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9.1 Treatments of lIrregular Domain in FDM,FVM

9.2 Introduction to Body-fitted Coordinates

9.3 Boundary Normalization for Generating Body-
Fitted Coordinates

(Chapter 10 of Textbook)
9.4 Introduction to Collocated Grid System

(Section 6-10 of Textbook)
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9.1 Treatments of Irregular Domain in FDM,FVM

9.1.1 Conventional orthogonal coordinates can not
deal with variety of complicated geometries

9.1.2 Methods in FDM,FVM to deal with compli-
cated geometries

1. Structured grid (%5 44k W #%)
1) Domain extension method

2) Special orthogonal coordinates
3) Composite grid (ZH-& M#%)
4) Body-fitted coordinate (3& {4 AL F1 R )

____ 2.Unstructured grid (JE45 1K) s
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[ 9.1 Treatments of Irregular Domain in FDM,FVM ]

9.1.1 Conventional orthogonal (IE32)coordinates
can not deal with variety of complicated geometries

s \ P Q

T &

(a) (b) (c) (d)

Plane Eccentric Solar Tube
nozzle annulus collector bank
(1t Lo 15 25)
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9.1.2 Methods in FDM,FVM to deal with complicated
geometries

1. Structured grid (Z5 ¥4k %)
1) Domain extension method (X 3 753%)

An Irregular domain is
extended to a regular one, the , 4€©
Irregular boundary is y)

replaced by a step-wise ¥

. ¥RK
approximation, and B
simulation is performed in a
conventional coordinate v B
within the extended domain. F
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Extended
E | region

A
(1) Flow field simulation

(a) Set zero velocity at the boundaries of extended region
at B-C-D-E: u=v=0;
(b) Set a very large viscosity in the extended region
n =10 ~10%;
(c) Set interface diffusivity by harmonic mean

(2) Temperature field prediction

SEoT-EnT 6/36
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(a) First kind boundary condition with uniform temperature: The
same as for velocity: in the extended region the thermal
conductivity Is set to be very large, 7 —10%° ~10%°, and
boundary temperatures are given;

(b) Second kind boundary conditions by ASTM

Specified boundary heat flux distribution (not necessary

uniform) extended
For CV. P adding additional source region
term: . geef

c,ad =
AV,
And setting zero conductivity

for the extended region to
avold outward heat transfer.

rue boundary

SEoT-EnT /36
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(c) Third kind boundary conditions by ASTM
Specified external convective heat transfer coefficient
and fluid temperature, h and T,
For CV. P following source
term Is added | AR

e

of T, ef 1 . b

> = AV, Th ' Pad T ;
P +0/lA AVP1/h+5/l HELHR

LT
e

o

And setting zero conductivity (A =0) for the extended
region to avoid outward heat transfer.

For not very complicated geometries, It Is a convenient and
efficient method.

2) Adopting special orthogonal (IEAZ ) coordinates
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There are 14 orthogonal coordinates, and they can

be used to deal with some Irregular regions

Elliptical coordinate can be Bi-polar coordinate (A%
used to simulate flow in elliptic  2&%5) can be used for flow
tube in a biased annulus(fki.C>¥F)

3) Composite coordinate (255 24 #75)(block structured)

The entire domain is divided into several bloc
each block individual coordinate Is adopted and so
are exchanged at the interfaces between different b

kS, for
utions

ocks.

Mathematically it is called domain decomposition method

— vy S

CENTER

HAAF H T G
HEHEERRT

9/36


/
/

A el * P o | r‘ﬂ" o TR T,
e e HARELREF

e . e
l 2 BRI N ] ]
y T —— R 2 __;’_ RET
13 2 4 S ——
Grid lines are F | 1)
continuous. The ° ; Eﬁﬁﬁ%’@ jJé\,_/ m Jé\j/
entire domain Grid lines are . R
can be solved by  discontinuous Application example
ADI.
(b) B
CEDNHT-EHT Original design Improved design
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4) Body-fitted coordinates (& {424 #7)

In such coordinates the coordinates are fittec
domain boundaries; The generation of such coorc

HEHE ST

with(;& V) the
Inates by

numerical methods is the one major concerns of t
was proposed by TTM In Colorado University in

2. Unstructured grid (JEZHI4L N #%)

nis chapter. It
1974.

There are no fixed rules for the
relationship between different nodes,
and such relationship should be specially
stored for each node. Computationally
expensive. Suitable for very complicated
geometries, and widely adopted in
engineering computation.
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9.2 Introduction to Body-Fitted Coordinates

9.2.1 Basic idea for solving physical problems by
BFC

9.2.2 Why domain can be simplified by BFC
9.2.3 Methods for generation of BFC

9.2.4 Requirements for grid system constructed
by BFC

9.2.5 Basic solution procedure by BFC

SEoT-EnT 12/36
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[ 9.2 Introduction to Body-Fitted Coordinates ]

9.2.1 Basic idea for solving
body-fitted coordina

physical problems by
tes (BFC)

1.In the numerical simulation of physical problems the most
Ideal coordinate Is the one which fits with the boundaries of
the studied problem, called body-fitted coordinates(i& {444
#»&): Cartesian coordinate is the body-fitted one for
rectangles, polar coordinate is the one for annular spaces.

2.The existing orthogonal coorc
variety of complicated geometri

Inates can not deal with
es 1n different fields : Thus

artificially (A J¥#h) constructed body-fitted coordinates
are necessary to meet the different practical requirements.
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9.2.2 Why domain can be simplified by BFC

1.Assuming that a BFC has been constructed in Cartesian
coordinate x-y, denoted by &—7 ;

2.Regarding & and 7 as the two coordinates of a Cartesian
coordinate in an imaginary ({&A8#)) computational
plane, then the irregular geometry in physical plane
transforms to a rectangle in the computational plane.

D C

Ay

A A& B

—-x

physical plane computational prane"g"’

14/36
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3.The grids in computational plane are always uniformly
distributed, thus once grid number Is given, the grid system
In computational plane can be constructed with ease.

4.Simulation is first conducted In
the computational plane , then the
converged solution is transferred
from the computational plane to
physical plane. e
In such a way the simulation Problem transfgif _, |
domain is greatly simplified. el Results transfer

D
5.1n order to transfer solutions EJ HAv
A

from computational domain to 5’1 {
physical domain, it is necessary A B

CEnTER (b)
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to obtain the corresponding relations of nodes between the
two planes.

The so-called grid generation technigue here refers to the
methods by which from (&, 77) in the computational
plane the corresponding (X, Y) in the physical Cartesian
coordinate can be obtained.

9.2.3 Methods for generation of BFC
1. Conforming mapping (£f 25 #v%)
2. Algebraic method (fR&%)

The correspondent relations between grids of the two
planes are represented by algebraic equations.

3. PDE method(f#4) /5 F81)

SEoT-EnT 16/36
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The relations are obtained through solving a PDE.
Three kinds of PDE, hyperbolic, parabolic and elliptic, all
can be used to provide such relations.

9.2.4 Requirements for grid system constructed
by BFC

1. The nodes In the two planes should be one to one
correspondent (——%f B ) .

2. Grid lines In physical plane should be normal to the
boundary .

3. The grid spacing in the physical plane can be controlled
easily.

SEoT-EnT 17/36
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9.2.5 Procedure of solving problem by BFC

1. Generating grid: find the one to one correspondence

between (&£,n)«—(X,y)

2. Transforming governing egs. and boundary conditions
from physical plane to computational plane;

3. Discretizing gov. eg. and solving the algebraic equations
In the computational plane

4. Transferring solutions from the computational plane
to the physical plane.

SEoT-EnT 18/36
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9.3 Boundary Normalzation for Generating Body-

kFitted Coordinates (simple algebraic method)

J

For some cases we can obtain body-fitted coordinates just
by boundary normalization (321 5-#136E4L).

1. 2-D nozzle
A plane nozzle is given by the profiley = X , ItS
body-fitted coordinates can be constructed as follows:

E=x| 79
—_— 5 1.0
——

7= Y/ Y|
normalization

2
CFD-NHT-EH | ymax o X 1 2 E 19/36
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2. Trapezoid ($J&) enclosure
Functions of two tilted ({5i#}#)) boundaries are given by:

F(x), F,(x)
The grid in the trapezoid enclosure Is generated.

& =ax| /

— b
\ Fz(x) —

\% n = b y— Fl(x) 0
TIE F(0-F0)| ° -

-z hormalization

Normalized by the distance
between top and bottom,
a and b are coefficients for
crD.NHT-ENT enlargement or reduction. ~ Solar collector 20/36
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3. Eccentric annular space

Given two radiuses ( R,a) and the eccentric ({k.C» #)distance ¢

c=¢ y
—— |
.
n= I'—a o) 2% €
R(p)—a

normalization
Normalized by the distance between outer and inner circles.

Prusa,Yao, ASME JH T, 1983, 105:105-116
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4. Plane duct with one irregular boundary
Given the profile of the irregular boundary Y = 0(X)

E=x ¢

a

Z

i

Z —

& —

7

Z

Z 0 (X)

é normalization

Z Normalized by the

7. distance between left () 1
’ and right boundaries 7]

Sparrow-Faghri-Asako, p.479 of Textbook

CFD-NHT-EHT
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[ 9.4 Introduction to Collocated Grid System ]

9.4.1 Historical Development of Grid System

1965 1974 1980s 1987 1990s 2000s
Harlow-Welch Thompson-  Atbeginning In 1987 Peric | 1990s, the Unstructured
proposed the Thomas- of 1980s In et al. published ynstructured and collocated
staggered grid Mastin university of  their paper in  grids were grid system is
system to proposed the MN and C&F gradually widely used in
overcome the body-fitted  Chicago Introducing  adopted in FV many soft-
checkboard ~ coordinate  researchers  this new grid computations \yares because
pressure method to began to study system to because of its of its wide
difficulty. meet the non-staggered CFD/NHT  good adaptability.

requirement  grid system.  communities., adaptation of
of irregular Irregular

cronmrent  Jomain of FV. region . 23/36
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9.4.2 Key point of staggered grid system---1-/ pressure

difference
In the staggered grid system by moving | _u:_,,,,
velocity position to the interface of two grids i-1 .p F i1
We realize two requirements: Staggered

(1) 1-0 pressure difference appears in the discretized equations,

(2) This 1-0 pressure difference can form central difference for pressure
gradient in the momentum equation.
In order that only one grid system is used for all variables successfuly
these two conditions must be satisfied.
9.4.2 Momentum interpolation---key point of collocated
grid system

SEoT-EnT 24/36
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1)Descretization of momentum equation
By Integrating the u-momentum equation over
control volume P:

a'PuP :zanbunb +b+ AP(pW o pe) ____""__E__._.; _________
:[Zanbunb +b+ AP(pW - pe)]/aP

b
up=[za1nbUInb+ ]+i(pw P.) Up =Up +— (P, — Pc)

a, a, ;
Similarly, Uz =Ug +i) (P, — P.)c

For the interface pressure Tinear interpolation between neighbor
grids may be used.

SEoT-EnT 26/36
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2)Descretization of mass condervation
By Integrating the mass conservation equation over control volume

P: T

R T Y /S
(pUA), = (puA),, +(pVA), —=(pVA), =0 1 L7
L nugap
We don’t have velocity at the four interfaces. How W: P. :e
to determine them? It is here that we may introduce I B _?_ S

the method which can meet the two requirements!

3) Momentum interpolation for interface velocity

Rhie-Chow proposed: the interface velocity should use the form of
momentum equation at grids:

Up =Up +_(pw_ pe)

SEoT-EnT 27/36
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U, = U, + —) (P = Pe)
= U, — —) (Pe = Pp)

Based on such mterface velocity equation we can derive the pressure
correction equation which contains the two requirements for guarantee
overcoming the checkboard pressure distribution.

Non-staggered grid with the momentum interpolation is called the
collocated grid system.

The derivation of pressure correction equation and solution procedure
of SIMPLE algorithm at the collocated grids are very similar to those of

staggered grids, and can be found in the Textbook (pp. 247-249).

SEoT-EmT 28/36
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Contents of Numerical Heat Transfer

Part 1 : Fundamentals of NHT (9 chapters)

Part 1l : Teaching Code (2 chapters)

Part 11 of NHT: Study of FLUENT
77 X Hx(Wen-Zhen Fang)

Chapter 12 Basic contents
(6 TurS) B 7E (Wen-Tao Ji)
‘Applications (6 hours) ‘ -5’/..

f£% % (Qing-Long Ren) | | B5% (LiChen)
‘C 13a Fundamental Applications ‘ ‘C 13b Intermediate Applications ‘
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Computer-Aided Project of 2023 Numerical Heat Transfe
Xi’an Jiaotong University

We present three computer-aided projects: one Is to be solved by
our teaching code (Project 1) , the 2" and 39 ones are to be solved
by FLUENT (Fundamental , Project 2, Intermediate Project 3) .

Every student can choose one project according to your interest and
condition.

For the first project the self-developed computer code (USER)

should attached in your final report. Students are encouraged to
take Project 1.

For the second and third project Class F and Class | will have

different projects. The instructors will assign the project at the end
of the lecture.

CFD-NHT-EHT
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Computer-Aided Project (1) of NHT-2023, Xi’an Jiaotong University
(Laminar natural convection in annular space)

CEnTER 31/36
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1. Project formulation
For air natural convection within an annular space as shown in Fig. 1 , following

conditions are given: O / r. = 0.4, flow is laminar and the average air temperature is 50" C

For Ra=gpATo 3V/ a’ = 10%,10°,10*,10° , determine the relative thermal

conductivity: A, /A, The temperature difference between inner wall and outer wall is not

large, so the Boussinesq assumption can be adopted. By using Tecplot or other software,
display the isotherms and streamlines and the variation of A, /A, vs. Ra. Natural

convection heat transfer rate between the inner and outer surface 1s expressed by an
effective thermal conductivity A, as follows:

27 LA AT Aeq is the equivalent thermal
0= conductivity of the entire annular space.
In(d, /d,)

SEoT-EnT 32/36
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2. Suggestions and Requirements

1) Considering the symmetry of the geometry, only half of the structure
should be simulated.

2) The solution should be grid-independent.

3) The project report should be written in the format of the Journal of
Xi’an Jiaotong University. Both Chinese and English can be accepted.

4) Examples in teaching codes may be consulted.

5) Please submit in the USER part developed by yourself for solving the
problem.

The project report should be due in before April 30, 2024.
Teaching assistant group will inform you where to submit your
results.
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Local Kuehn T H, Goldstein R J. An experimental and theoretical study of
dimensionless natural convection in the annulus between horizontal concentric
cylinders. J Fluid Mech, 1971, 74:605-719
thermal onductivity

: - — 1135_\ #1318 [£I8-11+ a2
Sy ol \W% » LW Test data
) ol o |
A H8ME Numerical
7t \\/ -
AT 6 Ouber surface
Local relative & S AN B3]
thermal 4} N
conductivity 3t Inner surface
2
7 — qconvection 1 \‘\ -
_( )0 - — . 4
015 30 45 60 75 90 105 120 135 150 165180

conduction

B $4 0/
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Numerical Experiment

SI by tical method

Y LI SR &M

S A
Ray 4.7x10* 5x10*

Py 0.706 0.7

8/Di 0.8 0.8

LR
PR
Comparison of isotherms (£ 132%)
CFD-NHT-EHT 35/36
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Teaching PPT will be loaded on ou website
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People In the

same boat help
each other to

ﬁ’cbross to the other
. ank, where....
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