
AD AONI 741 DAVID W TAYLOR NAVAL SHIP RESEARCH AND DEVELOPMENT CE—ETC F/a 20/4
MIPERICAL TREATMENT OF ARBITRARILY—SHAPED REGIONS IN FLUID DYNA—ETCCU)
JUN 77 . J W S C H O T

UNCLASSIFIED CMLD—77—14 P4.

D A I [
____________ r ILMU.

!

&— 77

L



~ n ~~~ . - L~.r - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — .

DAVID W. TAYLOR NAVAL SHIP -

RESEARCH AND DEVELOPMENT CENTER p

Bethesda. Md. 20084

t~
.

NUMERICAL TREATh1Er~TF OF ARBITRARILY-SHAPED REGIONS

IN FLUID DYN~MICS

Joanna W. Schot

H c

APPROVED FOR PUBLIC RELEASE: DISTRIBUTION UNLIMITED.

Proceedings of the
Defense Exchange Agreement Meeting on Viscous and Interacting Flows

D.F.V.L.R. Aerodynamic Institute, Gottingen, W. Germany

28-29 April 1977

H /
“frIIPUTAT IcE, MATHFI4ATICS, AND LOGISTICS DEPA1~~4EN~

DEPARThIENTAL REPORT

____ 
JUNE 1977 Q1LD-~7-l4

H
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~ 

_____



MAJOR DTNSRDC ORGANIZATIONAL COMPONENTS

DTNSRDC
COMMANDER

00
TECHNICAL DIRECTOR

__________ 
0I

OFFICER INCHARGE OFFICER IN-CHARGE
CARDEROCK ANNAPOLIS

05 04

SYSTEMS
DEVELOPMENT
DEPARTMENT

[SHI :::~
JCi

~~

] _ _ _ _ _ _ _ _ _ _ _ _ _ _

I COMPUTAT I ON.
STRUCTURES 

______ ______L MATHEMATICS AND
DEPARTM ENT 

17 
— 

1IOGISTICS DEPARTMENT
________________  18

S ST S 
— I AUXU. tARY SY STEMS

19 L__
DEPARTMENT 27

DEPARTMENT 
28 

— _____  INSTRUMENTATION

_____

~~~~~~~~~~~~~~~~~~~~~ ~~~~~



— -
~~~ — -~.--- ---~ —-~-—-- —v-. ____  - — ——.---.-~va~ ~~~~~__ - -

UNCLASSIFIED
SECURITY CLASSI FICATION OF THIS P AGE (U~ir,, D.i. £.U.r.d)

R EAD IMTRUC1IONS
BEFORE COMPLETING FORM

~ L 7;
~~~ o~~~DoCuMENTATION 

r V Y  
ACC E SSION NO S. I(li?°S UMSER

4 T IYLE  (ard SubilU.) RJ 100 COVIRED

Numerical Treatment of Arbitrarily-Shaped Regions Sumary
in Fluid Dynamics.

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ S PERFORMING ORG REPORT NUMSER

• 7. ALJTHO R ( . )  S. CONTRACT OR G R A N T  NU M SER (.)

S. PERFORMING ORGAN IZAT ION NAME AND ADD RESS IC. P~~OGRA$ ELEMt NT . PROJ~~CT . TASK

David W. Taylor Naval Ship R~D Center -

Bethesda, Maryland 20084

II . CONTROLLI NG oF FICE NAME AND 
- 

I REPORT DA T E ~~ v~f/
14 MONITORING AGENCY NAME A ADD R ES$(it difl.var t (root CantrollS,ig OWn ) 15. SECURITY CLASS. (.1 ff11 u pon )

UNCLASSIFIED
3.. OICLAS SIFICAT ION/ DOWNGRA DING

SCHEDULE

IS. DISTRISUT ION STAT EMENT (of ff1. RIpori)

APPROVED FOR PUBLIC RELEASE : DISTRIBUT ION UNLIMITED .

Il. DIST RISUTION STATEMENT (of A. .b.tr.c ( .nl.r.d In block 30. S f dlU.n.n t froot R.poil)

- - , 
IS. SUPPLEMENTARY NOTES -

~ ‘7

IS. KEY WORD S (Coffllnu. on r.v.i.. aId• IV n.c...ot ~ ard idoolify by block rnotib.r)

Numerical fluid dynamics Geometric modeling
Aerodynamics Graphics display applications

- 

‘1 Hydrodynamics

H
20 ~~~STRACT (Cenlinu. u~~,.. lid. ii n.c..• y ard Id.nIlfy by block m b.i)

This paper addresses the need for improving and automating the numerical
definition of arbitrarily-shaped flow regions and body surfaces for practical

- - aerodynamic and hydrodynamic flow calculations . New techniques are described
to use computers to generate accurate discretizations of complicated flow
domains from a limited amount of input data . These methods improve both the
speed and accuracy of solving complex flow problems.

DD ~~~~ 1473 EDITION OF I NOV I. IS OISOI.ETI UNCLASSIFIED
S/N 0102 •O* 4 -  5601 I 

SECURITY CLASSIFICATION OF THIS PAGE (USIar DIII l,.I.n. ~~

‘

I %06 ?V7 

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_

~~~~~~~~~~~~~~~



r~~~r ~~~~~

--  -

~~~~~ 

- .  
_ _ _ _ _ _ _ _ _ _ _

- 
.. L i7 ~ IIY  C LA S S I F I CA ’ I OH OF THIS PAGK ( W h on 0.1. Ent.v.d~

SECURITY CLAU IFCA?ION OF THIS PAGE(~~Ioo DII. En(.ud)

H ~~

- —

~

. .

~
— ~~~~~~~~~~~~ -~~•~~~~ ~ -.-‘, ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ 

-
~~



TABLE OF C(}ffEWtS
Page

1. IN’FROIXJCTION 1

2. CIJ1U~EI’1T ME11-IODS ...• 1

3. NUMERICALLY GENERATED COORDINATE SYSm~tS  4

REFERENCES  10

- :  LIST OF FIGURES

Figure 1. Ship Hull Defined by Panel Method for Potential Flow
Calculation 3

Figure 2. Type 1 Mesh for Flow Around a Body in a Constricted
— 

C1Ianxlel 6

— 

- 

Figure 3. Type 2 Mesh for Flow Around an Arbitrary Body . 6

Figure 4. Portion of Hull, Side View . 8

Figures 5 and 6. Perspective Views of Bow with Sonar Dome . 8

Figure 7. Test Submarine and Numerical Model for Fluid-Structure
Interaction Analys is , . .•.•  •~~~..•. 9

Figure 8. Finite-Element Model of Destroyer for Structural.
AILalysis 

I

~ ~ [-;;
~

-- 
~~ k~t~ns

~~~ ~e~~Iss [. - ,

0 

— 1~

iii

( 

_______

•-~~ .-~
-
~~
-

~; ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 4 ~~~~~~~~~~~~~~~ - ,--- . - _
~~~~

_ _  -:-
~-‘~~ w~



r -
~ 

— —
~
— -—- -

~~~
-- —-- --~ --~~~~ ~~~~~

— -- -— 

~
-

~
9

~y~e 7~a’irK 
~~~i~~~

’]

NUMERICAL TREANEN~ OF ARBITRAR ILY -SHAPED REGIONS
IN FLUID DYNAMICS

by

Joanna W. Schot

David W. Taylor Naval Ship Research and Development Center
Bethesda, Maryland 20084 U.S.A.

INTROIJJCTION
In numerical aerodynamic and hydrodynamic flow calculations, both

the shape of the body under investigation and the outer boundary of the

surrounding fluid region determine the geometry of the computational flow
field. Various procedures are in current use to translate a real flow
problem into a discretized formulation for finite-difference or other
numerical calculations on a computer. This paper addresses the need for
improving and automating the numerical definition of arbitrarily-shaped
flow domains and body surfaces and describes new techniques for using the
computer to generate accurate geometric models for flow calculations.

- - - OJRRENT ME11-IODS
Mienever a body and the flow region to be studied are of simple

shape, the network of discrete points representing the body surface and
the flow field can be adequately defined by using either standard
Cartesian coordinates or a conformal transformation into another

:~-~~~ 
orthogonal coordinate system in which a coordinate line (or surface) may

-
‘ closely approximate the body contours. The use of polar, elliptical .

spheroidal, and prolate-spheroidal coordinates are examples. It is no
- - :~ problem at all to prepare the geometric input data for such flow domains

and body shapes - -  only a few parameters have to be numerically specified.
However, in the practical world of aircraft and ship design , the bodies
about which potential flow and viscous flow calculations must be performed
are often too complicated to fit easily into one of these “natural”
coordinate systems. If, in addition , the outer boundary of the flow
region is of irregular shape or is changing with time , as in free surface

-
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f lows involving ship- or wind-generated waves, then the problem of
handling the geometry is even more challenging.

For such arbitrarily-shaped and time-dependent flow domains, the use

of fixed rectangular networks or grids for fjnite-difference calculations
presents computational difficulties which have been investigated by many

• authors . A major problem encQuntered is that the numerical solutions
of the flow equations may be grossly inaccurate in critical locations

close to the body surface , where rapid changes occur in the flow
— properties (velocity , pressure , vorticity , temperature , etc.) The

seriousness of this inaccuracy depends of course on the type of flow
problem as well as the geometric complexities.

For example, Dawson and Marcus [1] showed for two-dimensional
viscous incompressible flow based on the Navier-Stokes equations that the
accuracy of the vorticity calculation at points on and near the body is
very sensitive to the grid point-density and the body curvature. The
well-known MAC (Marker and Cell) method developed at the Los Alamos
Scientific Laboratory has been used to compute both two- and three-
dimensional flows with free surfaces, but most of the body or wall shapes

have been composed of fixed rectangular segments of the grid. Improve-
ments in MAC to handle curved bodies and moving surfaces, at least in two
dimensions, have been developed by Viecelli [2] and others, including
Hirt, Nichols, and Romero [3].

it is important to point out, on the other hand, that three~
dimensional potential flow calculations based on the source-sink

• 1 formulation are rout inely performed for very complicated bodies , such as
large ships and aircraft , by using the “panel” method in Cartesian
coordinates to approximate the body geometry . In this approach , as
developed originally by Hess and Smith [4] and refined by Dawson and
Dean [5] , among others, the body is specified by a set of points in
Cartesian coordinates which are located at strategic positions on the
body surface . The computer is progranined to connect these geometric
data points with either straight lines or curves to form quadrilaterals
or “panels”. See Figure 1. Even with the use of electronic digitizing
tablets , the preparation of the geometric input data for large and complex

2
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FIG . 1 SHIP HULL DEFINED BY PANEL METhOD
FOR POTENTIAL FLOW CALCULATION

bodies is prone to error and time-consuming. Recently new methods for
including free-surfaces in potential flow programs have been explored and
are under development by Dawson [6] using source distribution formulations
and by Ohring and Telste [7] using finite -difference operators and matrix
imbedding techniques .

Among other approaches for dealing with free surface flow problems,
Boris and 11am [8] have cited the geometrical advantages of using a

“general connectivity triangular mesh” for two-dimensional free surface
Lagrangian hydrodynamic calculations . This approach, which has some

features of a finite-element method , does not appear suitable for
calculations in three-dimensional space . Finite-element methods are also
under development by Bai [9] and others (see next section) for handling

‘1 free surface flows .
A very promising new approach for dealing with arbitrarily-shaped j

and time-dependent flow regions is to numerically generate a specific
curvilinear coordinate system such that a coordinate l ine is coincident
with each of the boundaries of the physical region. This technique has

been developed by Thompson, Thames, and Mastin [101 , and by others, see
for example Ghia, Ghia , and Studeru s [ 11 ] based on ear lier work , to

3
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numerically transform arbitrarily-shaped and multiply-connected flow

domains in the physical plane (x ,y) into convenient-to-use rectangular
domains with uniform grid spacing in the computational plane (~ ,n) . This
method of numerically generating boundary-fitted coordinate systems is
brief ly described in the following section .

• NUMERICALLY GENERATED COORDINATE SYSTEIS 
—

At the beginning of this paper it was stated that simple body

shapes can be easily represented by familiar coordinate systems . Thus ,
all circular or elliptical cylinders, for example , as well as many other
shapes defined by well-known mathematical equations , can be easily
“discretized” for numerical calculations. For more complex shapes,

explicit mathematical expressions are not so well known. However, by

setting up a system of elliptic partial differential equations whose

solutions are the desired coordinate curves, numerical methods can be

used to solve these equations, thereby generating curvilinear coordinate

systems. As described by Thompson and his students, see [12] for example,
this method is sumarized below, using their notation for convenience in
referencing their articles. —

Let x,y be the coordinates in the physical plane and ~~~~ those in
• the transformed plane. Let the arbitrarily-shaped flow region contain

a body with a closed boundary contour and an irregular outer boundary
r 2 . Thus , a doubly-connected region is to be transformed into a
rectangular domain such that the curve r 1 corresponds to the constant
coordinate line ~ = and r2 to the line ri = n 2 , with < The
desired curvilinear coordinate may be generated by an elliptic system of
the form -

+ = Q(~ ,r~)

with Dirichlet boundary conditions which control the positioning of
coordinate lines of prescribed values to coincide with the body contour

and the outer boundary r2 . In the above equations, subscripts denote
partial differentiation and P and Q are functions which may be specified

4 
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to suit the problem at hand . Since it is most convenient to perform all
calculat ions in the transformed (computational) plane , the dependent and
independent variables must be interchanged to obtain the inverse mapping.
This results in: .

a x ~~ - 28X ~~~+ Y X ~~ = - J2 [x~ P(~,n)+ x Q (~,n)]

ay~~- 2BY~~ v y ~ = - J2[y~ P(~,n)+ Y~ Q(~~f l ) ]

where
2 2

~~= x + y
fl fl

B~~~~~~~~y~y~
• 2 2

y = x~ + y~

and J = x~y~ - x~y~ is the Jacobian of the inverse transformation.

The flow equations to be solved must also be transformed from the
- -

, original Cartesian system to the computational plane. For the Navier-

Stokes equations of viscous flows this means the introduction of cross

derivative terms which somewhat complicates the numerical solution. See

[121 , and the survey on the numerical treatment of Navier-Stokes equations

by Lugt [13]. However, the computations are always carried out on the

simple uniform grid of the ~,n plane, which is a great advantage,

especially for time-dependent flow regions. For transient free-surface

potential flow calculations, for example, see the work of Haussling and
Coleman [14] who have extended Thompson’s method to permit greater
variation in the point density of the generated grid systems . Examples

of the types of curvilinear grid systems which they have generated are

-. I 
shown in Figures 2 and 3. Their numerical mesh generation program,
known as NUMESH, see [15], has also been used by Zarda and Marcus [16]

- I to obtain grids for finite-element calculations of free-surface flow
problems using the NASTRAN (Nasa Structural Analysis) program,

5
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EXM’IPLES OF NUMERICALLY GENERATED COORDINATE SYSTF1~~
FOR FINITE DIFFERENCE CALCULATIONS

FIG. 2 TYPE 1 MESH FOR FLOW AROUND A BODY IN
A CONSTRICTED CHANNEL
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FIG. 3 TYPE 2 MESH FOR FLOW AROUND AN
ARBITRARY BODY -:
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CCTlPtJ’rER GRAPHICS DISPLAY
There are sophisticated computer methods also being developed for

generating arbitrary three -dimensional body surfaces from a minima l amount
of geometric input data. McKee and Kazden [17] have contributed to the
development of an engineering aid which uses basic-spline functions to
numerically fit complex three-dimensional surfaces . Figures 4, 5, aix! 6
illustrate the types of ship surfaces which they have generated from

very few input data points with the aid of computer graphics display

terminals.
An important requirement in any method for numerically generating

body surfaces and grid systems is the availability of a fast-response
computer graphics terminal with a “hard-copy” capability. By displaying
the generated geometric patterns, the user can quickly evaluate the
quality of the computed results and make required corrections. Such
interactive techniques reduce errors and real time delays in the analysis
of complex aerodynamic and hydrodynamic flow problems as well as structural
analysis problems. Figure 7 illustrates a submarine configuration which
was modeled by manually prepared input data for structural analysis
computations . See Everstine, Schroeder, and Marcus [18J for a description
of the analysis of such submerged bodies.

The field of structural analysis is well-advanced in the use of

• computers to analyze very large, complex structures, such as the
destroyer illustrated in Figure 8. With the exploitation of faster
numerical and computer graphics techniques developed in both the fields
of fluid dynamics and structural mechanics, impressive breakthroughs can
be achieved in the speed and accuracy of solving practical and important
engineering design problems .
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EXAMPLES OF SHIP SURFACES DEFI NED NUMERICALLY
BY BASIC SPLINE FUNCTIONS

FIG. 4 PORTION OF HULL , SIDE VIEW

FIG. 5 FIG. 6

PERSPECTIVE VIEWS OF BOW WITh SONAR DOME -
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EXNVIPLES OF BODY GEO!~.1ETRY CONFIGURATIONS BASED ON
MANUALLY DEFINED INRJT DATA

FIG. 7 TEST SUBMARINE AND NUMERICAL MODEL FOR
FLUID-STRUCTURE INTERACTION ANALYSIS

L~

FIG. 8 FINITE ELEMENT MODEL OF DESTROYER FOR STRUCTURAL ANALYSIS
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