so that the logarithmic derivative of arc length along this coordinate line is given by

8471 Ljy°*Li1 EB31°*E 1.1
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which is exactly the i=1 term in the summation in Eq. (34).

The unit tangent to a coordinate line on which & M variesis

. =J—|'—— (39)

and the derivative of this unit tangent with respect to arc length is a vector that is normal to
thisline, the magnitude of which isthe curvature, K, of the line. The unit vector in this

normal direction is the principal normal, ‘H, totheline.

Thus, using Eq. (36),

™
K" = (1) = (T g 85 - —t 0
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Then
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s0 that the curvatureis
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The component of K™ Hmg ong the coordinate line on which & Ivaries

IS given by
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since “¢' "%:® = Y for m = 1 Then the two terms of the summation in Eq. (34) for which
m # 1 can be written as

glgl Ingllﬂ{mum)(n N }—“311 {Kmn“’)(l) (mAl) (44)
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Thus Eq. (34) can be written
P, = - S, - gy LA™ D) + ey (L)

where (I,m,n) are cyclic, and using Eqg. (111-3), we have
(g1) (g1}
81,1 . ¥170,1 g117.1
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and
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with an analogous equation for (K" o n)(1). The arc length in the expressions (45) for the

(45)

(46)

(47)

control function P, along the coordinate line on which £l varies can be determined enti rely

from the grid point distribution on the line using Eq. (46). The other two termsin P,
however, involve derivatives off thisline and therefore must either be determined by

specifications of the components of the curvature, K a , of the crossing lines along the line of
interest, or by interpolation between values evaluated on coordinate surfaces intersecting the

ends of thisline.

If it isassumed that the curvatures of these crossing lines vanish on the coordinate line of

interest, then the last two termsin EqQ. (45) are zero, and the control function becomes simply

PL="%1

(48)



and then can be evaluated entirely from the specified point distribution on the coordinate line
of interest.

The neglect of the curvature terms, however, isill-advised since the éliptic system
already has a strong tendency to concentrate lines over a convex boundary, as has been
discussed earlier in this chapter. Therefore neglect of the curvature termswill result in
control functions which will produce a stronger concentration than intended over convex
boundaries (and weaker over concave). When interpolation from the end pointsis used to

determine the curvature term, the entire term (K {f) should be interpolated, since individual
interpolation of the vectors <, and () ¢ m can give an inappropriate value for the dot

product.

It should be noted that the assumptions of orthogonality, and perhaps vanishing
curvature, that were made in the course of the development of these expressions for the
control functions on a coordinate line are not actually enforced on the resulting coordinate
system, but merely served to allow some reasonable relations for these control functions
corresponding to a specified point distribution on a coordinate line to be developed. This
should not be considered a source of error since the control functions are arbitrary in the
generation system (12).

D. Evaluation on a coordinate surface

In asimilar fashion, expressions for the control functions on a coordinate surface on
which & is constant can be obtained from the projections of EQ. (12) along the two

coordinate lines lying on the surface, i.e., the lines on which EMand EN vary, (I,m,n) being
cyclic.

These projections are given by Eq. (32) with | replaced by m and n, respectively. If itis
assumed for the moment that the coordinate line crossing the coordinate surface of interest is
orthogonal to the surface
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then ¢ =T T Tt T , so that P, is removed from both of these two equationsto
yield the equation
% :g 13 ghllg p_+ gllg P =0
SR LR * m " Emn'n =
151 351 g0 Tgled “mm

and an analogous eguation with m and n interchanged. Solution of these two equations for
P, and P thenyields

3 3
- - - 1J
. {81 C.m ~ Fun ng“} i 421 & Tty (49)

’ €™ (SanBan ~ Ban)

with an analogous equation for P, with m and n interchanged. Since g,,, = g, = 0, we have

by Eq. (111-38), g'm = g'” = 0. Therefore only the five terms, Il, mm, nn, mn, nm, are
non-zero in the summation. Also from Eq. (111-38) we have

8nn
2

EnmEnn ~ Emn

: = detlg. | = — g
since here © 18] = 8408 B ~ &
interchanging m and n.

) Anana ogous equation for g"" is obtained by

Then Eq. (49) can be rewritten as

3
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and an anal ogous equation for P, with m and n interchanged. But, again using Eq. (111-38),

we have
gll - 1 and Emn = Emn- s
K1 Buménn ~ Emn
Therefore
1 Bmn
P m - - r.)*r
n " T B Cem T By g Cglel
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2
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and the anal ogous equation with m and n interchanged. This can also be written as

__ » Bmn « (&)
Pp =~ gy (B gy % (B
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and the analogous equation for P,,.

)+ [Bpnl2a)om * Eam(&n) 0 - 280 () gn’

(51)

(52)

All of the terms, except the first, in the above equations can be evaluated completely

from the point distribution on the coordinate surface of interest.




From Eq. (47) thefirst term in (52) can be written

_ [‘/E.;'m (Klﬂl)(m) —_Eln_—(Klﬂl)(n)] (53)

Enn

where (KI ‘f“'j')'rn and (KI o I)n are the components of the curvature K 2 for the coordinate line
crossing the coordinate surface of interest along the two coordinate lines on the surface.

These quantities must be either specified on the surface or interpolated from values
evaluated on its intersections with the other coordinate surfaces. If it is further assumed that
the curvature of the crossing line vanishes at the surface, then thisfirst term in Eq. (52)
vanishes al so.

Aswas noted for the control functions on aline, the curvature terms should not be
neglected, however, else the concentration will be stronger than intended over convex

boundaries and weaker over concave. Also, it isthe entireterm K o which should be
interpolated, not the individual vectorsinvolved, else the dot product can have inappropriate
values.

E. Evaluation from boundary point distribution

Using the relations devel oped in the previous two sections for the control functions on
a coordinate line and on a coordinate surface, an interpolation procedure can be formulated
for evaluation of the control functionsin the entire field. If the point distribution is specified
on al the boundary surfaces of athree-dimensional field, the control functions can be
evaluated on these boundaries using the relations in Section D, and then the control functions
in the entire three-dimensional field can be interpolated from these values on the bounding
surfaces using transfinite interpolation (discussed in connection with algebraic grid
generation in Chapter V111.)

To be definite, consider a general three-dimensional region bounded by six curved
sides:



with curvilinear coordinates as shown, which transforms to a rectangular block. From Eq.
(52) the two control functions, Pj and P,, can be evaluated from the specified boundary-point

distribution on the two faces on which &1 is constant, i.e., the left and right facesin the
figure. Similar evaluations yield two control functions on each face, with the result that the

control function Py will be known on the four faces on which ¥ varies, i.e., the front, back,
|left, and right facesin the figure. Thus, in general, interpolation for the control function P, in

the interior of the region is done from the boundary values on the four faces on which Ek
varies:

P (el,ed, 6%y -
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Herell isthe maximum value of 51, etc,, i.e, (1} = & =) i=12 3. In an analogous manner
all three control functions can be determined in the interior of the region.

It may be desirable in some cases to generate a two-dimensional coordinate system on
acurved surface, as discussed in Section 3, rather than specifing the point distribution on the
surface. The two control functions needed on the surface for this purpose can be determined
by interpolation from values evaluated on the four edges of the surface:



R

Eq. (45) alows the control function P, to be evaluated on the edges on which Elvaries, i.e,

the top and bottom edges in the figure. This control function on the surface can then be
evaluated by interpolation between these two edges:

P (E EJ k:. __{JJ____F [£ IJ 3 ;H-M.P {Ei 1,E ) (55)
- 13 (I -1)

Both of the necessary control functions on the surface can thus be determined from the
specified boundary point distributions on the edges of the surface.

F. lterative determination

As noted above, a second-order elliptic generation system allows either the point
locations on the boundary or the coordinate line slope at the boundary to be specified, but
not both. It is possible, however, to iteratively adjust the control functionsin the generation
system of the Poisson type discussed above until not only a specified line slope but also the
spacing of the first coordinate surface off the boundary is achieved, with the point locations

on the boundary specified.

In three dimensions the specification of the coordinate line slope at the boundary
requires the specification of two quantities, e.g., the direction cosines of the line with two
tangents to the boundary.



The specification of the spacing of the first coordinate surface off the boundary requires one
more quantity,

and therefore the three control functions in the system (12) are exactly sufficient to allow
these three specified quantities to be achieved, while the one boundary condition allowed by
the second-order system provides for the point locations on the boundary to be specified.

The capability for achieving a specified coordinate line slope at the boundary makes it
possible to generate a grid which is orthogonal at the boundary, with a specified point
distribution on the boundary, and also a specified spacing of the first coordinate surface off
the boundary. This feature isimportant in the patching together of segmented grids, with
slope continuity, as discussed in Chapter |1, for embedded systems.

An iterative procedure can be constructed for the determination of the control
functionsin two dimensions as follows (cf. Ref. [25]): Consider the generation system given
by Eqg. (20). On a boundary segment that is aline of constant " wehave ~ = and ~ & &

known from the specified boundary point distribution

¥

also % , the spacing off this boundary, is specified




asisthe condition of orthogonality at the boundary, i.e., S ,

¥ _ 2 2 L = =
But specification of |’”’*| R AL , together with the condition ¢~ 7 ~ &7 T =0
provides two equations for the determination of x 7 and y 1 in terms of the already known

valuesof thex t andy & . Therefore ~ 1 isknown on the boundary.

Because of the orthogonality at the boundary, Eg. (20) (Eq. (23) isused instead in Ref.
[25]) reduces to the following equation on the boundary:

Ifn|2{255 + Prg) + |:£IE(Enn *Qry) = 0

Dotting = & and ~ 1 into this equation, and again using the condition of orthogonality,
yields the following two equations for the control functions on the boundary:

oot TtE_TE Thn
~£ N
. Py
- =] -nn _ =N ~E
T i -
~-n ~E

All of the quantities in these equations are known on the boundary except ~ 1 7. (Ona

boundary that isaline of constant &, the same equations for the control functions result, but
now with £ & t the unknown quantity.)

The iterative solution thus proceeds as follows:
(1). Assume values for the control function on the boundary.
(2). Solve Eqg. (20) to generate the grid in the field.

(3). Evaluate = 11, on & -line boundaries, and ~ & & on & -line boundaries, from the

result of Step (2), using one-sided difference representations. Then evaluate the control
functions on the boundary from Eq. (56).



Evaluate the control functionsin the field by interpolation from the boundary values.
Steps (2) and (3) are then repeated until convergence.

This type of iterative solution has been implemented in the GRAPE code of Ref. [24] -
[26], some results of which are shown below:

h—

o p—

These grids are orthogonal at the boundary, and the spacing of the first coordinate surface
(linein 2D) off the boundary is specified at each boundary point, the locations of which are
specified.

An iterative solution procedure for the determination of the three control functions for
the general three-dimensional case can be constructed as follows. Eq.(52) gives the two

control functions, P, and P, for a coordinate surface on which Elis constant (1,m,n cyclic)
for the case where the coordinate line crossing the surface is normal to the surface. Taking

the projection of the generation equation (12) on the coordinate line along which Elvaries,
we have on this same surface,

3 3
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since g, = g, = 0 on the surface. Using the relations for the metric components obtained for
this situation in Section D, this equation reduces to
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Since the coordinate line intersecting the surface is to be normal to the surface, we



may write
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using the identity (111-9). Eq. (57) can then be written
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With the spacing along the coordinate line intersecting the surface specified at the

3 =
surface, we have | a | X2 known on the surface. Since all the quantities subscripted m or
nin Eq. (52) and (59) can be evaluated completely from the specified point distribution on
the surface, we then have al quantities in these equations for the three control functions on
the surface known except for (g;) =1 and () = 1. These two quantities are not independent,

and using Eq. (58), we have
/811

fgmmgxm - B

(ﬂm i ﬂ.n) - {El:lal (60)

{gy1) = 28, » {Bq) ; =
i!11E1 1 171

Recall alsothat (2)) = r 11

Therefore, with the control functionsin the field determined from the values on the
boundary by interpolation, as discussed in the preceeding section, Eq. (52) and (59) can be
applied to determine the new boundary values of the control functions in terms of the new
values of (£ ) £1inaniterative solution. Upon convergence, the coordinate system then will

have the coordinate lines intersecting the boundary normally at fixed locations and with the
specified spacing on these lines off the boundary.



A similar iterative determination of the two control functions for use in generating a
coordinate system on a surface can be set up using only Eq. (52), and the analogous equation
for P, with the first term either omitted, amounting to the assumption of vanishing curvature

of the crossing line at the surface or with this term considered as specified on the surface,
either directly or by interpolation from the edges of the surface (the edges assumed to be on
coordinate lines) to provide two equations for the two control functions, P, and P,,, on these

edges. Here the two dimensional surface coordinate system is to be orthogonal on the
bounding edges of the surface with the spacing off the edges, and the point distribution
thereon, specified on these edges.

EI‘I
Em

Since the coordinate system is to be orthogonal on the edges, g,,,, = 0 there so that the

last term in the bracket in Eq. (52) vanishes. EQ. (52) then reduces to the following
expression

1
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and the analogous equation for P, is
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If the point distribution is specified along an edge on which & M varies, then O = 1y

and (5’5m £ mcan al be calculated on this edge. The specification of the spacing from this



edge to the first coordinate line off the edge determines g, on this edge. Also, because of
the orthogonality on the edge, we have

8 - /iﬁ N X a, (65)

where 2 is the unit normal to the surface. Note that 2 will vary along the edge if the

surface is curved. Since the surface normal, ‘E, will be known, al quantitiesin Eg. (63) and
(64) are known except (9,,,) £ nand (=, £ n. These two quantities are not independent and,

infact,

{gnn)gn = 28, * (i_ln)En
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On edges along which & " varies, Eq. (65) and (66) are replaced by

to e % X @

(66)

and
fsmm
(gm}gm =2 T (En x N) « (Hm}gm (68)

and it is (gy,y) emand () £ mthat are not known.

The iterative solution then proceeds as described above, with the new control
functions being determined from Eg. (63) and (64), together with Eq. (65) and (66) on edges

along which & Mvaries, or with Eq. (67) and (68) on edges along which & " varies.
3. Surface Grid Generation Systems

The grid generation systems discussed in the preceeding sections of this chapter have
been for the generation of curvilinear coordinate systems in general three-dimensional
regions. Two-dimensional forms of these systems serve to generate curvilinear coordinate
systemsin general two-dimensional regionsin aplane. It isaso of interest, however, to
generate two-dimensional curvilinear coordinate systems on general curved surfaces.



Here the surface is specified, and the problem is to generate a two-dimensional grid on
that surface, the third curvilinear coordinate being constant on the surface. The
configurations of the transformed region will be the same as described in Chapter |1 for
two-dimensional systemsin genera, i.e., composed of contiguous rectangular blocksin a
plane, with point locations and/or coordinate line slopes specified on the boundaries. These
boundaries now correspond to bounding curves on the curved surface of the physical region.
The problem is thus essentially the same as that discussed above for two-dimensional plane
regions, except that the curvature of the surface must now enter the partial differential
equations which comprise the grid generation system.

Asfor general regions, algebraic generation systems based on interpolation can be
constructed, and such systems are discussed in Chapter V1I1. The problem can also be
considered as an €lliptic boundary-value problem on the surface with the same general
features discussed above being exhibited by the elliptic generation system.

A. Surface grid generation

An elliptic generation system for surface grids can be devised from the formulae of
Gauss and Beltrami, of. Ref. [27]. Some related, but less general, devel opments are noted in
Ref. [9] and [5]. The starting point is the set formed by the formulae of Gauss for a surface,

which for asurface, & V= constant, (v = 1,2, or 3) are given by Eq. (34) of Appendix A:

8 {v)
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where the variation of theindicies ¢, P and & is over the two coordinate indices different
from . (Greek coordinate indices are used here to set apart the coordinates generated on a
surface from those generated in a three-dimensional region in general).



The unit normal % 1, the coefficientsb ;[ and the surface Christoffels ( T) have dll been

defined in Eq. (15), (20), and (33) of Appendix A, respectively. Theindices @ f each assume
the two values different from « . For each v, with (¢,°, 1) taken in cyclic order, we have

- 8 (v)
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with & assuming the two values, ¢ .

A surface grid generation system that is analogous in form to that based on
Poisson-type equations in a plane given earlier can be constructed by multiplying Eq.

(70a,b,c), respectively, by G g‘:t ¢ 2G . gaﬁ, G, gﬁﬁ and adding. This given, after some

algebra,

L + o LafeT , ¢ (a5VEPE g1 - 0tV @

where
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- & (73)
ROV - g (V) + k{p)) (74)
k%“) + kﬂ') = g““bm * 23“31:“5 + gBBbBB (75)

. (2 (] -
The quantities ¥ and g arethe local principal curvatures of the surface &

1 =constant. It must be noted herethe R Y asdefined in (74) is based on theintrinsic values
of b 4. Thatis, theb ;3 are solely determined by the data and coordinates as availablein

the surface. If, however, it isdesired to use Eq. (71) for generating a series of surfacesin a
three-dimensional space, as in the following section, from the data of a given surface, then it
is desirable to have an extrinsic form for b ;2. To obtain the extrinsic form, we use Eq. (29)

of Appendix A, i.e.,

k
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Equating the right hand sides of Eq. (69) and (76), taking the dot product with " on both

e

sides, and notingthat =~ *~ |, we get
by = Tog A (V) (772)
where
A I ) Cev (77b)
Thus
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The operator 4, is called the Beltrami second-order differential operator, and in
general isdefined as
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The generation system is now formed by taking, in analogy with the system (7),
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where I and @ each assume the two values ¢ £ in the summation. Here the “ are the
symmetric control functions. Thus the equations for the generation of surface grids are (with

F = ix + iy+ iTEZ)
D(\J‘)n = n(U)R(U} (82)
where
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The left-hand side of EQ. (82) here corresponds exactly to that of Eq. (15) for the plane.
However, here we have in place of (18) the relations

2 2 2
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The effect of the surface curvature enters through the inhomogenous term, in
particular through R (") which is, in fact, equal to twice the product of /G, and the mean

&
curvature of the surface. Here, asfor the plane, the control functions, Far , are considered to
be specified. This system corresponds to the following system in the physical space, from
(81),

afVg - 2 (872)
v

A$VE® - E (87b)
W

Thus the Beltrami operator on the general surface replaces the Laplacian operator in the
plane. If the surface is a plane, the Beltrami operator reduces to the Laplacian.

a 8
If only the two control functions Pz gnd as are included, the surface grid generation
system reduces to the more practical system

Eaa{fgugu + FnEu] * guu(EEBEB * “EEEJ " 2BugT .

(88)
corresponding to the plane system given by Eq. (20). In the physical planethis systemis
v),a . Bgp
afvles = 288 p (89a)
G
v
afVe8 - ua g (890)

Gy



Clearly, we could also replace the system (89) with the ssmplier system

&gu}sﬂ- = P (QOa)
a$VIe® - q (o00)

in analogy with the sytem (24) in the plane, to obtain the surface grid generation system

g + L - 28, L + G (Pr . + QL g}
BB EEGEG gua EBEB gﬂﬂ EuEB W Eﬂ- EB (91)

- u{'\l}ﬁ{‘-‘)

which is analogous to the plane system (23).

Equation (71) isthe basic equation for the generation of curvilinear coordinatesin a

k

given surface. From (74) the function R(") depends on the principal curvatures “:" and

bt LA . L

Z Thesum ‘! % istwice the mean curvature of the surface, and its value isinvariant
to the coordinates introduced in the given surface. If the equation of the surface in the form
X5 = f(X1,X,) is available, then from elementary differential geometry

k§V ¥ m [0+ P - 2pas ¢ (1 ¥ p2L1/(1 + p? + %372 (92)

where
p - fx_l. q = fxz, r = fx1x1, 5 = fx-'xz' t = t‘xﬂ:2

For arbitrary surfacesit is always possible to use a nummerical method, e.g., the least square
method, to fit anequation in the form x,=f(x;,X,) or F(X4,X5,X3)=0 and to obtain the needed

. o . o gle . .
partial derivativesto find ¥ + "2 asafunction of X1:X9,X3. (Surface grids have been

obtained for smply and double connected regions in a surface using the above method.)

It may be desired in some applications to generate a new coordinate system based on
an already existing coordinate system in a given surface. In the formulation of this problem

Eq. (71) can have the form of R(M) givenin (74), (75) or (78). Let the surface on which the
new grid isto be generated be specified parametrically by

r = p(u,v) (93)

(For example, the parameters (u,v) might be latitude and longitude on a spherical surface.) If
the specified cartesian coordinates on the surface form afinite set of discrete points, a



smooth interpolation scheme is needed to recover the differentiable functionsin (93). To
attain the desired smoothness in the parametric representation (93), it is generally preferable
to divide the given surface into a suitable number of patches such that each patchis
representable by a bicubio spline with suitable blending functions. Having once established
the smooth parametric functions (93), it is now possible to introduce any other desired

coordinate system, say (5 “, & B) on the surface. For example, a surface coordinate system
£ tP of the configuration

i gﬂ

=

might be generated on a surface defined by the parametric coordinates (u,v) in a
latitude-longitude configuration:

Alternatively, a surface may be defined in terms of cross-sections, in which case one of the
parametric coordinates (u,v) runs around the section and the other connects the sections:

The fundamental equations for the generation of (5 “,& B) on the surface &
" =constant can be obtained from Eq. (75) intheform



L(U)n + PT:E“‘ + Q'CEH = Q(UJR{U} (94)

Here we have taken
Pl‘
ﬂg“)h‘“‘ = — (958)
Gv
ag“}k’.a =2 (95b)
G‘U

Now using the chain rule of differentiation, wecanwrite = € F, £ ¢ a £ & a ¢ F etc,, in
termsof = , =, =, etc. Thus,

v T uw
for example,
EE{I - Equu + cvaG (96)
EEGE.E = ':u“EuEE * :v“EuEB * ':Euu“EE * :uv"rEB)uEu
97)
+ 'f::u,‘,uEB + ;_-w'.rEﬂJvEu
Bapg " Lon * Tpp " Ly * zu)uE“uEB + {ry - t'f}"'gu"gﬂ
* {Eu ' r?}{uEG?EB * uEBvECI} (98)

= guuuzaugﬂ * sﬂﬂvgu?eu * EuB(uEuVEE * uEBvaa}

with the & guantities as defined below. Substituting these derivativesin (94), and also in the
expressions for 1 and £ we get

{ } T 1 { ] ] T
;:u(L"’u+PuEu+QuEa} +:7{L“V+Pvgu+QvEB]
(99)
e 2T _=(v) =) 42

where
32 - 32 — 32

-2 ; (100)
Suda PaB By | Sud Gygv




TG, - BapBan - Bap (102)
EEB - t-,‘.- - E‘V' _s-us = cu * r.‘-'l‘ Eﬂ.ﬂ- I:u . Eu (103)

To isolate the differential equations for u and v as dependent variables from (99), we
take the dot product of Eq. (99) with ~ , and then with ~ , and use the conditions

Eu - n{u) = u. E? - E{U} - D
Writing
P-pP/B, Q-5 I, =40

the required eguations are

auguza - zbuaﬁr,“ + cuEBEE + .JE(P!.'IE“I + QUESJ = Jﬁﬂzu (104a)
Hpoga ~ Ebvaﬁ.t;u P OVeRg8 " JE(P?E“ ’ Qvgﬂ) - ISkaY (104)

where
a - {EBEYEB + EEaBuEBvEE + Emugﬂ}fig (105a)

ra o T
D o= [gEBvEBvEu + gﬂB(uEBan + uEBvEnJ gcm EEuEu]f‘J (105b)

e = {EBB £o + 28, U Ea' « * Ban Ea}‘mz (105¢)
Ayu = [—{EBB) x —(S“BJJKJ (1063)
au J v .T
-3 @) —3_):@}];3
Asy ta_v( S A (106b)

Note that the metric quantities with an overbar relate to the surface definition in terms of the
parametric coordinates and therefore can be calculated directly from the surface



specification, Eqg. (92).

Clearly we could redefine the control functions so that (104) is replaced by the
following system, which is analogousin form to the plane system (20):

- e J2
a(uEuEa + PuEu) + e(uEBEB + quEB} Ebugﬂ‘gﬂ J, Apu (1073)

2
a(vE“Eu * PvEu] + c(vEBEB + Q‘FEB} - Eb‘fﬁngg = dy AV (107b)

B. Three-dimensional grids

As mentioned earlier, the system of Eq. (71), or Eq. (82), is also capable of generating
three-dimensional grids. This capability in the set of equations is incorporated through £
(") as defined in (78).

The strategy of the method isto generate a series of surfaces on each of which two
curvilinear coordinates vary while the third remains fixed. The variation along the third
coordinate is specified as a surface derivative condition, which in turn depends on the given
boundary data.

A study of Eq. (82) - (84) showsimmediately that for the solution of Egs. (82) we
need to specify the values of ~ and = £ v on certain curves 5 ° =constant. To fix ideas, let

B = gb

us consider the problem of coordinate generation between two given surfaces 5 1 and
B — gf

57 = 5% asshown below:

The coordinates on these surfacesare & “ and & . To start solving these equations we

B — gf _
need thevaluesof =~ and = © v onthe surfaces 7% and & = &% Thesevalues of ~

are the input conditions for the solution of Egs. (82), and are either prescribed analytically or
numerically. On the other hand, the valuesof ~ & v at B and = are available easily, based



on the values of =, simply by numerical differentiation. The valuesof r = v inthefield for

each surface to be generated are then obtained by interpolation between the available values
of (£ & V)gand(~ £ V). A simpleformulae which has been used with successis
- B B

where

£ (6f) =1, fa(Ef) = 0

£,0e8) = 0, £(el) =1

4. Implementation

The setup of the transformed region configuration is done as described in Chapter I1.
This includes the placing of the cartesian coordinates of the selected points on the boundary
of the physical region into - ik for each block and the setting of the interface

correspondence between points on the surrounding layer for each block and points inside the
same, or another, block viainput to an image-point array as described in Section 6 of
Chapter 11.

A. Difference equations

Implementation of an elliptic generation system then is accomplished by devising an
algorithm for the numerical solution of the partial differential equations comprising the
generation system. Recall that the use of the surrounding layer for each block, as described
in Section 6 of Chapter 11, allows the same difference representations that are used in the
interior to be used on the interfaces. The usual approach isto replace al derivativesin the
partial differential equations by second-order central difference expressions, asgivenin
Chapter 1V, and then to solve the resulting system of algebraic difference equations by
iteration. As noted above, most generation systems of interest are quasilinear, so that the
difference equations are nonlinear.

A number of different algorithms have been used for the soltuion of these equations,
including point and line SOR, ADI, and multi-grid iteration (cf. Ref. [1] and [5]). For general
configurations, point SOR is certainly the most convenient to code and has been found to be
rapid and dependable, using over-relaxation, for awide variety of configurations. The
optimum acceleration parameters and the convergence rate decrease as the control functions
increase in magnitude. Some consideration has been given to the calculation of afield of
locally-optimum accel eration parameters (cf. Ref. [1]), but the predicted values generally
tend to be too high, and the desired increases in convergence rate were not obtained.

Since the system is nonlinear, convergence depends on the initial guessin iterative



solutions. The algebraic grid generation procedures discussed in Chapter VI can serve to
generate thisinitial guess, and transfinite interpolation generally produces amore reliable
initial guess than does unidirectional interpolation because of the reduced skewnessin the
former. In fact with strong line concentration, convergence may not be possible from an
initial guess constructed from unidirectional interpolation, while rapid convergence occurs
from an initial guess formed with transfinite interpolation. With the slab and dlit
configurations, the interpolation must be unidirectional between the closest facing boundary
segments as illustrated below:

In ablock structure, however, the slab/dlit configuration can be avoided so that transfinite
interpolation can be used.

Since the coordinate lines tend to concentrate near a convex boundary, very sharp
convex corners may cause problems with the convergence of iterative solutions of the
generation equations. These equations are nonlinear, and therefore convergence of an
iterative procedure requires that the initial guess be within some neighborhood of the
solution. With control functions designed to cause attraction to the boundary, it is possible
for the coordinate lines to overlap avery sharp convex corner during the course of the
iteration, even though a solution with no overlap exists:

This problem may be handled by first converging the solution with the coordinate
lines artificially locked off the corner. Thus, if newly calculated values of the cartesian
coordinates at a point during the iteration would cause this point to move farther from its
present |ocation than the distance to the adjacent point on the curvilinear coordinate line
running to the corner, then these new values are replaced by the average of the coordinates
of the old point and the adjacent point. After convergence, thislock is removed and final
convergence to the solution is obtained. Note that this problem does not arise when the
curvilinear coordinate line emanating from the corner is the same as that on the boundary, as



in the C-type configuration on p. 30 since then the lines do not wrap around the corner.

With very large cell aspect ratio, e.g., for g;,>>0,,, the generation equation is

dominated by the term containing the second derivative along the curvilinear coordinate line
on which the shorter are length lies. This causes the cartesian coordinates to tend strongly
toward averages of adjacent points on this line during the course of the iteration. Therefore,
when strong control functions are used to attract coordinate lines to the boundary in a C-type
configuration,

---Cut

the points on the cut are very slow to move from the initial guess during the iteration.
Convergence in such acaseisvery slow, and it is expedient to artificially fix the points on
the cut asif it were aboundary. Thiswill cause the coordinate lines crossing the cut to have
discontinuous slopes at the cut, but since the spacing along these crossing linesis very small,
the error thus incurred in difference solutions on the coordinate system is small.

B. Control functions

Several types of control functions have been discussed in Section 2 which serve to
control the coordinate line spacing and orientation in the field. Most of these functions are
set before the solution algorithm begins, either directly through input or by calculation from
the boundary point distributions that have been input.

For the attraction to other coordinate lines/points, described in Section 2A, itis
necessary to input the indices of the lines/points, i.e., the & .and I of Eq. (30), to which

attraction isto be made. In the case of attraction to lines, the lineisidentified by the single
index which is constant thereon, while a point requires the specification of two indices (in
2D, with analogous generalization to 3D). The attraction amplitude and decay factor in EQ.
(30) must a'so be input for each line/point. The control functions are then calculated at each



point in the field (E , 1) by performing the summationsin Eqg. (30), those summations being
over all the attraction lines/points that have been input. As noted in Section 2A, these
summations must also extend over some lines/points on other sheets across branch cutsin
Some Cases.

Thistype of control function was used in the original TOMCAT code (cf. Ref. [1]),
but is not really suitable as a primary means of control function definition because it only
provides control--not control to achieve a specified spacing distribution, since the
appropriate values of the various parameters involved can only be determined by
experimentation. This form does, however, still serve as a useful addition to other types of
control, in that it allows particular ad hoc concentrations or adjustments of line spacing and
orientation to be made. This can be particularly useful near the special points discussed in
Chapter Il where the grid line configuration departs locally from the usual simple coordinate
line intersections.

The attraction to lines/points in space, implemented through Eq. (31), requires input
similar to that just described, except that here the location of the attraction lines must be
defined in the physical region by inputing a set of points along the line sufficient for its
definition in discrete form. For attraction to a point a unit vector must also be input with each
point. Again, attraction amplitude and decay factors must be inpuit.

More important is the evaluation of the control functions from the boundary point
distribution that has been input, as described in Section 2E. With the point distribution
specified on a boundary line, the control functions on this line can be evaluated from Eq.
(45)-(47). Here the derviativesin EQ.(46) are best calculated from Eq. (36) and (37), using
second-order, central difference expressions along the line:

/’5

— _ |,
(Recall that & | ! | .) The curvature terms given by Eq. (47), if included, must either be
input at each point on the line, or, asis more likely, must be interpolated from values on the

ends of the line. In this latter case, the ™ and & " derivatives are off the line and are
evaluated from the point distribution on the other coordinate lines intersecting the line of
interest at its ends, using first-order one-sided difference expressions along these intersecting

S J




One-dimensional linear interpolation in £ then serves to define the curvature term guantities
at each point on the line of interest. Recall that it is the entire curvature term, rather than the
individual vectors involved, that should be interpol ated.

This evaluation determines the P, control function on a boundary line on which gl

varies. Such an evaluation can be made on each edge of a surface, corresponding to one face
of ablock in three dimensions (cf. Section 6 of Chapter I1). If it isdesired to generate a
two-dimensional grid on this surface, control functions on the surface can be evaluated by
interpolation from the function values on the edges, using linear interpolation between the

two edges on which & 'is constant to evaluate Pj, and between the two edges on which & lis
constant to evaluate P, (cf. the figure on p. 227). With the control functions thus defined on

the surface, atwo-dimensional grid on the surface can now be generated using a surface grid
generation system described asin Section 3. If the surface is a portion of the physical
boundary, then a parametric definition of the surface will need to be input, so that the system
defined by Eq. (107) can be applied. If, however, the surface is ssmply an interface between
blocks, then its position is arbitrary and either a plane two-dimensional generation system,
such as Eq. (20),can be used, or surface curvature values could be input at each point on the
surface and the surface system Eq. (82) used. The former isthe more likely choice.

With the grid points on all the block faces defined, either by surface generation
systems or by direct input, two control functions on each face can be evaluated from the
surface point distribution using Eq. (52). Here the m and n derivatives are along coordinate
lines on the surface and thus can be represented by second-order central differences between
points on the surface:

(Recall that (<) & m can be expanded to = & m& m for evaluation.) The I-derivatives are off

the surface and must either be specified by input at each point on the surface, or, asis more
likely, must be interpolated from values evaluated along the coordinate lines intersecting the
surface at its edges using first-order, one-sided difference expressions. The interpolation
would here properly be two-dimensional transfinite interpolation discussed in Chapter VIII.



This then serves to determine the two control functions Pj and P on asurface on

which &1 is constant (cf. thefigure on p. 226), so that each control function will be defined
on four faces of the block. Transfinite interpolation among these four faces then determines
this control function in the interior of the block (cf. p. 227).

Another possibility isto evaluate the radius of curvature, #, of the surface and to

o
replace the curvature termsin Eqg. (45) with [%p (cf. Exercise 9). Here the radius of
curvature should be interpolated unidirectionally between facing surfaces, and the same

two-directional transfinite interpolation used for the first term of the control function should
<]

be used for the spacing

Still another approach is to solve the three generation system equations for the three
control functions at each point using an algebraic grid, but with the off-diagonal metric
elements set to zero. Thiswill produce a grid which will have a greater degree of smoothness
and orthogonality than the algebraic grid and yet has the same general spacing distribution.
Here the result of the Computer Exercise 6 in Appendix C must be considered since the
algebraic grid influences the spacing distribution.

In generation systems that iteratively adjust the control functions during the course of
the solution of the difference equations (Section 2F) to achieve a specified spacing and angle
of intersection, e.g., orthogonality, at the boundary, this spacing and intersection angle are
input for each boundary point and it is, of course, not necessary to calculate the control
functions beforehand. Several referencesto discussion of such systems are given in Ref. [5].
The GRAPE code is based on this approach, cf. the users manual Ref. [24].

C. Surface generation systems

A boundary surface in the physical region will typically be input by giving the
cartesian coordinates of points on a series of cross-sections, or other set of space curves.

0 0 0

These input points may then be splined to provide a functional definition of these curves.
These curves are then parameterized in terms of normalized arc length thereon, i.e., so that



this normalized parameter varies over the same range on each curve.

0 0 0

This normalized arc length then provides one parametric coordinate on the surface. The other
coordinate is defined by connecting points at the same value of the first coordinate on the
successive curves, again using a spline fit:

709

This second coordinate is then also expressed in terms of normalized arc length

)0

(On a sphere these two parametric surface coordinates could correspond to longitude and
latitude, the latter arising from the cross-sections and the former from the connecting

thereof.)

There are other techniques of surface definition and parameterization, cf. especially works
on computer-aided design, but the above decription is representative. The end result of this
stage in any caseis -~ (u,v), i.e., the cartesian coordinates on the surface in terms of two
surface parametric coordinates.

The two parametric coordinates (u,v) used to define the surface can also be adopted as
the curvilinear coordinates defining the surface grid. However it is more likely that these
coordinates were selected for convenience of input definition of the surface than for the



definition of an appropriate grid thereon. Thisis particularly true when two such intersection
surfaces, e.g., awing-body, are input, each with its own set of parametric coordinates.
Therefore, the surface grid generation system defined by Eq. (107) or (104) isused to

generate a new surface coordinate system (E “E B) by generating values of the parametric

coordinates (u,v) as functions of the curvilinear coordinates (5 “,& 6), analogous to the
plane generation systems which generate values of the cartesian coordinates as functions of
the curvilinear coordinates. In fact, as noted above, the surface generation system
degenerates to the plane system when the surface curvature vanishes.

With ~ (u,v) now available, as described above, the metric elements with overbars can

be calculated from the definitions in Eq. (103), using second-order central differences for all
derivatives as in the plane case. The quantities 4 ,u and 4 ,v are then calculated in the same

manner from Eq. (106). Also the control fucntions are evaluated from the same relations
given above for the plane case. All derivativesin the system (107) or (104) are represented
by second-order central difference epxressions, and the resulting nonlinear difference
equations are solved asin the plane case.

Exercises
1. Demonstrate the validity of Eq. (4) -- (6).

2. For plane polar coordinates (r,?) defined as

X=rcogf, ¥y =r sing
show that the curvilinear coordinates
Emg, n=1nr

are solutions of the Laplace equations ¥ 25 =0, ¥27 =0,

3. Show that the one-dimensional control function in Eq. (13) that is equivalent to the use of
a subsequent exponential stretching transformation by the function given by Eq. (V111-26) is

P=-a/l. Hint: x/L = ¥ (5 )

4. Show that the one-dimensional control function in Eq. (13) that correspondsto a
hyperbolic tangent stretching transformation by the function given by Eq. (VI11-32) is

(1 - A)u

-28 &E-1
P(E) EItanh[G(I 2}]+ T 1 - Au

where uisgiven by Eq. (VI11-33) and
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5. Show that the one-dimensional control function for the generation system given by Eq.
(23) corresponding to a distribution x(5 ) is

P(E) = - x£51x53

Note that this control function will be considerably larger than that for Eq. (12) because of
the higher inverse power of x&

6. Show that a solution of Eq. (20), with P= P(E) and Q = Q(™), for arectangular region
with? =¥ =X gnq0=y =% 0=5=7nq 0 =2 =7 jsgivenby

Y F(E) . 4y ()
A R

where

1
F(g) = Iiexp[—Ji P(E")dE"]dE "

Gln) = JZexp[-Jz Q{n")dn™]dn'

7. Show that a solution of Eq. (20), with P=P(5) and Q(™), for an annular region between
two concentric circles of radiusr, and r, isgiven, with © = 5 = and © =7 =7 py

r = R(n}[1 cos8(g) + § sine(g)]

where

G(n)]
G(J)

R(n) =rq(C2)
T

- 2 F(E)
8(¢) F(I)



with F(5) and G(") given in the preceding exercise. Show also that for P=pt t/p £ and Q
=qnmn/qn, R(") and 8 (%) become

q(n) = q{0q
ra, (3 - a(0)
ry

R(n) =1y

- p{g) - p(0)7
B(E) EWEP(I) = p(0)

8. From the result of the preceding exercise show that the control function Q(™) required to
produce a specified radial distribution r(') is given by

Q{n} = —:'11+ .r.j-
l"n r

9. Show that the first term in the control function Q(') given in the preceding exercise arises
from the first termin Eq. (45), and that the second term arises from curvature term in (45).

10. Consider the generating system (23) for plane curvilinear coordinates. Let the control
functions P and Q be defined as follows:

P =20

-gyq [2+ (n=ng) Inkl1Ink

Q-
g 1+{n-n1]1nk

where k > 0 isaconstant. Let it be desired to solve Eq. (23) for the generation of coordinates
in the region of acircular annuluswith ' = Tl,(r = 1) astheinner circleand 'l =l (r =R) as
the outer circle. Considering the clockwise traverse in the & -direction as positive, set

x = f{n)oos a(g - )

¥y = ~f(n)sin a(t - £,)

where

0g -k, €2n/a



in Eg. (23), and show that

£(n) = exp[A(n = n;ik"]

where

A = in R
n
(ng = ngdk

o
11. Show that the control function P in Exercise 4 has the following values at the boundaries:

1 = JE .'ilan:.rh2 [—g—)]

P(0) = -3
tann (5)

2.5
1 = & sech (3)
ey =S 2

I
tanh(-g-]

Note that an iterative procedure could be set up in the manner of Section 2F in which & and
A are determined from P(0) and P(I) and then these are used in the P(E ) of Exercise4to
define the control function in the field, rather than interpolating from the boundary values.
12. Show that the Beltrami operator reduces to the Laplacian for a plane surface.

13. Verify Eq. (71).

14. Verify Eq. (774).

15. Consider a sphere of unit radiusin which it is desired to introduce a coordinate system (
tE ) insuch away that (i) is orthogonal, and (ii) the resulting metric coefficients g5 and
g4 are equal. (Such systems are known to be isothermic.)

(@) Verify by inspection that for isothermic coordinates Eg. (80) isidentically satisfied.

(b) To obtain the isothermic coordinates on a sphere set

x = ()., ¥ = flgleosg, =z = flr)aing.



and show that

A -
£(g) = 28 ypy =1 - €%
1 + e<% 1+52c

(c) Show that the relation between the standard longitude and latitude surface coordinates ¢
and © where0 =6 <2T and0< 8 < T js

E-¢.i;-1ntan%.

16. Using Eq. (15), (20) and (21) of Appendix A, show that the sum of the principal
(2 2
curvatures, “ow Fa , of aprolate ellipsoid defined as

X =80038, ¥y= b 2inr cosg, T = b 8inz aing

L2) 4 @) ~afa’sin’g + b°(1 + cos’y))
I II

2 2 2 }3!2

b{a ainzr;. + boos ¢

17. Verify the correspondence between Eqg. (90) and (91).
18. Verify Eq. (92).
19. Let (E ,'1) be the surface coordinates in the surface on which @ = constant. Then as

shown in Appendix A, Eq. (21),

+ b

k$3Y 4 k(3 L (0B = 20p0E;, + o8y

. 3
Let anew coordinate system (‘:LE ,7) beintroduced in the same surface such that £ =
£(5,M),and 7 = 7 (5 M) are admissible transformation functions.

(@) Use the chain rule of differentiation to show that the components of the normal * to the
surface are coordinate invariants, i.e.,

X=X, Y=Y, Za=7T

(b) Also show that on coordinate transformation



kp * kyp = kg * kg7

20. Let it be desired to obtain the 3D curvilinear coordinates in the region bounded by a
prolate ellipsoid as an inner boundary ("I = ",) and a sphere as an outer boundary (" =" ).

The (x,y,2) for both the inner and outer bodies are given below inwhich © and ', are the
parameters of the ellipsoid:

X =71 coshnl £03%, , ¥ = 1 alnhn,; aing coag,
Zz = t3inhn; sing aing
i Mg Ny
X = e - Cosg, y =@ sing cosg, Z =8 sing sing.

(@) First write Eq. (91) asthree equationsin X, y and z for the generation of those surfaces on
which & = constant. Also set P = Q = 0 and transform the three equations mentioned above
from " to 7, where T =TI, + TI(7).

(b) Assume the solutionis

x = £{n) 008z, ¥ = #(F) aing QosE, z = ¢(F) sinr aing,

and compute all the needed derivativesto find g4, 91,5, 9,, While keeping T fixed. Also

using Eqg. (15), (20) and (21) of Appendix A obtain the expressions for the components of
7§(3) and RO,

(c) Use dl the quantities obtained in (b) in the equations written in (&), and show that

ﬂ‘.ﬂ‘} = A EBTI(H] +

o(m) = D eB(M

where



n
A= -:[(en':' - 1 coshng) sinhni]:"(e SR ainhnil

B=(n,-1lnrt asinhng)/{ng - ny)

L]
]

n
1[an°(naﬁhn1 - sinhni}]!(e -1 sinhni]

D

T sinhng
21. Let asurface in the xyz-space by given as
z = £{x,y)

Show the following:

(a) The components of the unit normal vector to the surface areaare

_zx I -z ’
1 + zi % zg 1T+ 2, * zy
i
? =
2 2

T+ Zy + zy

(b) The element of area dA on the surfaceis

dA = /1 +Zi+z'§_dxdr
(c) The element of length ds of a surface curve is given by
ds? = (1 + zi} dx% + szz:Ir dxdy + (1 + zf,} dyz
(d) The sum of the principa curvaturesis given by

2 _ 2
(1 + a?}zxx szzyzxy + {1 + z:x}rz:,rj'r

ky + K =
I IT
(v 2+ 22372

22. (a) Show that the unit tangent vector L to the curve of intersection of two surfaces
F(x,y,z) =0, G(x,y,z) =0is



£ = 1d + 1d, + kdg)/(aF + 35 + 0§12
where

J,. = F_ & - F G
k Im Xn In *m
and m,n,k arein the cyclic per mutations of 1,2,3.

(b) Using the formula for the normal vector  to F constant, .i,e.,

g = XF_
[2F|

find the Cartesian components of .

23. Veify Eq. (104).



