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FHEEENSREZ LR RZITHRMEA ¥ (CFD) F &
HEE WRRKAARRUNRAL — HERERN, ERE
BERNTEEMARET O GREME S HEFEXRDT A
BRAXREFHN—NREREE. FREZQBABHLRNEREE X
P REB U RFAEAG AR ERE T ENHAN SO HRE S
FLoHBEXEAMNWEN. KXETELA PR BN AR X
AEXRHER HAABEUFATELELE L ARG WEREENAE B
% 2 (high-order compact, HOC) £ 4 % i, #F % 7 st 4 # ¥
B 45 A B % 3 (HOC exponential type, EHOC) £ 47 i
MR HRARRES BN ENAGAR,FELT KBRS
TEMREREEKH AWML T E S Navier-Stokes (N-S)
7 # .Navier-Stokes/Boussinesq (N-S/Boussinesq) % 2 % 1 &
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70 52 IR B LB R R
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FROBEBEBREEAANF AR ERA L EE
ERBETFRAE, 2 RBT 4T RAEK. _4£F2H/ T %
¥ty B A E A W EHOC # K ; | A Fourier 247 3%, 3 —
HERABE AN ERERARRTEELN, WA SN T BH
AWAThERE, FEEEN FEBEAMLE, FH T EHOC
BAWEHREMEREZRA KELEEXRNB, AXH
EHOC # AR EA G A HEMEEE . ML ZEEN.

EE-EF . CRAFTERHETFHT.BRETEEF AR
VHIBEAZBEETR A SR N EE N EE ADI
(EHOC ADD# R, Ll T th T ¥ — %% 2%/ T 2 EARYT #
FRNEHEB NN EEARI N X, 2 RETEEE 4%
AY/ T AT B F B EHOC ADI 4 % bL# 2 A
FRAPMNEBSELN T FEIBIXNEERES, 4 H
TEABREETRBAAERG IR RELRERRH, AXR
H # EHOC ADI B X AR E -k X E 5, M HEH T XA
ME R R R KA, T R A Ry A A
th HOC 7 #.

FNERNEEZHWRIANLAA XEZERNCCU £ 47 &%,
HELIRFEEAFNBNBEREEZ2EETTERER. FIA
MM T E M R RAZLBAR, HEFHRTEELLN=
ERELEERFAZpBERNEAR S AR EAERET
EH EHMEZEAHEHASERZRARNCCUSDR AT TEH LM E A
4 A B3 N (CCU45) 4 R, ; X A Fourier 204 3% xt 41 & K &
WRAE R BEENEERATHHATT o0, BT HREE A
X4 A BB R R AR MELET 3 — 5 WRIE.

EELEF  CRAAF _ERMF-FHRYT BAERF A
BIWEHOCKAR . BRHETREAIHEFANLTTESLE NSH
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#2#n N-S/Boussinesq ¥ R KA FH RH A Z QBRI EH
FoAHTHEWNELHR R, BEARB TR FERAFEE
KA E BB T AX T T ERA RS, £l ia b
M EeME BN B AN RENFAFTT EEREEL,
EAFRTARE Rayleigh B TEEEMT FREMEBEE N
EFBERAEERANGEELRENT H.
ERERBTRBEUSLTELENS TRNEREZL
REEX TRV EMENERENALGINEZTHEN, £
RHENBEERENBEA L2 NBLTRERBRERE
AW _HETE FUETTELENS TRENERERERY
B, A RETREEABENEX DN BEBEX T E
7] Poisson 7R WM BEHE A BT A AL REHH
o E AP EXE WA 4 Mg E#HTTHERE, B
T T EWRE . ERTHEEN AR A Ea L, H
Reynolds %k T 8 T 5% 30 77 i 0 3 AT S fE A DL, # € JIE 0 3 3
% — K4 X 85 - Reynolds # # 7% B , # i f1 047 T Reynolds
% T 10000 B 7 B o0 A MR L gL A2, Hh 2 T A
D
ELEREITRKBELTEHNANELELT E NS/
Boussinesq 7 2 9 19 it 7L 41 & B B W R (CCULS)Y 2 BB K
FAEEREEN T AR BN E AR A A AR
VEMIMANAESEZARN(CCULL KR, M T KB4
FEHEATELENS/BIEHNEN BRRZ0 BB EZ X F B
B AT BEED, E R THEERSHE W
BENGEB LR, RIETAXEINEGEREERZ2RY
HEWARERTEE NEAGERA TR EMMAARA LN
HMERNEANRBAFNARATTEEREENFAR.HRITTE
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% Rayleigh #F R THRAKE NN R RELTUAHE, HRT
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Abstract

Numerical simulation of complex flow fields with multi-
scale structures is one of the most important and challenging
branches of computational fluid dynamics. From linear
analysis and numerical experiments it has been discovered that
the higher-order accurate method can give reliable and
efficient computational results, as well as better resolution of
the complex flow fields with multi-scale structures. Compact
finite difference schemes, which feature higher-order
accuracy and spectral-like resolution with smaller stencils and
easier application of boundary conditions, has attracted more
and more interest and attention.

Motivated by issues from application and requirements in
the future, this dissertation is focused on the numerical
simulations for viscous incompressible complex flows and the
establishment and/or development of high-order compact
(HOC) finite difference methods (FDMs). Firstly, the high-
order compact exponential type (EHOC) FDMs for the
steady and unsteady convection-diffusion problems and the
combined high-order compact finite difference schemes have
been studied and validated. Then, the. HOC schemes and the
higher accuracy algorithms for the incompressible Navier-
Stokes (N-S) equations and the incompressible Navier-Stokes/
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Boussinesq (N-S/Boussinesq) equations have been presented
and applied to the direct numerical simulations of two
dimensional incompressible driven cavity flow, natural
convection heat transfer and double-diffusive convection
system. Some significant results have been achieved.

The key points and main contents of this dissertation
consist of nine chapters, which are described as follows:

In the first chapter, the background and development of
the numerical methods for CFD are introduced, with the
emphasis on numerical methods and computational
technologies of viscous incompressible flow. Especially, the
development of the high-order compact finite difference
methods/schemes for CFD is investigated in detail.
Furthermore, the work and innovation of this study are
summarized.

Chapter 2 is primarily aimed at establishing EHOC FDMs
with high resolution and non-oscillation property for the
solution of the one- and two-dimensional steady convection-
diffusion model problems. Starting with the establishment of
an EHOC scheme for the one-dimensional convection-
diffusion equation with constant convection coefficient, the
EHOC schemes are proposed for 1D and 2D steady
convection-diffusion equations. In order to derive higher
order compact approximation for the model problems, the
approach of remainder term modification, the method of
reduction of dimension and the technology of symbolized
compact approximation operator have been used. By means
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of the Fourier analysis, the dispersion and dissipation errors
and the resolution are analyzed. It is conclude that the EHOC
FDM gives higher scale resolution, compared to other high-
order compact (HOC) FDMs. Numerical results show that,
besides including the excellent performances of the other
HOC methods in computational accuracy, efficiency and
stability, the present EHOC method has the advantage of
better scale resolution with smaller number of gird nodes.

In Chapter 3, the EHOC alternating direction implicit
(ADI) methods, in which the Crank-Nicolson scheme is used
for the time discretization and an exponential fourth-order
compact difference formula for the 1D steady convection-
diffusion problem is used for the spatial discretization, are
presented for the solution of the 2D unsteady convection-
diffusion problems. The resulting EHOC ADI scheme in each
ADI solution step corresponds to a strictly diagonally
dominant tridiagonal matrix equation which can be inverted
by simple tridiagonal Gaussian decomposition and may also be
solved by application of the one-dimensional tridiagonal
Thomas algorithm with a considerable saving in computing
time. The unconditionally stable character of the method was
verified by means of the discrete Fourier (or von Neumann)
analysis. The computational results show the present EHOC
ADI method successfully combines accuracy, efficiency and
robustness and requires significantly fewer number of grid
nodes to accurately resolve solution gradients for the
convection-dominated problem, and exhibits its superiority
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over the other HOC schemes in terms of accuracy and/or
computational cost.

The main aim of Chapter 4 is to develop a combined
compact upwind (CCU) FDM. The basic compact finite
difference approximations on the three- and/or five-point
stencils are derived by an approach, called as the method of
analytic solution. Furthermore, a three- and fourth-order
combined compact upwind (CCU34) scheme and a fourth-
and fifth-order combined compact upwind (CCU45) scheme
are developed. Fourier accuracy analysis shows that the
CCU34 approximation has better resolving efficiency than the
three-order compact upwind approximation and the fourth-
order compact upwind approximation and the CCU45
approximation has better resolving efficiency than the fifth-
order compact upwind approximation and the fourth-order
compact upwind approximation.  Subsequently, the
computational results of an example further verify the
accuracy and resolution.

Based on the proposed EHOC schemes for the
convection-diffusion problems in Chapters 2 and 3, the
EHOC difference approximations and the higher-order
accurate algorithms are formulated for solving the N-S
equations and the N-S/Boussinesq equations using the
streamfunction-vorticity formulation in Chapter 5. The
detailed descriptions for these algorithms are given. To check
the validity of the present numerical methods, the computed

solutions for the square driven cavity flow and the square
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thermally driven cavity flow are compared with the
benchmark solutions in the literature. The numerical results
show that the present algorithms are characterized by their
simplicity, efficiency, high order accuracy and stability in
computations. Furthermore, the direct numerical simulations
of the natural convection heat transfer in an enclosure with a
heated backward step are carried out. The effects of the
geometrical size of enclosure at various Rayleigh numbers on
the flow structure and heat transfer characteristics are
investigated in detail.

In Chapter 6, by using the projection method and the
combined compact upwind schemes proposed in Chapter 4,
two classes of HOC FDMs are presented for the solution of
the viscous incompressible N-S equations in primitive variables
on staggered grid system and on non-staggered grid system,
respectively. Correspondingly, two explicit fourth-order
compact difference schemes for the pressure gradients and
two fourth-order compact schemes for the pressure Poisson
equation are also proposed. The computational results of two
test problems show that the present methods have desired
accuracy and robustness. Furthermore, the driven cavity flow
is investigated by use of direct numerical simulation on a
129X 129 grid based on the present HOC FDMs. It is found
that the flow converges to a stationary state for Reynolds
numbers (Re< 8 010), while for Re =8 020 the flow becomes
periodic in time which indicates a Hopf bifurcation. The
periodic solution for Re =10 000 is given in detail.
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