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Brief Introduction to Course -
1. Textbook — {FEEH=E) , 2 ed., 2001
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Numerical Heat Transfer ﬁﬁ 200 —
(Second Edition) )
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KBAEAEREE» Citations of the textbook

So far the total citation number home and abroad>13000
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2. Relative International Journal &%)+ ZEMNAT]

— 1.Numerical Heat Transfer, Part A- Applications; Part B-
Fundamentals

2.International Journal of Numerical Methods in Heat and Fluid

— Flow

3.International Journal of Numerical Methods in Fluids.

4.Computer & Fluids

— 5.Progress in Computational Fluid Dynamics

6.Journal of Computational Physics

5.International Journal of Numerical Methods in Engineering

7.Computer Methods of Applied Mechanics and Engineering

8.Engineering Computations

10. Computer Modeling in Engineering & Sciences (CMES)

11.ASME Journal of Heat Transfer
12.International Journal of Heat and Mass Transfer
13.ASME Journal of Fluids Engineering

(B, Goomwrrewm 3/69
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14.International Journal of Heat and Fluid Flow
15.AIAA Journal

3. Teaching hours — 48 hrs-basic principles, including
teaching code ; 12 hrs-FLUENT software

4. Course score (FRFERLSR)— Home work/Computer-
alded project: —50/50

5. Methodology— Open, Participation and
Application GF18t, &5, MH )

6. Teaching assistants— &8 (Y Q Tang), 5 (S
Zhang), F&4i(S Qing), EXHLI(K W Duan)

! 00Q: 813907422 A
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7. Methods for improving teaching and studying

1) Speaking simple but clear English with Chinese note
(VX&) of new terminology (ARiE) and some difficult
words---teacher’s side;

2) Repeating very important contents by Chinese to
enhance (J15%) students’ understanding (F£#)----
teacher ’s side;

3) Enhancing communications between students and
teachers thru a QQ-group ;My four assistants will
help In this regard----both sides;

4) Reviewing (F1>]) PPT of 2017 loaded in our group;
website: http//nht.xjtu.edu.cn----students’ side.

(5L, Seonwrr-ewm 5/69
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8.Reformation for teaching NHT(F(# )
1) From 1983 to 2012:course was offered by Chinese;

2) Since 2013:course has been offered by English;

The entire course was composed by two parts:
theory and code (f£/5%); The teaching code was taught
at the end of course, so student did not have enough
time to study the code;

3) Since 2016: the course has been divided into three
parts: Basic theory-Code-Advanced theory;,

4) Since 2017: commercial software has been added
INto the course: Introduction to FLUENT and its
applications.

% CFD-NHT-EHT 6/69
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5) From 2018: the application part of FLUENT will be
conducted by two groups A(advanced) and B(basic).

—Basic theory of NHT (C1-C7)
General code for 2D HT & FF problems (C8,C9)
Adv. theory: Turbulence; Grid generation (C10,C11)

—FLUENT : Introduction ; Application (C12,C13)

9. Teaching group for NHT(#(5/N4H)

,

M ¢

BRER HF A ¥
G, Soren (Li CHEN)  (Wen-Tao JI) (Qing-Long REN) (Lei Chen) 7/69
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Contents of Chapter 1

1.1 Mathematical formulation CEZHEIR) of
heat transfer and fluid flow (HT & FF)
problems

1.2 Basic concepts of NHT and its application
examples

1.3 Mathematical and physical classification
of HT & FF problems and its effects on
numerical solution

(5L, Seonwrr-ewm 8/69
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1.1 Mathematical formulation of heat transfer
and fluid flow (HT & FF) problems

1.1.1 Governing equations (32#| 5 #) and their
general form

1. Mass conservation
2. Momentum conservation

3. Energy conservation

4. General form

1.1.2 Conditions for unique solution ( ME—f#)
1.1.3 Example of mathematical formulation

(5L, Seonwrr-ewm 9/69
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fluid flow (HT & FF) problems

All macro-scale (W) HT & FF problems are
governed by three conservation laws: mass,
momentum and energy conservation law (5FEEHR).

ﬁ.l Mathematical formulation of heat transfer and]

The differences between different problems are In:
conditions for the unique solution (ME—##) : initial
(#F4sH) & boundary conditions, and physical
properties and source terms.

1.1.1 Governing equations and their general form
1. Mass conservation
op O(pu) o(pv) o(pw
9p  d(pu)  d(pv) olpW) _ .
Bl gmmwrenr Ot OX oy OZ 10/69
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v “div” is the mathematical

. = symbol for divergence
| Femy
5p _9(py) , 9(pv) , 9(pW)
po +div(pU) =0 div(pU)= ~ o >
For incompressible fluid (A8 EZ5HA)
div(U) =0 U N MW_
Ox Gy 0z

flow without source and sink (- FIESILETHRED) -

G Soren 11/69
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2. Momentum conservation

Applying the 2" [aw of Newton (F=ma) to the
elemental control volume (3ZBHIZ&FH) shown above in
the three-dimensional coordinates:

[Increasing rate of momentum of the CV]= [Summation
of external (#M#) forces applying on the CV]

Adopting Stokes assumption: stress is linearly

proportional to strain(p Jj 5 N8 ik &), We
have:

o(pu) , d(puu) o(puv) Jd(puw)  op 0 (divU +27 8_u)

ot OX oy oz OX OX OX

T T T T T T T T v oun 8. ,0u w
+—[n(—+)]+-n(—+—)]+ pF,

oy —0X oy~ 0z—07 OX

17 dynamic viscosity , A fluid 2" molecular viscosity.
(G, Senurenr 12/69
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It can be shown (see the notes) that the above
equation can be reformulated as (#t%& %) following
general form of Navier-Stokes equation for u component:

d(pu)

£~ div(puU) = div(ygradu) + S,

Transient Convection Diffusion Source

term JEREAET | [termAFHET | | term$P B | | termPE TR

u, v, w ----velocity components in three direction,
dependent variable ([F28&) to be solved;
U ----fluid velocity vector;

S, ----source term.
G, Soren 13/69
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Source term In x-direction:

op

0 0o, OW, O =, —
=— + +— (AdivU) + pF, ——
)+— =)+ )+PR 2

ou o, oV
Su - (77 _) + (77
ox - ox oy ox

Similarly:

o, ou. 6, v, 0, ow. 0O
SV_&(UE)“Lay(nay)Jraz(nayH@

(AdiVU) + pF, — —
e

oau, 0, v, O, OW, O
J+— )+ =)+
oo oy o072 o0 071 01

For incompressible fluid with constant properties the

source term does not contain velocity-related part.
G, Soren 14/69
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3. Energy conservation

[Increasing rate of internal energy in the CV]= [Net
heat going into the CV]+[Work conducted by body
forces and surface forces]

Introducing Fourier’s law of heat conduction and
neglecting the work conducted by forces; Introducing

enthalpy ($5)h = CpT ,assuming ¢ = Constant:

a(g’tT) +div(pTU) = div(Z grad(T)) + S.
C
P

grad(T) =2+ 590k A .;ﬂ_,(i)n_’i
ox oy~ 0L | ¢ C C Pr
p p77 p77 :

(BT 5169
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4. General form of the governing equations™*

o(p9)

ot

Transient

Convection

Diffusion

-div(pgU) = div(I,grad (¢)) + S,

Source

The differences between different problems:

(1) Different boundary and initial conditions;
(2) Different nominal source (44 Y JEWi) terms;

(3) Different physical properties (nominal diffusion

coefficients, 45 X Bt &%)

CFD-NHT-EHT
CENTER

16/69
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5. Some remarks (3iBH)

1. The derived transient 3D Navier-Stokes equations
can be applied for both laminar and turbulent flows.

2. When a HT & FF problem is in conjunction with
(5... k) mass transfer process, the component

(444) conservation equation should be included in
the governing equations.

3. Although c, Is assumed constant, the above
governing equation can also be applied to cases with

weakly changed c, (b #u IS 2E4E) .

4. Radiative (385}) heat transfer is governed by a
differential-integral (4#%43-#43) equation, and its

numerical solution will not be dealt with here.
% CFD-NHT-EHT 17/69
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1.1.2 Conditions for unique solution

1. Initial condition (FJ#&#) t =0, T = f(X,V, 2)
2. Boundary condition Gl 44k)
(1) Firstkind (Dirichlet): Tg =T .

_ ol
(2) Second kind (Neumann): 0y = —/1(%)5 = Ogiven

(3) Third kind (Rubin): Specifying (HiiE) the
relationship between boundary value and its first-
order normal derivative:

—z(%)s —h(T, - T,)

3. Fluid thermo-physical properties and source term
e of the process.

CENTER TSTRY 9
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3'd kind boundary conditions for both solid heat
conduction and convective heat transfer problems

Heat conduction
2 with 3rd kind B.C.

1 at surface

.

: h,T., are known

P— h,TeEMH

(a)

Inner convective heat
transfer with 3rd kind
condition at outer
surface of tube wall

h., T, are known

(5L, Seonwrr-ewm 19/69
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1.1.3 Example of mathematical formulation

1. Problem and assumptions

Convective heat transfer in a sudden expansion
region : 2D, steady- state, incompressible fluid,
constant properties, neglecting gravity and viscous

dissipation (RiPEFEEL)

BB R
d I ;1‘1"' ‘ ; ':P‘l:n‘% IEH nci.!jlﬁ‘
— -] E
\f\

R — \;}/‘ Solution

domain

B e | i | 20/69
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2. Governing equations

ou ov

0

oX oy
o(uu) o(wu) 1op V(ézu o

oX oy ooX o oxE 8y2)
2 2
o(uv) . o(w) _ 1 op +V(a_\2/ +8_\2/)
OX oy 0 0y ox° oy
2 2 ﬂ
a(uT)+a(vT):a(8I+aT2) = 2
OX oy ox°- oy PC,

(G CoomeenT 21/69
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3. Boundary conditions (3) Center line:
— ou oT
(1) Inlet: specifying oy oy vl
variations of u,v,T with /
Y5 (4) Outlet:
\Wm | ren / s Mathematically the

| distributions of u,v,T
| or their first-order

e \1~ derivatives(5:#{) are
J(Y \ required. Actually,
X

approximations

a $ >
NS ST 77X//////////7////1;|/
/ B | must be made.

(2) Solid B.C.: Noslip (38#) in velocity, no
@Djump (BEBK) intemp.

NN NN N N N

22169
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Notes to Section 1.1
In the left hand side a(puu) | 3(pw) _ d(puw)

_ _ = div(puU)
The right hand S|de ; OX oy
0 ouy 0. oV 8_u o, ,0u B ap
(ﬂ«dlvU +277 )+ ay[77( x )] Z[ (az )]+pF Fvie

-y
s~\
~ ~
IS A

0, ou, 0, ou, 0, ou, 0, ou, O, ov, O, oW, O ,=, —
+ + + + + +—(AdivU
x o) Ty ) T ) e e Ty M ad T e ) e Y

div(grad(u)) S,
ou au ou
5 _ _ A
oF, _a_z = div(rgradu) + S, grad(u) = X ay I 0z :

o ou. O .0u. o .ou.

Thus we have: dvigradu) =3 G 55 &2 &

8(§[U) + diV(pUU) = div(ngradu) + Su Navier-Stokes

(5 cenren 23/69
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Gradient of a scalar (F = HI#5E) is a vector:

grad (u) = a—uﬁa—uT + UK
oX oY 0z

Divergence of a vector (&= HIEUE) is a scalar:

div(grad (u)) = div(a—uha—“T +a—“E)
oX oy 0z

. o ,0u o ,ou o ,0u
div(grad (u)) = + +
(9 () 8x(8x) 6y(8y) az(az

. o, ou o, ou, 0, ou
div(rgrad(u)) = —(n—) +—(n—) +—
(ngrad(u)) ™ (77 ax) oy (7 ay) pn (7 az)

End of Notes to Section 1.1
(G, Senurwr 24/69
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1.2 Basic concepts of NHT and its application
examples

1.2.1 Basic concepts of numerical solutions
based on continuum assumption

1.2.2 Classification of numerical solution methods
based on continuum assumption

1.2.3 Three fundamental approaches of
scientific research and their relationships

1.2.4 Application examples

1.2.5 Some suggestions
G, Soren 25/69
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examples

1.2.1 Basic concepts of numerical solutions based
on continuum assumption CGEZ:HEE) **

[ 1.2 Basic concepts of NHT and its application ]

Replacing the fields of continuum variables (velocity,
temp. etc.) by sets (84) of values at discrete (FHELEH])
points (nodes, F5 k&%) (Discretization of domain, X% 2 5k);

Establishing algebraic equations for these values at the
discrete points by some principles (Discretization of

equations, HFEEE);

Solving the algebraic equations by computers to get
approximate solutions of the continuum variables

(Solution of equation, JFERR).
B samrer 26109
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(T FERAE)

Analyzing | .
numerical results

5, o (&R THT) Flow chart (FRFEE) 2769

Rl ®?

B BEIR S
- WK ENARRKE
- A | ‘
DIS_Cre_t.IZIng R R A
Domam(ﬁi;jz,—%ﬁ&) (ziﬁiﬁﬂ:)
R — =
I 171 BIEBOTRE LA
Discretizing A .
I Hij
Equations G o
(FFEEED) BB 5300 AR A X
— - | "
Solving R B RO B
algebraic equations ranaE R
)
el
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1 2 2 Classification of numerical solution methods
based on continuum assumption

1. Finite difference
method (FDM)

2. Finite volume
method (FVM)

3. Finite element
method (FEM)

4. Finite analytic
method (FAM)

5. Boundary element
method (BEM)

6. Spectral analysis
& method (SAM)

HM#%43:: LF Richardson
(1910), A Thom (1940s) )

ERZyY:: DB Spalding; SV
Patankar

AFRocE: O C Zienkiewicz; 5
i (Kang Feng)

AR BER{(Ching Jen
Chen)

5oty : D B Brebbia

(4 Ari)

28/69
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#N .
FDM - e BIEE2RZ2REEE FVM
BIRES 1 5 BIRA
(a) (h)
FEM 44— | At FAM
FRJT —Y Tt t= T BRSO

(d)

All these metqods need a grid system (f#% £ 4%):
1) Determination of grid positions; 2) Establishing

Q the influence relationships between grids.
CenTeR 29/69



/
/

FHEALY MOE KLTFSE (&)

i

BEM (Gh#ic) requires a basic solution(FE#Ef#E), which
greatly limits its applications in convective problems.

SAM can only be applied to geometrically simple cases.

Manole. Lage 1990—1992 statistics (%tif) : FVM ---47
% ; adopted by most commercial software; Our statistics

of NHT in 2007 even much higher.
% CFD-NHT-EHT 30/69
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1 2 3 Three fundamental approaches ( 753 ) of
scientific research and their relationships

Theoretical
analysis

Numerical
simulation

Experimental
research

The starting point of numerical simulation for
physical problems is Fluid Dynamics. Thus it is often
called Computational Fluid Dynamics---CFD.

(5L, Seonwrr-ewm 31/69
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1. Theoretical analysis

Its importance should not be underestimated (fi4k) .

It provides comparison basis for the verification (k)
of numerical solutions.
Examples: The analytic solution of velocity from NS
equation for following case :

7720, U _ 4l 1—(r/r2)2
Nakys u, 1-(r/r)? ri/r,
c—1 7.

Y u, =ar,

Y,
“' -

32/69
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2. Experimental study

A basic research method: observation; properties
measurement; verification of numerical results

3.Numerical simulation

Numerical simulation is an inter-discipline (32 ¥
Z##}), and plays an important and un-replaceable role
in exploring (##%)unknowns, promoting ({£ k) the
development of science & technology, and for the

safety of national defense (EBiZ4) .

With the rapid development of computer
hardware (%) , its importance and function will

become greater and greater.
% CFD-NHT-EHT 33/69
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Historically, in 1985 the West Europe listed the
first commercial software-PHEONICS as the one which
was not allowed to sell to the communist countries.

Complicated
FF & HT

Life
Science

Numerical
Simulation

Atoms &
Molecules

B e 34/69
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In 2005 the USA President Advisory Board put
forward a suggestion to the president that in order to

keep competitive power (4 ) of USA in the world
It should develops scientific computation.

In the year of 2006 the
director of design
department of Boeing , M.
Grarett , reported to the US
Congress ([FE<r)

Indicating that the high
performance computers
have completely changed 767 777200 787

the way of designing Boeing e
airplane. Numerical simulation plays

an important role in the

@D cro.nuT.EHT design of Boeing airplane 35/69

Occupancy Hours
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Intelligent Manufacturing (& gEHE)

Special Project 2--- Common Technologles of
Intelligent manufacturing (Z=2 & geHliE g2 L4

XA EFH 77 =)
Accelerating investigation of supporting
software, ...... 3D design and modelling software

based on data-driven, numerical analysis and
visualization software, and so on (INHRHF & & 58
&S ERAE T RRE I =R TS R

BBRAE, B AT %TH%%EL?X#%&W\ T
SRS,

Numerical reactor (Z{=F &) ;
Numerical engine (ZF&zIH1) ,

% CFD-NHT-EHT 36/69
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1.2.4 Application examples

Example 1: Weather forecast— umerical solution
IS the only way.

Cloud Atlas sent back by a
meteorological satellite

(5L, Gempurren 37/69
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Example 2: Aeronautical & aerospace (FiZfi
&) engineering

L R RE Rt

NEBREET . BEELSP
_j' > e 2

IE. sR—-Sdat
HFEANERAREE
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Example 3: Hydraulic construction (ZKF|&#)

The mud (JB) andsand (yb) content of our
Yellow River is about 35 kg/m3, ranking No. 1 in the world,
leading to following unpleasant situation: the ground floor
of some cities is lower than the riverbed (JA[K) of
Yellow River:Kai Feng-13m lower, Xin Xiang- 20m lower

In 2002 the idea of three yellow rivers was proposed:

(1) Original YR;
(2) Numerical YR;

(3) Model YR.
Through 8 times of
modeling and simulation the
height of the riverbed was
averagely decreased by 1.5

rCT:I]Ii-NHT-EHT |
G Soren 39/69
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Example 4: Design of head shape of high-speed

train

The front head shape of the
high speed train is of great
Importance for its aerodynamic
performance (255071 5%
M) . Numerical wind tunnel is
widely used to optimize the
front head shape.

B

F SR A P
1344
t

69
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Example 5: Prediction of fire disaster (k%) for
Olympic Gymnasium (A& 1E) in 2008

CFD-NHT-E
CENTER
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P
FESN

® 74

In the construction of gym :the chair material
cannot meet the requirement of fireproof (Fhk) .A
decision should be made asap on whether such
material can be used. Numerical simulation was
adoB;[ed.

croauT 42/69
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5

RS

KRG 2
(T8 & S R

o

S~

u U A
KKIH %1 N A

3 (o F 10 £ S0 o 3 Sl
o

Fire prediction for indoor swimming pool

cro T 43/69
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® 74
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iR »

Predicted visibility (BB ) after 900 seconds of fire outbreak
B e 44169
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® 74

v

Py
&

Lambrew 40 7 - M V[ TR ‘4’. '

Predicted gas temperature distribution

after 900 seconds of fire outbreak
% CFD-NHT-EHT 45/69
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Time: 0.1

The major purpose is to guarantee (fg#E) that once fire
outbreak (&%) occurs, the persons living in the house can
safely leave for outside within a certain amount of time.

(B, Seonwrr-ewm 46/69
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Example 7: Heat transfer characteristics of large
electric current bar (FEJLERER)

Comparisons of predicted and simulated flow fields

CFD-NHT-EHT
CENTER
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Example 8: Shell-side simulation of helical baffle(%
JEHrIAR) heat exchanger

1.34

2.73 x10°

-
~ it B b
. % s o B il
{ '.;" = e _.."_.., f
- £ \ | H H IT

B e 48/69
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Example 9: \elocity and temperature distribution
simulation to improve design of air-conditioning

system (2 iy Solk A SRR I H 2500 & 52 23 1)

Out flow stream
lines of 13F,14F,15F

Outflow air

tem peratu re
% CFD-NHT-EHT clouds

CENTER

Out flow
streamlines

« Temperature distributions

of 13F,14F,15F,16F

50.0
492
485
47 8
470
462
455
448
440
432
425
18
410
402
395
388
38.0
37.2
365
358
350
Temperature

scale: °C

49/69
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5

Effect of floor number on the inflow temperature
of air for condenser

IE/C

45 -
444
43 -
42
414
40 -
39 4
36 -
37 -

36

35

MOE KLTFSE (&)

Z3E0T

T«

—i— unit1
—&— unit2
—A— unit3
—¥— unit4
—4— KS

20

22

24

26

The allowed upper limit is 43 °C, thus the design is OK.

CFD-NHT-EHT
CENTER

50/69
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Example 10: Simulation of multiphase flow(Z /i)
1. Breaking down of a dam (35 31).

4.0

35

present simulation
® Martin & Moyce

3.0

L 25T

20

15}F

Evolution (##7%%) process of "

1 1 1 1
0.0 0.5 1.0 15 2.0 25 3.0

interface et
Base radius vs. time

(5L, Seonwrr-ewm 51/69
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Experime }/
Relm n ancgI rigull

1t Klimenko — #mE#sss
correlation - Klimenko
4K 5K “
0 : 1 1 L

Guo D.Z., Sun D.L.,Li Z.Y., Tao W.Q., Phase Change Heat Transfer Simulation for
Boiling Bubbles Arising from a Vapor Film by VOSET Method. Numerical Heat Transfer,

Part A: Applications, 2011, 59: 857-881
(5 cenren il 52/69
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Summary

It Is now widely accepted that an appropriate
combination of theoretical analysis, experimental study
and numerical simulation is the best approach for
modern scientific research.

With the further development of computer
hardware and numerical algorithm (&%) , the
Importance of numerical simulation will become more
and more significant!

A new area of applying numerical simulation has
been broken with the emergence of intelligent
manufacturing!

(B, Goomwrrewm 53/69
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1.2.5 Some Suggestions

1. Understanding numerical methods from basic
characteristics of physical process;

2. Mastering complete picture and knowing every
details (B E-4, MHrEHAH) for any numerical method;

3. Practicing simulation method by a computer;
4. Trying hard to analyze simulation results: rationality
(5#HE) and regularity (FLERHE);

5. Adopting CSW (R k& 4:) in conjuction with self-
developed code (5 B 4if8FFHES).

% CFD-NHT-EHT 54/69
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1.3 Mathematical and physical classification
(432K) of HT & FF problems and its effects
on numerical solution

1.3.1 From mathematical viewpoint (W )

1. General form of 2"9-order PDE ({ff#43 / F£) with
two independent variables (—.J5)

2. Basic features (45 x3) of three types of PDEs

3. Relationship to numerical solution method

1.3.2 From physical viewpoint

Conservative (5FJEZI) and non-conservative
L e 55/69
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(1.3 Mathematical and physical classification of A
FF & HT Problems and its effects on numerical
__solutions )

1.3.1 From mathematical viewpoint

1. General formulation of 2"® order PDEs with two IDVs

ag, +bg, +co, +do +ep + fo=9g(XY)

a,b,c,d,e, f can be function of X, Y,
~ <0, Elliptic MBI | (EHRED

b2 —dac< =0, Parabolic ‘%%ﬂ‘ GAFE)
_ > 0, Hyperbolic|yy i #I |

(5L, Seonwrr-ewm 56/69
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2. Basic feature of three types of PDES

b® —4ac <0, having no real characteristic line;
(BH LHRESR)

b* —4ac = 0, having one real characteristic line;
b? —4ac >0, having two real characteristic lines

leading to the difference In domain of dependence
(DOD, 4 i [X ) and domain of influence (DOL, 80 X);

For 2-D case, DOD of a node is a line which
determines the value of a dependent variable at the
node; DOI of a node Is an area within which the values
of dependent variable are affected by the node.

(5L, Seonwrr-ewm 57/69
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Brief review of 2018-09-10 lecture key points

1. General governing egs. and boundary conditions
of FF & HT problems

a(§¢) + div(p¢U) = div(l“;grad @) + S;
¢ stands for u, v, w, and/or T.

Three kinds of B.C.:
(1) 1st: boundary value is known;

(2) 2nd : boundary heat flux is known;

(3) 3rd : relationship between boundary value and
boundary 1st-order normal derivative (5%%) is known

oT
~A(=)e =N(Tg —T5)
(G Corenr = on 58/69
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2. Major concept of numerical simulation of HT & FF
problems

Domain ----replacing the continuum domain by a
discretization number of discrete points, called node or
grid, at which the values of velocity,

‘ temp., etc., are to be solved;
Equation ----replacing the governing equations
discretization | (PDEs) by a number of algebraic
‘ equations for the nodes;
Solution of ----solving the algebraic equations of the
algebraic egs. | nodes by a computer.

The differences in the three procedures (3J#£)
lead to different numerical methods based on the

continuum assumption.
% CFD-NHT-EHT 59/69
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3. Classification of 2"d order PDEs

ag, +bp, +Co,, +dg, +eq + 1o =9g(XY)
a,b,c,d,e, f can be function of X, Y,
<0, Elliptic  |#sE | C(EHED
b? —4ac < =0, Parabolic |#dym | GAFE)
>0, Hyperbolic | |

2 2
ZTZ aT—O a=1b=0,c=1b*-4ac<0, Elliptic
X
ou ou lép ,8u fu, a=vb=0c=v,
U VS T o VSt b osac<o,

ox oy pox ox° oy’
Elliptic

G, Soren 60/69
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Elliptic Parabolic Hyperbolic
DOD| (DOI| |({DOD| |DOI
H i Non-Fourier
HC :
T o7 _ S®8W or gy Un l1oT 10T 97T
o e Ay A a o oy
(ﬂ:ljb:[}jﬂzl) (ﬂ:ﬂjb:ﬂjg:ﬂ) (ﬂ=1fﬂ1,b=ﬂ,ﬂ=—l)
H&quvau:_i&_p H@quv@u:_i@_p 82¢_C25_2¢_
&x & péx x o px E P,
o'u  &u O’u . B B 2
+V(6x3+ay"‘) +v$ (a=Lb=0,c=-C") |
] e APy + D¢, +Co,, .. 61/69
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_® sprax¥ L _
3. Relationship with numerical methods
(1) Elliptic: flowwith — —=Sm <" — — 2

recirculation (%) , \L
solution should be B\L
conducted simultaneously L AN q
for the whole domain; ! P i

(2) Parabolic: flow without recirculation , solution
can be conducted by marching method (B3¢ ¥:) |

greatly saving computing time!,

U, =—~N— Hu ﬁﬁﬁzﬁ——w Uy |

—= PO ES S

— ) I I . k:‘___{ (::(_Cj 3
N SRt FI“:__H—_

Marching method 62/69
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1.3.2 From physical viewpoint

1. Conservative (5FfE#J) vs. non-conservative (JESF

[EHARY) -

Conservative: those governing equations whose

convective terms are expressed by divergence form (gt
FEEHF,) are called conservative governing equation .

Non-conservative: those governing equation whose

convective terms are not expressed by divergence form
Is called non-conservative governing equation .

These two concepts are only for numerical solution.

(B, Goomwrrewm 63/69
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2. Conservative GE can guarantee the conservation of
physical quantity (mass, momentum ,energy , etc. )
within a finite (R /M) volume.

I (pC,”

From Gauss theorem

j div(pc,TU)dv = j (pc,TU) e NdA
\

I div(AgradT )dv = j (AgradT) e ndA

CFD-NHT-EHT
CENTER

o(pc,T)

+div(pec,TU) =div(AgradT) +S,c,

)dv——jdlv(pc TU)dv+jd|v(/1gradT)dv+js c,dv

oV

‘
Dot product (xi#%) 64/69
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[ (pe,Tydv =~ (pc,TU) e 1idA+ [ (AgradT) e idA+ [ (S,c,)dv
oty oV oV v

Increment Energy into | Energy into Energy
(E) of the region by |[the region by ||generated
Internal energy (| fluid flow conduction by source

Exactly an expression of energy conservation!

Key to conservative form: convective term is
expressed by divergence.

3. Generally conservation is expected. Discretization egs.
are suggested to be derived from conservative PDE.

4. Conservative or non-conservative are referred to (38)
a finite space (HPRZZH]) ; For a differential volume

(B 5FR) they are identical (JEZH]) !

% CFD-NHT-EHT 65/69
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Summary**

1.The governing egs. of HT and FF are of 2"d order PDE:

ag, +bg, +tco, +do +eg, + Td=g(Xy)

and depending on the value of (pb? —4ac), Iitcan be
elliptic, parabolic and hyperbolic;

The HT and FF problems of incompressible fluid are
either elliptic, or parabolic;

2. If the convective term of a governing eq. Is expressed
by the divergent form it Is conservative, otherwise It IS
non-conservative; Discretization egs. are suggested to
be derived from conservative PDE.

B e 66/69
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Home Work 1

Lid-driven cavity flow
with heat transfer

ARy TR =2 X 3l e )

AN

u;;;;:\\\\\\

w2

An infinite long solid plate with uniform temperature
T, IS moving at the top of a square cavity as shown in
the figure. The left and right walls are adiabatic(Z&#),
while the bottom wall is at temperature T,,. The effect of
gravity can be neglected. Write down the mathematical
formulation for the FF & HT iIn the cavity assuming

steady state, laminar flow with constant properties.
G, Soren 67/69
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Hand in with the home work of Chapter 2.
The pdf file of each chapter will be posted at our

group website!

Erratum (#ji%

1. 4835 —2/3 M —2/3 7

2 EITBPORIT: - MK

BIBCEEL, 24740 JH:M‘E&

3. SBATABIFE3MT: AdivU MBCH A(divU)
4. 870 R(1-18)HAuw: 0 MBCH P

. WIMMBUHE3 MTAMm: ¥
6. 3 (1-6),(1-8) i T E J1 5o
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| ACSHFIT bR : hitp:/nhixjtueducn SR |

For convenience of discussion , a qq-group has been set
813907422

fa] A - i
B E!

People in the

same boat help

each other to
cross to the other

| bank where...
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